Trafficking of lysosomal proteins via the sortilin sorting
receptor

Maryssa Canuel
Department of Anatomy and Cell Biology
McGill University
Montréal, Canada
December 2007

A thesis submitted to McGill University in partial fulfillment of the requirements of the
' degree Doctor of Philosophy in Science

© Maryssa Canuel, 2007



Bibliothéque et
Archives Canada

I*. Library and
Archives Canada

Direction du

Patrimoine de I'édition

Published Heritage
Branch

395 Wellington Street
Ottawa ON K1A ON4

395, rue Wellington
Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 978-0-494-50787-2
Qur file  Notre référence
ISBN: 978-0-494-50787-2
NOTICE: AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliothéque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par l'Internet, préter,
distribuer et vendre des théses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette these.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canad;

Conformément a la loi canadienne
sur la protection de la vie privée,
quelques formulaires secondaires
ont été enlevés de cette thése.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



Abstract

Delivery of soluble lysosomal proteins from the Golgi apparatus to the lysosomes
is dependent primarily on the mannose 6-phosphate receptor (M6PR). The M6PR has
been demonstrated to achieve and be recycled from the endosomal compartment through
interactions with GGA, AP-1, and retromer adaptor proteins. However, in I-cell disease
(ICD), in which the M6PR pathway is non-functional, many soluble lysosomal proteins
continue to traffic to the lysosomes. The novel sortilin sorting receptor has been
implicated in the M6PR-independent targeting of sphingolipid activator proteins. We
therefore tested the hypothesis that soluble proteases that exhibit M6PR-independent
trafficking are targeted to the lysosomes by sortilin in a process dependent upon AP-1 and
retromer. Using a dominant-negative sortilin construct and an RNA interference (RNA1),
we demonstrated that while cathepsin D transport is partially dependent upon sortilin,
cathepsin H requires sortilin, whereas cathepsins K and L do not. Similarly, using RNAI,
we observed that the anterograde trafficking of sortilin and its cargo required AP-1, while
the retrograde recycling pathway necessitated retromer through an interaction with a
YXXO consensus site in the cytosolic tail of sortilin. Furthermore, analysis of detergent-
resistant membrane (DRM) microdomains demonstrated the presence of sortilin and its
ligands, but the absence of the M6PR and its ligands. Our results suggest that sortilin
functions as an alternative sorting receptor to the MOPR and that uniquely sortilin and its

ligands interact on sphingomyelin rich platforms in the Golgi apparatus.



Résumé

La distribution des protéines lysosomales solubles aux lysosomes dépend
principalement du récepteur mannose 6-phosphate (RM6P). Il a été démontré que le
RMBG6P atteint le compartiment endosomale et y est recyclé a travers I’interaction avec le
GGA, le AP-1 et les protéines retromeres adapteures. Cependant, dans la maladie I-cell
(MIC), dans laquelle la voie du RM6P est non-fonctionnelle, plusieurs protéines
lysosomales solubles continuent de circuler vers les lysosomes. Le nouveau récepteur de
triage de la sortiline est impliqué dans la vectorisation indépendante des protéines
activatrices de sphingolipides du RM6P. C’est pourquoi nous avons testé I’hypothese
selon laquelle les protéases solubles qui présentent une circulation indépendante du
RMG6P sont associées aux lysosomes par la sortiline dans un processus dépendant du AP-1
et du retromer. En utilisant un modéle de sortiline a dominance négative et une
interférence du RNA (iRNA), nous démontrons que le transport de la cathepsine D est
partiellement dépendant de la sortiline, que la cathepsine H requiert la sortiline et que les
cathepsines K et L n’en ont aucun besoin. De fagon similaire, en utilisant I’'iRNA, nous
observons que la circulation anterograde de la sortiline et de ses charges requiert le AP-1,
et que la voie de recyclage retrogarde nécessite le retromer a travers une interaction avec
un site de consensus YXX® dans la queue cytosolique de la sortiline. De plus, I’analyse
des microdomaines de la membrane résistante au détergent démontre la présence de
sortiline et de ses ligands, mais 1’absence du RM6P et de ses ligands. Nos résultats
suggérent que la sortiline fonctionne comme récepteur de triage alternatif au RM6P et
que, de fagon unique, la sortiline et ses ligands interagissent sur les plates-formes riches

de sphingomyeline dans I’appareil de Golgi.
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Lysosomal proteins are synthesized in the endoplasmic reticulum (ER) and are

subsequently processed in the Golgi apparatus. In order to attain the lysosomal
compartment from the #rans-Golgi network (TGN), newly synthesized proteins
employ a vesicular transport system. Soluble hydrolases require a trans-membrane
sorting receptor to interact with adaptor molecules, which in turn mediate sorting from
the TGN (Lobel et al., 1989).

It has been well established that the majority of soluble lysosomal proteases
employ the canonical mannose-6-phosphate receptor (M6PR) to traffic to the
lysosomes. In this pathway, a phosphotransferase found in the cis-Golgi recognizes
and tags the newly synthesized enzyme with mannos-6-phosphate residues. Upon
arrival in the TGN, the mannose-6-phosphate tagged protease is recognized by the
luminal domain of the M6PR (Reitman et al., 1981; Varki et al., 1981; Waheed et al.,
1982). This receptor has a cytoplasmic tail containing an acidic cluster di-leucine
motif that recruits adaptor proteins and ultimately drives clathrin-coated vesicle
formation, as well as lysosomal targeting (Puertollano et al., 2001; Zhu et al., 2001).

Examination of the lysosomal contents of fibroblasts from patients with I-cell
disease (ICD) revealed near normal levels of sphingolipid activator proteins (SAPs),
as well as several soluble proteases. ICD results from a mutation in the
phosphotransferase gene that adds the M6P tag to soluble lysosomal proteins (Reitman
et al., 1981; Rijnboutt et al., 1991a). This finding is an indication of the existence of an
alternative mechanism of trafficking for certain soluble lysosomal proteins

independently of the M6PR.
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Sortilin is a 100 kDa type I sorting receptor recently implicated in the transport

of a subtype of soluble lysosomal proteins, the SAPs (Lefrancois et al., 2003). It is
therefore our hypothesis that sortilin may represent a general alternative pathway to
the M6PR for other lysosomal proteins that exhibit M6PR-independent trafficking. In
this context, our study pursues two objectives: 1) Identification of novel sortilin
cargo; 2) Determination of the adaptor proteins and complexes that mediate the
anterograde and retrograde sorting of sortilin. To test the proposed hypothesis, we
have used both RNAi targeting of sortilin and of the adaptor proteins that we
postulated were implicated in sorting sortilin. Additionally, we have employed a
dominant-negative sortilin construct lacking its cytoplasmic tail.

Moreover, in an attempt to distinguish and differentiate the sortilin and M6PR
sorting pathways, we have examined whether the interaction between soluble proteins
and their sorting receptors occurs in lipid microdomains. Recent studies have
demonstrated that prosaposin, a known ligand of sortilin, requires sphingomyelin for
its translocation to the lysosomes (Lefrancois et al., 2002). Depletion of
sphingomyelin with D609 resulted in the inhibition of the lysosomal transport of
prosaposin and consequently in its misrouting to the secretory pathway (Lefrancois et
al., 1999). Since sphingomyelin is enriched in detergent resistant membrane (DRM)
domains which serve as scaffolds for cellular signaling and trafficking events (Helms
and Zurzolo, 2004; Ikonen, 2001; Simons and Ikonen, 1997; Simons and Toomre,
2000), we propose that sortilin resides in a DRM domain, possibly in the TGN.
To test this hypothesis we have compared the localizations of sortilin, the M6PR, and

a variety of their ligands, with the lipid raft marker, flotillin-1.
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Objectives

Given that sortilin is a sorting receptor that traffics between the TGN and the
endosomal compartment, the first objective of the present review will be to describe
the biogenesis and function of lysosomes. Further to this, lysosomal proteins will be
categorized into four different groups and the mechanism of vesicular trafficking and
sorting of the various types of lysosomal protein examined. Specific attention will be
given to sorting receptors, M6PR and sortilin, that mediate targeting of soluble
lysosomal proteins, as well as the adaptor proteins implicated in this process.

Since lysosomes are dyﬂamic structures involved in the regulation of various
metabolic pathways, there are many possible points of mutation and disruption in the
biogenesis of lysosomes and the targeting of proteins to these organelles. Once
thought to be rare, the number and frequency of diagnosis of lysosomal storage
disorders (LSDs) is growing rapidly. More and more powerful techniques are driving
the identification of markers of LSDs. These markers extend beyond those related to
classical lysosomal proteins (enzymes and activators) and now include proteins that
function as sorting receptors and adaptor proteins involved in lysosomal trafficking
and lysosomal biogenesis. Further research into lysosomal biogenesis and function
will help to spur a better understanding of the enzymology, cell biology, and
pathology of LSDs. The final objective of this review will therefore be to discuss
LSDs and provide a summary of the most important details related to the research

conducted herein.
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Biogenesis of Lysosomes

Lysosomes are intracytoplasmic organelles that contain 60 different
hydrolases responsible for the digestion of material of intracellular and extracellular
origin (Morales et al., 1995; Steinman et al., 1983; Suzuki, 1995). In addition,
lysosomes have been implicated in other specialized cellular processes such as
antigen presentation, bone remodeling, and regulation of various growth factors
(Dell'Angelica et al., 2000a; Marks et al., 1995; Marks, 1989; Renfrew and Hubbard,
1991). When viewed under the electron microscope, lysosomes are morphologically
heterogeneous (Morales et al., 1999). The typical lysosome, however, is surrounded
by a single membrane, ranges between 0.2 and 0.4 um in diameter, contains electron
dense material, has an acidic pH, and is enriched in acid phosphatase as well as in a
variety of soluble hydrolases (Bainton, 1981; Maxfield, 1982; Morales et al., 1999;
Steinman et al., 1983). Also visible by the electron microscope are electron-lucent
endosomes that are free of acid-phosphatases and multivesicular bodies (MVBs)
containing numerous membrane-bound structures and moderate acid phosphatase
activity (Morales et al., 1999; Steinman et al., 1983). MVBs are considered
intermediate structures in the pathway to lysosome formation and clear distinction of
MVBs from late endosomes may sometimes prove to be difficult (Morales et al.,
1999).

There are three known mechanisms by which lysosomes are formed: bulk and
receptor-mediated endocytosis, phagocytosis, and autophagy (Clermont et al., 1987;
Geuze et al., 1983; Morales et al., 1999; Steinman et al., 1983; Tang et al., 1988).

Endocytosis exists in most cell types whereas phagocytosis is predominant in
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professional phagocytes such as macrophages and Sertoli cells, and involves cellular

uptake of large particulate matter such as bacteria, erythrocytes, cellular debris, and
apoptotic cells (Clermont et al., 1987; Morales et al., 1999; Steinman et al., 1983).
Autophagy also exists in most cell iypes and is the process responsible for
intracellular degradation of various aged organelles through formation of
autophagocytic structures (Tang et al., 1988; Terman and Brunk, 2005). Nonetheless,
lysosomal formation via the endocytic pathway is considered the prevalent
mechanism (Clermont et al., 1987).

Two main models have been proposed, and extensively debated, to explain
how endocytosis results in formation of lysosomes: the “stationary model” and the
“maturational model” (Mellman, 1996; Morales et al., 1999). According to the
“stationary model”, the structures that comprise the endocytic pathway (endosome,
MYVRB, and lysosome) are all permanent and functionally distinct. The lysosomes then
arise from vesicles budding off the late endosomal compartment. Vesicles from the
endosomal compartment deliver soluble and membrane components to the lysosomes
(Mellman, 1996). According to this model, endosomal resident proteins necessitate a
retrograde trafficking from the lysosomal compartment to the endosomes.
Unfortunately, little direct evidence has been obtained to support the “stationary
model” of lysosomal biogenesis. The second model, the “maturational model”,
predicts that endocytosis results in the translocation of plasma membrane to
pinocytotic vesicles that mature into endosomes, multivesicular bodies, and finally
lysosomes (Geuze et al., 1983). According to this view, the endosome and MVB are

transient structures where endocytic vesicles fuse together to form the endosomal
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compartment (Clermont et al., 1987). Subsequent formation of the lysosomes then

depends upon vesicular transport of lysosomal proteins from the Golgi apparatus to
endosomes to initiate the maturational process (Morales et al., 2001; Morales et al.,
1999). This model has also been called into question, primarily for the implication
that the lysosome is a terminal compartment (Storrie and Desjardins, 1996). Small
fluorescently labeled dextran and sucrose molecules have been previously
demonstrated to be rapidly recycled from the lysosomal compartment, this suggests
that the lysosome is not a terminal compartment and that vesicular trafficking plays a
role in lysosomal biogenesis and maintenance (Besterman et al., 1981; Buckmaster et
al., 1987; Jahraus et al., 1994). Given that neither the “stationary model” nor the
“maturational model” entirely account for the diverse nature and function of the
lysosomes and their biogenesis, recent work has continued to examine lysosome
formation. Controversial new data has led to the proposal of hybrid models, such as
the “kiss-and-run” hypothesis, that have only added further complexity to the issue
(Storrie and Desjardins, 1996). The “kiss-and-run” hypothesis predicts that
endosomes and lysosomes “bump into” each other and fusion between the two
organelles results in transfer of material from the endosome to the lysosomes. The
main evidence for the “kiss-and-run” model comes from cell-free assays that
examined the transfer of material from endosomes to lysosomes, resulting in a new
hybrid organelle (Storrie and Desjardins, 1996). Although there has been extensive
debate, a complete understanding of the biogenesis of lysosomes has not yet been

attained.
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Nevertheless, it is by these various endocytic, phagocytic, and autophagocytic

mechanisms that lysosomes acquire integral membrane proteins of protective function
or of specialized function (such as proton pump ATPases) (Braun et al., 1989; Ogata
and Fukuda, 1994; Rohrer et al., 1996; Stevens and Forgac, 1997). These specialized
transmembrane proteins are essential in generating and maintaining the acidic
environment found within the lysosomes by pumping protons into the lumen in an
ATP-dependent‘manner (Stevens and Forgac, 1997). The acidic environment is in
turn essential for the optimal activity of hydrolytic enzymes found within the
lysosomal lumen (Stoka et al., 2005).

Protection of the lysosomal membrane, as well as of other organelles, from
the acidic environment and hydrolytic enzymes within, is provided by a carbohydrate
coat of heavily glycosylated membrane proteins found therein (Ogata and Fukuda,
1994; Rohrer et al., 1996; Sandhoff and Kolter, 1996). However, in addition to the
contribution of the endocytic pathway to the biogenesis of the lysosomal membrane
there is additional contribution from the Golgi apparatus which traffics not only
soluble hydrolases such as cathepsins, but also integral membrane proteins like
lysosome-associated membrane proteins (LAMPs) to the lysosomes (Lobel et al.,
1989).

The diverse mechanisms by which lysosomes are formed account in part for
their heterogeneous morphology and content (Bagshaw et al., 2005b; Morales et al.,
1999). Interestingly, a proteomic assessment of highly purified tritosomes (Triton
WR 1339-filled lysosomes) revealed over 215 different membrane proteins, some of

which had previously been observed to associate with the endoplasmic reticulum,
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Golgi apparatus, cytoplasm, plasma membrane, and lipid rafts (Bagshaw et al.,

2005b). These results reflect a higher degree of complexity for the biogenesis and

functions of these organelles.

Lysosomal Proteins
The lysosomal proteome encompasses four classes of proteins that include
soluble hydrolases, membrane hydrolases, protective membrane proteins, and

activator proteins (Morales et al., 1999).

Soluble Hydrolases

Soluble hydrolases comprise a vast group of diverse lysosomal proteins that
are synthesized as pre-proenzymes (Hasilik, 1992). The pre-proenzymes undergo
subsequent N-linked glycosylation and carbohydrate processing that allows for
recognition by lysosomal sorting receptors and may protect the proenzyme from
degradation within the lysosomal compartment (Bohley and Seglen, 1992). This
group of lysosomal proteins includes proteases, nucleases, lipases, glycosidases,
phosphatases, and sulfatases (Morales et al., 1999). A large number of soluble
hydrolases are in fact proteases, the most abundant of which are the cathepsins. The
proteolytic capacity of these proteases may be divided into endo- or exo-peptidase
activity depending upon the location of their targeted cleavage (Bohley and Seglen,
1992). Additionally, proteases can be classified according to the catalytic residue
found in the enzyme’s active site. Endopeptidases that are cysteine proteases include

cathepsins B, F, H, K, L, O, S, and W. Endopeptidases that are aspartic proteases
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include cathepsins D, and E. Endopeptidases that are serine proteases include

cathepsin G. Exopeptidases may be divided into aminopeptidases (cathepsin H and
C) and carboxypeptidases (cathepsins A, B, and X). These enzymes function
optimally at the acidic pH found within the lysosomes, although cathepsin E and G
have been found to function outside the lysosome at neutral pH (Winchester, 2005).
While neutral pH acts as an inhibitor of cathepsin activity, there are numerous factors
such as stefins, cystatins, serpins, and thyropins that also inhibit activity of cathepsins
in the cell (Turk et al., 2002). Many cathepsins, including cathepsins B, H, and L are
ubiquitously expressed, whereas other cathepsins, such as cathepsins S and K, have
restricted expression patterns (primarily in lymphatic tissue and osteoclasts
respectively).

While cathepsins function primarily in the degradation and turnover of
proteins within the lysosomal compartment, they possess several other important
features. Cathepsins are responsible for the processing of antigens for presentation to
MHC class II molecules (Turk et al., 2000; Turk et al., 2001). It has been suggested
that cathepsins play a role in cell death through destabilization of the mitochondria
via Bid activation, as well as cleavage of anti-apoptotic Bcl-2 family members (Turk
and Stoka, 2007). Therefore the proper distribution and function of cathepsins is
essential ‘for efficient lysosomal and cellular functioning. There is growing evidence
that imbalance in the localization of cathepsins is related to familial forms of
Alzheimer's disease (Urbanelli et al., 2006). Increased levels of cathepsin H in sera

have also been identified as a marker in colorectal cancer (Schweiger et al., 2004).



Chapter 2 Page 12
Membrane Hydrolases

A second type of lysosomal hydrolase is an integral membrane protein, the
ubiquitously expressed lysosomal acid phosphatase (LAP). LAP is targeted to the
plasma membrane and translocated to the lysosome via endocytic flow (Braun et al.,
1989). Once LAP attains the lysosome, it is released from the membrane by limited
proteolysis (Gottschalk et al., 1989). In vivo the substrates and functional role of
LAP are unclear. In vitro LAP has been demonstrated to be capable of cleaving
phosphomonoesters like adenosine monophosphate and glucose 6-phosphate
(Gieselmann et al., 1984). LAP-deficient mice showed lysosomal storage in
podocytes and tubular epithelial cells of the kidneys and subsets of glial cells,

although the mice had normal levels of phosphomonoesters (Suter et al., 2001).

