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ABSTRACT

Cubilin is a peripheral membrane protein that co-operates with the endocytic receptor
megalin to mediate the endocytosis of ligands in various polarized epithelia. Megalin is
expressed in the male reproductive tract where is has been implicated in the process of
sperm membrane remodeling. A potential role for cubilin in the male reproductive tract
has not been explored. Using RT-PCR, we found that cubilin and megalin mRNAs are
expressed in the efferent ducts, corpus and cauda epididymides, and proximal and distal
vas deferens. Immunohistological analysis revealed that cubilin was expressed in non-
ciliated cells of the efferent ducts, principal cells of the corpus and cauda epididymides
and vas deferens. Electron microscopic immunogold labeling showed cubilin in
endocytic pits, endocytic vesicles and endosomes of these cells. The expression profile of
cubilin in the male reproductive tract was coincident with that of megalin except in
principal cells of the caput epididymidis. Double immunogold labeling showed that
cubilin and megalin co-localized with one another within the endocytic apparatus and
recycling vesicles of efferent duct cells. Neither protein was found in lysosomes.
Injection of RAP, an antagonist of megalin interaction with cubilin, reduced the level of
intraceliular cubilin in cells of the efferent ducts and vas deferens. In conclusion, cubilin
and megalin are co-expressed in cells of the epididymis and vas deferens and the
endocytosis of cubilin in these tissues is dependent on megalin. Together, these findings
highlight the potential for a joint endocytic role for cubilin and megalin in the male

reproductive tract.
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Cubilin est une protéine associée a la membrane cellulaire. Elle co-opére avec le
récepteur endocytique megalin en servant de médiateur dans 'endocytose de ligands dans
différents épithélia polarisés. Megalin est exprimé dans le systéme reproducteur du méle
ou il fut impliqué dans le processus de transformation de la membrane cellulaire du
sperme. Un rdle potenciel de cubilin dans le systéme reproducteur méle n'a pas ét¢
exploré. En utilisant le TR-ACP nous avons trouvé que des ARNm de cubilin et de
megalin sont exprimés dans les canaux efférents, dans le corps et la queue épididymes et
dans les régions proximales et distales du canal déférent. Une analyse
immunohistologique a démontré que cubilin était exprimée dans les cellules noncilides
des canaux efférents, dans les cellules principales du corps et de la queue épididyme,
ainsi que dans celles du canal déferent. L'analyse immunocytochimique en microscope
électronique a démontré la présence de cubilin dans les fosses et les vésicules
endocytiques et les endosomes de ces cellules. Dans le systéme reproducteur du méle le
profil d'expression de cubilin coincidait avec celui de megalin, sauf dans les cellules
principales de la téte épididyme. Le double marquage a I'aide d'anticorps liés a l'or
colloidal a revélé que cubilin et megalin étaient co-localisés endeans l'appareil
endocytique et les vésicules de recyclage des cellules des canaux efférents. Aucune de
ces deux protéines ne figuraient dans les lysosomes. Une injection de RAP, un
antagoniste de l'interaction megalin:cubilin, diminua le niveau de cubilin intracellulaire
dans les cellules de canaux efférents et déférents. En conclusion, cubilin et megalin sont
co-exprimés dans les cellules de I'épididyme et du canal déférent et 1' endocytose de
cubilin dans ces tissus depend du megalin. L'ensemble de ces recherches démontre la
possibilité d'un r6le endocytique co-ordoné de cubilin et megalin dans le systéme

reproducteur du méle.
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INTRODUCTION

A newly formed spermatozoon, just released into the lumen of the seminiferous
tubules, is functionally immature, i.e., immobile and incapable of fertilization. As it
progresses through the efferent ducts, epididymis and vas deferens, it encounters a host
of luminal proteins, some of which are thought to mediate a series of structural and
biochemical changes on the spermatozoon. These changes are in turn believed to
contribute to the acquisition of fertilization capability (reviewed in Dacheux et al.,
1998; Holland and Nixon, 1998; Cooper, 1998; Hermo et al., 1994). In particular,
there has been much focus on the remodeling of the spermatozoon plasma membrane.
Across most species, a selective reduction of phospholipid content and a rearrangement
of the cholesterol in the various domains of its plasma membrane occurs during its
epididymal transit (reviewed in Jones, 1998). This, along with subsequent post-
ejaculatory reduction in membrane cholesterol during capacitation, appears to be
essential in establishing acrosomal responsiveness and fertilizing capacity (reviewed in

Cross, 1998).

Candidate proteins involved in the rearrangement and traffic of these lipids to and
from the sperm membrane includes apolipoprotein J (apo J/SGP-2/clusterin), a soluble
lipid-binding protein found to be associated with high density lipoproteins (HDL) in
human plasma, specifically with the subclasses of HDL that also contain apo A-I (de
Silva et al., 1990). Apc J is the main secretory product of the Sertoli cell and has been
shown to bind to the sperm plasma membrane (Sylvester et al., 1991). Once its

postulated task of transferring lipids is complete, apo J is taken up into the endocytic



apparatus of the epithelial cells lining the efferent ducts and epididymis for lysosomal
degradation (Hermo et al., 1991; Igdoura et al., 1994). This reuptake is mediated by
megalin (also known as low density lipoprotein receptor-related protein-2 or LRP-2),
an epithelial endocytic receptor in the male rat reproductive system (Morales et al.,

1996).

Recently, it has been found that cubilin, a 460kDa membrane-associated epithelial
receptor, co-localizes with megalin in various absorptive epithelia - including the
kidney proximal tubule, ileum and lung (reviewed in Moestrup and Verroust, 2001).
Megalin and cubilin are both large multiligand receptors involved in receptor-mediated
endocytosis of protein-bound lipids, vitamins and hormones. While megalin is a typical
endocytic receptor with a transmembrane domain and three consensus cytoplasmic
motifs for binding adaptor proteins and clathrin, cubilin is membrane-associated but
lacks a transmembrane domain and its internalization is accomplished by backpacking
on megalin (Saito et al., 1994; Moestrup et al., 1998). Several lines of in vitro
evidence, including cell culture and indirect analyses of knock out animals, have been
used to suggest that megalin and cubilin interact functionally in vive (Burmeister et al.,
2001; Kozyraki et al., 2001; Hammad et al., 2000; Nykjaer et al., 2001; Zhai et al.,

2000; Hammad et al., 1999).

Since cubilin and megalin co-localize in virtually every tissue investigated and since
cubilin is the receptor for lipid binding-proteins (specifically apo A-I) it is therefore an

additional candidate in the process of sperm membrane remodeling (Moestrop et al.,



2001; Kozyraki et al., 1999). As such, our first objective of this research was to
determine the expression and distribution of cubilin in the male reproductive tract.
Then, using the male reproductive system as a model in vivo system, the subcellular
localization of cubilin and megalin were compared. Finally, using the same in vivo
system, the cubilin:megalin interaction was blocked to determine whether a direct

interaction occurs between the two receptors in the male reproductive tract.
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REVIEW OF THE LITERATT

The present study is concerned with the maturation of spermatozoa in the efferent
ducts, epididymis and vas deferens of the adult male rat. More specifically, two
endocytic receptors - megalin and cubilin - are here examined as potential players in this
process of sperm development. Therefore, we will begin by examining the literature on
the histology of the efferent ducts, epididymis and vas deferens. We will then look at the
process of sperm maturation in the lumen of these segments of the male reproductive
tract. The possible role of apolipoproteins in this process will be discussed. We will then
turn our focus to megalin and examine its structure and function in both the male
reproductive system and in other tissues. Finally we will discuss the structure, function

and distribution of cubilin and its interaction with megalin.

A. The adult male rat reproductive tract

1. Gross structure

The adult male rat reproductive tract is divided into several anatomically and
histologically distinct regions. Spermatozoa are produced in the seminiferous epithelium
lining the hundreds of highly tortuous seminiferous tubules in the testis. These tortuous
tubules all connect to a series of short straight tubules, the tubili recti, which then connect
to a labyrinthine space, the rete testis (Ilio and Hess, 1994). Near the testicular margin,
approximately six or seven efferent ducts arise independently from the rete tesits (Jones
and Jurd, 1987). These efferent ducts pierce the fibromuscular connective tissue capsule
of the testis — the tunica albuginea - and become embedded in the superior epididymal
ligament. The efferent ducts can be divided into three regions: the initial zone, in which
there are six distinct ducts; the coni vasculi, in which the ducts anastomose and funnel
into a single tubule; and the terminal zone, that abruptly changes into the initial segment
of the epididymis (Cooper and Jackson, 1972). The epididymis, which is composed of a
single highly convoluted tubule, is itself divided into five segments: the initial segment,



the intermediate zone, the caput epididymidis, the corpus epididymidis and the cauda
epididymidis (Robaire and Hermo 1988). Emerging from the cauda epididymidis, the
tubule straightens, becomes enveloped in a thick layer of smooth muscle and is named
the vas deferens (Hermo et al., 2002). The vas deferens eventually connects with the

urethra, which progresses through the penis and leads to the outside of the body.

2. The efferent ducts

a. Structure

Viewed under the light microscope, the simple columnar epithelium of the efferent
ducts appears festooned. The apical aspect of the epithelium faces the lumen of the duct
while a thin layer of smooth muscle and connective tissue supports the basal aspect (Ilio
and Hess, 1994). The epithelium is mainly composed of ciliated and nonciliated cells but

there are also occasional halo cells found interspersed (Robaire and Hermo, 1988).

b. Nonciliated cells

The nonciliated cells are the most predominant cells in the efferent ducts. They are
columnar, with a brush border of microvilli and a round, pale, basally located nucleus
(Robaire and Hermo, 1988). The supranuclear region is filled with numerous granules
that are moderately stained in the initial zone while being more darkly stained and
significantly more voluminous in the terminal zone (Jones and Jurd, 1987, Robaire and
Hermo, 1988). Electron microscopy reveals the ultrastructural details of three distinct
cytoplasmic divisions of the nonciliated cells. The apical region contains cisternae of
endoplasmic reticulum, mitochondria; the supranuclear region contains Golgi stacks and
more ER cisternae; and the basal region contains the nucleus and many lipid droplets
(Hermo and Morales, 1984). In addition to the presence of these organelles, the three
cytoplasmic regions are also defined by the various vesicles and organelles which form
the substantial endocytic apparatus in these cells. Nonciliated cells are highly endocytic
and are effective in performing both fluid phase and adsorptive endocytosis (Hermo and
Morales, 1984). In the apical region, forming large dilated invaginations between

microvilli, are tubular coated pits. These pits pinch off and give rise to a population of



apical tubules which are found immediately beneath the cell surface. These tubules give
rise, in turn, to large dilated membranous vacuoles, or endosomes, with an electron-lucent
matrix. Still in the apical aspect, several multivesicular bodies (also known as late
endosomes), with a variably staining matrix, are found surrounded by a number of small
vesicles (Robaire and Hermo, 1988). Pulse chase experiments suggest that the variable
luminal staining of the multivesicular bodies — from paler to denser - represents their
progression along the endocytic pathway (Hermo and Morales, 1984; Hermo et al.,

1994). This progression continues through to the aforementioned supranuclear granules,
which, under the electron microscope, are large membrane-bound bodies that have been
cytochemically identified as lysosomes (Hermo and Morales, 1984). A few lysosomes are
also found basally and some of these are found in close association with lipid droplets.
These lipid droplets are thought to be the end products of the digested material taken up
by the nonciliated cells (Ilio and Hess, 1994; Hermo and Morales, 1984).