Protective Membrane Proteins

Other lysosomal integral membrane proteins are not enzymatically active, but
rather have either a membrane protective role or function as ion transporters.
Protective membrane proteins include the lysosomal associated membrane proteins
(LAMPs), lysosome integral membrane proteins (LIMPs), lysosomal-endosomal
protein (LEP) (Morales et al., 1999). It has been proposed that in order to serve their
protective membrane function LAMPs and LIMPs are highly glycosylated and pack
together tightly to comprise greater than 50 % of the total lysosomal membrane
(Eskelinen et al., 2003). LAMPs are type I transmembrane proteins. LAMP-2 spans
the lysosomal membrane twice whereas LIMP-1 spans the lysosomal membrane 4

times (Fukuda, 1991; Metzelaar et al., 1991; Vega et al., 1991b). Although not
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considered a protective membrane protein, the best characterized example of a

lysosomal integral membrane protein is the H'-ATPase pump. This transporter is
composed of a protein-complex of at least 13 different subunits and is responsible for
the translocation of protons into the lysosomal compartment leading to acidification
of the lysosome. Acidiﬁcation of the vacuole involves the reversible dissociation and
reassembly of the various subunits of the H'-ATPase pump (Forgac, 1999). Mutation
of a subunit of the proton pump that is specifically expressed in osteoclasts leads to
osteopetrosis since demineralization of the bone matrix is inhibited by defective
acidification of resorption lacunae which function as “extracellular lysosomes”

(Eskelinen et al., 2003; Frattini et al., 2000).

Sphingolipid Activator Proteins

Sphingolipid activator proteins (SAPs) are a category of soluble lysosomal co-
factors involved in the non-enzymatic degradation of sphingolipids in lysosomes.
This category includes 5 activators, the Gum2 activator protein (Gyv;AP) and saposins
A, B, C, and D. SAPs act as biological detergents to facilitate the interaction of
glycosphingolipid substrates with their respective enzymes for degradation, since
glycosphingolipids are unable to interact directly with hydrolytic enzymes in a
hydrosoluble milieu (Furst and Sandhoff, 1992; Mahuran, 1998; O'Brien and
Kishimoto, 1991). According to the “liftase hypothesis”, GypAP recognizes Gyp
gangliosides within the membrane, binds to and lifts it out of the bilayer to then
. present it in a water-soluble format to B-hexosaminidase A (Giehl et al., 1999).

However, a second hypothesis proposes that Gyp AP binds to an already solubilized
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ganglioside to insure its recognition by the f-hexosaminidase A enzyme responsible

for its degradation (Furst and Sandhoff, 1992; Li et al., 1999).

The remaining SAPs result from a common precursor, prosaposin, which is
the product of a gene different from that of the Gy AP. Prosaposin is proteolytically
cleaved in the lysosomal compartment to generate saposins A, B, C, and D (Furst and
Sandhoff, 1992; Nakano et al., 1989; O'Brien et al., 1988; Sandhoff and Kolter,
1996). The saposins resemble each other in that they are all approximately 80 amino
acids in length, they are glycosylated, and they all form three internal disulfide
bridges in their hydrophobic core (Morimoto et al., 1988; O'Brien and Kishimoto,
1991; O'Brien et al., 1988).

‘Saposin B was the first identified activator protein. Saposin B activates the
hydrolysis of sulfatide by arylsulfatase A, the hydrolysis of GM1 ganglioside by B-
galactosidase, and globotriaosylceramide by a-galactosidase (Inui and Wenger, 1984;
Li et al., 1988). While many other lipids (such as Gy ganglioside) interact with
saposin B, this activator is not responsible for stimulating their hydrolysis (Inui and
Wenger, 1984). Saposin C, was identified in 1971, and shown to activate the
hydrolysis of glucosylcefamide by B-glucosidase and galactocerebroside by f-
galactosidase (Glew et al., 1988; Ho and O'Brien, 1971; Morimoto et al., 1989;
Radin, 1984). Unlike saposin B, saposin C does not interact directly with its lipid
substrates, but rather binds to and activates its effecter enzymes. The activation effect
of saposin C has been proposed to be either due to its ability to induce a
conformational change in the effecter enzyme allowing for optimal catalysis or more

likely by reconstituting enzyme activity by favoring enzyme localization to
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appropriate lipid surfaces (Fabbro and Grabowski, 1991; Peters et al., 1977; Qi et al,,

1994; Vaccaro et al., 1995; Vaccaro et al., 1993). Saposin A stimulates acid p-
glucosidase (glucocerebrosidase) to hydrolyze glucocerebroside (Fabbro and
Grabowski, 1991). Saposin D, the final and least characterized SAP, has been
implicated in the activation of both sphingomyelin and ceramide hydrolysis (Azuma

et al., 1998; Morimoto et al., 1988).

Vesicular Transport

Under most circumstances, the transfer of material between various organelles
requires vesicles. Four main processes have been described in vesicle transport:
budding, transport, tethering, and fusion (Bonifacino and Glick, 2004).

The budding of vesicles necessitates a wide variety of coat proteins that
function to generate membrane curvature, and participate in cargo selection of
transmembrane proteins (Cai et al., 2007). Coat proteins are primarily composed of
adaptor proteins, clathrin, coat protein complex I (COPI), COPII, and SNAREs
(soluble N-ethylmaleimide-sensitive fusion protein (NSF) attachment proteins
receptors) (Barlowe et al., 1994; Pearse, 1975; Waters et al., 1991). The recruitment
of coat proteins involve small GTPases from the Arf family (Springer et al., 1999).
Molecular motors such as kinesin, dynein, and myosin may then drive transport of the
vesicle to its destination (Hammer and Wu, 2002; Matanis et al., 2002).

Once at the desired destination, a vesicle may then attach, or tether to the
recipient membrane. Tethers are responsible for directing specific interactions

between vesicular and destination membranes (Cai et al., 2007). They function by
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physically bringing vesicles together with their target compartment or by promoting

formation of SNARE complexes to mediate membrane fusion (Malsam et al., 2005;
Shorter et al., 2002). Tethers may be sub-categorized as either long coiled-coil
proteins (such as Usolp, pl15, GM130/golgin-95) or multi-subunit protein
complexes (such as transport protein particle (TRAPP) complexes I and II) (Hammer
and Wu, 2002; Matanis et al., 2002). Rabs are small GTPases that belong to the Ras
superfamily of proteins and play an important role in vesicular tethering. Over 60
known Rabs have been identified in mammals. Rabs are present in the cytosol under
a GDP-bound format but are recruited and inserted into membranes via prenyl
groups. Specific GEFs (guanine nucleotide exchange factors) then activate Rabs
through the exchange of GDP with GTP (Soldati et al., 1994; Ullrich et al., 1994).
Activated Rabs then interact with downstream effectors to mediate membrane
tethering. GTP is hydrolyzed to GDP by specific GAPs (GTPase-activating protein)
to terminate Rab activity and release Rabs back into the cytosol (Rybin et al., 1996).
Rabs 4, 5, and 11 have been shown to be localized to the early endosomal
compartment, whereas Rabs 7 and 9 are found on the membrane of the late
endosomal compartment (Feng et al., 1995; Soldati et al., 1995; Sonnichsen et al.,
2000).

Vesicular and donor membranes then fuse. SNAREs are trans-membrane
proteins implicated in mediating membrane fusion events (Chen and Scheller, 2001;
Jahn and Grubmuller, 2002; Pelham and Rothman, 2000). Vesicles that bud from the
TGN are associated with specific vesicle-membrane SNAREs (v-SNAREs) that

recognize and mediate interaction with specific target-SNAREs (t-SNARESs) found on
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endosomal membranes (Hong, 2005). As a result of fusion, a pore is formed joining

the distal leaflets of the fusing membranes. It is postulated that the role of SNAREs
in such a process is to exert mechanical force upon the membranes in order to force
fusion. Alternatively, SNAREs may cause the formation of non-bilayer membranes
by disrupting hydrophilic-hydrophobic boundaries (Jahn and Scheller, 2006). It is by
thus mechanism that material is transported between subcellular compartments in

vesicles.

Trafficking of Lysosomal Proteins

Depending on the physical nature of a protein, trafficking to the lysosomes
occurs through two different pathways. Given their localization to the Golgi
membrane, lysosomal integral membrane proteins with the appropriate sorting signals
may interact directly with adaptor proteins to recruit clathrin and be transported to
lysosomes. For the same reason, soluble lysosomal proteins found within the Golgi
lumen must interact with trans-membrane lysosomal sorting receptors which in turn

recruit clathrin for lysosomal transport.

Lysosomal Integral Membrane Proteins

Integral membrane proteins that are lysosomally bound may reach their target
destination via two different routes. For LAMP-1, LAMP-2, and LIMP-2 the route
from the Golgi to the endosomes and then lysosomes is direct, whereas in the case of
LAP the route taken is indirect and involves passage through the secretory pathway

and the plasma membrane where LAP is endocytosed (Barriocanal et al., 1986; Braun
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et al., 1989; Traub et al., 1996; Vega et al., 1991a). The two different sorting signals

responsible for targeting these proteins from the Golgi to the lysosomes are both
found in their short cytosolic tails. The first sorting signal found in lysosomally
bound integral membrane proteins is based upon a tyrosine containing motif. This
signal has been shown to be implicated in the trafficking of LAMP-1, LAMP-2,
LIMP-1, and LAP (Harter and Mellman, 1992; Honing and Hunziker, 1995; Peters et
al., 1990). The second signal that has been demonstrated to play a role in lysosomal
transport of integral membrane proteins is a “dileucine” motif. This signal is found in
LIMP-2 (Sandoval et al., 1994). The presence of these lysosomal sorting signals in
the cytosolic domains of integral membrane proteins allows for the interaction with
the multimeric adaptor protein 3 (AP-3) which can then drive formation of clathrin-
coated vesicles destined to the lysosomes (Ohno et al.,, 1997; Robinson and

Bonifacino, 2001).

Lysosomal Sorting Receptors

It is well established that to reach the lysosome, a soluble lysosomal protein
- must interact with a trans-membrane sorting receptor containing a cytoplasmic
domain that binds adaptor proteins (Lobel et al., 1989; Nielsen et al., 2001). The
mannose 6-phosphate receptor (M6PR) binds and routes most soluble lysosomal
proteases, including several cathepsins (Lobel et al., 1989). The recognition of
soluble proteases by the M6PR occurs in the TGN and depends upon the tagging of
M6P residues to the newly synthesized enzyme by a specific phosphotransferase

(Reitman et al., 1981; Varki et al., 1981; Waheed et al., 1982). Sortilin, a 100 kDa,
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TGN-localized sorting receptor, has also been implicated in the transport of soluble

lysosomal proteins, namely the SAPs, prosaposin and Gy activator protein (GyzAP)
(Lefrancois et al., 2003).

To exit the Golgi compartment the sorting receptors must in turn interact with
cytoplasmic coat proteins such as monomeric adaptor proteins, Arf-1, clathrin, as
well as a host of other proteins. Transport of the M6PR and sortilin to the lysosomes
is achieved through the binding of monomeric adaptor proteins (GGAs) to an acidic
cluster dileucine motif in the cytoplasmic tail of the M6PR (Nielsen et al., 2001;

Puertollano et al., 2001; Zhu et al., 2001).

M6PR

There exist two distinct forms of the M6PR, the 46 kDa cation-dependent
(CD) M6PR and the 300 kDa cation-independent (CI) M6PR. Original sequence
analysis of the bovine CD-MG6PR has revealed that it is comprised of a 28-residue N-
terminal signal sequence, a 159-residue luminal domain, a 25-residue transmembrane
region, and a 67-residue C-terminus that is highly homologous to that of humans.
The CD-M6PR receptor has five potential N-linked glycosylation sites and has little
homology (20 %) to the CI-M6PR other than the presence of a 13 amino acid
consensus sequence in the luminal domain (Dahms et al., 1987; Hancock et al.,
2002). The CI-M6PR, also known as the insulin-like growth factor II (IGF II)
receptor, is a multifunctional receptor that binds not only lysosomal proteins bearing
the M6P tag, but to IGF II as well. The CI-M6PR consists of a 44-residue N-

terminus containing the signal peptide, a luminal domain that contains 15 repeats of
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the 13 amino acid consensus sequence, a single transmembrane domain, and a 163

amino acid cytoplasmic tail (Morgan et al., 1987). Although binding of M6P and
IGF II to the CI-M6PR occurs at distinct sites (consensus sequences 3 and 9 for the
M6PR and consensus site 11 for IGF II), binding of either type of ligand to the M6PR
is inhibitory to the other (MacDonald et al., 1988; Waheed et al., 1988). Ligands of
the M6PR include most soluble lysosomal hydrolases, including cathepsins and
various sulfatases, IGF-II, pro-renin, renin, granzyme B, proliferin, retinoic acid,
uPAR, and plasminogen (Griffiths and Isaaz, 1993; Kang et al., 1997; Lee and
Nathans, 1988; Lobel et al., 1989; MacDonald et al., 1988; Nguyen, 2006; Nykjaer et
al., 1998; Oesterreicher et al., 2005).

Sorting of soluble lysosomal proteins by the M6PR is dependent upon the
addition of a M6P tag to the soluble protein. Subsequent to the acquisition of a
preformed oligosaccharide from a lipid intermediate in the endoplasmic reticulum,
soluble hydrolases are transported to the Golgi where they obtain the M6P tag that is
essential for their translocation to lysosomes (Kornfeld and Kornfeld, 1985). The
MG6P tag is added to the newly synthesized hydrolases in a two-step process that is
initiated by the addition of N-acetylglucosamine-1-phosphate to mannose residues
from UDP-GlcNAc by an N-acetylglucosamine-1-phosphotransferase (Hasilik et al.,
1981; Kornfeld, 1986). The M6P tag is then exposed by the trimming of N-
acetylglucosamine residues | by N-acetylglucosamine-1-phosphodiester —a-N-
acetylglucosaminidase (Varki and Kornfeld, 1980). Exposure of the M6P tag allows
for recognition of the soluble hydrolase by the M6PR and subsequent transport to the

lysosomes in clathrin-coated vesicles (Kaplan et al., 1977). While both forms of
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MG6PR bind M6P with similar affinity (7-8 x 10® M) and are implicated in lysosomal

sorting, the CI-M6PR is the dominant lysosomal targeting receptor for soluble
hydrolases (Ludwig et al., 1994; Tong and Kornfeld, 1989). Interestingly, the
luminal domain of the CI-M6PR was demonstrated to confer specificity in the
localization of the receptor. Chimeric studies of the CI-M6PR showed by live-cell
image analysis that removal of the luminal domain greatly altered the distribution of
the receptor. Mutation of the luminal domain to inhibit the binding to M6P did not
alter the distribution as compared to the wild type receptor, suggesting that the
localization specificity conferred by the luminal domain is not attributable to the
ligand binding situation (Waguri et al., 2006).

Once the clathrin-coated vesicles fuse with the endosomal compartment, the
acidic environment therein causes dissociation of the hydrolase from the sorting
receptor (von Figura and Hasilik, 1986). Recent studies using pH perturbing
chemicals, ammonium chloride and monesin, however suggest that efficient delivery
of CD-M6PR ligands does not require acidification of the endosomal compartment
(Probst et al., 2006). Receptors freed from cargo may then be recycled the Golgi

apparatus from the endosomal compartment (von Figura and Hasilik, 1986).

MG6PR-Independent Trafficking

Although the M6PR is the primary sorting receptor implicated in lysosomal
targeting, it is clear that an alternative receptor is also involved in the lysosomal
sorting of some soluble proteins. Evidence for this hypothesis originally came from

fibroblasts of patients with mucolipidosis type II, a lysosomal storage disorder in
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which the M6PR sorting pathway is blocked due to mutation of the UDP-N-

acetylglucoasmine-1-phosphotransferase thereby inhibiting formation of | Mé6P
residues. Under such conditions, soluble proteins such as the SAPs (prosaposin and
GwpAP) and cathepsin D, are transferred to the lysosomes in a M6PR-independent
manner (Kornfeld, 1986; Rijnboutt et al., 1991a).

Various biochemical studies have suggested that additional soluble lysosomal
proteins exhibit M6PR-independent sorting. Primary cultures of rat hepatocytes
metabolically labeled with **P and *°S were used to examine the subcellular
localization and different pro-forms of cathepsin H. It was determined that only the
pro-form of cathepsin H obtained an M6P tag on its high mannose oligosaccharide,
and that regardless of this tag, pro-cathepsin H was secreted into the medium with no
correlate targeting to the lysosomes. Therefore in at least rat hepatocytes, cathepsin
H is targeted from the TGN in an M6PR-independent manner (Tanaka et al., 2000).

Similarly, when M6P was exogenously added to CHO cells expressing
cathepsin K in an attempt to out-compete binding of endogenous ligands of the
MB6PR, the subcellular localization of cathepsin K was unaffected. This result again
implies that an M6PR-independent pathway exists and that cathepsin K may use this
alternative pathway (Claveau and Riendeau, 2001).

Different lines of evidence suggest that cathepsin L, a lysosomal cysteine
protease, also traffics from the TGN in a manner that is independent of the M6PR.
While cathepsin L carries an M6P tag in its proform, it is synthesized at high levels
but has very low affinity for the M6PR (Gottesman, 1978). Further to this, mutagenic

analysis of vacuolar sorting determinants suggested that the nature of the vacuolar
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sorting signal was proteinaceous and not due to oligosaccharide chains (Johnson et

al., 1987; Valls et al., 1987). These results again suggested a pathway for transport
from the Golgi to the endosomes that was independent of the M6PR, this being true at

least in the case of certain soluble lysosomal proteins.

Sortilin

The sortilin sorting receptor/neurotensin receptor-3 is a member of the Vps10
family of type I transmembrane receptors. In addition to sortilin, the mammalian
Vps10 family includes the SorLA and SorCS1-3 receptors (Hermey et al., 1999;
Jacobsen et al., 1996; Petersen et al., 1997). In Saccharomyces cerevisiae the Vps10
receptor family also includes the Vps10p receptor for which the family was named.
Receptors in this family all possess the following: a short cytoplasmic tail that
interacts with cytosolic adaptor proteins for targeting and a luminal domain
characterized by a region homologous to the yeast Vps10p receptor (Nielsen et al.,
2001). The Vps10 receptors are expressed in many tissues and target a variety of
different ligands (Hermey et al., 1999; Jacobsen et al., 2001).

Sortilin was first cloned and purified with a receptor associated protein (RAP)
affinity column from human brain extracts. The human sortilin protein is a 100 kDa
receptor consisting of a 44 amino acid N-terminal propeptide, a long luminal domain,
a single transmembrane domain, and a short cytoplasmic tail (Petersen et al., 1997).
The N-terminal propeptide is followed by a furin cleavage site (RWRR) that when
recognized in the Golgi apparatus leads to conversion of the sortilin precursor to a

mature form. The cleaved propeptide has high affinity to the mature sortilin protein
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and competes for binding with RAP and neurotensin. It has been hypothesized that

the propeptide of sortilin has a role in both directing the proper folding of sortilin, as
well as acting as a molecular safeguard against the formation of death-signaling
complexes involving sortilin (Nielsen et al., 1999; Westergaard et al., 2004). This
mechanism of activation is unique to sortilin since other receptors processed by furin-
cleavage (including the insulin and LRP receptors) are cleaved in order to generate
functional subunits and do not involve interaction of the propeptide with the receptor
(Ullrich et al., 1986).