Several notable proteins are endocytosed by the nonciliated cells, including sulfated
glycoprotein-1 (SGP-1), SGP-2 (also known as clusterin or apolipoprotein J), androgen
binding protein and transferrin (Igdoura et al., 1993; Hermo et al., 1991a; Pelliniemi et

al, 1981; Veeramachaneni and Amann, 1991).

The Golgi apparatus of the nonciliated cells shows no evidence of secretory granule
formation, therefore these cells do not appear to be secretory in nature (Rambourg et al.,

1987).

c. Ciliated cells

The ciliated cells of the efferent ducts are also tall columnar cells but are less
numerous than the nonciliated cells. Through the initial zone and coni vasculosus, they
number 1 for every S nonciliated cells and increase to 1 for every 2 nonciliated cells in
the terminal zone (Jones and Jurd, 1987). The ciliated cells are deeper staining than their
nonciliated neighbors, their nuclei are located apically, they have an abundance of
mitochondria and as their name would suggest, they have long apical cilia (Robaire and

Hermo, 1988). These cilia seem to function in stirring the luminal fluid, rather than in



sperm propulsion (Klinefelter and Hess, 1998). The ciliated celis also appear to be
involved in fluid-phase and adsorptive endocytosis. They contain all of the same
endocytic components as nonciliated cells, simply less numerous and more scattered

about the cytoplasm (Hermo et al., 1985).

d. Function of the efferent ducts

It is commonly accepted that fluid reabsorption is the main function of the efferent
ducts. Various physiological experiments have demonstrated that most of the fluid
leaving the testis is resorbed by the efferent ducts, thereby significantly increasing the
sperm concentration in the lumen (Jones and Jurd, 1987; Levine and Marsh, 1971;
Clulow et al., 1998). The fluid transport occurs via numerous mechanisms including
active solute transport, passive permeability and fluid phase endocytosis (Clulow et al.,

1998).

3, The epididymis

a. Structure

The five epididymal regions — initial segment, intermediate zone, caput, corpus and
cauda — are each defined by a unique histological appearance and subset of cell types. In
the proximal regions of the epididymis, the epithelium is composed of tall columnar cells
surrounding a narrow lumen. Progressing down the epididymal epithelium, the luminal
diameter increases while cell height decreases, finally reaching a low cuboidal state in the
cauda (Reid and Cleland, 1957). Several cell types make up the epididymal epithelium
including principal, narrow, apical, clear, basal and halo cells (Hermo and Robaire,

2002).

b. Principal cells

The epididymal principal cells differ morphologically and functionally from region to
region down the epididymis (Robaire and Hermo, 1988). The principal cells in the initial
segment, which comprise 80% of the epithelial cells, are columnar, mildly staining and

are topped by a few microvilli forming a brush boarder. The mid-basal nuclei are round,



pale staining, with a distinct nucleolus and a few supranuclear lysosomes (Robaire and
Hermo, 1988). In the remainder of the epididymis, where their relative number gradually
decreases to about 65%, the principal cells are mildly stained and have a pronounced
apical brush boarder (Robaire and Hermo, 1988). Their nuclei are irregular in shape with

a well-defined nucleolus and many supranuciear lysosomes (Robaire and Hermo, 1988).

Principal cells are active in protein synthesis and merocrine secretion as well as in
endocytosis. The Golgi apparatus is well developed and associated with smooth surfaced
vesicles on the trans face which have been shown to correspond to secretory granules
(Hermo et al., 1991a; 1991b; 1994). The endocytic apparatus consists of the sequential
series of coated pits, coated vesicles, endosomes, pale and dense multivesicular bodies
(or late endosomes) and lysosomes (Hermo et al., 1994). There are also a series of tubules
emanating from endosomes which function in recycling receptors back to the cell surface

(Hermo et al., 1994).

¢. Narrow cells

Narrow cells are limited to the initial segment and intermediate zone (Sun and
Flickinger, 1980; Adamali and Hermo, 1996). They make up about 3% of the cells in the
initial segment and about 6% in the intermediate zone (Adamali and Hermo, 1996). They
are characteristically narrower than the principal cells, have an apical nucleus, numerous
apical endocytic vesicles and many mitochondria with tubular cristae (Sun and
Flickinger, 1980). In addition to a distinct morphological appearance, narrow cells
express a different set of proteins than their neighboring epithelial cells (Adamali and
Hermo, 1996).

d. Apical cells

Apical cells are likewise limited to the initial segment and intermediate zone,
comprising about 11% of the cells in the former region but only just over 1% in the latter
(Sun and Flickinger, 1980; Adamali and Hermo, 1996). Apical cells are goblet shaped,
have an apically-located round nucleus and do not contact the basement membrane

(Adamali and Hermo, 1996; Hermo and Robaire, 2002). Apical cells also express a



unique protein profile that differentiates them from the other epithelial cells (Hermo and

Robaire, 2002).

e. Clear cells

Clear cells are located in the caput, corpus and cauda epididymidis and make up 5%,
8% and 10% of the cells in each region, respectively (Robaire and Hermo, 1988). They
are identified by their elaborate endocytic machinery and many lysosomes surrounding
the round, pale-staining, basally-located nucleus (Robaire and Hermo, 1988; Hermo and
Robaire, 2002). Notably, caudal clear cells actively endocytose the cytoplasmic droplets
released by the spermatozoa as they pass through this final region of the epididymis
(Hermo et al., 1988). In addition, the clear cells actively endocytose many other luminal
proteins including metalloproteins and immobilin (Vierula et al., 1995; Hermo et al.,

1992).

f. Basal cells

As their name suggests, basal cells adhere to the basement membrane and extend
towards, but do not reach, the lumen of the duct (Hamilton, 1975). They are located
throughout the epididymis and their long, thin processes cover a large portion of the
basement membrane of the duct (Robaire and Hermo, 1988; Veri et al., 1993). They are
hemispherical in shape and possess a round or elongated, moderately staining nucleus.
Progressing down the epididymis, their relative proportion increases from 12% in the
initial segment and caput epididymidis to 21% in the corpus and cauda epididymidis
(Robaire and Hermo, 1988). Coated pits line the basal aspect facing the basement
membrane as well as the apical aspect facing adjacent cells, suggesting the basal cells are
actively endocytosing both blood factors and principal cell factors (Robaire and Hermo,
1988). Furthermore, the presence of secretory granules also suggest a role in protein
secretion (Hermo and Robaire, 2002). It should also be noted that basal cells are not stem

cells (Clermont and Flannery, 1970).



g. Halo cells

The final epididymal cell type is the halo cell, found throughout the epididymal
epithelium and, depending on the region, makes up between 4-6% of the epithelial cells
(Robaire and Hermo, 1988). These small cells are usually located basally and only have a
small amount of cytoplasm surrounding their dense nucleus. Halo cells are the primary
immune cells in the epididymis and have been recently identified as helper T
lymphocytes, cytotoxic T lymphocytes and monocytes (Flickinger et al., 1997; Serre and
Robaire, 1999).

h. Functions of the epididymis

The epididymis is involved in providing a series of changing microenvironments in
which the spermatozoa bathe and which mediate sperm maturation. Various cell types in
different regions of the epididymis selectively secrete and endocytose of a variety of
luminal factors to create these epididymal microenvironments (Hermo et al., 1994). In
addition to secretion and endocytosis, the luminal environment is also regionally
regulated with respect to ion and water content. Ion transporters (such as carbonic
anhydrase II and vacuolar proton adenosine triphosphatase) and water channels
(including aquaporins 6 and 9) appear to be essential in maintaining the ionic and pH
levels of the epididymal fluid (Hermo et al, 2000; Hermo and Robaire, 2002; Badran and
Hermo, 2002). Furthermore, epithelial cells of the epididymis have an additional function
in protecting the spermatozoa from oxidative damage and foreign attack. An array of
glutathione S-transferase (GST) subunits act throughout the epididymis to protect against
electrophilic attack while the halo cells are thought to provide and immunological barrier
in the epithelium (Veri et al., 1993; Andonian and Hermo, 1999a; Adamali and Hermo,
1996; Flickinger et al., 1997; Hooper et al., 1995).

4. The vas deferens

a. Structure
The epithelium of the proximal vas deferens resembles that of the cauda epididymidis

in that it is cuboidal and contains principal, clear, basal and halo cells (Robaire and

10



Hermo, 1988). The lumen is distended and filled with sperm and a thin muscular wall
surrounds the epithelium. Progressing toward the middle and then distal vas deferens, the
epithelium gradually becomes tall columnar, the microvilli of the principal cells elongate
dramatically and the clear and narrow cells disappear (Kennedy and Heidger, 1979;
Hermo et al., 2002). The muscular wall thickens and the lumen gradually becomes more

convoluted and less filled with sperm (Kennedy and Heidger, 1979).

b. Functions of the vas deferens

Although the vas deferens is often thought to be a simple conduit for sperm, there has
been increasing evidence suggesting that the cauda epididymidal roles of sperm storage
and participation in sperm maturation are also exhibited in the vas deferens (Hermo et al.,
2002). Principal cells in the vas deferens demonstrate a well developed secretory
apparatus with a rough endoplasmic reticulum, a Golgi apparatus and secretory vesicles -
suggesting an active mechanism for merocrine secretion (Hamilton, 1975; Robaire and
Hermo, 1988). Interestingly, in the vas deferens, there is also evidence for apocrine
secretion through apical blebs, which protrude between the microvilli, increase in size
and eventually detach from the cell surface to release their cytoplasmic contents into the
lumen (Andonian and Hermo, 1999b). Furthermore, principal cells are also endocytic
and have all the necessary machinery to accomplish this function (Hermo and de Melo,
1987). Also, just as in the epididymis, the vas deferens utilizes aquaporins, vacuolar
proton-pumping ATPase and GST subunits for luminal fluid ionic balance and for sperm
protection (Brown et al., 1993; Hermo et al., 2002; Brown and Breton, 2000; Andonian
and Hermo, 1999a).

B. Sperm maturation

As spermatozoa exit the testis they are still immature. They have not yet acquired
their motility and they are unable to recognize or fertilize an ovum. Progressing through
the epididymis and vas deferens, spermatozoa pass through a progressively changing

series of microenvironments which are created by regionally dictated secretory and

11



absorptive activities (Hinton and Palladino, 1995). These changing microenvironments
mediate a series of ultrastructural and biochemical alterations of the spermatozoa which
occur concomitantly with the progressive acquisition of motility and fertilizing ability

{Jones, 1998).

1. Ultrastructural changes in sperm maturation

The greatest ultrastructural changes in the developing gamete occur during
spermiogenesis as the round spermatid develops into a spermatozoon in the seminiferous
tubules of the testis. However, even after spermiation, this structural maturation continues
in the efferent ducts, epididymis and vas deferens. Firstly, the acrosome - a membrane
bound organelle containing various hydrolytic enzymes which are released during
fertilization and which digest the zona pellucida of the oocyte — continues to change
morphologically with its most apical segment becoming significantly shorter (Olson et
al., 2002). Also, the proteins comprising the acrosomal matrix undergo positional
reorganization and the soluble acrosomal enzymes undergo biochemical alterations
(Yoshinaga et al., 1998; Westbrook-Case et al., 1995; Lakoski et al., 1988; NagDas et al.,
1992). Furthermore, within the nucleus, the matrix fibers increase in density in a process
that is thought to be associated with chromatin condensation (Cheng-Chew et al., 1994).
Likewise, several cytoskeletal elements of the spermatozoa, including the perinuclear
theca, the connecting piece, the outer dense fibers and the fibrous sheath, become more
condensed and increasingly cross-linked by stabilizing disulfide bonds (Bedford and
Nicander, 1971; Bedford and Calvin, 1974a; 1974b). Finally and perhaps most
dramatically, an expansion of the cytoplasm, called the cytoplasmic droplet, migrates
from the neck region to the distal end of the midpiece and eventually detaches from the
tail (Oko et al., 1993). In addition to trimming excess cytoplasm from the spermatozoa,
this cytoplasmic droplet has also been implicated in plasma membrane remodeling,
particularly with respect to recruiting cytosolic proteins to the midpiece plasma

membrane (Olson et al., 1997).
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2. Plasma membrane remodeling

Indeed, the most important post-testicular biochemical alterations of the spermatozoon
are the complex processes of plasma membrane remodeling (a small part of which may
include modifications due to the cytoplasmic droplet). Because the sperm plasma
membrane must withstand the varying conditions proffered by both the male and female
genital tracts, because it must be specialized enough to mediate the process of
fertilization and because the composition of this membrane is dramatically altered in its
epididymal transit, much attention in spermatozoa maturation has focused on the intricate

events of plasma membrane remodeling.

The plasma membrane of the maturing spermatozoa, like that of somatic cells,
contains proteins, lipids, glycolipids and glycoproteins arranged in a typical bilayer.
However, it is somewhat unique in that the lipids and proteins are highly
compartmentalized to distinct regions within the head and tail (Jones, 2002). Most post-
testicular plasma membrane alterations are not only highly specific with regards to
particular proteins and lipids, but also with respect to these different regions of the

plasma membrane itself.

a. Plasma membrane remodeling: proteins

Many novel proteins which are absent from testicular spermatozoa are present in the
plasma membranes of ejaculated sperm. Because there is no de novo protein synthesis in
a spermatozoon, these proteins must arise from the surrounding luminal fluid. The
epithelial cells lining the efferent ducts, epididymis and vas deferens secrete a number of
soluble proteins which are taken up by the sperm plasma membrane either through
hydrophobic interactions with the bilayer lipids, through catalyzed crosslinking of
proteins or by interacting with membrane receptors (Jones, 2002). For example, proteins
destined to the periacrosomal plasma membrane may be part of an amorphous electron
dense material in the epididymal lumen which specifically yet transiently binds this
region of the plasma membrane in the caput and corpus epididymidis (Suzuki and

Nagano, 1980). Also, membranous vesicles called prostasomes are thought to transport
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GPl-anchored proteins from the surrounding epithelium to the spermatozoa (KirchhofT,
1998; Legare et al., 1999). But, although there is a significant number of novel proteins
brought to the sperm plasma membrane through these mechanisms, quantitatively there is
a net reduction in both integral and membrane bound proteins through the transit (Jones
et al., 1983). In fact, the total plasma membrane protein content decreases from 79mg
protein/1 0° sperm in the caput to 20mg/1 0 in the cauda (Hall et al., 1991). Finally, in
addition to this concurrent protein accumulation and elimination, there is also a
redistribution of integral membrane proteins between specific plasma membrane
domains. This reorganization may result from the changing bilayer fluidity; altered
interactions between neighboring proteins and/or altered interactions between proteins

and the surrounding glycocalyx or cystoskeleton (Suzuki, 1981; Olson et al., 2002).

b. Plasma membrane remodeling: lipids

The lipid components of the plasma membrane also undergo significant post-testicular
remodeling. In fact, there is a 54% decrease in the total membrane phospholipid content
from caput to corpus epididymidis (Aveldano et al., 1992). While all phospholipids show
a decrease, those found predominantly in the inner leaflet (phosphatidylethanolamine,
phosphatidylserine, phosphatidylinositol and ethanolamine plasmalogen) show a much
greater decrease than those found predominantly on the outer leaflet
(phosphatidylcholine, choline plasmalogen and sphingomyelin) which remain relatively
stable (Aveldano et al., 1992; Parks and Hammerstedt, 1985). The result of this is that
the sperm plasma membrane, which already contains an unusually high proportion of
polyunsaturated phospholipids from the outset, acquires and even greater degree of
unsaturation as the sperm matures. The cholesterol content in the rat spermatozoon also
declines by over 50% in its epididymal transit, with an accompanying decrease in the
cholesterol:phospholipid ratio from 0.28 to 0.17 (Aveldano et al., 1992). Together, the
decreasing saturated:unsaturated fatty acid and cholesterol:phospholipid ratios suggest
that the plasma membrane becomes more fluid in its maturation. This, along with a
changing density and arrangement of filipin-cholesterol complexes, influences the bilayer
stability as well as the lateral diffusion of molecules within it (Jones, 2002). Decreasing

cholesterol content is significant because it is a major feature of the capacitation process
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and leads to the activation of downstream signaling protein kinases (Visconti et al.,
1999). Furthermore, it has been suggested that that localized areas of cholesterol
depletion may be the focal points of membrane fusion in the acrosome reaction (Jones,

2002).

The destination of the departing inner leaflet phospholipids and membrane cholesterol
remains uncertain. A long standing notion has been that the phospholipids could be
internalized into the cytoplasm to provide fuel for the maturing spermatozoon.
Alternatively, it has been widely suggested that the phospholipids and/or the cholesterol
may be taken up by lipid-exchange proteins in the epididymal lumen (Jones, 2002).
Several candidate lipid-exchangers have been proposed, including apolipoproteins A-I, B,

E and J which are all found in the male reproductive tract.

C. Apolipeproteins in the male reproductive tract

Lipoproteins are the blood plasma carriers of complex lipids. They include, from
largest and least dense to smallest and most dense: chylomicrons, very low density
lipoproteins (VLDL), intermediate density lipoproteins (IDL), low density lipoproteins
(LDL) and high density lipoproteins (HDL). Chylomicrons serve as the mode of transport
of intestinally-absorbed triacylglycerol and cholesterol to the other tissues in the body.
VLDL, IDL and LDL transport triacylglycerol and cholesterol from the liver to other
tissues. HDL, which is colloquially referred to as the “good-cholesterol”, is involved in
reverse cholesterol transport of excess plasma membrane cholesterol from peripheral
cells to the liver for excretion, catabolism and storage (Mahley et al., 1984). The general
structure of all lipoproteins includes a hydrophobic core composed of triacylglycerol and
cholesterol ester surrounded by a shell of amphipathic phospholipids, cholesterol and
proteins. The surface proteins, called apolipoproteins, provide structural integrity,
activate or inhibit lipoprotein modifying enzymes and are the ligands for a large spectrum
of receptors and membrane-docking proteins (Willnow, 1999). There are several

apolipoproteins which are each associated with a different set of lipoproteins. For
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example, apolipoprotein C-I (apo C-I) is found in chylomicrons, VLDL, IDL and HDL
while apo D is restricted to HDL (Zubay, 1993).

In the excurrent duct system of the male reproductive tract there are no typical
lipoprotein complexes, however four apolipoproteins - E, B, A-1, and J - are present.
Much is known about each of these proteins as plasma lipoprotein constituents, but their

role in the reproductive tract remains speculative.

1. Apolipoprotein E

In the blood plasma, apo E is associated with chylomicrons, VLDL, IDL and HDL and
mediates binding of these lipoproteins to every member of the LDL receptor family (this
receptor family will be later discussed in greater detail) (Hussain, 2001). Apo E is
ubiquitously expressed and plays a major role in the redistribution of lipids between
tissues and also among different cells within a tissue (Boyles et al, 1989). Normal levels
and function of apo E are essential for protecting against vascular diseases and late onset
Alzheimer’s disease (Rall et al., 1989; Corder et al., 1993). Apo E has also been
implicated in the induction of several signal transduction pathways through its interaction
with cell surface receptors including the inhibition of steroidogenesis in adrenal tumor
cells, the inhibition of androgen production by ovarian thecal cells and the modulation of
lymphocyte immune responses (Reyland et al., 1991; Dyer and Curtiss, 1988; Avila et al.,
1982).

In the male reproductive tract, apo E has been localized to the Leydig cells of the testis
as well as the basal aspect of the epithelium in the caput, corpus and cauda epididymidis
(Law et al., 1997). In the testis it is speculated that apo E is participates in delivering
plasma-derived lipoprotein cholesterol to Sertoli cells for sperm membrane biosynthesis.
In the epididymis, it is thought that apo E is involved in removing excess cholesterol or
lipid complexes from the basal aspect of the epithelium into the blood stream for further
processing (Olson et al., 1995).

16



2. Avolipoprotein B

The apolipoprotein B gene actually yields two proteins — apo B-100 and apo B-48 —
resulting from alternate mRINA splicing (Chen et al., 1587; Powell et al., 1987).
Hepatocytes incorporate the apo B-100 isoform into triglyceride-rich VLDL particles that
become secreted into the blood plasma. IDL and LDL are the metabolic products of
VLDL and both of these also contain apo B-100. In fact, apo B-100 is the only
apolipoprotein of LDL and serves as the ligand for the LDL receptor-mediated and
megalin-mediated uptake of LDL particles by the liver and extrahepatic tissues (Young,
1990; Kesaniemi et al., 1983; Stefansson et al., 1995). Intestinal enterocytes edit a single
nucleotide of the apo B mRNA, which translates to a significantly shorter protein, apo B-
48, to become incorporated in chylomicrons (Chen et al., 1987; Powell et al., 1987).
Apolipoprotein B has been of particular interest because elevated plasma apo B-100
levels are correlated with the development of premature atherosclerotic discase
(Sniderman et al., 1980; Teng et al., 1983). Apo B knockouts are embryonic lethals with
neural tube defects but the null allele heterozygotes show reduced cholesterol levels and
yield infertile males (Huang et al., 1995). In these heterozygotes, the spermatozoa have
reduced motility, survivability and penetration of the zona pellucida (Huang et al., 1996).
Further investigation has shown that apo B mRNA is detectable in the testis and the
epididymis of normal rodents and at much lower levels in the heterozygotes for the null
allele (Huang et al., 1996). The cause of the abnormal sperm in the null allele
heterozygote has not yet been definitively linked to either plasma or reproductive apo B

Ievels, but the importance of apo B for normal sperm development is certain.