Sortilin is a multifunctional receptor capable of binding several different
ligands including neurotensin, RAP, lipoprotein lipase (LpL), and SAPs (prosaposin
and GypAP) via its Vps domain (Lefrancois et al., 2003; Mazella et al., 1998; Nielsen
et al., 1999; Petersen et al., 1997). Sortilin’s multifunctionality is reflected in its
localization in the trans-Golgi network and cytoplasmic vesicles, as well as
approximately 10 % at the plasma membrane (Petersen et al., 1997). Intracellularly,
the lysosomal sorting function of sortilin has been demonstrated for newly
synthesized SAPs and acid sphingomyelinase (Lefrancois et al., 2003; Ni and
Morales, 2006). Recent studies also suggest that sortilin interacts with conotoxin-Tx
VI in the ER to facilitate its ER export to the Golgi apparatus (Conticello et al.,
2003).

In the case of SAPs, trafficking to the lysosomal compartment requires more
than just a protein-protein interaction with sortilin. Recent studies have shown that
the transport of prosaposin requires sphingomyelin for its translocation to the

lysosomes (Zhao and Morales, 2000). It has also been hypothesized that a region
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within the prosaposin molecule (the D domain) interacts with sphingomyelin to bring

this protein into close proximity of the Golgi membrane and to facilitate the binding
of prosaposin to sortilin (Lefrancois et al., 2002). Depletion of sphingomyelin with
specific biochemical inhibitors results in the misrouting of prosaposin to the secretory
pathway (Lefrancois et al., 1999). Sphingomyelin is one of the main components of
detergent resistant membranes (DRM) domains (Simons and Ikonen, 1997). DRMs
have been postulated to exist in the TGN and to function as sorting platforms (Simons
and Ikonen, 1997; Simons and van Meer, 1988). Sortilin has also been shown to
interact with G proteins present in lipid rafts at the plasma membrane via an
interaction with the neurotensin receptor 1 (NTR1) (Gkantiragas et al., 2001; Martin
et al., 2002).

At the plasma membrane, sortilin has been demonstrated to mediate the
endocytosis of LpL, neurotensin, and the nerve growth factor precursor (pro-NGF)
(Mazella et al., 1998; Nielsen et al., 1999; Nykjaer et al., 2004). The endocytosis and
modulation of neurotensin signaling by sortilin requires an interaction with the G-
protein coupled neurotensin receptor-1. The role of sortilin in the endocytosis of
neurotensin and its homology to the NTR3 led to the observation that sortilin and the
non-G-coupled neurotensin receptor-3 are the same protein (Mazella et al., 1998).
Analysis comparing the molecular weight of sortilin/NTR3 obtained from both the
plasma membrane and the TGN of human carcinoma HT29 cells show differing sizes.
The sortilin/NTR3 isolated from the plasma membrane exhibited a higher molecular
weight than that from the TGN. This led to the hypothesis that while sortilin and the

NTR3 are the same protein, their different functions may be accounted for through
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differential glycosylation (Morinville et al., 2004). Additionally, the interaction of

sortilin with p75"™® at the plasma membrane is essential for induction of death
signals via pro-NGF (Nykjaer et al., 2004).

The cytoplasmic tail of sortilin is important in mediating the localization of
the receptor and has been demonstrated to be functionally important and highly
homologous to that of the CI-M6PR. The cytoplasmic domain of sortilin contains a
YXX¢ (Tyr- any two amino acids- bulky hydrophobic amino acid) and a DXXLL
(dileucine) sorting motif that are responsible for mediating both the rapid endocytosis
and Golgi to endosomal sorting of sortilin. Chimeras comprised of the luminal and
the transmembrane domains of the M6PR and the cytoplasmic domain of sortilin
rescued the trafficking of M6PR-dependent proteins to the endosomal compartment
in M6PR deficient cells (Nielsen et al., 2001). Additionally, the GGA adaptor protein
that binds to the cytoplasmic tail of the M6PR was also demonstrated to interact with
sortilin and mediate its targeting to the endosomes (Nielsen et al., 2001; Puertollano

et al., 2001; Takatsu et al., 2001).

Peripherally Associated Proteins

The trafficking of other lysosomal proteins is more complex. Within the
lysosomal compartment sialidase 1 and cathepsin A  (protective
protein/carboxypeptidase A) form a high molecular weight complex that is required
for the functional activity of sialidase 1 (Pshezhetsky and Ashmarina, 2001). The
role of cathepsin A in the complex is to maintain sialidase in a catalytically active

conformation while protecting it from proteolytic degradation (D'Azzo et al., 1982;
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Vinogradova et al., 1998). Also associated with this complex are B-galactosidase and

N-acetyl-galactosamine-6-sulphate sulphatase (Pshezhetsky and Ashmarina, 2001).

Transport of sialidase 1 to the endo-lysosomal compartment occurs as an
integral membrane protein and requires a tyrosine-based signal for delivery (Lukong
et al., 2001). Upon translocation to the endo-lysosomal compartment it is
hypothesized that the enzyme is cleaved to generate a soluble, as well as a membrane
bound pool of sialidase 1 (Seyrantepe et al., 2003). Subsequently, sialidase 1 may be
transferred to the plasma membrane as a complex with cathepsin A (Liang et al.,
2006). Evidence for lysosome-to-plasma membrane transport has been previously
observed for MHC II complexed to various peptides in antigen-presenting cells
(Turley et al., 2000). Once at the cell surface, sialidase 1 is believed to play a role in
antigen presentation, cell-cell interactions, and elastogenesis via interaction with p-
galactosidase at the plasma membrane (Hinek et al., 2006; Liang et al., 2006). These
findings emphasize that the lysosorhe is a dynamic organelle that is implicated in
more than terminal degradation.

Unlike sialidase 1, cathepsin A is a soluble protease that is sorted to the
endosomal compartment via the M6PR pathway (Lukong et al., 1999). Reports
suggest that the transport of B-galactosidase, and possibly sialidase 1, to lysosomes
requires an interaction with cathepsin A in the biosynthetic pathway (van der Spoel et
al., 1998).

Disruption of the various elements of the multi-enzyme complex result in
different lysosomal storage disorders (LSDs). Mutations affecting cathepsin A cause

galactosialidosis. Galactosialidosis is characterized by the combined deficiency of
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cathepsin A, sialidase 1, and B-galactosidase, highlighting the role of cathepsin A in

transporting and stabilizing the protein complex (d’Azzo, 2001). Mutations affecting
the NEU 1 gene result in deficiency of only neuraminidase 1 and trigger sialidosis

(Seyrantepe et al., 2003).

Adaptor Proteins Invelved in Lysosomal Trafficking

The delivery of proteins to various cellular locations depends upon a group of
proteins termed adaptor proteins. The adaptor proteins are responsible for providing
a link between the cargo and the cytoplasmic components implicated in cellular
targeting such as clathrin, Arfl, y-synergin, epsinR, and others (Traub, 2005). Based
upon their structure, two categories of adaptor proteins have been identified to traffic
between the Golgi apparatus and the endosomal compartments, namely the
multimeric adaptor proteins and the monomeric adaptor proteins also termed Golgi-
localized, y-ear containing, Arf binding protein (GGA) (Dell'Angelica et al., 2000b;
Hirst et al., 2001). The multimeric adaptor protein family includes AP-1, AP-2, AP-

3, and AP-4 (Robinson, 2004).

Multimeric Adaptor Proteins

This family of multimeric adaptor proteins consists of four different adaptor
proteins (AP 1-4), each of which is composed of four subunits: two large subunits (y,
a, 8, or €, and B), a medium subunit (i), and a small subunit (¢). The four domains
are said to be organized into globular structures with a core composed of the medium

and small subunits, as well as the N-terminal domains of the two large subunits.
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Respectively, the “ears” consist of the C-terminal domains of the two large subunits,

connected by flexible hinge domains (Robinson and Bonifacino, 2001).
Immunofluorescence microscopy has localized AP-1 and AP-3 to the TGN and TGN-
derived vesicles, while AP-2 is found at the plasma membrane, and AP-4 is
implicated in TGN trafficking to the basolateral membrane (Ahle et al., 1988;
Robinson, 1987; Simmen et al., 2002). AP-3 has been shown to be essential in the
transport of lysosomal integral membrane proteins (such as the LAMPs) to the
lysosomes (Dell'Angelica et al., 1999). The AP-1A adaptor protein has been found
to play a role in the sorting events at the TGN that involve the M6PR, whereas the
AP-1B isoform is implicated in sorting integral membrane proteins from the TGN or
endosomes to the basolateral domains (Meyer et al., 2000). An interaction between
AP-1 and full-length sortilin has not yet been definitively demonstrated. However,
while the cytoplasmic acid cluster dileucine signal of the M6PR is required to
mediate lysosomal trafficking, AP-1 does not interact with the M6PR at these sites
(Honing et al., 1997; Johnson and Kornfeld, 1992). What is clear, however, is that
the p subunit of AP-1 binds to a YXX¢ motif in the cytosolic tail of the M6PR (Ohno
et al., 1995; Owen and Evans, 1998). Despite this, examination of fibroblasts
deficient in the p subunit of AP-1 revealed that both the CI- and CD-M6PRs were
capable of reaching the lysosomes (Meyer et al., 2001). Together this evidence
helped pave the way for the discovery of a second group of adaptor proteins

implicated in sorting the M6PR, the GGAs (Dell'Angelica et al., 2000b).



Chapter 2 Page 30
Monomeric Adaptor Proteins

The GGAs are a family of three similar proteins (GGAs], 2 and 3) that were
identified by searching databases for AP subunit homologues (Boman et al., 2000;
Dell'Angelica et al., 2000b; Hirst et al., 2000). GGA1 and GGA2 were identified in
yeast, whereas all three forms were found to be present and conserved throughout
eukaryotes (Boman, 2001). The GGAs are 60-80 kDa monomeric adaptor proteins
composed of four domains: N-terminal VHS domain, GAT domain, hinge domain,
and EAR domain (Ghosh and Kornfeld, 2004). The VHS domain was also identified
in Vps27, Hrs, and STAM (hence the term VHS) and shown to be the domain
implicated in interacting with the cytoplasmic tail of sorting receptors (Misra et al.,
2000; Nielsen et al., 2001; Puertollano et al., 2001). The VHS domain recognizes a
DXXLL motif in the cytosolic tails of both sortilin and the M6PR (Nielsen et al.,
2001; Puertollano et al., 2001). The GAT domain is the most highly conserved
domain amongst the three GGAs (with 65 % identity) and is responsible for
mediating the interaction with Arfl and Arf3. The interaction of GGAs and GTP
bound Arfs is essential for the recruitment of GGAs to the Golgi membrane (Collins
et al., 2003; Dell'Angelica et al., 2000b). The hinge domain of the GGAs interacts
with clathrin, whereas the EAR domain, which is highly homologous to the y-adaptin
subunit of AP-1, interacts with coat proteins such as clathrin, y-synergin, pS6, and
rabaptin-5 (Bonifacino, 2004; Dell'Angelica et al., 2000b).

While the GGAs have been demonstrated to be essential for delivery of
soluble proteins to the lysosomes via the M6PR and sortilin receptors, there has been

controversy over the exact role played by the GGAs (Doray et al., 2002a; Lefrancois
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et al., 2003). The most supported hypothesis to date is that GGAs and AP-1 function

together to recruit cargo into the same transport vesicles and that the GGAs “hand-
off” cargo to AP-1 for transport. Evidence for this model is supported by several
lines of evidence, mainly that AP-1, but not GGAs, are enriched in purified clathrin-
coated vesicles, and that the association of AP-1 with the membrane is stable while
that of the GGAs is transient (Hirst et al., 2001; Hirst et al., 2000), Additionally,
Kornfeld and colleagues demonstrated that the hinge region of the GGAs does in fact
interact with the EAR domain of AP-1, y-adaptin at the TGN region (Doray et al.,
2002b). However, what is clear is that both GGAs and AP-1 are important for the

efficient delivery of sorting receptors and their cargo to the lysosomes.

Recycling Complexés

Crucial to maintaining the lysosomal transport of hydrolases is the efficient
retrieval of the sorting/trafficking receptors from endosomes to the TGN. Failure to
recycle will lead to disruption of the lysosomes (Seaman et al., 1997; Seaman et al.,
1998). Recent evidence has shown that lysosomal sorting receptors are indeed
recycled from the endosomes to the Golgi apparatus and that this process is mediated
by a protein complex called “retromer” (Seaman et al., 1997; Seaman et al., 1998).
The retromer complex was first identified in Saccharomyces cerevisiae and was
demonstrated to play a role in the recycling of Vps10p, the yeast homologue of the
M6PR (Seaman et al., 1997; Seaman et al., 1998). The mammalian retromer complex
consists of Vps26, Vps29, Vps35, and sorting nexins 1 and 2 (SNX1. and SNX2),

whereas the originally identified yeast homologue consists .of Vps35p, Vps29p,



Chapter 2 Page 32
Vps26p, Vpsl7p, and VpsSp (Haft et al., 2000; Seaman et al., 1997; Seaman et al.,

1998). The mammalian Vps35 domain, and possibly the Vps26 as well, have been
demonstrated to interact with cargo proteins such as the M6PR, while SNX1 is
capable of reshaping the endosomal membrane, and Vps26 is a phosphoesterase that
dephosphorylates the serine preceding the DXXLL motif in the M6PR tail (Arighi et
al., 2004; Collins et al., 2005; Damen et al., 2006; Seaman, 2007).

While it has been well established that this complex is responsible for the
recycling of the M6PR, the recycling pathway of sortilin is less clear. However,
preliminary evidence suggests that the retromer complex may also play a role in
sortilin recycling (Arighi et al., 2004; Seaman, 2004). Recently, a conserved WLM
sequence in the cytosolic tail of the M6PR was confirmed as being important for the
interaction of the receptor with retromer. Mutation of the WLM motif resulted in the
failure of the M6PR to be recycled and in its rapid degradation (Seaman, 2007).

Retromer is not the only factor important in mediating recycling of sorting
receptors from the endosomal compartment to the TGN. Golgi-localized SNARESs
include: syntaxin 5, 6, 10, 11 and 16 (Bennett et al., 1993; Bock et al., 1996; Tang et
al., 1998a; Tang et al., 1998b; Valdez et al., 1999). Inhibition of the SNARE proteins
syntaxin 5 and 16 by RNA interference abrogated recycling of the M6PR from
endosomes and resulted in increased degradation of the receptor. It was therefore
postulated that syntaxin 5 and 16 are important mediators of M6PR recycling.
Transport protein phosphofurin acidic cluster sorting protein (PACS-1), tail-

interacting protein 47 (TIP-47), and the intracellular adaptor epsinR have also been -
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demonstrated to help regulate recycling from the endosomal compartment (Diaz and

Pfeffer, 1998; Saint-Pol et al., 2004; Scott et al., 2006).

Lysosomal Storage Disorders

Lysosomal storage disorder (I.SDs) is the term given to a group of more than
50 inherited diseases that are caused by the malfunction of lysosomal enzymes,
activators, or adaptors involved in enzyme targeting and lysosomal biogenesis
(Meikle et al., 1999; Parkinson-Lawrence et al., 2006). The combined frequency of
all LSDs has been estimated to be approximately 1:7700 live births, however this
number is growing as there is more biochemical and genetic characterization of
disorders (Meikle et al., 1999).

The first reported case of a LSD was in the early 1880s by physicians Warren
Tay and Bernard Sachs, at a time when the lysosome had not yet been identified
(Fernandes Filho and Shapiro, 2004). Noting the cherry red foveala centralis of the
eye, cessation of mental development, flaccid or spastic paralysis in one to two year
old children, the physicians identified the main characteristics of the LSD presently
known as infantile Tay-Sachs disease or the B-variant of Gyp, gangliosidosis (Kolter
and Sandhoff, 1998; Sachs, 1896; Tay, 1884). Only in the 1960s was the cause of
infantile Tay-Sachs identified as an autosomal recessive mutation in the a-subunit of
B-hexosaminidase A, an enzyme involved in the lysosomal degradation of the Gyp
ganglioside (Okada and O'Brien, 1969; Sandhoff, 1969; Sandhoff, 2001). Since this
time additional characterization has led to identification of the various polypeptides

involved in the degradation of the Gyp ganglioside to Gys and which result in a
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family of LSD known as Gy, gangliosidosis. The o subunit of B-hexosaminidase A

(ap) and B-hexosaminidase S (ac) are encoded by the HEXA gene, while the B
subunit in B-hexosaminidase A and P-hexosaminidase B (BP) is encoded by the
HEXB gene (Kolter and Sandhoff, 1998). Mutation of the HEXA gene leads to
deficient activity of p-hexosaminidase A and S but normal levels of f-
hexosaminidase B. Mutation of the HEXB gene results in Sandhoff disease or the 0-
variant form of Gy gangliosidosis which is characterized by deficient enzyme
activity of B-hexosaminidases A and B (Gravel RA, 1995; Kolter and Sandhoff,
1998). The final member of the family of Gy, gangliosidosis is the AB-variant form
which does not affect the P-hexosaminidase enzymes but rather the activator of B-
hexosaminidase A, the Gyv2AP (Conzelmann and Sandhoff, 1978). Point mutations in
the GypA gene result in early degradation of the gene product and accumulation of
Gwme within lysosomes since the B-hexosaminidase A enzyme requires the Gyp AP to
form a water-soluble complex with the ganglioside in order to access the ganglioside
(Furst and Sandhoff, 1992; Meier et al., 1991; Xie et al., 1998).

LSDs have also been associated with the other activator proteins derived from
the prosaposin precursor. Deficiency of saposin B results in a variant form of
metachromatic leukodystrophy that is characterized by the absence of saposin B and
normal activity of arylsulfatase A (Gieselmann, 2003; Stevens et al., 1981). Similar
to many LSDs, metachromatic leukodystrophy results in progressive neurological
deterioration (marked by sulfatide, globotriaosylceramide, .and Gys ganglioside

accumulation and demyelination) and mental retardation (Gieselmann et al., 2003;
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Holtschmidt et al., 1991; Nalini and Christopher, 2004). As with deficiency of

saposin B, deficiency of saposin C results in a variant form of a LSD, namely
Gaucher’s disease (Christomanou et al., 1986). Over 200 mutations have been
identified in the glucosylceramide p-glucosidase enzyme responsible for the
hydrolysis of glucocerebroside, leading to glucocerebroside accumulation in
Gaucher’s disease (Beutler, 1991). However, in the variant of Gaucher’s disease in
which saposin C is affected, there is normal glucosylceramide B-glucosidase activity
but accumulation of glucocerebroside (Christomanou et al.,, 1986; O'Brien and
Kishirhoto, 1991). Although mutations of saposins A and D have not been implicated
in any known LSD, a mouse model suggests that deficiency of saposin A can cause a
LSD similar to globoid cell leukodystrophy (Krabbe’s disease) (Mafsuda et al., 2001).
Clinical, phenotypical, and pathological studies of the saposin A knock-out mouse
have revealed that the absence of saposin A results in symptoms similar to, but more
mild than traditional globoid cell leukodystrophy caused by mutation in
galactosylceramidase (Matsuda et al., 2001; Suzuki and Suzuki, 1970). Numerous
differences exist between the two types of leukodystrophies, metachromatic and
globoid cell leukodystrophy. While in metachromatic leukodystrophy there is
pronounced substrate (sulfatide) accumulation in the brain, there is no over
accumulation of galactosylceramide in the brain of patients with globoid cell
leukodystrophy (Jatzkewitz, 1958; Suzuki, 2003). This difference has been attributed
to the early and rapid loss of myelin, the exclusive site of galactosylceramide, in
globoid cell leukodystrophy (Miyatake and Suzuki, 1972; Suzuki, 2003). Mouse

models of a saposin D knock-out suggest that saposin D deficiency leads to a unique
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condition characterized by urine and neural ceramide lipidosis (Matsuda et al., 2004).