3. Apolipoprotein A-1

Apo A-I has also been localized to the epididymis by northern blot analysis (Law et
al., 1997). In the blood plasma, apo A-I is the major constituent of HDL, which performs
the process of reverse cholesterol transport. This process begins with small apo A-I-
containing particles in the interstitial fluid which, through their amphipathic helices,

interact with the bilayer lipids of the surrounding cells. This binding promotes the efflux
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of cellular cholesterol - either by passive desorption of membrane cholesterol or by the
recruitment of membrane proteins to stimulate the translocation of intracellular
cholesterol to the plasma membrane. The nascent HDL complex then takes up the
exiting cholesterol and, after many such bilayer interactions, transports the cholesterol to
the liver (Frank and Marcel, 2000). In the epididymal lumen, a similar process of
cholesterol uptake from the sperm plasma membrane by apo A-I-containing particles is

suggested to occur, although no mechanistic evidence exists to date (Law et al, 1997).

4, Apolipoprotein J

In the blood plasma, apo J (also known as SGP-2 and clusterin) is associated with apo
A-I-containing HDL particles and has therefore been implicated in the regulation of lipid
transport and local lipid distribution (de Silva et al., 1990; Jenne et al., 1991). Other
functions have also been attributed to apo J, including a strong inhibitory activity of the
terminal complement cascade (McDonald and Nelsestuen, 1997). Interestingly, apo J has
also been found associated with amyloid beta peptide deposits in Alzheimer’s disease in
conjunction with apolipoprotein E (Choi-Miura et al., 1992). Apo ] is constitutively
expressed at high levels compared to other lipid transport proteins in organs isolated by a
blood barrier, such as the brain, the testis and the ovary, suggesting that this molecule
plays an important role in lipid homeostasis in localized tissue environments (Burkey et

al., 1992).

In the male reproductive tract, a testis specific isoform of apo J is the major secreted
protein product of the Sertoli cell (Griswold et al., 1986). Within the lumen of the
seminiferous tubules, it binds to sperm plasma membranes, and then dissociates from the
spermatozoa within the efferent ducts where it is endocytosed by the nonciliated cells
lining the duct (Sylvester et al., 1991). The epididymal apo J isoform — which is
differently glycosylated than the testis-specific isoform — is secreted by the epithelial
principal cells of the epididymis and vas deferens (Hermo et al., 1991a; Andonian and
Hermo, 1999c¢). The epididymal apo J interacts with the sperm plasma membranes, then

dissociates and is taken up by the endocytic apparatus of the principal cells lower down
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the epididymis and vas deferens (Hermo et al., 1991a; Andonian and Hermo, 1999¢). It
is thought that apo ] is involved in transporting compounds to and from the sperm plasma
membrane both in the testis and the epididymis. It has also been suggested that apo J
may be providing a protective coating that guards against injurious agents in the luminal
fluid. In any case, once its putative function is complete and it dissociates from the sperm
plasma membrane, apo J binds to a cell-surface endocytic receptor, megalin, on the
nonciliated cells of the efferent ducts and on the principal cells of the epididymis and vas
deferens (Igdoura et al., 1994; Morales et al., 1996; Andonian and Hermo, 1999c¢).
Megalin, which will be discussed in the following section, then mediates the endocytosis
of apo J through the various endocytic compartments and finally to the lysosomes for

degradation (Morales et al., 1996).

D. Megalin

1. Megalin, as a member of the LDL receptor superfamily

Megalin, also known as low-density lipoprotein receptor-related protein-2 (LRP-2) or
gp330, is structurally and functionally related to several other mammalian proteins
which, together, make up the low-density lipoprotein receptor family. The other family
members include the LDL receptor (LDL-R), the LDL receptor-related protein (LRP), the
VLDL receptor (VLDLR), the Apo E receptor 2 (ApoER2) and SORLA-1 (Hussain,
2001). These proteins are all cell-surface receptors involved in receptor-mediated
endocytosis. In this process, the receptor extracts and binds ligands from the surrounding
extracellular fluid (blood, glomerular ultrafiltrate, etc...) and then interacts with
intracellular clathrin to become recruited into a clathrin-coated pit. The clathrin-coated
pit subsequently pinches off from the membrane as a clathrin-coated vesicle, which
rapidly loses its clathrin coat and transports its contents to endosomes. In endosomes, a
slightly lower pH allows the ligands to dissociate from the receptors. While the receptors
are then recycled back to the cell surface via tubular vesicles, their ligands are then

transferred to lysosomes for eventual degradation of the proteinaceous elements and
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cytoplasmic release of the nonprotein fractions (Moestrup and Verroust, 2001; Hussain,
2001). The common functionality of the LDL receptor family members has its foundation
in their shared structural elements. Each contains one or more clusters of cysteine-rich
complement-type repeats which are the ligand-binding regions of the receptors. Each
family member also contains several EGF precursor-type repeats, many of which are
separated by spacer regions containing Y WTD motifs. These motifs are involved in
ligand-receptor dissociation within endosomes (Willnow, 1999). Each member also has a
single transmembrane domain and a short cytoplasmic domain containing NPXY motifs
which are responsible for binding the clathrin heavy chain and directing the receptors into

coated pits (Kibbey et al., 1998).

The ligands of the LDL-R family members include a diverse collection of
macromolecules encompassing many lipoproteins, apolipoproteins, proteinases,
hormones, vitamins and extracellular matrix proteins (Argraves, 2001). Some ligands,
such as apo E, have an affinity for all members of the family, while others are restricted
to a particular subset of the members (Hussain, 2001). All LDL-R family members
display negative charges while all of their ligands display positive surface charges and it
is thought that the high affinity ligand-receptor binding occurs through multiple ionic
interactions (Hussain, 2001). The specificity of each receptor for a varying set of ligands
may result from the differential clustering of their similar complement-type repeats
(Hussain, 2001). All LDL-R members also bind receptor associated protein (RAP) in the
rough endoplasmic reticulum (RER). RAP serves as an ER chaperone, preventing the
nascent receptors from prematurely binding their ligands in the ER (Birn et al., 2000a).
There is also evidence that RAP assists in the proper folding of the receptors (Bu and

Rennke, 1996).

2. Structure of megalin

Megalin is the largest member of the LDL-R family with 4660 amino acids and a
glycosylated molecular weight of 600 kDa (Saito et al., 1994). Its large extracellular

domain includes 36 cysteine-rich complement-type repeats grouped into four ligand-
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binding domains. These ligand-binding domains are separated by 16 EGF-precursor
homology domains containing a total of 40 YWTD repeats, responsible for ligand
dissociation. The short intracellular domain (213 aa) contains three consensus clathrin-

binding NPXY motifs (Saito et al., 1994).

3. Distribution and function of megalin

Megalin is expressed on the apical surface of epithelial cells of several absorptive
epithelia including the kidney proximal tubule and glomerulus, ileum, lung, thyroid,
thymus, parathyroid, ependyma, eye, inner ear, choroids plexus, oviduct, uterus,
epididymis and visceral yolk sac (Hammad et al., 2000; Kounnas et al., 1994; Lundgen et
al., 1997; Zheng et al., 1994). Its list of ligands is even more extensive and includes
several apolipoproteins, vitamin-carrier complexes, polybasic drugs, enzymes and
enzyme inhibitors, hormones and hormone-binding proteins, yielding a total of 36 known
ligands to date (Argraves, 2001). The function of megalin is the same in all tissues — that
is, the cellular uptake of macromolecules from the surrounding fluid. However, the subset
of ligands endocytosed and the greater purpose of this endocytosis are both tissue
specific. For example, in the kidney proximal tubule, megalin is responsible for the
reabsorption of many ligands from the glomerular ultrafiltrate thus preventing these
molecules from being lost in the urine (Christensen and Birn, 2001). Animals with
megalin deficiency display low-molecular-weight, tubular proteinuria, highlighting the
importance of megalin in retrieving filtered macromolecules (Leheste et al., 1999).
Megalin is also essential for fetal development as is dramatically exemplified by the vast
majority of megalin knock-out mice. While a few of the knock out animals live to
adulthood and simply display the tubular proteinuria phenotype, about 98% die
perinatally of respiratory insufficiency and are disfigured with a severe forebrain
malformation called holoprosencephaly (Willnow et al., 1996). The defect involves an
incomplete development of the eyes, a lack of olfactory bulbs and corpus callosum, a
fused ventricular system and incomplete separation of the forebrain hemispheres
(Willnow et al., 1996). Megalin is normally present on the apical aspect of the visceral

yolk sac epithelium where it exposed to the yolk sac cavity, rich in maternal nutrients
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(Zheng et al., 1994). It is also expressed on the apical membranes of neuroepithelial cells
exposed to the fluid surrounding the embryo at a critical time in forebrain development
{Willnow et al., 1996). It has been suggested that megalin is essential for lipoprotein
uptake in these embryonic tissues, thereby providing a sufficient supply of cholesterol to
the embryo. Cholesterol is essential in the developing animal for extensive membrane
synthesis, for cellular growth and to carry out its role as an essential activator for the
sonic hedgehog protein (SHH), a key regulator in brain development. Interestingly, both
SHH knockout animals and animals with embryonic cholesterol deficiencies display a
similar holoprosencephelatic syndrome (Chiang et al., 1996; Tint et al., 1994). Megalin’s
role in endocytosing its other ligands, including vitamins and minerals, should not be
excluded as an essential process in embryogenesis. Maternally-derived vitamin A,
another megalin ligand, also accumulates in the visceral sac endoderm and has been
implicated in normal brain, cardiovascular, ocular, lung, limb and urogenital development

in the embryo (Morriss-Kay and Sokolova, 1996).

4, Megalin in the male reproductive tract

Megalin has also been localized to the apical surface of the epithelial cells lining the
excurrent duct system of the male. Specifically, it is expressed by the nonciliated cells of
the efferent ducts, and the principal cells of the caput, corpus and cauda epididymidis and
of the proximal, middle and distal vas deferens (Morales et al., 1996; Andonian and
Hermo, 1999¢). There is a notable absence of expression in the epithelium of the testis
and the initial segment, in the connective tissue and on the spermatozoa. Just as in other
absorptive epithelia, epididymal megalin is limited to the apical plasma membrane,
coated pits, coated vesicles, endocytic vesicles and early endosomes, but is not found in

late endosomes or lysosomes (Morales et al., 1996).