Other mutations, although rare, affecting the initiation codon of the prosaposin gene
result in total prosaposin deficiency. Biochemical analysis of tissue from these
patients revealed accumulation of different sphingolipids including glucosylceramide,
galactosylceramide, and ceramide. Clinically, total prosaposin deficiency resulted in
hyperkinesia, respiratory insufficiency, and hepatosplenomegaly (Bradova et al.,
1993; Elleder et al., 2005; Harzer et al., 1989; Hulkova et al., 2001; Paton et al.,
1992; Schmid et al., 1992).

LSDs can affect any component involved in lysosomal function or trafficking,
not just the activator proteins described above. Mucolipidoses is a group of LSDs
that affect hydrolases and proteins‘ essential for lysosomal trafficking. Mucolipidosis
type I or sialidosis is caused by mutations in the sialidase gene and can be subdivided
into two categories (sialidosis type I and type II). The onset of the first type of
sialidosis occurs much later in life than in the more severe sialidosis type 2 ‘which is
classified as being of infantile onset. Sialidosis type II is characterized by dysostosis
multiplex, ~short = stature, developmental delay, mental retardation, and
hepatosplenomegaly; the type I variant is marked by abnormal gait, progressive
decline in vision, macular cherry-red spots, and myoclonus syndrome. Deficiency in
sialidase causes blockage in the catabolic pathway for degradation of sialylated
glycoconjugates leéding to accumulation of sialylated oligosaccharides and
glycoproteins (Seyrantepe et al., 2003).

The second type of mucolipidosis, also called I-cell disease (ICD), results

from mutation of a single gene but causes the mis-sorting of several lysosomal
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hydrolases and subsequent accumulation of many lipids and carbohydrates within

lysosomes. I-cell disease is an autosomal recessive mutation caused by the absence
of UDP-N-acetylglucosamine N-acetylglucosaminyl-1-phosphotransferase. I-cell
disease was first identified in 1967 as a LSD and was classified as a mucolipidosis in
1970 since I-cell disease causes symptoms similar to mucopolysaccharidoses and
sphingolipidoses (LeRoy, 1967; Spranger and Wiedemann, 1970). ICD is
characterized by phase-dense intracytoplasmic inclusions in fibroblasts (inclusion
cells) and the presence of a large number of soluble lysosomal hydrolases in
extracellular fluids such as serum and urine, and media of cultured fibroblasts
(LeRoy, 1967; Leroy and Spranger, 1970). Intriguingly, findings suggest that ICD
fibroblasts can internalize and utilize lysosomal erizymes produced by normal cells,
whereas normal cells cannot internalize enzymes produced by ICD fibroblasts
(Ullrich and von Figura, 1979). This observation led to the biochemical analysis of
the differences between enzymes produced by normal cells and those from ICD cells
and the discovery of the M6P tag as a lysosomal sorting signal (Vladutiu and
Rattazzi, 1979). The absence of functional phosphotransferase in the Golgi of ICD
cells results in soluble hydrolases that lack a M6P-tag required for recognition and
sorting by the M6PR. Under these conditions, most soluble hydrolases are mis-sorted
to the extracellular milieu (Nolan, 1989). However, B-lymphocytes from patients
with ICD have near normal lysosomal levels of several soluble lysosomal proteins
(Tsuji et al., 1988). A B-lymphoblast cell line derived from patients with ICD was in
fact found to appropriately target approximately 45 % of the normal levels of

cathepsin D to the lysosomes (Glickman and Kornfeld, 1993). Lysosomal targeting
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of SAPs, prosaposin and Gy AP is also unaffected in ICD fibroblasts. These findings

resulted in the formulation of the hypothesis that an alternative lysosomal sorting
pathway exists that is independent of the M6PR (Rijnboutt et al., 1991a).

UDP-N-acetylglucosamine N-acetylglucosaminyl-1-phosphotransferase is
also affected in mucolipidosis type III. Whereas in mucoliopidosis type II/ICD cells
have low or completely abrogated phosphotransferase activity, in mucolipidosis type
I1I cells possess the phosphotransferase at higher but still below normal levels. The
higher levels of phosphotransferase are suggested to be responsible for the later onset
and milder course of rhucolipidosis type III compared to that of mucolipidosis type II
(Reitman et al., 1981). Clinically, mucolipidosis type III is characterized by short
stature, skeletal dysplasia, and mild mental retardation (Kelly et al., 1975).

Mucolipidosis type IV is a rare autosomal recessive disorder with
approximately only 100 cases documented worldwide (Gordon and Marchese, 2004).
Although the éxact cellular cause of mucolipidosis type IV is unknown, it has been
speculated to be the result of a deficiency in the transport channel receptor protein,
mucolipin-1 (LaPlante et al., 2002). Mucolipidosis type IV is a progressive
neurodegenerative disorder clinically characterized by delayed motor development,
mental retardation, and corneal opacities (Bach, 2001). At a cellular level, there is an
accumulation of phospholipids and gangliosides that is believed to be caused by a
defect in the endocytic process (LaPlante et al., 2002).

Several LSDs, such as the Chediak-Highashi syndromes, are associated with
defects in lysosomal biogenesis. Chediak-Highashi syndrome is characterized by

partial albinism, immune disorders, prolonged bleeding, and progressive neurological
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deterioration (Barak and Nir, 1987). At a cellular level, the lysosomes of patients

with Chediak-Highashi syndrome appear enlarged but have a full functioning
complement of lysosomal proteins. Lysosomal defects appear only in cells
possessing secretory lysosomes (ie. azurophilic granules, lytic granules, MHC class 11
compartments, and melanosomes). The Lyst protein has been demonstrated to be
defective in this disorder however its exact role is as of yet unclear. When Lyst is
over-expressed in fibroblasts, the result is smaller than normal lysosomes, suggesting
arole for Lyst in lysosomal fission (Clark and Griffiths, 2003; Ward et al., 2003).

It is therefore clear from the extensive number of LSDs and their associated
phenotypes and pathologies (see Table 1) that lysosomal biogenesis, targeting, and
function are important for the maintenance of cellular function and general physical

health.
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Table 1. Lysosomal Storage Disorders (LSDs). List of various LSDs and the

associated faulty proteins. The disorders are categorized according to the type of
protein affected: Activators, Soluble Enzymes, Integral Membrane Proteins,

Lysosomal Biogenesis, and Lysosomal Trafficking.



Chapter 2 Page 41

Disorder Deficiency References
Lysosomal Proteins
Activators:
AB-variant of Gy, gangliosidosis Gy AP (Kolter and Sandhoft, 1998)
Variant of metachromatic leukodystrophy Saposin B (Stevens et al., 1981)
Variant of Gaucher’s Saposin C (Christomanou et al., 1986)

Soluble Enzymes:

B-variant of Gy, gangliosidosis / Tay Sachs
0-varient of Gy, gangliosidosis / Sandhoff
Metachromatic leukodystrophy

Gaucher’s

Globoid cell leukodystrophy (Krabbe’s)

Fabry
Glycogen storage disease/ Pompe
Mucopolysaccharidosis type I/ Hurler

Mucopolysaccharidosis type II/ Hunter
Mucopolysaccharidosis type IIIA/ Sanfilippo
Mucopolysaccharidosis type IIIB/ Sanfilippo
Mucopolysaccharidosis type [11D/ Sanfilippo
Mucopolysaccharidosis type IVA/ Morquio

Mucopolysaccharidosis type [VB/ Morquio

Mucopolysaccharidosis type VI/ Maroteaux-Lamy

Mucopolysaccharidosis type VII/ Sly
Galactosialidosis
Aspartylglucosaminuria

Wolman

B-hexosaminidases A and S
B-hexosaminidases A and B
Arylsulphatase A
Glucosylceramide B-glucosidase
Galactosylceramidase
o-galactosisidase A

acid o-glucosidase
a-L-iduronidase
Iduronate-2-sulfatase
Heparan-N-sulfatase
a-N-acetylglucsaminidase
N-acetylglucosamine-6-sulphatase
N-acetylgalactosamine-6-
sulphatase

B-galactosidase
N-acetylgalactosamine 4-
sulphatase

B-glucuronidase

Cathepsin A/ protective protein

Aspartylglucosaminidase

Acid lipase

(Kolter and Sandhoff, 1998)
(Kolter and Sandhoff, 1998)
(Gieselmann, 2003)
(Beutler, 1991)

(Matsuda et al., 2001)
(Levin, 2006)

(Raben et al., 2002)

(Wraith et al., 2005)
(Hopwood et al., 1993)
(Gabrielli et al., 2005)
(Beesley et al., 2005)
(Beesley et al., 2003)
(Oncag et al., 2006)
(Bagshaw et al., 2002)
(Walkley et al., 2005)
(Vogler et al., 2005)
(Oheda et al., 2006)

(Virta et al., 2006)

(Surve et al., 2005)
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Fucosidosis o-L-fucosidase (Michalski and Klein, 1999)
GMI1 gangliosidosis B-galactosidase (Pavlu et al., 2006)
o-Mannosidosis o-mannosidase (Pittis et al., 2006)
B-Mannosidosis B-mannosidase (Gort et al., 2006)

Neuronal ceroid lipofuscinoses (CNCL) Cathepsin D (Ramirez-Montealegre et
Neuronal ceroid lipofuscinoses (CLN1)/ Batten Palmitoyl protein thioesterase | ?[li;rztl()i?fz)-Montealegre et
Neuronal ceroid lipofuscinoses (CLN2)/ Batten Tripeptidyl peptidase protein 1 ?lli';rznoi(r)gz)-Montealegre et
Pycnodysostosis Cathepsin K ?Il-i;%f?'?c?, 2003)
Niemann-Pick types A and B Acid sphingomyelinase (Dhami et al., 2006)

Integral Membrane Proteins:

Mucolipidosis type I (sialidosis) Sialidase (neuraminidase 1) (Seyrantepe et al., 2003)
Mucopolysaccharidosis type I1IC/ Sanfilippo Acetyl CoA/N-acetyltransferase (Ausseil et al., 2006)
Cystinosis Cystinosin (Town et al., 1998)
Salla Sialin (Verheijen et al., 1999)

Lysosomal Biogenesis

Chediak-Higashi syndrome Lyst/ beige (Clark and Griffiths, 2003)
Lysosomal Trafficking

Mucolipidosis type 11 (ICD) GlcNAc-phosphotransferase (Reitman et al., 1981)
Mucolipidosis type 111 GlcNAc-phosphotransferase (Reitman et al., 1981)
Mucolipidosis type IV Mucolipin-1? {Gordon and Marchese, 2004
Hermansky-Pudlak syndrome type 2 AP-3 B3 subunit (Bonifacino, 2004b)

Variants of Hermansky-Pudlak syndrome AP-3 § (mocha), u3, 63 subunits  (Bonifacino, 2004b)
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Chapter 3: Materials and Methods
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Cell Lines and Cell Culture

To verify and validate our results, experiments were conducted in different cell
lines; COS-7, an African Green Monkey kidney fibroblast cell line, TM4, a mouse
Sertoli cell line, wild type human foreskin fibroblasts, and fibroblasts obtained from the
skin of ICD patients.

COS-7 cells (CRL-1651) were purchased from ATCC (Manassas, VA, USA)
and cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen, Burlington,
ON, CAN) supplemented with 10 b% fetal bovine serum (FBS), 5 % penicillin and -
streptomycin, and L-glutamine. Cells were maintained at 5 % CO; at 37°C.

TM4 cells (CRL-1715) were purchased from ATCC (Manassas, VA, USA) and
cultured in DMEM/F12 medium supplemented with 5 % horse serum, 2.5 % FBS, and 5
% antibiotics. Cells were maintained at 5 % CO, at 37°C. TM4 Sertoli cells are
professional phagocytes and contain large numbers of lysosomes (Hassan et al., 2004).

Wild type human foreskin fibroblasts (CRL-2522) were purchased from ATCC
(Manassas, VA, USA) and cultured in Eagle’s Minimal Essential medium with Earle’s
BB and 2 mM L-glutamine (ATCC, Manassas, VA, USA) supplemented with 10 %
FBS. Cells were maintained at 5 % CO, at 37°C.

Fibroblasts from patients with ICD (FFF0251996) were provided by Dr. M.
Filocamo (Diagnosi Pre-Postnatale Malattie Metaboliche-Istitueo G. Gaslini, Italy). The
cells were cultured in DMEM supplemented with 20 % fetal bovine serum and

maintained in an atmosphere of 5 % CO, at 37 °C.
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Transfection

DNA

The day prior to transfection, 1.6 X 10° cells were seeded in 100 mm plates or
1.0 X 10° cells in each of the 24-well plate. The cells were incubated overnight with
complete medium to achieve 70-80 % confluency on the day of transfection. Before
transfection, the cells were washed with fresh complete medium and a final volume of 7
ml complete medium was added to each 100 mm plate or 0.15 ml of complete medium
per well of a 24-well plate. Subsequently in the case of the 100 mm plates, a well-
mixed solution of 4.0 pg of DNA, 300 pl of serum/antibiotics-free medium, and 25 pl of
Polyfect Transfection Reagent (Qiagen, Mississauga, ON, CAN) was incubated at room
temperature for 10 minutes. For the wells of the 24-well plates, 1 pg of DNA, 25 pl of
serum/antibiotics-free medium and 4 pl of Polyfect Transfection Reagent were
incubated together at room temperature for 10 minutes. After the 10 minute incubation,
1 ml of cofnplete medium was added to the DNA-Polyfect solution, mixed, and added in
a drop-wise manner to the 100 mm plates. For cells cultured in the wells of a 24-well
plate, 0.2 ml of medium was added to the DNA-Polyfect mixture prior to its transfer
onto the cells. The transfected cells were incubated in an atmosphere of 5% CO2 at 37

°C for 24 hours to allow gene expression.

SiRNA
On the day of transfection 1 X 10° cells were plated on treated cover slips in a
24-well plate or 4 X 10° cells were plated into 100 mm plates. For the short time prior

to transfection, cells were incubated under normal growth conditions at 37 °C in 5 %
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CO,. In the meantime siRNA was mixed with serum/antibiotics-free medium and

| Hiperfect (Qiagen, Mississauga, ON, CAN). For cells cultured in the 24-well plate, 40
ng of short-interfering RNA (siRNA) was incubated for 10 minutes with 100 pl of
serum/antibiotics-free medium and 5 pl of Hiperfect. In the case of the 100 mm plates
500 ng of siRNA was incubated for 10 minutes with 150 pl of serum/antibiotics-free
medium and 35 pl of Hiperfect. Subsequent to incubation at room temperature, the
siRNA-Hiperfect solution was added to the cells in a drop-wise manner. The cells
were then cultured under normal growth conditions for 48 — 72 hours to allow for gene

silencing.

Plasmids and Constructs

The wild-type sortilin-myc construct was a generous gift from Dr. Claus
Petersen (University of Aarhus, DEN). Truncated sortilin-myc is a dominant-negative
construct of sortilin that possesses the luminal and transmembrane domains of sortilin,
but lacks the cytosolic tail (Figure A). This construct has been previously generated
and characterized in our lab (Lefrancois et al., 2003). Mutations Y14A and L17A in
the cytosolic tail of sortilin-myc were generated using the QuikChange II XL
Mutagenesis kit from Stratagene (La Jolla, CA, USA) according to the manufacturer’s
protocol. Briefly, PAGE purified mutagenic primers (Table 2) were used in a PCR
reaction to introduce point mutations into specific sites of the wild-type construct.
The PCR products were digested with Dpn I restriction enzyme to eliminate all
parental dsDNA. Subsequently, the Dpn I treated DNA was transformed in XL10-

Gold supercompetent cells. Transformation reactions were plated on an ampicillin-
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containing agar plates. Several colonies were selected, amplified and purified using

High Speed Midi-prep Kit (Qiagen, Mississauga, ON, CAN). Positive clones were
verified by sequencing at Bio S&T (Lachine, QC, CAN.

Three chimeric prosaposin-albumin constructs were used (Figure B). The first
chimera consisted of albumin, and the D-domain and C-terminus of prosaposin. The
remaining constructs consisted of albumin and either the D-domain or the C-terminus
of prosaposin. These constructs were generated in the mammalian expression vector
pcDNA3.1B, which contains a myc epitope tag before the stop codon. All of the
chimeric constructs were previously produced and characterized in our laboratory
(Zhao and Morales, 2000). The mutations affecting the D-domain of prosaposin were
previously introduced in our lab into the albumin-D-domain-C-terminus chimeric
construct using the QuikChange 11 XL Mutagenesis kit from Stratagene (La Jolla, CA,

USA) as described above. The mutations produced were: E463K and E491K.

Antibodies
Primary Antibodies

Endogenous sortilin was detected using a mouse monoclonal antibody
purchased from BD Transduction Laboratories (San Jose, CA, USA). Sortilin-myc
constructs were detected using a mouse monoclonal anti-myc antibody (9E10)
obtained from Santa Cruz Biotechnology, as was the mouse anti-GFP antibody (Santa
Cruz, CA, USA). The M6PR was detected using a rabbit polyclonal antibody from Dr
M. Sosa (Instituto de Histologia y Embriologia (IHEM)-CONICET, Universidad

Nacional de Cuyo, Mendoza, ARG) and has been previously demonstrated to
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recognize the CI-M6PR (Romano et al., 2006). Polyclonal goat antibodies specific for

cathepsins D, H, K, and L, as well as anti-flotillin-1 antibody were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Cathepsin B antibody was a rabbit
polyclonal antibody also obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). The rabbit polyclonal antibody to prosaposin was produced and characterized
in our lab (Zhao and Morales, 2000). Goat anti-GmAP antibody was a generous gift
from Dr. Sandhoff (Kekulé-Institut, Bonn, GER). Rabbit polyclonal anti-LAMP-1
antibody was a generous gift from Dr. J. Mort (Shriner’s Hospital, Montreal, QC,
CAN). LAMP-1 and Golgin-97 mouse monoclonal antibodies were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). The rabbit polyclonal anti-Vps26
antibody was a kind gift from Dr. J.S. Bonifacino (NIH, Bethesda, MD, USA). The
Vps26 antibody was previously described by Haft et al. (Haft et al., 2000). A mouse
monoclonal anti-y-adaptin antibody and rabbit anti-B-actin antibodies were purchased

from Sigma-Aldrich (Oakville, ON, CAN).

. Secondary Antibodies

Goat anti-rabbit IgG and goat anti-mouse IgG antibodies conjugated to Alexa
488 or Alexa 594 were purchased from Molecular Probes (Burlington, ON, CAN).
Donkey anti-goat IgG antibodies conjugated to Alexa 488 or Alexa 594 were also
obtained from Molecular Probes (Burlington, ON, CAN).

Detection of primary antibodies by Western blotting was done using goat anti-
rabbit IgG and goat anti-mouse IgG antibodies conjugated to horseradish peroxidase

(HRP) purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). For goat
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primary antibodies, a donkey anti-goat IgG conjugated to HRP was used and also

acquired from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

RNAI Probes
ShRNA

Short hairpin RNA (shRNA) consists of a single-stranded RNA containing two
regions of complementary sequences that refold into a double-stranded loop region
and a connecting loop stem with a 3’ terminal uridine tract. Based on previous results
from our laboratory using chemically synthesized siRNA, a sequence with unknown
homologies other than to sortilin (AAGGTGGTGTTAACAGCAGAG) was selected
for designing the short hairpin RNA (shRNA) targeting sortilin (Lefrancois et al.,
2003). This sequence was subcloned into the plasmid-based expression vector
pSilencer 3.1 Hl-neo that contains a strong H1 RNA pol III promoter (Ambion,
Austin, TX, USA). Polyfect transfection reagent (Qiagen, Mississauga, ON, CAN)
was utilized as described above to transfect the plasmid into COS-7 cells. Cells
constitutively expressing the shRNA were resistant to neomycin, and selected for
using Geneticin (GIBCO, Burlington, ON, CAN). The purpose of this strategy was to
initiate the production of shRNA in order to trigger cleavage of endogenous sortilin
mRNA by the enzyme Dicer and thereby silence sortilin mRNA. As a negative
control, a pSilencer 3.1 Hl-neo vector containing a sequence with no known

homology was purchased from Ambion (Austin, TX, USA).
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SIRNA

The sequence selected to silence Vps26 expression (retromer) (5°-
CTCTATTAAGATGGAAGTG’3’) has been previously tested and characterized
(Arighi et al., 2004). The 5-GGCAUCAAGUAUCGGAAGA-3’ sequence for pl1A
(AP-1) has also been previously examined (Janvier and Bonifacino, 2005). Both of
these RNAi sequences were produced with a 3°-Alexa Fluor 488 tag by Qiagen
(Mississauga, ON, CAN). A negative control siRNA with no known homologies was
also purchased from Qiagen with a 3’-Alexa Fluor 488 tag. These constructs were
transfected into cells using the Hiperfect reagent from Qiagen (Mississauga, ON,

CAN) as described above.

Analysis of Knockdown Efficiency

Efficiency of the sShRNA knockdown was assessed after selecting clones stably
expressing the sortilin ShRNA. RT-PCR using 2 pg of total RNA was performed
after RNA extraction using the RNeasy kit from Qiagen (Mississauga, ON, CAN).
First strand cDNA was synthesized by PCR using the OmniScript Reverse
Transcriptase kit (Qiagen, Mississauga, ON, CAN) and oligo (dT) primers. For PCR,
2 ng of ¢cDNA was added to a mixture containing 2.5 pg of 10x buffer (20 mM
MgCly), 1 pg ANTP, 0.5 U Taq purchased from Qiagen (Mississauga, ON, CAN), and
1 pg of each primer (sortilin: 5°- CGG TCC GAA TCC ATG AAG AAA TAT GTC
TGT GGG GGA AG -3’ and 5°- AAT TAT CTC GAG GTC GAC TTC CAA GAG
GTC CTC ATC TC -3’; B-actin: 5’- AGA GCC ACC AAT CCA CAC AG -3’ and 5’-

CTC TCT TCC AGC CTT CTT TC -3’) designed in our laboratory and synthesized
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by AlphaDNA (Montreal, QC, CAN). The PCR amplification conditions for

denaturation were 94°C for 1 minute, 55°C for 1 minute for annealing, and 72°C for 2
minutes extension time. The program was run for 30 cycles followed by a 10 minute
final extension at 72°C. The products were electrophoresed in a 1.5% (w/v) agarose
gel containing 0.5% ethidium bromide.

Verification of the efficiency in shRNA knockdown of sortilin and siRNA
knockdown of Vps26 and ulA was also verified by Western blotting. COS-7 cells
stably expressing sortilin, as well as cells 72 hours post-transfection with Vps26,
mlA, or the negative control siRNA were assayed. Cells evaluated were rinsed twice
with cold phosphate buffered saline (PBS), and lysed for 30 minutes with 50 ul of
lysis buffer containing 50 mM Tris-HCI (pH 6.0), 0.15 M NacCl, 0.5% NP-40 and a
protease inhibitor cocktail (Roche, Laval, QC, CAN). The cell extract was then boiled
with 10 pl of 6 X SDS-sample buffer. Proteins were separated on a 10 % SDS-PAGE
gel and transferred to a 0.45 pm nitrocellulose membrane (BioRad, Hercules, CA,
USA). The membrane was blocked in a 5% milk PBS-T (PBS and Tween-20)
solution and probed overnight at 4 °C with a mouse monoclonal anti-sortilin antibody
at 1:1000, a mouse monoclonal anti-y-adaptin at 1:2500, or a rabbit polyclonal anti-
Vps26 antibody at 1:5000. The blots were washed three times with PBS-T before one
hour incubation with secondary antibody. Goat anti-mouse [gG HRP at 1:5000 was
used to detect sortilin primary antibody, whereas the same secondary antibody was
used at 1:15000 to detect y-adaptin primary antibody. Goat anti-rabbit [gG HRP was
used at 1:15000 to detect Vps26 antibody. Subsequent to incubation with the

secondary antibody, three more washes were done with PBS-T, and the membrane
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was developed by ECL Plus Western Blotting Detection System (Amersham

Biosciences, Piscataway, NJ, USA) and Kodak BioMax Light Film.

Western Blotting: Expression of Sorting Receptors and Lysosomal Proteins
COS-7, ICD, and wild type human fibroblasts cells were rinsed twice with cold
PBS, and lysed for 30 minutes with 50 pl of lysis buffer as described above (50 mM
Tris-HCI (pH 6.0), 0.15 M NaCl, 0.5% NP-40 and a protease inhibitor cocktail
(Roche, Laval, QC, CAN). The cell extracts were then boiled for 10 minutes with 10
ul of 6 X SDS-sample buffer and centrifuged for 5 minutes at 13500 rpm in a small
benchtop centrifuge. Proteins were separated on a 10 % SDS-PAGE gel and
transferred to a 0.45 pm thick nitrocellulose membrane (BioRad, Hercules, CA, USA).
The membranes were blocked in a 5% milk PBS-T solution and probed overnight at 4
°C with primary antibody. Sortilin was detected using the mouse monoclonal
antibody at 1:1000; cathepsins D, H, K, and L and Gy AP were detected using goat
polyclonal antibodies at 1:1000; cathepsin B, prosaposin, LAMP-1 and M6PR were
rabbit polyclonal antibodies diluted 1:1000. Appropriate secondary antibodies
conjugated to HRP were incubated with the membranes for 1 hour at room
temperature. After 3 washes with PBS-T, the membranes were developed by ECL
Plus Western Blotting Detection System (Amersham Biosciences, Piscataway, NJ,

USA) and Kodak BioMax Light Film.
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Co-immunoprecipitation I: The Interaction of Soluble Lysosomal Proteins with

Sorting Receptors

COS-7, ICD, or wild type human fibroblast cells were used for co-
immunoprecipitation (Co-IP) of wild type sortilin, M6PR, and dominant-negative
sortilin. Co-IP for the dominant-negative sortilin required transfection with the
truncated sortilin-myc construct. Cells were harvested 24 hours post transfection or
once they had obtained 100 % confluency in the case of non-transfected cells. The cells
were lysed in 1 ml of lysis buffer (50 mM Tris-HCI (pH 6.0), 0.15 M NaCl, 0.5% NP-40
- and a protease inhibitor cocktail (Roche, Laval, QC, CAN)) and pre-cleared using 50 pl
of protein A or protein G Sepharose beads (Amersham Biosciences, Piscataway, NJ,
USA). The supernatants were subsequently incubated with 50 pl of protein A Sepharose
beads coupled to either anti-cathepsin B or prosaposin antibody at 4°C overnight. For
Co-IP with cathepsins D, H, K, and L, the cell supernatants were incubated overnight at
4°C with 50 pl of protein G Sepharose beads coupled to anti-cathepsin D, H, K, or L
antibody. The beads were then washed three times with PBS and boiled in 45 pl of 3 X
SDS-PAGE sample buffer. Proteins were separated on a 10 % SDS-PAGE gel,
transferred to a nitrocellulose membrane and visualized by immunoblotting with mouse
monoclonal anti-myc, aﬁti-sortilin or rabbit polyclonal anti-M6PR antibodies diluted to
1:1000. Protein was detected with the appropriate secondary antibodies coupled to HRP
followed by ECL Plus Western Blotting Detection System (Amersham Biosciences,

Piscataway, NJ, USA) and Kodak BioMax Light Film.
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Confocal Microscopy I: Localization of Sortilin and Soluble Lysosomal Proteins

COS-7, ICD, or wild type human fibroblast cells were seeded onto cover slips
24 hours prior to transfection with wild type or truncated sortilin-myec. Twénty four
hours post-transfection the cells were washed twice with 1 X PBS and fixed for 10
minutes in 4 % paraformaldehyde. Another 3 washes with PBS were done before the
cells were permeabilized with 0.25 % Triton X-100 for 5 minutes. Blocking was
performed for 1 hour in 3 % goat or rabbit serum and 0.1 % Triton X-100. Primary
antibody incubation was performed at a 1:150 dilution overnight at 4°C in the case of
cathepsins B, D, H, and L. For anti-myc, anti-golgin-97, anti-cathepsin K, and rabbit
or mouse anti-LAMP-1 primary antibodies, the concentration used was 1:200 under
similar conditions. Anti-prosaposin antibody was used at a concentration of 1:350.
After incubation with the primary antibodies, the cells were washed three times for 5
minutes with PBS. Incubation of the cells with the appropriate Alexa-conjugated
secondary antibodies (Alexa 488 green or Alexa 594 red) diluted to 1:300 was
performed for 1 hour at room temperature. The cells were washed again 3 times for 5
minutes with PBS and treated with 300 pl of 0.007 pg/pl Hoeschst 33342.
Subsequently, the cells were washed 3 times with PBS and once with water. The
cover slips were mounted onto slides using Geltol (Thermo Electron Corporation,
Waltham MA, USA). The immunofluorescent staining was visualized with an LSM
510 confocal microscope (Carl Zeiss, Montreal, QC, CAN). The number of LAMP-1
positive compartments per cell area was assessed quantitatively using AxioVision LE
4.6 (Carl Zeiss, Montreal, QC, CAN). The cell area was measured and expressed as

number of pixels within the perimeter of demarcated randomly chosen cells.
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The Effect of Sortilin Inhibition on Soluble Lysosomal Proteins

Confocal Microscopy

COS-7 cells stably expressing sortilin shRNA were fixed in 4 %
paraformaldehyde and compared to mock transfected cells. These cells were
permeabilized, blocked, and stained for prosaposin, cathepsins B, D, H, K, and L as
described above. Similarly, lysosomes were visualized using anti-LAMP-1 antibody,
followed by secondary antibody conjugated to Alexa 594 (red). The
immunofluorescent staining was visualized with an LSM 510 confocal microscope
(Carl Zeiss, Montreal, QC, CAN). The number of LAMP-1 positive compartments
per cell area was assessed by AxioVision LE 4.6 (Carl Zeiss, Montreal, QC, CAN).

The cell area was measured and expressed as number of pixels.

Pulse-Chase Analysis

COS-7 cells stably expressing sortilin sShRNA were washed twice with 1 X
PBS and starved for 30 minutes in 5 ml of methionine-free, cysteine-free DMEM
(Invitrogen, Burlington, ON, CAN) supplemented with 5 % dialyzed FBS. The cells
were pulse-labeled for 30 minutes in 4 ml medium supplemented with 1023 pCi/ml
'[35 S] methionine (Amersham Biosciences, Piscataway, NJ, USA). The chase was
performed using DMEM containing 10 % FBS, 5 nM unlabeled methionine and 2.5
nM unlabeled cysteine for 0, 30, 60, and 90 minutes. Following this, culture medium
was collected, and pre-cleared with 50 ul of protein A or G Sepharose beads
(Amersham Biosciences, Piscataway, NJ, USA) by incubation at 4°C for 2 hours.

Meanwhile, the cells were washed twice with PBS and collected. They were lysed on
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ice for 30 minutes in 500 pl of lysis buffer (50 mM Tris-HCI (pH 6.0), 0.15 M NaCl,

0.5% NP-40 and a protease inhibitor cocktail (Roche, Laval, QC, CAN)). The cell
extracts were also pre-cleared with 50 pl of protein A or G Sepharose beads by
incubating at 4°C for 2 hours. Both the pre-cleared medium and cellular supernatants
were incubated with 50 pl of protein A Sepharose beads coupled to either anti-
prosaposin or anti-cathepsin B antibody at 4°C overnight. Protein G Sepharose beads
coupled to anti-cathepsins D, H, K, and L were also used for immunoprecipitation.
The ifnmuno-complexed beads were washed with PBS and the complex eluted from
the protein Sepharose beads with 45 pl of 3 X SDS-PAGE sample buffer. The
samples were boiled for 10 minutes at 100°C in a salt bath before being resolved on a
10 % SDS-PAGE gel and transferred to a 0.45 pm nitrocellulose membrane (BioRad,
Hercules, CA, USA). The membranes were then analyzed by autoradiography. The
experiment was repeated 3 times and results of these were quantified using Quantity

One 4.3.1 from BioRad (Hercules, CA, USA).

Isolation of Detergent-Resistant Membranes: Mutational Analysis of Amino
Acids Implicated in Localization to Detergent-Resistant Membranes

TM4 Sertoli cells were transfected with wild-type sortilin-myc 24 hours prior
to fractionation. COS-7 cells were transfected with: an empty pcDNA3.1 vector, the
wild type albumin-D-domain-C-terminus prosaposin chimera, the albumin-D-domain
prosaposin chimera, the albumin-C-terminus prosaposin chimera, or the mutant
albumin-prosaposin chimeras (E463K, or E491K). Additionally, similar cells were

co-transfected with the wild type albumin-D-domain-C-terminus prosaposin chimera
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and sortilin shRNA. Ten 100 mm plates of cells were transfected with each type of

construct. Twenty four hours post-transfection, when the ceils had obtained
approximately 90 % confluency, they were washed three times with ice cold 1 X PBS,
scraped, and centrifuged for 5 minutes at 1000 rpm at 4 °C. The cellular pellet
(approximately 5 mg of cells) was resuspended in 1.33 ml of buffer A (50 mM Tris-
HCL, pH 7.5, 150 mM NaCl, and 1 % cold Triton X-100 detergent). The solution was
homogenized by 10 strokes in a glass homogenizer and incubated for 60 minutes on
ice before being diluted in a 1:1 ratio with 80 % sucrose in a solution of buffer B (50
- mM Tris-HCL, pH 7.5 and 150 mM NaCl). The homogenate was loaded into an 8 ml
ultra-clear ultracentrifuge tube and overlayed with 2.6 ml of 30 % and 10 % sucrose.
This suspension was centrifuged overnight at 4 °C using an SW41 rotor at 100,000 x g
(25 000 rpm). The gradients were then aliquoted into 11 equal fractions of 750 pl
each from the top of the tube (Figure 25A). The protein concentration of the eleven
fractions was normalized by dilution in water. The fractions were analyzed by
separation on. a 10 % acrylamide gel and subsequently transferred to 0.45 pum
nitrocellulose membrane and immunoblotted with the appropriate antibodies. The
albumin-prosaposin constructs were detected using anti-myc antibody. The presence
of DRMs was determined by detection with anti-flotillin-1 antibody, and was co-
localized with anti-sortilin antibody.
6o-immunoprecipitation II: The Interaction of Cytosolic Adaptors with Sortilin
COS-7 cells were transfected with wild type sortilin-myc, Y14A-or L17A

sortilin-myc constructs, or pcDNA3.1B as a control. Twenty four hours subsequent to
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transfection, the cells were washed with 1 X PBS, harvested and lysed for 30 minutes

in 1 ml of lysis buffer (50 mM Tris-HCI (pH 6.0), 0.15 M NaCl, 0.5% NP-40 and a
protease inhibitor cocktail (Roche, Laval, QC, CAN)). The cell lysate was pre-cleared
using 50 pl of protein A Sepharose beads (Amersham Biosciences, Piscataway, NJ,
USA). To examine the interaction between the sortilin-myc constructs and Vps26 or
v-adaptin, immunoprecipitation was accomplished by incubating the cellular
supernatants with 50 pl of protein A Sepharose beads coupled to anti-myc antibody at
4°C overnight. The resulting complexes were then washed three times with PBS and
boiled in 45 pl of 3X SDS-PAGE sample buffer. Proteins were separated on a 10 %
SDS-PAGE gel, transferred for 2 hours to a 0.45 pum nitrocellulose membrane and
visualized by immunoblotting with either anti-Vps26 diluted to 1:5000 or anti-y-
adaptin antibody diluted to 1:2500. Anti-rabbit and anti-mouse secondary antibodies

coupled to HRP were used at a dilution of 1:10000.

Yeast two-hybrid Assay

The sortilin C-terminal tail (residues 779-831) was subcloned into either the
pB42AD or pGAD424 vector. Truncation mutations were obtained by inserting a stop
codon after residue 789, 799, 809 or 819. Vps26, Vps29 and Vps35 were cloned into
the pLexA, pGAD424 or pGBKT7 vectors. The co-transformed yeast strains were
plated on synthetic medium plates lacking leucine and tryptophan (GAL4, two-hybrid)
or lacking histidine and tryptophan (LexA, two-hybrid). Colonies after 72 hours of

growth were re-plated on synthetic medium plates lacking leucine, tryptophan and
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histidine (GAL4, two-hybrid) or lacking histidine, tryptophan and leucine (LexA, two-

hybrid).

Confocal Microscopy II: Localization of Sortilin Mutant Constructs

Cells were seeded onto cover slips and transfected 24 hours later with wild
type sortilin, Y14A or L17A sortilin-myc constructs using Polyfect according to
manufacturer’s protocol described above (Qiagen, Mississauga, ON, CAN). The cells
were incubated for 24 hours before being fixed, permeabilized, and blocked as
described above. Primary antibody incubation was performed at 4 °C overnight using
anti-myc, antibody at 1:250 and anti-LAMP-1 antibody at 1:200. After incubation
with the primary antibodies, the cells were washed three times with PBS and
incubated with Alexa-conjugated secondary antibody diluted to 1:300 for 1 hour at
room temperature. The cells Were then washed three times with PBS and treated with
300 pl of Hoeschst 33342 as previously described. The cover slips were again washed
with PBS, double-distilled water, and mounted onto slides using Geltol (Thermo
Electron Corporation, Waltham MA, USA). The immunofluorescence staining was

visualized with an LSM 510 confocal microscope (Carl Zeiss, Montreal, QC, CAN).