As was previously described, there are a large number of secreted macromolecules in
the lumen of the male reproductive tract, many of which may be involved in sperm
maturation and many of which are potential megalin ligands. For example, lactoferrin,

which has been shown to bind megalin in vitro, is also an epididymal protein (Willnow et
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al., 1992; Jin et al., 1997). Lactoferrin is secreted in all regions of the epididymis from
the distal caput to the cauda and has been shown to bind sperm membranes transiently
(Jin et al., 1997). However, to date, the only confirmed megalin ligand in the excurrent
duct system is the aforementioned apo J molecule. Interestingly, apo J and lactoferrin are
among the most abundant epididymal fluid proteins in both the boar and the stallion
(Syntin et al., 1996; Fouchecourt et al., 2000). It may soon come to bear that megalin is
responsible for the endocytosis of other epididymal molecules. Furthermore, based on the
results herein, the role and potential ligands of megalin’s co-operative endocytic partner,
cubilin (which will be described in the next section), should also be examined in the

excurrent duct system.

E. Cubilin

1. Structure of cubilin

Cubilin (also known as gp280) was first identified over 20 years ago as the ileal
receptor for intrinsic factor-vitamin By, (IF-Bi2), however the primary structure of this
large glycoprotein has only recently been elucidated (Seetharam et al., 1981; Moestrup et
al., 1998). Cubilin, with 3600 amino acids and significant post-translational
glycosylation, has a molecular weight of 460 kDa. This endocytic receptor was long
known to bind and translocate IF-B,; through the endocytic apparatus of the enterocyte,
so it came as a surprise that cubilin has no transmembrane or intracellular domains
(Levine et al., 1984; Birn et al., 1997; Moestrup et al., 1998). Instead, cubilin is plasma
membrane anchored at its short amino terminus. Cubilin also contains 8 EGF repeats
followed by 27 CUB domains, which give cubilin its name (Moestrup et al., 1998). The
CUB domain (complement C1r/C1s, vegf and bone morphogenic protein 1) isa 110
amino acid module consisting of an antiparallel beta-barrel topology (Bork and
Beckmann, 1993). This domain is found in a wide array of functionally diverse proteins
including spermadhesins - a family of soluble proteins that assist in sperm-egg interaction

and which each consists of a single CUB domain (Bork and Beckmann, 1993). In

23



spermadhesins, the CUB domains are known to dimerize in such a way that preferentially
exposes the medium beta turns (Varela et al., 1997). If the CUB domains of cubilin
follow this same dimerizing arrangement, the least conserved regions would be exposed,
thus imparting the molecule with sufficient peptide variation to allow possible interaction

with multiple ligands (Kozyraki, 2001).

The 100-amino-acid NH,-terminus contains an amphipathic helix structure with some
similarity to the lipid binding regions of apolipoproteins, and this is thought to contribute
to the anchoring of the receptor in the cell membrane (Kristiansen et al., 1999). CUB
domains 5-8 comprise the binding region for IF-B;; and domains 13-14 are responsible
for RAP binding (Kristiansen et al., 1999). However, unlike with megalin, RAP’s
association with cubilin does not appear to be physiologically significant (Birn et al.,
2000a). Cubilin’s megalin-binding domain encompasses the NH,-terminus, the eight

EGF-like repeats and CUB domains 1-2 (Yammani et al., 2001).

2. Cubilin’s interaction with megalin

Cubilin has no transmembrane or intracellular domains and is therefore incapable of
binding clathrin and mediating its own endocytosis. To become internalized, cubilin is
thought to utilize the endocytic machinery of megalin. The evidence for this interaction
comes from co-expression studies in both fixed tissues and cell lines; from in vitro
binding analyses; and from the inhibition of cubilin ligand internalization using megalin
antibodies (Moestrup et al., 1998; Kozyraki et al., 1999; Hammad et al., 2000;
Burmeister et al., 2001; Kozyraki et al., 2001; Yammani et al., 2001). As such, the
proposed model for their interaction proceeds as follows: cubilin, which is membrane
associated, and megalin, with its transmembrane domain, are both on the apical plasma
membrane facing the extracellular fluid. Cubilin binds one or several of its ligands and
then binds megalin, which may have also bound its own ligands. Megalin then recruits
clathrin with its short intracellular domain and becomes localized within a clathrin-coated
pit. The two receptors, along with their respective ligands, travel together through the

endocytic apparatus until they reach the late endosomes (or multivesicular bodies).
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There, due to the low acidity of this compartment, the receptors and their ligands
segregate. The ligands proceed to the lysosomes for further processing while the
receptors are recycled back to the plasma membrane. Whether cubilin and megalin
remain bound through the entire endocytic apparatus remains to be determined, though
the finding that the binding of the two receptors remains unaltered between pH 4-8
suggests that they remain attached in these compartments (Moestrup et al., 1998).

3. Distribution of cubilin

To date, the known tissue distribution of cubilin is more restricted than that of
megalin. Cubilin has been localized to the ileal epithelium, renal proximal tubule,
visceral yolk sac, thymus, placenta, lung, oviduct and uterus (Seetharam et al., 1981;
Sahali et al., 1992; Hammad et al., 2000; Moestrup and Verroust, 2001). In every tissue
examined at a subcellular level, cubilin and megalin co-localize to the apical plasma
membrane and endocytic apparatus, and both are rarely found in the lysosomes.
Although many tissues remain to be studied, so far, the rat glomerulus is the only tissue
in which megalin is found without the co-expression of cubilin (Zheng et al., 1994;

Seetharam et al., 1988).

4, Cubilin’s ligands

As was previously mentioned, cubilin was first identified as the receptor for IF-By, in
the ileum (Seetharam et al., 1981). The recent cloning of cubilin was initiated when it
was extracted from renal cortex membranes by affinity chromatography onto a RAP-
Sepharose column (Birn et al., 1997). Again, the physiological significance of the
cubilin:RAP interaction remains unknown. Shortly after its cloning, cubilin was found to
be the receptor of Ig light chains and Apo A-I in both the yolk sac and the kidney
(Batuman et al., 1998; Hammad et al., 1999; Kozyraki et al., 1999). Albumin, whichisa
megalin ligand, was also shown to be taken up by cubilin in the renal proximal tubule
(Birn et al., 2000b). In the past year, five new cubilin ligands have been discovered,

suggesting that, like megalin, cubilin may also serve as a scavenger receptor in the kidney
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and yolk sac. These newly unearthed ligands include transferrin, clara cell secretory
protein (CCSP), 25(0OH) vitamin D3 hemoglobin and galectin-3 (Kozyraki et al., 2001;
Burmeister et al., 2001; Nykjaer et al., 2001; Gburek et al., 2002; Crider-Pirkle et al.,
2002). These cubilin ligands, much like the previously mentioned megalin ligands are
vitamin-binding, lipid-binding and mineral-binding proteins all of which imply a

significant nutritional functionality of these receptors.

5. Physiclogical roles of cubilin

The physiological importance of the ileal absorption of vitamin By, is highlighted by a
human condition called Imerslund-Grésbecks disease. This disease is characterized by a
defective intestinal malabsorption of vitamin B, but is also sometimes accompanied by
tubular proteinuria (Broch et al., 1984; Grisbeck et al., 1960). Two mutations in the
cubilin gene have been associated with this disease. The most prevalent, FM1, is a point
mutation in the CUB 8 domain which affects the binding of cubilin to IF-By; and which is
only associated with a mild proteinuria (Aminoff et al., 1999, Kristiansen et al., 2000). A
more severe mutation, FM2, which results in cryptic intronic splice in CUB 6 and a
truncated protein, is accompanied by a severe proteinuria (Aminoff et al., 1999).
Treatment with vitamin B, cures all symptoms except the proteinuria, suggesting that
this particular symptom does not result from a lack of By,, but rather can be attributed to

the defective cubilin function in the proximal convoluted tubule of the kidney.

Indeed, the urine of FM2 patients has been shown to specifically contain large
amounts of apo A-I, 25(OH) vitamin D;, transferrin and CCSP (Kozyraki et al., 1999;
Nykjaer et al., 2001; Kozyraki et al., 2001; Burmeister et al., 2001). Furthermore, dogs
lacking functional cubilin also excrete large amounts of albumin, apo A-I, 25(0OH)
vitamin Dj and transferrin in their urine (Birn et al., 2000b; Kozyraki et al., 1999;
Nykjaer et al., 2001; Kozyraki et al., 2001). In the normal kidney, proteins are filtered
through the glomerulus into bowman’s capsule, then internalized and degraded in the

epithelial cells of the proximal convoluted tubule. Very little protein is ever lost in the
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urine. However, in those animals with a defective cubilin structure or expression, this

process of protein reabsorption is compromised.

Although cubilin’s role in the kidney may be simply to prevent the loss of proteins and
protein-bound nutrients into the urine, in the yolk sac, by executing the same receptor-
mediated endocytosis, cubilin is functioning to deliver amino acids and essential nutrients
to the developing embryo. In the rat, cubilin is expressed at day 7 in the endodermal cells
that give rise to the epithelial cells of the visceral yolk sac. The yolk sac completely
surrounds the embryo throughout gestation and is the sole tissue interface between the
mother and fetus during the critical phase of organogenesis (Lloyd, 1990). Anti-cubilin
antibodies introduced into the developing embryo cause severe fetal malformations
(Sahali et al., 1988). Although the direct causal link between the cubilin antibodies and
the malformations has yet to be determined, it is thought that cubilin’s role in
internalizing maternal proteins, vitamins, minerals and perhaps most importantly,
lipoproteins is essential in this respect. It is thought that cubilin’s uptake of maternal
proteins, with subsequent catabolism in the lysosomes provides a large supply of amino
acids to the developing embryo. More importantly however, since many studies have
linked a decreased cholesterol availability in the embryo with the induction of fetal
malformations, cubilin as the apo A-I and HDL receptor is thought to be critical for the

developing animal (Roux et al., 2000).

The research herein takes the initial steps to examine, for the first time, the
distribution of cubilin in the excurrent ducts of the male reproductive tract. Its co-
expression and interaction with its endocytic partner, megalin, are also examined in this

in vivo system.
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A. Antibodies and reagents

Recombinant human RAP was purified as described (Williams et al., 1992). Rabbit
polyclonal antiserum to a bacterially expressed amino-terminal segment of rat cubilin has
been described previously (Hammad et al., 2000). Rabbit polyclonal antiserum to porcine
megalin has also been described (Hammad et al., 1997). Goat anti-rabbit IgG conjugated
to horseradish peroxidase (HRP) and colloidal gold-conjugated goat anti-rabbit IgG were
purchased from Cedarlane (Hornby, ON). Unless otherwise indicated, all other reagents
were obtained from Sigma Chemical Co. (St. Louis, MO).

B. RNA isolation and RT-PCR

Adult male Sprague-Dawley rats (350-400 grams) were obtained from Charles River
Laboratories (St.Constant, QC). Animals were anaesthetized with an intraperitoneal
injection of sodium pentobarbital (100ul/100g tissue; MTC Pharmaceuticals, Hamilton,
ON). Anaesthetized animals were perfused with Ringer’s saline through the heart. The
reproductive tract and kidney cortex and were removed, sectioned and immediately
frozen in liquid nitrogen. For RNA isolation ~20mg of frozen tissue was extracted with
reagents supplied in a kit (RNeasy, Qiagen, Mississauga, ON) using a2 Tekmar tissumizer
at half speed for I min. RNAse-free DNAse I was added during the RNA isolation
procedure to digest DNA contamination. Total RNA (0.8ug) was used as template for
reverse transcription using random hexamer primers (Promega, Madison, WI), dNTPs
(Gibco, Grand Island, NY), RNasin (Promega) and Omniscript reverse transcriptase
(Qiagen) according to manufacturer instructions. The cDNA product was used as
template with specific oligonucleotide primers, dNTPs, Tag polymerase (Qiagen) and a
thermal cycling profile of 55°C for 1 min, 72°C for 1 min and 94°C for 1 min, that was

repeated 35 times. We designed three sets of specific primers for the PCR: cubilin sense
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S'GAGACGGAGGCTACGAAACGS (residues 3329-3348) and antisense
STAGTCGGGCCATCAAACACGS' (residues 3691-3672) primers were designed from
the rat cubilin mRNA (accession number AF022247); megalin sense
5GGTGTGTGACGAGGATAAGGS' (residues 377-396) and antisense
S'AGTTGCAATTGCGCTCATCGS' (residues 777-758) primers were designed from the
rat megalin mRNA (accession number NM_030827); and positive control B-actin sense
S'CTCTCTTCCAGCCTTCCTTCS' (residues 2573-2592) and antisense
SAGAGCCACCAATCCACACAGS (residues 3038-3019) primers were designed from
the rat B-actin gene (accession number V01217 J00691). Control reactions for each
primer pair were also performed in the absence of reverse transcriptase or cDNA

template.

C. Immunoblot analysis

Frozen tissues (kidney and the various segments of the reproductive tract) were
extracted on ice in homogenization buffer (SmM Tris, 0.25M sucrose, ImM
phenylmethylsulfonyl fluoride (PMSF), 10ug/ml leupeptin, 10ug/ml aprotinin, pH 7.6)
using a Tekmar tissumizer at half speed for 1 min. Homogenates were subjected to
centrifugation at 12,000 x g for 10 min and supernatants were then centrifuged at 100,000
x g for 1 hr. Pellets were dissolved in homogenization buffer and protein concentration
was determined using a Bradford-type assay (BioRad, Hercules, CA). Aliquots
containing 50ug of protein were run under non-reducing conditions on 5%
polyacrylamide gels and the separated proteins transferred to nitrocellulose membranes.
Unoccupied sites on the membrane were blocked in blocking buffer (5% BSA, 5% non-
fat dried milk, 0.1% Tween in TBS, pH 7.4). Membranes were incubated with cubilin
antibody (3.2ug/ml) in blocking buffer containing 0.1% Tween. Bound antibodies were
detected using HRP-conjugated anti-IgG and ECL Plus Detection Kit (Amersham
Pharmacia, Baie D’Urfe, QC).
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D. Immunchistochemical staining

" The reproductive tract was fixed by a 10 min perfusion with Bouin’s fixative via the
abdominal aorta of anaesthetized rats. Following perfusion, efferent ducts, epididymis
and vas deferens were removed and immersed in Bouin’s fixative for an additional 24 hr.
The tissues were then dehydrated in graded ethanol and embedded in paraffin. Sections
Sum thick were cut and mounted on glass slides. Sections were then de-paraffinized with
Histo-Clear and rehydrated in a series of ethanol solutions (100%, 95%, 70%, 70%, 70%,
70%, 50%). Hydrogen peroxide (1% v/v) was added to the second 70% ethanol bath.
Lithium carbonate (1% w/v) was added to the third 70% ethanol bath to neutralize
residual picric acid from the Bouin’s fixative. The slides were then placed in a 300mM
glycine bath for 5 min to block free aldehyde groups. To uncover antigenic sites on the
tissues, the slides were immersed in an antigen retrieval solution (1.8mM citric acid,
8.2mM sodium citrate, pH 6) and heated to boiling in a microwave oven several times.
After cooling, the slides were blocked with 10% goat serum in TBS 20mM Tris, 150mM
NaCl, 0.1% BSA, pH 7.4) and incubated for 15 min at 37°C. Slides were washed in TBS-
Tween (0.1% Tween in TBS) before incubating for 90 min with cubilin antibody
(128pg/ml). This was followed by an incubation with 10% goat serum for 15 min and
several washes with TBS-Tween. Goat anti-rabbit IgG (7.5ug/ml) conjugated to HRP
was applied to the sections and incubated for 30 min. Slides were again washed in TBS-
Tween and immersed for 10 min in DAB solution (TBS with 0.05% diaminobenzidine
tetrahydrochloride, 0.1M imidazole, 0.03% hydrogen peroxide, pH 7.6). Following
rinsing with distilled water and counterstaining with methylene blue, the sections were
rehydrated in a series of ethanol solutions and Histo-clear. Coverslips were mounted

using Permount.
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E. Immunogold electron-microscopy

The male reproductive tract was fixed with 4% paraformaldehyde, 0.25%
glutaraldehyde-15mM lysine in 0.1M phosphate buffer, pH 7.5 by perfusion through the
abdominal aorta of anaesthetized rats. Tissues were removed, sectioned, left in the same
fixative for 2 hr and then washed in PBS (137mM NaCl, 2.7mM KCIi, 1.5mM KH;POq,
6.5mM NayHPO,, pH 7.4). Tissue blocks were dehydrated in graded ethanol, embedded
in Lowicryl K11M (Polysciences, Warrington, PA), and cut into ultrathin sections, which
were mounted on 200-mesh formvar-coated nickel grids. After a 15 min incubation with
10% goat serum in TBS the grids were incubated in cubilin antibody (320pg/ml) for 90
min, followed by TBS-Tween washings. The grids were incubated in 10% goat serum-
TBS then with goat anti-rabbit IgG (0.41pg/ml) conjugated to 10nm gold particles
followed by several TBS-Tween washes. For double antibody labeling the entire labeling
process was repeated using megalin antibodies (265ug/ml) as the primary antibody and
goat anti-rabbit conjugated to 15nm gold particles as the secondary antibody. Grids were
blotted dry and counterstained by incubating each grid in 4% uranyl acetate for 2 min and

3% lead citrate for 30 sec.

F. Injection of efferent ducts and vas deferens

RAP (200ul of 0.2mg/ml in PBS containing 0.01% trypan blue) was injected into the
left efferent ducts of three animals through the rete testes as described by Morales and
Hermo (1983). The right efferent ducts of these animals were injected with 200ul of
PBS-trypan blue lacking RAP. 500ul of RAP and of PBS were also injected into the vas
deferens of a different set of animals. Thirty minutes post injection the tissues were fixed,

embedded and immunolabeled as described above.
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A. Cubilin and megalin transcripts are co-expressed in male reproductive tract

tissues

Cubilin and megalin have recently been co-localized in various polarized epithelia
and, by immunocytochemistry, megalin has been found in the male reproductive system
(Moestrup and Verroust, 2001; Morales et al., 1996). Here we used RT-PCR to determine
the localization of cubilin and megalin mRNA transcript in the efferent ducts, epididymis
and vas deferens. Specific primers were used to amplify a 363bp fragment of cubilin
¢DNA. RT-PCR on efferent ducts, corpus and cauda epididymidis and proximal and
distal vas deferens all resulted in 360bp amplicons (Fig. 1A). Caput epididymidis (Fig.
1A, lane 4) was the only tissue that did not yield an amplified fragment. Kidney, which
was used in this and in subsequent experiments as a positive control for cubilin — because
this protein is known to be expressed in the proximal convoluted tubules — also yielded a

360bp amplicon (Fig. 1A, lane 2).

To control for presence of mRNA, B-actin was used as a positive control (Fig. 1B).
Since cubilin does not have any reported introns, B-actin specific primers were also
selected to span an intron and thus control for DNA contamination. The B-actin primers
would amplify a 465bp fragment of DNA but only a 253bp fragment of cDNA. As there
are no 465bp bands, there was no DNA contamination (Fig. 1B). Furthermore, negative
controls for the reverse transcription (devoid of reverse transcriptase) and for the PCR

(devoid of cDNA) yielded no amplicons (not shown).

The same RT-PCR was conducted using specific primers for megalin. Primers used to
amplify a 401bp fragment of megalin cDNA resulted in positive bands on all tissues
examined (Fig. 2A). B-actin controls (Fig. 2B) yielded expected bands and negative

controls yielded no amplicons (not shown).
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B. Immunoblet and immunocytochemical analysis of cubilin expression in male

reproductive tract tissues

In order to correlate our mRINA localization with its translation product, we used two
different technigues: immunoblot analysis and light microscope immunocytochemistry.
Immunoblot analysis of microsomal extracts of the efferent ducts, corpus and cauda
epididymidis and proximal and distal vas deferens showed that each tissue expressed a
cubilin antibody-reactive polypeptide having a relative molecular mass of 460 kDa (Fig.
3). The 460-kDa polypeptide was not detected in extracts of caput epididymidis (Fig. 3,
lane 3), but was detected in extracts of kidney (Fig. 3, lane 1), as previously reported

(Seetharam et al., 1988).

Immunochistochemical analysis of tissues of the male reproductive tract provided
further localization detail and allowed us to determine the cell types expressing this
protein. In the testis, no cubilin expression was detected either in the seminiferous
epithelium or in the Leydig cells (Fig. 4A). In the efferent ducts, cubilin was expressed in
the apical region and within apical vesicles of nonciliated cells (Fig. 4C). By contrast,
ciliated cells showed no detectable cubilin expression. No cubilin expression was
detected in the initial segment (Fig. 5A) or in the caput epididymidis (Fig. 5C). In the
corpus and cauda epididymidis (Fig. 6A and 6C) diffuse cubilin staining was detected
within the apical cytoplasm of principal cells that progressively intensified down the
epididymis. Some principal cells displayed no detectable cubilin expression, thus yielding
a “checkerboard” staining pattern of the principal cells. Basal cells and clear cells also
displayed no cubilin expression. In the proximal and middle vas deferens, principal cells
displayed a punctate apical staining pattern (Fig. 7A and 7C) whereas clear and basal
cells again displayed no cubilin expression. Again, a “checkerboard” staining pattern of
the principal cells was observed in these regions. No cubilin expression was detected in
any connective tissue elements or on spermatozoa anywhere along the tract. A positive
control for antibody specificity showed the cubilin antibody detected cubilin in the brush
border of renal proximal convoluted tubule cells but showed no reactivity with cells of

the distal convoluted tubules or glomeruli (Fig. 8A) in accordance with previously
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published findings (Seetharam et al., 1988). The pattern of expression of megalin in the
male reproductive system has been previously described (Morales et al., 1996, Andonian
and Hermo, 1999¢). Table 1 compares the pattern of cubilin expression observed in the

present study with that of megalin in tissues of the male reproductive tract.