Cycloheximide-Chase: Sortilin Stability

COS-7 cells expressing control, Vps26 or ulA siRNA were trypsinized 72
hours post-transfection. A cellular suspension of each was incubated for 0,2,4,0r6
hours in a solution of complete DMEM, 25 mM HEPES, pH 7.4, and 40 ug/ml

cycloheximide. After incubation, the cells were centrifuged at 2000 x g in a benchtop
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centrifuge for 10 minutes at 4 °C. Subsequently, the cells were lysed for 30 minutes

and prepared in loading buffer as described above. Samples were run on a 10 %
acrylamide gel, transferred to a nitrocellulose membrane, and immunoblotted for

sortilin as previously described.

Confocal Microscopy II1: Localization of Sortilin and its Ligands in the Absence
of Cytosolic Adaptors

The effect of Vps26 (retromer) or pl1A (AP-1) inhibition by siRNA on sortilin
localization was analyzed by confocal immunomicroscopy and compared to mock
transfected cells. Cells were seeded onto cover slips and immediately transfected with
the siRNA using Hiperfect according to manufacturer’s protocol described above
(Qiagen, Mississauga, ON, CAN). 48 hours post-transfection with the siRNA, the
cells were transfected with a sortilin-myc construct and washed twenty four hours later
with PBS and fixed for 10 minutes in 4 % paraformaldehyde. The cells were then
permeabilized with 0.25 % triton X-100 for 5 minutes. Blocking was performed for 1
hour in 3 % goat serum and 0.1 % Triton X-100. Primary antibody incubation was
performed at a 1:300 dilution overnight at 4°C for anti-myc, anti-prosaposin, anti-
cathepsin B, anti-LAMPI1, anti-y-adaptin and, anti-Vps26p antibodies.  After
incubation with the pﬁmary antibodies, the cells were washed three times with PBS
and incubated with Alexa-conjugated secondary antibodies diluted to 1:300 for 1 hour
at room temperature. The cells were then washed three times with PBS and treated
with 300 pl of 0.007 pg/ul Hoeschst 33342 for 10 minutes. The cells were again

washed three times with PBS and once with double-distilled water. The cover slips
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were mounted using Geltol (Thermo Electron Corporation, Waltham MA, USA). The

immunofluorescence staining was visualized with an LSM 510 confocal microscope

(Carl Zeiss, Montreal, QC, CAN).

Pulse-Chase Analysis II: The Effect of Retromer and AP-1 Inhibition on Ligand
Secretion

COS-7 cells were transfected with control, Vps26, or ul1A siRNA in 100 mm
plates. 72 hours post-transfection, the cells were washed with sterile PBS and
subsequently starved for 30 minutes in 4 ml of methionine-free, cysteine-free DMEM
(Invitrogen, Burlington, ON, CAN) supplemented with 5 % dialyzed fetal bovine
serum. The cells were pulse-labeled for 30 minutes in 4 ml medium supplemented
with 1023 pCi/ml [*°>S] methionine (Amersham Biosciences, Piscataway, NJ, USA).
The chase was carried out using DMEM with 10 % fetal bovine serum, 5 nM
unlabeled methionine and 2.5 nM unlabeled cysteine for 0, 30, 60, and 90 minutes.
The culture medium was subsequently collected into new tubes and pre-cleared with
50 i of protein A Sepharose beads at 4°C for 1 hour. The media was then incubated
with 50 pl of protein A Sepharose beads coupled to antibody. Immunoprecipitation
was performed using anti-prosaposin or anti-cathepsin B antibody at 4°C overnight.
The beads were then washed three times with PBS and the proteins eluted from the
immuno-complexed beads with 45 pl of 3X SDS-PAGE sample buffer. The samples
were boiled for 10 minutes at 100°C and subjected to reducing SDS-PAGE to be

analyzed by autoradiography. This procedure was repeated 3 times and the results
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were averaged and quantified using the Quantity One program from BioRad

(Hercules, CA, USA).
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Table 2. Sortilin Mutant Construct Primers. List of the primers employed to

generate the Y14A, L17A, and FLV-807-809-AAA sortilin mutant constructs using

the QuikChange kit from Stratagene.
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Y14A 5’-TTC CTG GTG CAT CGA GCC TCT GTG CT -3°

L17A 5’- ATC GAT ACT CTG TGG CGC AGC AGC AT -3’

FLV-807-809- 5'- GAA ATA TGT CTG TGG GGG AAG GGC CGC GGC
AAA GCATCG ATA CTC TGT GCT GCA G -3
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Figure A. Sortilin and Truncated Sortilin Constructs. Schematic diagram of wild

type sortilin in the trans-Golgi (TGN) membrane (A). Sortilin interacts with the VHS
domain of the monomeric GGA adaptor proteins via an acidic cluster dileucine signal
in its cytosolic tail. GGA adaptor proteins are subsequently responsible for the
recruitment of clathrin and accessory proteins implicated in clathrin-coated vesicle
formation and trafficking. A sortilin construct that lacks its cytosolic domain is unable
to interact with GGA adaptors and is therefore retained in the TGN (B). The truncated
sortilin construct possesses a myc tag (B). Modified from Current Opinion in Cell

Biology (Robinson et al., 2001).



Chapter 3

Page 66

A)

TGN membrane

Sortilin

Curront Opinian in Ced Biology

B)

Current Cranion in Col Biclogy



Chapter 3 Page 67
Figure B. Chimeric Albumin-Prosaposin Constructs. Schematic representation of

albumin linked to the prosaposin D-domain as well as the prosaposin C-terminus
(Alb/D/C-term) (A). Chimeric constructs consisting of albumin and only the C-
terminus of prosaposin (B) or the D-domain of prosaposin (C) were utilized to
examine which domain of prosaposin is important for its association with detergent-

resistant membranes (DRMs).
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Chapter 4: Results Part 1

Luminal Ligands of Sortilin (Cargo Proteins)
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Expression of Sorting Receptors and Lysosomal Proteins

Rationale: To verify the expression of endogenous lysosomal proteins and
sorting receptors within COS-7, ICD, and wild type human fibroblasts Western blot
analysis was conducted. Cathepsins are synthesized as pre-pro-enzymes in the ER,
processed to pro-enzymes which are transported through the Golgi, and are finally
cleaved into mature enzymes within the lysosomal compartment (Hasilik, 1992). It is
therefore important to validate the ability of the antibodies used in this investigation to
detect the appropriate form of the cathepsins (ie. the pro-forms that bind sorting
receptors in the TGN).

Experimental Results: Lysates from COS-7, ICD, and wild type human
fibroblasts were boiled in 6 X sample buffer and resolved on a 10 % acrylamide gel
prior to being transferred to nitrocellulose membrane. The sorting receptors, sortilin
and M6PR, were detected with anti-sortilin and anti-M6PR antibodies producing
bands at 100 kDa and 300 kDa respectively in all three cell lines (Figure 1A and 1B).
LAMP-1, a frequently utilized marker of lysosomes, was also present in all three cell
types as a single 70 kDa band (Figure 1C). SAPs, prosaposin and GyAP, were
detected in all cell lines in 2 different forms: prosaposin as both its intracellularly
destined 68 kDa form and as its 70 kDa secretory form and GwpAP as 27 kDa
immature and 22 kDa mature forms (Figure 1D and 1E). Anti-Cathepsins D and H
antibodies also produced bands representative of their immature and mature lysosomal
forms in COS-7, ICD, and wild type human fibroblasts (Figure 1G and 1H).
Cathepsin B was identified in its 37 kDa immature form in all three cell types but only

in its 25 kDa mature form in COS-7 and wild type human fibroblasts (Figure 1F).
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However, while all three cells lines possessed the immature forms of cathepsins K and

L (39 kDa and 37 kDa respectively), only wild type human fibroblasts contained
mature cathepsin K (27 kDa) whereas mature cathepsin L (27 kDa) was found
exclusively in COS-7 cells (Figure 1I and 1J). These results confirm the presence of
the sorting receptors and lysosomal proteins in their appropriate forms in the cell lines

of interest in this study.

The Interaction of Soluble Lysosomal Proteins and Soﬁing Receptors

Rationale: It is well established that the transport of cathepsin B from the TGN
to the lysosomes is dependent on the M6PR (Lobel et al., 1989). The transport of
other cathepsins, including cathepsins D, H, K, and L, remains in question. While, the
trafficking of cathepsin D is in part dependent on the M6PR, the transport of cathepsin
H appears to be independent of this sorting receptor (Rijnboutt et al., 1991b; Tanaka et
al., 2000). Similarly, the ability of cathepsins K and L to interact with and traffic to
the lysosomes by the M6PR has been questioned (Claveau and Riendeau, 2001;
Gottesman, 1978). To investigate whether or not sortilin or the M6PR bind the
cathepsins in question, co-immunoprecipitation assays were performed using the
lysates of COS-7, wild type human fibroblasts, or ICD cells. Cathepsin B, a well
known ligand of the M6PR, was used as a negative control. Prosaposin, a SAP and
established ligand of sortilin, was examined as a positive control (Lefrancois et al.,
2003).

Experimental Results: The binding of cathepsins to the sorting receptors was

initially examined in COS-7 and wild type human fibroblasts. In these cell lines, as
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expected, when anti-prosaposin antibody was conjugated to protein A Sepharose

beads, it was capable of immunoprecipitating sortilin, but not the M6PR (Figures 2A
and 3A). Contrary to this, the negative cpntrol, anti-cathepsin B antibody coupled to
protein A Sepharose beads, was capable of immunoprecipitating the M6PR, but not
sortilin (Figures 2B and 3B). When examined by Co-IP, both cathepsins D (Figures
2C and 3C) and H (Figures 2D and 3D) were capable of interacting with sortilin and
pulling it out of the cell lysate. However, cathepsin D (Figures 2C and 3C) also
immunoprecipitated the M6PR, producing a band at 300 kDa whereas cathepsin H
(Figures 2D and 3D) was incapable of binding the M6PR in these Co-IP assays.
Cathepsins K (Figures 2E and 3E) and L (Figures 2F and 3F), like cathepsin B, were
seen here to bind to the M6PR but not the sortilin sorting receptor.

In ICD fibroblasts the phosphotransferase implicated in the addition of M6P
tags to ligands of the M6PR is mutated. Consequently, ligands of the M6PR fail to
recognize and bind to this sorting receptor (Reitman et al., 1981). When Co-IP was
performed using ICD fibroblasts, none of the soluble lysosomal proteins examined
were found to bind the M6PR (Figure 4A-4F). However, prosaposin, as well as
cathepsins D and H were found to interact with sortilin as in COS-7 and wild type
human fibroblasts (Figure 4A, 4C, and 4D).

Similar experimenté were conducted in all three cells transfected with a
truncated sortilin-myc construct. This dominant-negative construct of sortilin lacks its
cytosolic domain Wﬁch contains an acidic-cluster dileucine signal that has previously
been demonstrated to be essential in the interaction of sortilin with the GGA adaptor

proteins and in turn for lysosomal targeting (Lefrancois et al., 2003; Nielsen et al.,
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2001). When the Co-IP of truncated sortilin-myc was performed using anti-

prosaposin (Figures 2A, 3A, and 4A) or anti-cathepsin B (Figures 2B, 3B, and 4B), D
(Figures 2C, 3C, and 4C), H (Figures 2D, 3D, and 4D), K (Figures 2E, 3E, and 4E), or
L (Figures 2F, 3F, and 4F) antibodies, the results obtained were similar to those for
wild type sortilin. Co-IP with prosaposin (Figures 2A, 3A, and 4A) and cathepsins D
(Figures 2C, 3C, and 4C) and H (Figures 2D, 3D, and 4D) produced bands at 95 kDa.
Thus, the deletion of the cytosolic domain of sortilin did not disturb the interaction

with its ligands.

Effect of Truncated Sortilin on the Transport of Soluble Lysosomal Proteins

Rationale: To investigate if sortilin is implicated in the lysosomal targeting of
cathepsins D, H, K or L, COS-7 and wild type human fibroblasts were transfected with
the myc-tagged truncated sortilin construct. The effect of transfection on the transport
of the lysosomal proteins was analyzed by confocal microscopy. Typically sortilin is
localized to both the perinuclear Golgi region and punctate lysosomal structures
(Figure 5A, and 5C). Without its cytosolic tail sortilin can not bind GGA adaptor
. proteins but retains its ability to bind ligands via its luminal domain (Lefrancois et al.,
2003). Thus, truncated sortilin and its ligands have been shown to remain in the Golgi
apparatus (Figure 5B, and 5D) (Lefrancois et al., 2003).

Experimental Results: COS-7 and human skin fibroblast cells expressing the

truncated sortilin construct were compared to untransfected cells for the distribution of
prosaposin and cathepsins B, D, H, K, and L (Figures 6, 7, 8,9, 10 and 11). In order

to examine the lysosomal localization of the soluble lysosomal proteins in question,
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their distribution was compared to that of LAMP-1, an integral membrane protein

localized to lysosomes, and the truncated sortilin-myc construct. Prosaposin (green)
was found in the perinuclear region of untransfected cells, as well as in punctate
lysosomal structures labeled in red with LAMP-1 (Figure 6A, and 6D). Truncated
sortilin-myc abolished the presence of prosaposin in the lysosomes of both cell lines
(Figure 6C and 6F) and caused retention of prosaposin in the TGN along with
truncated sortilin-myc (Figure 6B and 6E). Cathepsin B (green) was unaffected by the
truncated sortilin-myc construct as is seen by its presence in compartments labeled in
red with LAMP-1 of both untransfected and transfected cells (Figures 7A-7F).
Transfected and untransfected cells were also stained for cathepsins D (Figure
10), H (Figure 11), K (Figure 8), or L (Figure 9) and then incubated with secondary
antibody conjugated to Alexa 488 (green). Similar to cathepsin B, the lysosomal
. localization of cathepsins K (Figure 8) and L (Figure 9) in transfected cells was not
altered as compared to untransfected cells (Figures 8 and 9). Untransfected cells
stained with anti-cathepsin D (Figure 10A, and 10D), or anti-cathepsin H (Figure 11A,
and 11D) antibodies revealed the presence of cathepsins D and H in punctate
lysosomal structures that overlapped with LAMP-1 (red). On the other hand, anti-
cgthepsin D (Figure 10C, and 10F) and anti-cathepsin H (Figure 11C, and 11F)
antibodies did not yield a granular staining in cells expressing truncated sortilin but
yielded a green fluorescence in the perinuclear region that overlapped with truncated
sortilin-myc (Figures 10B, 10F, 11B, and 11F). However, while expression of
truncated sortilin entirely abolished the presence of cathepsins D and H in LAMP-1

positive compartments, it did not significantly affect the overall number of lysosomes
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labeled with LAMP-1 as was seen by immunofluorescence. The number of LAMP-1

positive compartments per cell area, expressed as number of pixels, was similar

between untransfected (0.14 £ 0.03) and transfected cells (0.14 = 0.02).

Assessment of Sortilin shRNA Knockdown

Rationale: To investigate the fate of sortilin ligands in the absence of the
sortilin sorting receptor, shRNA specific to sortilin was generated. Based on previous
results from chemically synthesized siRNA, a sequence with no known homologies
other than to sortilin (AAGGTGGTGTTAACAGCAGAG) was selected for the
shRNA (Lefrancois et al., 2003). This sequence was subcloned into the pSilencer 3.1
H1-neo vector and stably expressed in COS-7 cells by selection with neomycin. _In
order to assess the efficiency of this shRNA knockdown of sortilin, RT-PCR and
Western blot analysis were performed.

Experimental Results: Efficiency of the shRNA knockdown was first assessed

by RT-PCR. The products of RT-PCR were electrophoresed in a 1.5% (w/v) agarose
gel containing 0.5% ethidium bromide. While the mock transfected cells expressed
sortilin mRNA (200 bp), cells expressing sortilin shRNA did not express sortilin
mRNA or protein (Figure 12A). In both instances the levels of B-actin' (270 bp)
remained constant (Figure 12A). Subsequently, the lysate of COS-7 of similar cells
was resolved on a 10 % acrylamide gel and transferred to nitrocellulose membrane.
Blotting with an anti-sortilin antibody yielded a 100 kDa band in the mock transfected
cells but none in cells expressing sortilin SARNA (Figure 12B). However, the levels of

B-actin remained the same in both mock and shRNA transfected cells (Figure 12B).
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Thus, the sortilin shRNA specifically inhibited expression of sortilin mRNA and

protein.

Effect of Sortilin Inhibition on the Transport of Soluble Lysosomal Proteins

Rationale: To determine the effect of sortilin inactivation on the lysosomal
transport of cathepsins D, H, K and L, COS-7 cells stably transfected with sortilin
shRNA were examined both by confocal microscopy and pulse-chase. The objective
of these experiments was to test the hypothesis that in absence of sortilin, soluble
lysosomal proteins whose sole means of lysosomal transport is sortilin would be
secreted from the cells. Therefore by confocal microscopy, it is predicted that the
staining of sortilin’s ligands will be abolished. Alternatively, we hypothesized that
sortilin's ligands will be found in increased amounts in the extracellular milieu by
pulse-chase analysis. Prosaposin, a known sortilin ligand, was used as a positive
control. Cathepsin B, a known M6PR ligand, was used as a negative control.

Experimental Results: For confocal analysis, cells were fixed with 4 %

paraformaldehyde and immunostained with anti-LAMP-1 antibody to visualize the
lysosomes, as well as with anti-cathepsins B, D, H, K or L antibodies or with anti-
prosaposin antibody followed by incubation with secondary antibody conjugated to
Alexa 488 or 594 in the case of LAMP-1 (Figures 13, 15, 16, 17, and 18). The typical
granular and perinuclear staining of prosaposin and cathepsin H in mock transfected
cells (Figures 13A and 16A) was absent in COS-7 cells stably transfected with sortilin
shRNA (Figures 13B and 16B). The granular cytoplasmic staining of anti-cathepsins

B, D, K, and L antibodies was unaffected by the absence of sortilin (Figures 13C,
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13D, 15A, 15B, 17A, 17B, 18A and 18B). In these experiments, the number of

lysosomes labeled with LAMP-1 per cell area, expressed as number of pixels, did not
vary between mock (0.13 =+ 0.04) and sortilin shRNA (0.15 + 0.03) transfected cells.
Similar cells also stably expressing SiIRNA were pulsed with [>°S] methionine-
cysteine and chased with DMEM. Immunoprecipitation of both the cell lysates and
culture medium was done at 0, 30, 60, and 90 minutes using anti-prosaposin (Figure
14A), or anti-cathepsins B, D, H, K, or L antibodies (Figures 14B, 15C, 16C, 17C, and
18C). The resulting immunoprecipitates were resolved on 10 % SDS-PAGE gels and
visualized by autoradiography. The results were compared to immunoprecipitations of
cell lysates and medium from cells that were mock transfected. Ablation of sortilin
resulted in increased secretion of prosaposin in its secretory form (70 kDa), as well as
induction of secretion of its cellular form (68 kDa) (Figure 14A). Similar results were
obtained for cathepsin H (Figure 16C), but no significant effect on the secretion of
cathepsins B, D, K, or L (Figures 14B, 15C, 17C, and 18C) was observed when

quantified using Quantity One 4.3.1 from BioRad.

Effect of Dominant-Negative Truncated Sortilin in ICD Cells

Rationale: To better understand the role of sortilin and the M6PR in the
trafficking of soluble lysosomal proteins, cells in which both the sortilin and the
M6PR pathways are blocked were examined here. Fibroblasts from ICD patients have
an impaired M6PR pathway, leading to the secretion of many soluble lysosomal

hydrolases, such as cathepsin B, into the extracellular milieu. In these experiments,
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ICD fibroblasts were transfected with the truncated sortilin-myc construct in order to

inhibit the sortilin sorting pathway (Figure 5E, and 5F).

Experimental Results: ICD cells transfected with truncated sortilin-myc were

fixed 24 hours post-transfection and compared to untransfected cells. Cells were
stained with anti-prosaposin and anti-cathepsins B, D, H, K and L antibodies (green)
(Figures 19, 20, 21, 22, 23, and 24). Lysosomes were visualized using anti-LAMP-1
antibody (red). Prosaposin was observed in the perinuclear region and in punctate
LAMP-1 positive structures of untransfected cells (Figure 19A). Conversely,
prosaposin was exclusively localized in the perinuclear region of cells expressing
truncated sortilin-myc (Figure 19B and 19C). On the other hand, in both transfected
and untransfected ICD fibroblasts, cathepsin B staining (green) was diffuse and
presented no punctate lysosomal structures (Figure 20).

When cathepsins K and L were examined, it was found that cathepsins K
(Figure 21) and L (Figure 22) both localized to structures stained with LAMP-1 in
untransfected (Figures 21A and 22A) and transfected ICD cells (Figures 21B, 21C,
22B and 22C). However, as with prosaposin, cathepsin D (Figure 23) and H (Figure
24) staining was found in LAMP-1 positive compartments in untransfected ICD cells
(Figures 23A and 24A) but excluded from these structures in cells transfected with
truncated sortilin (Figures 23C and 24C). In cells expressing truncated sortilin,
cathepsins D and H were retained in the perinuclear region along with the truncated
sortilin-myc construct (Figure 23B and 24B). Again in these experiments, the total

number of LAMP-1 positive compartments per cell area, expressed as number of
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pixels, contained within the boundaries of demarcated cells, was similar in

untransfected (0.10 £ 0.02) and truncated sortilin-myc transfected cells (0.09 = 0.01).

Mutational Analysis of Amino Acids Implicated in Localization to Detergent-
Resistant Membranes (DRMs)

Rationale: Sphingomyelin synthesis is catalyzed by sphingomyelin-synthase,
an enzyme on the luminal leaflet of Golgi membranes that transfers phosphorylcholine
to ceramide. Prosaposin, a SAP, not only requires the presence of sortilin, but also of
sphingomyelin for its translocation to the lysosomal compartment (Lefrancois et al.,
2002). Depletion of sphingomyelin with D-609, a substance that binds to
sphingomyelin synthase and interferes with the conversion of ceramide to
sphingomyelin, resulted in the inhibition of the lysosomal transport of prosaposin
(Lefrancois et al., 1999). Since sphingomyelin is found in DRM microdomains, this
experiment was designed to test the hypothesis that sortilin and its ligands reside in
DRM domains in COS-7 cells. Flotillin-1 was used as a marker for DRMs.

Furthermore, in an attempt to identify the regions and specific amino acids
implicated in the localization of prosaposin to sphingomyelin-rich microdomains,
chimeric prosaposin constructs were also examined by fractionation of DRM:s.
Previous results from our laboratory have linked the delivery of prosaposin to the
lysosomes, not only to an interaction with sphingomyelin, but to its D-domain and C-
terminus regions (Lefrancois et al., 1999; Zhao and Morales, 2000). Therefore
chimeric constructs consisting of albumin and the D-domain of prosaposin alone or in

conjunction to the C-terminus were examined along with an albumin-C-terminus
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construct. These constructs were used to determine conclusively which domain of

prosaposin mediates its interaction with DRMs.

Finally, specific negatively-charged amino acids in the D-domain of a chimeric
construct consisting of albumin and both the D-domain and C-terminus of prosaposin
were mutated (E463K and E491K) and examined by DRM fractionation. This was
done to test the hypothesis that negatively-charged amino acids in prosaposin mediate
the interaction of prosaposin with the positively-charged head-groups of
sphingomyelin in DRMs. Hypothetically this interaction would bring prosaposin into
proximity of sortilin allowing the binding of prosaposin to its sorting receptor.
Previous analysis of the ability of E463K and E491K mutant constructs to interact
with sortilin revealed that their binding was unaffected, although mutant construct
E463K showed defective lysosomal sorting (unpublished results). Here we examine
whether the defective lysosomal sorting observed with prosaposin mutant E463K is
due to an inability to interact with DRM:s.

Experimental Results: To investigate the subcellular localization of sortilin
and its newly identified ligands, a DRM isolation assay was done using TM4 Sertoli
cells transfected with wild-type sortilin-myc. The choice of TM4 cells for this
experiment was based on the morphological presence of a robust Golgi apparatus and
a large number of lysosomes. Fractions 1 - 8 (10 % - 30 % sucrose gradient)
contained the insoluble detergent membrane fractions. Lipid-rafts are generally
concentrated around fractions 4 and 5. Fraction 9-10 (40 % sucrose gradient)
represented the soluble protein fraction. Fraction 11 was the cell pellet which

typically contains insoluble cell debris and cytoskeletal elements (Figure 25A). The
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fractions were resolved on a 4-12 % Bis-Tris gradient gel, transferred to a

nitrocellulose filter, and subsequently immunoblotted with anti-cathepsin B, D, and H,
anti-prosaposin, anti-sortilin, and anti-M6PR antibodies (Figure 25B). As a marker
for lipid-rafts, the fractions were also blotted with anti-flotillin-1 antibody (Figure
25B). Flotillin-1 (47 kDa) was found to be concentrated in fractions 4 and 5. Bands
were detected in lipid raft fractions 3, 4, 5, and 6 when anti-sortilin (100 kDa), anti-
prosaposin (68 kDa), anti-cathepsin D (47 kDa) antibodies were used. Anti-cathepsin
H (37 kDa) antibody yielded bands in DRM fractions 4 and 5. The M6PR (300 kDa)
and its ligands, cathepsin B (37 kDa), were both found in soluble protein fraction 9.

A similar technique was employed with COS-7 cells to identify the domains
within prosaposin that mediate its association with DRMs. COS-7 cells were
transfected with the chimeric albumin-prosaposin constructs (Figure 26B, 26C, and
26D) and compared to cells transfected with only pcDNA3.1 (Figure 26A). The
positive control was a chimeric construct consisting of albumin and both the D-
domain and C-terminus of prosaposin. This construct was detected using anti-myc
antibody and found to be present in fractions 6 to 11 as bands of approximately 80
kDa (Figure 26B), whereas no bands were detected with the anti-myc antibody in cells
transfected with pcDNA3.1 (Figure 26A). Interestingly, the construct consisting of
albumin and only the D-domain of prosaposin demonstrated very little localization to
DRMs and was found in only fractions 9 through 11 as a 70 kDa band (Figure 26C).
The albumin-C-terminus construct was present in DRM fractions 6-11 as a 70 kDa
band (Figure 26D). In all of the above instances, sortilin was found between fractions

7 to 11 at 100 kDa, and flotillin-1 in fractions 5 through 7 at 47 kDa (Figure 26).
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Thus, the albumin chimeric constructs containing the C-terminus of prosaposin

(Figure 26B and 26D) were localized in DRMSs, whereas the constructs lacking the C-
terminus (Figure 26 A and 26C) were excluded from DRM:s.

The above technique was also exploited to examine the distribution of the
prosaposin mutant constructs, E463K and E491K, in DRM fractions. The E463K
mutant construct was found as an 80 kDa band in fractions 5-11, whereas E491K was
present in fractions 6-11 as similarly sized bands (Figure 27A and 27B). Similarly,
COS-7 cells transfected with E463K and E491K mutant constructs were found to have
sortilin present in the same fractions as the mutant constructs, as well as flotillin-1 in
fractions 3 and 4 (Figure 27A and 27B). Consequently our experiments showed that
the E463K and E491K mutations had no effect on the distribution the chimeric
constructs to DRMs and implied that the D-domain of prosaposin is not essential in
mediating the localization of prosaposin to DRMs. This was confirmed by examining
the distribution of the un-mutated chimeric construct that contained both the D-domain
and C-terminus of prosaposin when the cells were depleted of sortilin using shRNA
(Figure 27C). In cells in which sortilin expression was abolished, the chimeric
construct was present in fractions 9-11 (Figure 27C). This result suggests that without

sortilin, the localization of prosaposin to DRMs is hindered.
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Figure 1. Expression of Lysosomal Sorting Receptors and Proteins. Lysates from

COS-7, wild-type human skin fibroblasts, and ICD fibroblasts were probed for
expression of sorting receptors and lysosomal proteins by Western blotting. In all
three cell lines tested, sortilin was detected as a 100 kDa band, whereas the M6PR was
observed at 300 kDa (A and B). An anti-LAMP-1 antibody produced bands at 70 kDa
in COS-7, wild-type human skin fibroblasts, and ICD fibroblasts (C). Prosaposin was
observed in its 68 kDa intracellular and 70 kDa secretory forms (D). Anti-GypAP
antibody detected both an immature 27 kDa form and 22 kDa mature form of Gy AP
(E). Anti-cathepsin B antibody produced bands at both 37 and 25 kDa in COS-7 and
wild-type human skin fibroblasts, but only a 37 kDa band in ICD fibroblasts (F).
Cathepsins D and H were found in all three cell lines tested in their immature
(Cathepsin D: 47 kDa, Cathepsin H: 37 kDa) and processed forms (Cathepsin D: 31
kDa, Cathepsin H: 27 kDa) (G and H). An antibody specific for cathepsin K detected
the immature form (39 kDa) of cathepsin K in all three cell lines, but the mature form
(27 kDa) was only seen in wild-type human skin fibroblasts (I). Cathepsin L was
observed in its 37 kDa form in of the cell lines examined but only in its 27 kDa

processed form in COS-7 cells (J).
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Figure 2. The Interaction of Soluble Lysosomal Proteins with Sorting Receptors

in COS-7. To identify the sorting receptor of cathepsins D, H, K, and L, co-
immunoprecipitation assays were performed. It was found that the M6P-Rc was
precipitated by cathepsins B, D, K, and L (B, C, E, and F) producing a band at 300
kDa. Prosaposin and cathepsin H were not capable of co-immunoprecipitating the
MG6PR, but rather the receptor was found to remain in the cell lysate (A and D). The
interaction of prosaposin and cathepsins B, D, H, K, and L with sortilin was examined
in untransfected cells and in COS-7 cells expressing a truncated sortilin-myc
construct. When anti-prosaposin or anti-cathepsin D, or H antibody was used to co-
immunoprecipitate endogenous sortilin, prosaposin as well as cathepsins D and H
interacted with sortilin, producing bands at 100 kDa (A, C, and D). When a similar
experiment was conducted using cells expressing the truncated sortilin-myc construct,
comparable results were found. Truncated sortilin was immunoprecipitated by
prosaposin as well as cathepsins D and H, yielding bands at 95 kDa (A, C, and D).
Endogenous and truncated sortilin both remained in the cell lysate when
immunoprecipitation was conducted using anti-cathepsin B, K, or L antibody (B, E,

and F).
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Figure 3. The Interaction of Soluble Lysosomal Proteins with Sorting Receptors

in Wild-Type Human Skin Fibroblasts. To confirm the results obtained in COS-7
cells, co-immunoprecipitation assays were performed in wild-type human fibroblasts.
As in COS-7, it was found that the M6PR was precipitated by cathepsins B, D, K, and
L (B, C, E, and F). Prosaposin and cathepsin H were not capable of co-
immunoprecipitating the MO6PR, but rather the receptor was found to remain in the cell
lysate (A and D). The interaction of prosaposin and cathepsins B, D, H, K, and L with
sortilin was examined in untransfected cells and in cells expressing a truncated
sortilin-myc construct. When anti-prosaposin or anti-cathepsin D, or H antibody was
used, prosaposin as well as cathepsins D and H interacted with sortilin, producing
bands at 100 kDa for endogenous sortilin and 95 kDa for truncated sortilin (A, C, and
D). Endogenous and truncated sortilin were not precipitated from the cell lysate when
immunoprecipitation was conducted using anti-cathepsin B, K, or L antibody (B, E,

and F).



Chapter 4

Page 89

A)
PSAP Lys T
a-sortilin |
100 kDa
B)
o-M6PR o-sortilin
300kDa 100 kDa
)
o-M6PR o-sortilin
300kDa 100 kDa
D)
o-M6PR o-sortilin
300kDa 100 kDa
E)
CatK Lys
o-M6PR  o-sortilin
300kDa . T .- 100 kDa
F)

300kDa 100 kDa

CatD L

o-myc

95kDa

o-myc

o5kDa =

o-myc
95kDa

o-myc
95 kDa

o-myc
95kDa

o-myc
95kDa

Cat B Lys

CatL Lys




Chapter 4 Page 90
Figure 4. The Interaction of Soluble Lysosomal Proteins with Sorting Receptors

in ICD Fibroblasts. To confirm the results obtained in COS-7 and wild-type human
fibroblast cells, co-immunoprecipitation assays were performed in ICD fibroblasts.
Unlike in COS-7 and wild-type human fibroblasts, the M6PR was not precipitated by
anti-prosaposin or anti-cathepsins B, D, H, K, or L antibodies (A, B, C, D, E, and F).
The interaction of prosaposin and cathepsins B, D, H, K, and L with sortilin was
examined in untransfected cells and in cells expressing a truncated sortilin-myc
construct. When anti-prosaposin or anti-cathepsin D, or H antibody was used,
prosaposin as well as cathepsins D and H interacted with sortilin, producing bands at
100 kDa for endogenous sortilin and 95 kDa for truncated sortilin (A, C, and D).
Endogenous and truncated sortilin were not precipitated from the cell lysate when
immunoprecipitation was conducted using anti-cathepsin B, K, or L antibody (B, E,

and F).
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Figure 5. Localization of Truncated Sortilin-myc. The localization of wild-type

sortilin and truncated sortilin-myc was examined by confocal microscopy in COS-7 (A
and B), in wild-type human skin fibroblasts (C and D), and in ICD fibroblasts (E and
F). Wild-type sortilin-myc (green) was distributed to both the perinuclear Golgi
region and punctate lysosomal structures labeled with LAMP-1 (red) (A, C, and E).
Without its cytosolic tail, sortilin-myc (green) is still present in the perinuclear region
of all three cell lines examined, but absent from LAMP-1 positive structures (red) (B,

D, and F). The scale bars shown equal 8 um and apply to all panels.
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Figure 6. Lysosomal Targeting of Prosaposin. COS-7 (A-C) and wild-type human

skin fibroblast cells (D-F) were either untransfected or transfected with truncated
sortilin prior to fixation in 4 % paraformaldehyde. The cells were then stained with
anti-prosaposin and anti-myc or anti-LAMP-1 antibodies. In untransfected cells,
prosaposin (green fluorescence) localized in both the perinuclear region as well as in
punctate lysosomes labelled with LAMP-1 (red fluorescence) (A and D).
Alternatively, in cells transfected with dominant-negative truncated sortilin-myc,
prosaposin staining (green fluorescence) in punctate lysosomal structures was
abolished (B, C, E, and F). Rather prosaposin was found to colocalize (yellow) with
the truncated sortilin-myc construct in the perinuclear region (B and E). However the
LAMP-1 positive granules (red fluorescence) were preéent and unaffected in
traﬁsfected cells (C and F). In all panels the nuclei are stained with Hoechst 33342

(blue). The scale bars shown equal 8 pm and apply to all panels.
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Figure 7. Lysosomal Targeting of Cathepsin B. Untransfected and truncated-

sortilin-myc transfected COS-7 (A-C) and wild-type human skin fibroblast cells (D-F)
were fixed in 4 % paraformaldehyde and stained with anti-cathepsin B and anti-myc or
anti-LAMP-1 antibodies. In untransfected cells, cathepsin B (green) was found to
localize to the perinuclear Golgi region as well as to punctate structures that stained
with LAMP-1 (red) (A and D). The staining pattern of cathepsin B (green) was
unaltered in cells expressing truncated sortilin (red) (B and E). Additionally the
staining pattern and number of LAMP-1 positively-labeled compartments (red) was
unaffected in transfected cells (C and F). Nuclei are stained with Hoechst 33342 and

are seen in blue. The scale bars shown equal 8 pm and apply to all panels.
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Figure 8. Lysosomal Targeting of Cathepsin K. Untransfected and truncated-

sortilin-myc transfected COS-7 (A-C) and wild-type human skin fibroblast cells (D-F)
were fixed in 4 % paraformaldehyde and stained with anti-cathepsin K and anti-myc
or anti-LAMP-1 antibodies. In untransfected cells, cathepsin K (green) was found to
localize to punctate structures that stained with LAMP-1 (red) (A and D). The pattern
of cathepsin K staining (green) was unaltered in cells expressing truncated sortilin
(red) (B and E). Similarly the staining pattern of LAMP-1 positively-labeled
compartments (red) was unaffected in transfected cells (C and F). Nuclei are stained
with Hoechst 33342 and are seen in blue. The scale bars shown equal 8 um and apply

to all panels.
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Figure 9. Lysosomal Targeting of Cathepsin L. Untransfected and truncated-

sortilin-myc transfected COS-7 (A-C) and wild-type human skin fibroblast cells (D-F)
were fixed in 4 % paraformaldehyde and stained with anti-cathepsin L and anti-myc or
anti-LAMP-1 antibodies. In untransfected cells, cathepsin L (green) was found to
localize to the perinuclear Golgi region as well as to punctate structures that stained
with LAMP-1 (red) (A and D). The distribution of cathepsin L (green) was unaltered
in cells expressing truncated sortilin (red) (B and E). The staining pattern and number
of LAMP-1 positively-labeled compartments (red) was unaffected in transfected cells
(C and F). Nuclei are stained with Hoechst 33342 and are seen in blue. The scale bars

shown equal 8 pm and apply to all panels.
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Figure 10. Lysosomal Targeting of Cathepsin D. COS-7 (A-C) and wild-type

human skin fibroblast cells (D-F) that were untransfected, or expressing truncated
sortilin-myc were fixed and stained with anti-cathepsin D and anti-myc or anti-LAMP-
1 antibody. In untransfected cells cathepsin D antibody (green) labels punctate
lysosomal structures labeled with LAMP-1 (red) (A and D). Figures B, C, E, and F
illustrate cells expressing truncated sortilin. Note that in these transfected cells, anti-
cathepsin D (green) antibody staining is only observed in the Golgi region and
colocalizes (yellow) with anti-myc staining (red) (B and E). The LAMP-1 (red)
positive granules of the cell are still present in transfected cells (C and F). Nuclei are
stained with Hoechst 33342 and are seen in blue. The scale bars shown equal 8 um

and apply to all panels.
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Figure 11. Lysosomal Targeting of Cathepsin H. COS-7 (A-C) and wild-type

human skin fibroblast cells (D-F) were either transfected with a truncated sortilin-myc
construct or fixed directly. Cathepsin H was examined using an anti-cathepsin H
antibody detected by an Alexa 488 coupled secondary antibody (green), whereas anti-
myc and anti-LAMP-1 antibodies were visualized with Alexa 594 coupled secondary
antibodies (red). In untransfected cells (A and D), cathepsin H (green) was found in
punctate lysosomal structures labeled with LAMP-1 (red). Figures B, C, E, and F
illustrate cells expressing truncated sortilin. Note that anti-cathepsin H antibody
(green) stained the Golgi region only and colocalized (yellow) with anti-myc antibody
(red) (B and E). Figures C and F show that the transfected cells presented normal
punctate cytoplasmic granular structures labeled with LAMP-1 (red). Nuclei are
stained with Hoechst 33342 and are seen in blue. The scale bars shown equal 8 pm

and apply to all panels.
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- Figure 12. Efficiency of Sortilin shRNA Knockdown. COS-7 cells were stably

transfected with either mock or sortilin targeted shRNA. To assess the efficiency of
the knockdown of sortilin, RT-PCR was performed subsequent to RNA extraction.
The RT-PCR products were resolved on a 1.5% (w/v) agarose gel containing 0.5%
ethidium bromide. Mock transfected cells possessed sortilin mRNA, whereas those
expressing sortilin ShRNA did not (A). Both mock transfected and sortilin ShRNA
expressing cells contained comparable levels of fB-actin (A). The efficiency of
knockdown of sortilin was also examined by Western blotting (B). Cells transfected

with mock siRNA retained sortilin expression, but those with sortilin siRNA did not

(B).
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Figure 13. The Effect of Sortilin Inhibition on Prosaposin and Cathepsin B.