C. Cubilin traffics with megalin in endocytic compartments

Immunogold electron microscopy (immunogold EM) was used to characterize the
subcellular localization of cubilin in male reproductive tract epithelia. Cubilin was found
in apical endocytic compartments of epithelial cells of the efferent ducts, the corpus and
cauda epididymidis, and the proximal and distal vas deferens. Specifically, it was
detected at the base of microvilli, in endocytic pits and vesicles and in endosomes of
these cells (Fig. 9). Late endosomes (or multivesicular bodies) showed few cubilin gold
particles and lysosomes were devoid of gold particles (Fig. 10). Double immunogold EM
was performed to examine the subcellular distribution of cubilin and megalin. Cubilin
(marked by 10nm gold particles) and megalin (15nm gold particles) were found to co-
localize in the same endocytic compartments again with few gold particles in the late
endosomes and an absence of gold particles in the lysosomes (Fig. 11A and B). There
were also vesicles containing cubilin and megalin seemingly budding off of late

endosomes or multivesicular bodies (Fig. 12A and B).

D. RAP, the antagonist of megalin:cubilin interaction, inhibits cubilin uptake

Previous studies have demonstrated an in vifro binding between cubilin and megalin
and here we have demonstrated the co-localization of cubilin and megalin in the
endocytic apparatus of the epithelium of the excurrent duct system (Moestrup et al.,
1998). To evaluate the possibility that megalin might be responsible for the uptake and
subcellular trafficking of cubilin we injected RAP, an antagonist of the megalin:cubilin

interaction, into the lumen of the efferent ducts and vas deferens (Moestrup et al., 1998).
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A PBS injection served as a comparative control. Immunogold EM analysis of the RAP-
and PBS-injected tissues revealed that RAP treatment reduced the amounts of cubilin in
endocytic compartments compared to the PBS control in both the efferent ducts (Fig. 13)
and the vas deferens (Fig. 14). Quantitative analysis of the immunogold labeling data
using one-way ANOVA indicated that the RAP treatment produced nearly a three-fold
reduction of cubilin in the efferent ducts and nearly a four-fold reduction in vas deferens

as compared to controls (Fig. 15).



FIGURES AND TABLES
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Figure 1. RT-PCR analysis of cubilin mRNA expression in various tissues of the
male reproductive tract. Shown are RT-PCR amplicons obtained using primers specific
for cubilin (A) and B-actin (B) with cDNA templates prepared from total RNA isolated
from rat kidney (lane 2), efferent ducts (lane 3), caput (lane 4), corpus (lane 5) and cauda
epididymidis (lane 6), proximal vas deferens (lane 7) and distal vas deferens (lane 8).

100bp ladder in lane 1.
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Figure 2. RT-PCR analysis of megalin mRNA expression in various tissues of the
male reproductive tract. Shown are RT-PCR amplicons obtained using primers specific
for megalin (A) and B-actin (B) with cDNA templates prepared from total RNA isolated
from rat kidney (lane 2), efferent ducts (lane 3), caput (lane 4), corpus (lane 5) and cauda
epididymidis (lane 6), proximal vas deferens (lane 7) and distal vas deferens (lane 8).
100bp ladder in lane 1.
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Figure 3. Immunoblet analysis of cubilin expression in reproductive tissue extracts.
Aliguots from microsomal fractions isolated from kidney (lane 1), efferent ducts (lane 2),
caput (lane 3), corpus (lane 4) and cauda epididymidis (lane 5), proximal vas deferens
(lane 6) and distal vas deferens (lane 7) were electrophoresed under non-reducing
conditions on 5% polyacrylamide gels and transferred to nitrocellulose membranes. The
membranes were stained using rabbit antibodies to cubilin and counter stained with HRP-

conjugated anti-IgG.
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Figure 4. Immunolocalization of cubilin in the testis and efferent ducts.

Shown are micrographs of anti~cubilin immunocytochemical staining of sections from rat
testis (A) and efferent ducts (C). In the testis, neither the seminiferous epithelium nor the
interstitial space display cubilin staining. In the efferent ducts, strong cubilin staining is
observed in the apical vesicles of the ciliated cells of the efferent ducts (arrowheads)
whereas nonciliated cells show little or no staining (not shown). Connective tissue
elements and spermatozoa in both regions show no detectable cubilin staining.

Negative controls (B,D) for each tissue are shown to the right of each image and neither
displays HRP staining.

L: lumen; A, Bx322; C,Dx11060
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Figure 5. Immunolocalization of cubilin in the initial segment and caput
epididymidis. Shown are micrographs of anti-cubilin immunocytochemical staining of
sections from the rat initial segment (A) and caput epididymidis (C). In both the initial
segment and the caput epididymidis, none of the epithelial cells display cubilin staining.
Connective tissue elements and spermatozoa in both regions are also void of cubilin
staining. Negative controls (B,D) for each section are shown to the right of each image
and neither displays HRP staining.

L: lumen; A, B x400; C,D x470
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Figure 6. Immunolecalization of cubilin in the corpus and cauda epididymidis.
Shown are micrographs of anti-cubilin immunocytochemical staining of sections from the
rat corpus epididymidis (A) and cauda epididymidis (C). In both the corpus and the
cauda, most principal cells show a strong but diffuse apical staining for cubilin
(arrowheads). A smaller number of principal cells show no cubilin staining (arrows), thus
creating a checkerboard pattern of principal cells. Clear cells show no detectable cubilin
staining (asterisks). Connective tissue elements and spermatozoa in both regions also
show no detectable cubilin staining. Negative controls (B,D) for each section are shown
to the right of each image and neither displays HRP staining.

L: lumen; A, B x450; C,D x600
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Figure 7. Immunolocalization of cubilin in the proximal and middle vas deferens.
Shown are micrographs of anti-cubilin immunocytochemical staining of sections from rat
proximal vas deferens (A) and middle vas deferens (C). In the principal cells of the
proximal vas deferens, pronounced cubilin staining is observed in the apical cytoplasm
and is dotted with strong vesicular staining (arrowheads). In the middle vas deferens,
punctate cubilin staining is observed in the apical vesicles of the principal cells
(arrowheads). Some principal cells do not stain (arrows) again yielding a checkerboard
staining pattern in these regions. Connective tissue elements and spermatozoa in both
regions show no detectable cubilin staining. Negative controls (B,D) for each section are
shown to the right of each image and neither displays HRP staining.

L: lumen; A, B x1970; C,D x2250
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Figure 8. Immunolocalization of cubilin in the kidney.

Shown are micrographs of anti-cubilin immunocytochemical staining of sections from rat
kidney (A). Pronounced cubilin staining is observed in the brush boarder and apical
aspect of the proximal convoluted tubules of the kidney (arrowheads). Distal convoluted
tubules and glomeruli are devoid of staining. Connective tissue elements also show no
detectable cubilin staining. A negative control (B) is shown to the right of the image and
does not display HRP staining.

d: distal convoluted tubule; p: proximal convoluted tubule; g: glomerulus; A, B x880
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Table 1. Immunolocalization of cubilin and megalin in the male reproductive tract.
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Table 1

Immunolocalization of cubilin and megalin in various regions

of the male reproductive tract.

Region Cubilin | Megalin'
Testis - -
Efferent Ducts -+ T+
Initial Segment - -
Proximal Caput - 4+
Distal Caput - f=
Corpus ++ (CB) +++
Cauda +++ (CB) | +++
Proximal Vas Deferens ++ (CB) -+
Middle and Distal Vas Deferens | ++ (CB) ++

'From Morales et al. 1996 and Andonian and Hermo 1898; +, indicates relative
intensity of staining; -, indicates lack of staining; CB, indicates a checkerboard

staining pattern.




Figure 9. Electron microscopic immunolocalization of cubilin in nonciliated cells of
the efferent ducts. Single immunogold labeling of cubilin using 10-nm gold particles
shows gold particles at the base of microvilli (MV), in endocytic pits and vesicles (EV)
and in early endosomes (EE). Mitochondria (M) are devoid of gold particles.

x97,750
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Figure 10. Electron microscopic immunolocalization of cubilin in nonciliated cells of
the efferent ducts. Single immunogold labeling of cubilin using 10-nm gold particles
shows gold particles present in progressively reduced numbers in endosomes (E), late
endosomes (LE) and eventually absent from lysosomes (L) while small vesicles
surrounding these larger organelles display significantly more gold particles (arrows).
Mitochondria (M) are devoid of gold particles.

x108,600
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Figure 11. Electron microscopic immunolocalization of cubilin and megalin in
nonciliated cells of the efferent ducts. In A and B, double immunogold labeling of
cubilin and megalin, using 10-nm (arrowheads) and 15-nm (arrows) gold particles
respectively, shows co-localization of gold particles in endocytic pits (EP), endocytic
vesicles (EV) and early endosomes (EE).

A x133,900; B x157,100
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Figure 12. Electron microscopic immunolocalization of cubilin and megalin in
nonciliated cells of the efferent ducts. In A, single immunogold labeling of cubilin
demonstrates 10-nm gold particles in tubular recycling vesicles (RV) and again absent
from lysosomes (L). In B, double immunogold labeling demonstrates a recycling vesicle,
with both 10 and 15-nm gold particles, budding off of a late endosomes (LE) or
multivesicular body. Arrows indicate 10-nm gold particles and arrowheads indicate 15-
nm gold particles.

A x98,500; B x86,100
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Figure 13. RAP inhibits the endocytic trafficking of cubilin in cells of the efferent
ducts. Immunogold labeling of cubilin using 10-nm gold particles following injection of
RARP into the efferent ducts (A) resulted in a dramatic decrease in gold particles in
endocytic vesicles compared to the control PBS injection (B).

A,B x61,000
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Figure 14. RAP inhibits the endocytic trafficking of cubilin in cells of the vas
deferens. Immunogold labeling of cubilin using 10-nm gold particles following injection
of RAP into the vas deferens (A) resulted in a dramatic decrease in gold particles in
endocytic vesicles compared to the control PBS injection (B).

A,B x90,000
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Figure 15. Quantitative analysis of the effect of RAP on in vivo endocytosis of cubilin

by efferent duct and vas deferens epithelial cells.
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DISCUSSION

Cubilin and megalin are major endocytic receptors involved in the binding of multiple
ligands (Moestrup and Verroust, 2001). The structure of megalin is highlighted by a short
intracellular domain, a single transmembrane domain and a large extracellular domain
with four clusters of ligand-binding complement-type repeats (Moestrup et al., 1998).
Cubilin’s ligand binding occurs within its 27 extracellular CUB muotifs and although the
protein is membrane associated, it lacks a transmembrane domain (Kristiansen et al.,
1999). It appears that cubilin is endocytosed along with megalin, and thus essentially
amplifies the spectrum of carrier-bound vitamins, lipids and hormones that megalin can
internalize. The nutrient-uptake function of these two receptors is essential in adult
tissues such as the ileum and kidney where their deficiency can lead to serious illnesses
such as Imerslund-Grisbecks disease in the case of cubilin and renal Fanconi syndrome
in the case of megalin (Kozyraki et al., 1998; Norden et al., 2002). In the developing
yolk sac, both cubilin and megalin are suggested to play a role in transferring maternal
plasma proteins and cholesterol and other lipids to the fetus. In fact, most megalin
knockout mice are holoprosencephalous - resulting from either lack of vitamin A or
cholesterol - and die shortly after birth (Willnow et al., 1996). A cubilin knockout has not
yet been reported.

Previously, megalin has been shown to be the receptor for apo J in the efferent ducts
and epididymis (Morales et al., 1996). This finding launched the first question of the
present research: whether cubilin, whose localization strongly overlaps with megalin in
other absorptive epithelia, is also found in the excurrent ducts of the male reproductive
system. RT-PCR established the presence of both cubilin and megalin mRNA in the
efferent ducts, corpus and cauda epididymidis and proximal and distal vas deferens.
Megalin mRNA was only found unaccompanied in the caput epididymidis. These
localization results were supported by western blot analysis. Cell lysates spread along a
gel yielded positively labeled anti-cubilin bands in the same tissues as would be predicted

from the mRNA localization.
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The light microscopic immunocytochemistry further provided insight into the cellular
distribution of cubilin. In the efferent ducts, only nonciliated cells stained for cubilin
while ciliated cells did not. These results overlap with the previously reported
localization of megalin (Morales et al., 1996). Furthermore, in the corpus and cauda
epididymidis as well as in the proximal and middle vas deferens, staining was only seen
in the principal cells, again these mirrored previous megalin localization (Morales et al.,
1996; Andonian and Hermo, 1999¢). However, while megalin uniformly stained the
apical aspect of all principal cells, cubilin showed a checkerboard staining of the
principal cells. Also - particularly in the corpus and cauda epididymidis - cubilin staining
was more diffuse, suggesting a higher amount of cubilin synthesis in these tissues. This,
in addition to the apparent graded increase in staining down the epididymis, with
maximum staining in the proximal vas deferens, suggest an enhanced role for cubilin as

the spermatozoa reach maturity.

Electron microscopy confirmed the subcellular localization of cubilin to the endocytic
pathway and co-localized megalin and cubilin to the same endocytic compartments. This
is in full agreement with several other studies that have shown similar results in the
proximal tubules of the kidney, yolk sac and ileum (Zhai et al., 2000; Birn et al., 2000b;
Moestrup et al., 1998; Seethram et al., 1997; Birn et al., 1997; Levine et al., 1984). In
addition, both cubilin and megalin are found in endosomes but rarely in lysosomes and
we have provided ultrastructural evidence for recycling vesicles budding off of
endosomes and presumably heading toward the plasma membrane, further demonstrating

the mode of function of the two receptors in the male reproductive tract.

Finally, we used the male rat reproductive system as an in vivo model to examine the
functional interaction between megalin and cubilin. To this end, we introduced the
megalin ER chaperone, RAP, into the lumen of the efferent ducts and vas deferens.
RAP is a high affinity antagonist to the in vitro binding of megalin to cubilin (Moestrup
et al., 1998), and here we used rap to block the megalin:cubilin interaction iz vivo. For
the purposes of this experiment it is important to make the following point: RAP is
thought to block the binding of megalin and cubilin by interfering with megalin and not
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with cubilin. The evidence for this is threefold: 1. RAP blocks the binding of megalin to
all of its ligands (Moestrup et al., 1998; Morales et al., 1996; Cui et al., 1996; Orlando
et al., 1997; Zheng et al., 1998; Ranganathan et al., 1999; McCarthy et al., 2002); 2.
While it is true that RAP also binds cubilin, this interaction does not to interfere with
cubilin’s binding to its own ligands (Birn et al., 1997; Kristiansen et al., 1999; Nykjaer
et al., 2001); 3. Cubilin’s RAP binding region has been localized to CUB domains 13-
14 while its megalin-binding region is restricted to the N-terminus and only includes
CUB domains 1 and 2 (Kristiansen et al., 1999; Yammani et al., 2001). In
consequence, we injected RAP into the efferent ducts and vas deferens strictly to
interfere with the binding capability of megalin. This distinction is important because
we wanted to specifically block the megalin:cubilin binding and not simply effect a
generalized blocking of cubilin. Our results yielded a significant decrease in the amount
of cubilin in the endocytic compartments when blocking megalin with RAP. This
demonstrates, for the first time in the reproductive system, the dependency of cubilin’s
uptake on megalin. Elsewhere, in vitro assays have confirmed the binding affinity of
cubilin and megalin (Moestrup et al., 1998). Megalin antibodies and RAP have both
been used to inhibit the uptake of cubilin ligands in cultured cells (Hammad et al.,
1999; Kozyraki et al., 1999; Hammad et al., 2000; Zhai et al., 2000; Burmeister et al.,
2001; Kozyraki et al., 2001; Nykjaer et al., 2001). As well, megalin knock-outs have
shown an internalization defect of cubilin and cubilin ligands (Kozyraki et al., 2001;
Burmeister et al., 2001). These previous findings, along with our iz vivo results
strongly suggest that cubilin binds directly and necessarily to megalin for uptake in the
endocytic compartments in the male reproductive tract. Furthermore, the three to four
fold decrease in post-RAP cubilin internalization is significant enough to suggest that
megalin is the only cubilin receptor and is involved in the sole pathway for

internalizing cubilin.

The role of cubilin in the male reproductive system remains unclear. In other tissues
cubilin’s ligands include intrinsic factor-vitamin By;, albumin, transferrin, Apo A-I (and
HDL), Ig light chains, hemoglobin and 25(0OH) vitamin Ds (Seetharam et al., 1981; Birn
et al., 2000b; Kozyraki et al., 2001; Kozyraki et al., 1999; Batuman et al., 1998; Gburek
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et al., 2002; Nykjaer et al., 2001). Intrinsic factor is secreted by the chief cells of the
gastric glands and is strictly localized within the digestive tract thus excluding itas a
cubilin ligand in the epididymis (Maeda et al., 1995). Albumin, on the other hand, is
found in large quantities in testicular and epididymal fluid and although its function
remains unknown, it is surely a candidate ligand not only for cubilin but also for megalin,
which also shares this ligand (Fouchecourt et al., 2000; Brooks and Higgins, 1980; Cui et
al., 1996). Transferrin is a particularly interesting candidate not only because is present
in testicular and epididymal fluid but also because it has been found to be endocytosed
proximally and much greater distally in the epididymis (Djakiew et al., 1986;
Veeramachaneni and Amann, 1991). Cubilin has been recently identified as a transferrin
receptor and, as opposed to the ubiquitous transferrin receptor (TfR) which is localized
basolaterally in polarized epithelia, cubilin is localized apically and therefore appears to
be responsible for transferrin endocytosis in this domain (Odorizzi and Trowbridge,
1997; Anderson et al., 1990; Kozyraki et al., 2001). There is also evidence that apo A-1
is an epididymal fluid component, since its mRNA has been localized in the epididymis
(Law et al., 1997). The function of apo A-I in the male reproductive system has not been
established, but because of its association with apo J in HDL particles in human plasma,

apo A-1 may also be a lipid exchanger involved in spermatozoa membrane remodeling.

Cubilin could be the receptor for any number of these and other unknown ligands in
the male reproductive tract. It has also been suggested that cubilin may be involved in the
uptake of androgen binding protein (ABP) because it has been shown to bind another
steroid carrier, the vitamin-D binding protein (Willnow 1999; Nykjaer et al., 2001). This
is indeed a possibility given that ABP is endocytosed by epididymal principal cells by
what appears to be a receptor-mediated mechanism (Gerard et al., 1988). Furthermore
ABP is immunolocalized in a strikingly similar pattern as cubilin: in the efferent ducts
with a strong apical reaction in nonciliated cells, and epididymal principal cells with a

more diffuse staining in a checkerboard fashion (Hermo et al., 1998).

Cubilin shares structural similarity with the spermadhesins, a family of secretory

proteins of the male reproductive tract. The principal architectural feature of
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spermadhesins is a single CUB domain, a2 ~100 amino acid module that is repeated
consecutively 27 times in the cubilin polypeptide (Romao et al., 1997; Moestrup et al.,
1998). Spermadhesins bind to the acrosomal region of spermatozoa and assist sperm
interaction with the zona pellucida at fertilization (Calvete et al., 1996; Sanz et al., 1993;
reviewed in Tépfer-Petersen and Calvete, 1995). It is therefore possible that specific
CUB domains of the cubilin polypeptide mediate interactions with the membranes of
spermatozoa, perhaps important to the process of spermatozoa maturation. In fact, it is
even possible that cubilin dissociates completely form the apical plasma membrane of the
epithelial cells to associate with spermatozoa in a spermadhesin-like manner. This
suggestion arises from the observation that RAP-treated efferent ducts and vas deferens
do not display an aggregation of cubilin on their cell surface as might be expected if
cubilin is not being internalized. Further investigation would be needed to support this

speculation.

Previous analyses of the male reproductive tract have established that megalin is
expressed by epithelial cells of the efferent ducts, epididymis and seminal vesicle
(Morales et al., 1996; Ranganathan et al., 1999). In the efferent ducts and epididymis at
least one protein, apolipoprotein J, is known to be endocytosed through the action of
megalin. In the seminal vesicle epithelium, seminal vesicle secretory protein II (SVS-II),
a seminal coagulatory protein, is also internalized via megalin. Our present data extend
these findings to now include cubilin as a male reproductive tract protein whose

endocytosis is mediated by megalin.



CONCLUSIONS

As spermatozoa descend through the efferent ducts, the various epididymal
compartments and the vas deferens, they are exposed to a specific series of
microenvironments composed of differential arrays of proteins and lipids. These
molecules are essential for sperm preservation, for binding and transporting hydrophobic
compounds and for mediating enzymatic and hormonal activity; all of which are essential
processes in sperm maturation. As such, each luminal protein and lipid must be secreted
and endocytosed at specific locations along the tract. In this investigation we have
discovered, in the efferent ducts in the epididymis and in the vas deferens, a new
endocytic receptor involved in the uptake of these luminal compounds: cubilin. Along
with the previously identified receptor, megalin, we localized cubilin to the endocytic
compartments in the nonciliated cells of the efferent ducts and the principal cells of the
epididymis and vas deferens. Furthermore, we demonstrated that cubilin binds megalin
in a manner which is essential for its endocytosis. As such, cubilin might extend the
ligand clearing abilities of megalin in the male reproductive tract and play an important

role in sperm membrane remodeling and in sperm maturation.
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LRP low density lipoprotein receptor-related protein
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