Confocal Microscopy Analysis. COS-7 cells stably expressing sortilin specific
shRNA (C and D) were compared to mock transfected cells (A and C) for the
distribution of prosaposin (A and B) and cathepsin B (C and D). The distribution of
prosaposin and cathepsin B (green) was compared to LAMP-1 (red). In mock
transfected cells, both prosaposin and cathepsin B staining was present in the
perinuclear region and punctate lysosomal structures labeled with LAMP-1 (A and C).
In cells expressing sortilin shRNA, prosaposin staining was abolished (B), but
cathepsin B staining was unaffected (D). Nuclei are stained with Hoechst 33342 and

are seen in blue. The scale bars shown equal 8 pm and apply to all panels.
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Figure 14. The Effect of Sortilin Inhibition on Prosaposin and Cathepsin B.

Pulse-Chase Analysis. Mock transfected COS-7 cells or cells stably expressing
sortilin shRNA were examined for secretion of prosaposin and cathepsin B by pulse-
chase. Cells were labeled with [3 5S] methionine for 30 minutes and chased for 0, 30,
60, and 90 minutes. Both the cells and the culture media were collected and utilized
for immunoprecipitation with anti-prosaposin (A) and anti-cathepsin B (B).
Prosaposin (A) increased in quantity in the culture media at earlier time points in
sortilin sShRNA expressing cells, whereas cathepsin B (B) secretion was unchanged.

Quantification of the amount of protein secreted is shown for each experiment.
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Figure 15. The Effect of Sortilin Inhibition on Cathepsin D. COS-7 cells stably

expressing sortilin specific ShRNA (B) were compared to mock transfected cells (A)
by confocal microscopy for the distribution of cathepsin D. Cathepsin D (green)
staining was compared to LAMP-1 (red). In mock transfected cells (A) and shRNA
expressing cells (B); anti-cathepsin D antibody dyed punctate lysosomal structures
that were labeled with LAMP-1. Nuclei are stained with Hoechst 33342 and are seen
in blue. The scale bars shown equal 8 pm and apply to all panels. Similar cells were
examined by pulse-chase analysis for secretion of cathepsin D (C). Cells were labeled
with [**S] methionine for 30 minutes and chased for 0, 30, 60, and 90 minutes. The
cells and the culture media were collected and incubated with anti-cathepsin D
antibody bound to protein A Sepharose beads for immunoprecipitation (C). Cathepsin
D secretion was observed here to be unchanged in shRNA expressing cells when
contrasted with mock transfected cells (C). Quantification of the amount of protein

secreted is shown.
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Figure 16. The Effect of Sortilin Inhibition on Cathepsin H. COS-7 cells stably

expressing sortilin specific ShRNA (A) were compared by confocal microscopy to
mock transfected cells (B) for the distribution of cathepsin H. The distribution of
cathepsin H (green) was compared to LAMP-1 (red). In mock transfected cells,
cathepsin H staining was present in punctate lysosomal structures labeled with LAMP-
1 (A). However, in cells expressing sortilin shRNA, cathepsin H staining was
abrogated (B). Nuclei are stained with Hoechst 33342 and are seen in blue. The scale
bars shown equal 8 um and apply to all panels. Similarly, mock transfected COS-7
cells or cells stably expressing sortilin shRNA were examined for secretion of
cathepsin H by pulse-chase (C). Cells were labeled with [**S] methionine for 30
minutes and chased for 0, 30, 60, and 90 minutes. Both the cells and the culture
media were collected and utilized for immunoprecipitation with anti-cathepsin H
antibody (C). The quantity of cathepsin H secreted into the culture medium was
greater and occurred earlier in shRNA expressing cells as compared to mock

transfected cells. Quantification of the amount of protein secreted is shown.
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Figure 17. The Effect of Sortilin Inhibition on Cathepsin K. COS-7 cells stably

expressing sortilin specific ShRNA (B) were compared to mock transfected cells (A)
by confocal microscopy for the distribution of cathepsin K. The distribution of
cathepsin K (green) was compared to LAMP-1 (red). In both mock transfected cells
(A) and shRNA expressing cells (B), cathepsin K staining was present in punctate
lysosomal structures labeled with LAMP-1. Nuclei are stained with Hoechst 33342
and are seen in blue. The scale bars shown equal 8 um and apply to all panels.
Similar cells were examined by pulse-chase analysis for secretion of cathepsin K (C).
Cells were labeled with [SSS] methionine for 30 minutes and chased for 0, 30, 60, and
90 minutes. The cells and the culture media were collected and utilized for
immunoprecipitation with anti-cathepsin K antibody (C). Cathepsin K secretion was
unchanged in shRNA expressing cells as compared to mock transfected cells (C).

Quantification of the amount of protein secreted is shown.
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Figure 18. The Effect of Sortilin Inhibition on Cathepsin L. COS-7 cells stably

expressing sortilin shRNA (B) were compared to mock transfected cells (A) by
confocal microscopy for the distribution of cathepsin L. Cathepsin L (green) staining
was compared to anti-LAMP-1 staining (red). In both mock transfected cells (A) and
shRNA cells (B), cathepsin L was present in LAMP-1 positive structures. Nuclei are
stained with Hoechst 33342 and are seen in blue. The scale bars shown equal 8 um
and apply to all panels. Similar cells were examined by pulse-chase analysis for
secretion of cathepsin L (C). Cells were labeled with [°>S] methionine for 30 minutes
and chased for 0, 30, 60, and 90 minutes. The cells and the culture media were
collected and utilized for immunoprecipitation with anti-cathepsin L antibody (C).
Cathepsin L secretion was unchanged in shRNA expressing cells relative to mock

transfected cells (C). Quantification of the amount of protein secreted is shown.
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Figure 19. Lysosomal Targeting of Prosaposin in the Absence of Sortilin and the

M6PR Pathways. Untransfected ICD fibroblasts were compared to ICD fibroblasts
transfected with the truncated sortilin-myc construct. All cells were stained with
LAMP-1 or myc (red), as well as with anti-prosaposin (green). Prosaposin (green)
was distributed in punctate structures stained with LAMP-1 (red) of untransfected
cells (A), but absent from these same structures in cells expressing truncated sortilin-
myc (B and C). In transfected cells, prosaposin colocalized with anti-myc (red) (B),
but not with LAMP-1 (red) (C). Nuclei are stained with Hoechst 33342 and are seen

in blue. The scale bars shown equal 8§ pm and apply to all panels.
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Figure 20. Lysosomal Targeting of Cathepsin B in the Absence of Sortilin and

the M6PR Pathways. Untransfected ICD fibroblasts were compared to ICD
fibroblasts transfected with truncated sortilin-myc. The cells were stained with
cathepsin B (green) and anti-myc (B) or anti-LAMP-1 (red) antibodies (A and C).
Untransfected (A) or transfected cells (B and C) stained with anti-cathepsin B
antibody showed no co-localization of cathepsin B with LAMP-1 in lysosomal
structures (A and C). Nuclei are stained with Hoechst 33342 and are seen in blue.

The scale bars shown equal 8 um and apply to all panels.
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Figure 21. Lysosomal Targeting of Cathepsin K in the Absence of Sortilin and

the M6PR Pathways. Untransfected ICD fibroblasts were compared to ICD
fibroblasts transfected with truncated sortilin-myc. The cells were stained with
cathepsin K (green) and anti-myc (B) or anti-LAMP-1 (red) antibodies (A and C).
Untransfected (A) and transfected cells (B and C) stained with anti-cathepsin K
antibody showed colocalization (yellow) of cathepsin K with LAMP-1 in lysosomal
granules (A and C). Nuclei are stained with Hoechst 33342 and are seen in blue. The

scale bars shown equal 8 pm and apply to all panels.
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Figure 22. Lysosomal Targeting of Cathepsin L in the Absence of Sortilin and

the M6PR Pathways. Untransfected ICD fibroblasts were compared to ICD
fibroblasts transfected with truncated sortilin-myc. The cells were labeled with anti-
cathepsin L antibody (green) and anti-myc (B) or anti-LAMP-1 (red) antibodies (A
and C). Untransfected (A) and truncated sortilin-myc transfected cells (B and C) both
had colocalization (yellow) of cathepsin L with LAMP-1 in lysosomal structures (A
and C). Nuclei are stained with Hoechst 33342 and are seen in blue. The scale bars

shown equal 8 pm and apply to all panels.
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Figure 23. Lysosomal Targeting of Cathepsin D in the Absence of Sortilin and

the M6PR Pathways. Untransfected ICD fibroblasts were compared to ICD
fibroblasts transfected with the truncated sortilin-myc construct. All cells were stained
with LAMP-1 (A and C) or myc (B) (red) as well as with anti-cathepsin D (green).
Cathepsin D was found to localize to LAMP-1 positive granules in untransfected cells
(A), but this punctate staining was abolished in truncated sortilin transfected cells (B
and C). In transfected cells, cathepsin D colocalized (yellow) with anti-myc in the
perinuclear Golgi region (B). Nuclei are stained with Hoechst 33342 and are seen in

blue. The scale bars shown equal 8 pm and apply to all panels.
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Figure 24. Lysosomal Targeting of Cathepsin H in the Absence of Sortilin and

the M6PR Pathways. Untransfected ICD fibroblasts were compared to ICD
fibroblasts transfected with the truncated sortilin-myc construct. All cells were stained
with LAMP-1 or myc (red) as well as with anti-cathepsin H (green). Cathepsin H
(green) was present in LAMP-1 (red) labeled structures of untransfected cells (A).
Transfection with truncated sortilin-myc completely inhibited the granular localization
of cathepsin H (B and C) that was observed in untransfected cells (A). In transfected
cells, cathepsin H colocalized with anti-myc (red) (B), but not with LAMP-1 (red) (C).
Nuclei are stained with Hoechst 33342 and are seen in blue. The scale bars shown

equal 8 pm and apply to all panels.
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Figure 25. Distribution of Sortilin and its Ligands in Detergent Resistant

Membrane (DRM) Fractions. DRMs were isolated by fractionation on a sucrose
gradient (A). Fractions 1-8 (10% - 30% sucrose gradient) are insoluble detergent
membrane fractions. Generally, lipid rafts are found among fractions 3-6 and
concentrated in fractions 4-5. Fraction 9 is the soluble protein fraction and fraction 11
is the pellet containing insoluble cell debris and cytoskeletal elements (A).
Immunoblotting of the fractions with anti-flotillin-1 (47 kDa) revealed that this protein
is found in fractions 4 and 5 (B). Bands were also detected in lipid raft fractions 3-6
with anti-sortilin ‘( 100 kDa), anti-prosaposin (68 kDa), anti-cathepsin D (47 kDa), and
anti-cathepsin H (37 kDa) antibodies (B). The anti-M6PR (300 kDa) and anti-

cathepsin B (37 kDa), antibodies identified bands in fraction 9 only (B).



Chapter 4 Page 133
A)
Fractionation of Detergent Resistant Membrane (DRM)

Total Cell Lysate Fractions
10% 1 10%
2
Sucrose Gradient Centrifugation:;’
30% 20,000 RPM - SW40 5 30%
» 6 ¢
7
3
400/ 10 400/0

11 (Pellet)u

B) Flotillin-1: 47 kDa P —
Sortilin: 100 kDa s A T a—
Prosaposin: 68 kDa T
Cathepsin D: 47 kDa T . —  A—
Cathepsin H: 37 kDa —
Cathepsin B: 37 kDa -~

M6P-Re: 300 kDa



Chapter 4 Page 134
Figure 26. Distribution of Chimeric Prosaposin Constructs in DRM Fractions.

To analyze the distribution of chimeric prosaposin constructs to DRMSs, fractionation
was done using sucrose gradients. COS-7 cells transfected with pcDNA3.1 (A),
Albumin-D-domain-C-terminus (B), Albumin-D-domain (C), or Albumin-C-terminus
(D) myc-tagged chimeric constructs were collected, homogenized, and fractionated.
The fractions collected were resolved on 10 % acrylamide gels and blotted with anti-
sortilin, anti-myé, and anti-flotillin-1 antibodies. Fractions from cells transfected with
pcDNA3.1 showed bands for sortilin at 100 kDa in fractions 8-11, flotillin-1 at 47 kDa
in fractions 5 and 6, but no bands with anti-myc antibody (A). The Albumin-D-
domain-C-terminus construct was detected as 80 kDa bands in fractions 6-11 along
with sortilin (B) in fractions 7-11. The Albumin-D-domain chimeric construct was
(C) present in fractions 9, 10, and 11 whereas the Albumin-C-terminus construct was
detected by anti-myc antibody as a 70 kDa band in fractions 6-11 (D). Fractions from
cells expressing the Albumin-D-domain or Albumin-C-terminus constructs had bands

for sortilin present in fractions 8 to 11 and flotillin-1 in fractions 5 and 6 (C and D).
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Figure 27. Distribution of E463K and E491K Prosaposin Mutant Constructs in

DRM Fractions. To analyze the distribution of the E463K and E491K mutant
chimeric constructs to DRMs, fractionation was done using sucrose gradients. COS-7
cells transfected with either the E463K (A) or E491K (B) constructs were collected,
homogenized, and fractionated. The fractions collected were resolved on 10 %
acrylamide gels and blotted with anti-sortilin, anti-myc, and anti-flotillin-1 antibodies.
Both mutant constructs produced bands of 80 kDa with E463K in fractions 5-11 and
E491K in fractions 6-11 (A and B). Sortilin was found at 100 kDa in similar fractions
as the E463K (A) and E491K (B) mutant constructs. Flotillin-1 was observed in
fractions 3 and 4 (A and B). An un-mutated chimeric construct containing both the D-
domain and C-terminus of prosaposin was found only in fractions 9-11 when sortilin
expression was abrogated using shRNA (C). Flotillin-1 distribution was unaffected by

sortilin ShRNA as is seen by bands present in fractions 3 and 4 (C).
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Chapter 5: Results Part 2

Cytosolic Ligands of Sortilin (Adaptor Proteins and Complexes)
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The Interaction of Cytosolic Adaptors with Sortilin

Rationale: It has been established that the M6P receptor interacts with the
retromer complex via its cytoplasmic tail to be recycled from the endosome to the
Golgi compartment (Arighi et al., 2004). Given that the cytosolic tail of sortilin
possesses a high degree of structural and functional similarities to the cytosolic tail of
the M6P receptor, we hypothesized that sortilin may share an evolutionary conserved
mechanism. Results using a chimeric construct consisting of CD8 and the cytosolic
tail of sortilin suggested that this hypothesis may be correct (Seaman, 2007).
However, due to the chimeric nature of the probe we decided to test this hypothesis
with full-length sortilin. Thus, we employed a co-immunoprecipitation assay to
examine if full-length sortilin interacts with the retromer complex. Since AP-1 has
been shown to bind to the cytosolic tail of the cation independent M6P receptor (CI-
MPR) and the CD8-sortilin chimera (Le Borgne et al., 1993), we also tested the
interaction of sortilin with AP-1 using a similar co-immunoprecipitation approach.

Additionally, to characterize the regions in the cytosolic tail of sortilin that
interact with retromer or AP-1, a Yeast Two-Hybrid approach was employed. To
identify the residues involved in this interaction we designed and tested various C-
terminal deletion constructs of sortilin. The sortilin deletion constructs used were
residues: 779-789, 779-799, 779-809, and 779-819.

Experimental Results: To this end, COS-7 cells were transfected with either a
sortilin-myc construct, or pcDNA3.1B (empty vector) as a control. The cells were
lysed and subsequently immunoprecipitated using an anti-myc antibody conjugated to

protein A Sepharose beads. The resulting complexes were resolved on a 10 %
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acrylamide gel, transferred to a nitrocellulose membrane, and immunoblotted for

either Vps26 or y-adaptin (Figure 28A). Given that sortilin co-immunoprecipitates
with retromer, via an interaction with Vps35, Vsp26 being a known component of the
retromer complex should be present in the immunoprecipitate. Our results showed that
sortilin-myc was capable of immunoprecipitating both the Vps26 domain of retromer
and the y-adaptin subdomain of AP-1, producing bands at 35 kDa and 90 kDa
respectively (Figure 28A). These results demonstrate that full length sortilin interacts
with both retromer and AP-1.

In addition, sortilin C-terminal deletion constructs were investigated by Yeast
Two-Hybrid for their ability to interact with the various subunits of retromer and AP-
1. Using the Gal4 Yeast Two-Hybrid system we were unable to detect an interaction
between sortilin and any of the retromer components (results not shown). Because
retromer is not an abundant protein we decided to use a more sensitive approach, i.e.,
the LexA system. When the entire cytoplasmic tail of sortilin (residues 779-831) was
tested, a specific interaction with Vps35 was observed, as sortilin did not interact with
either Vps26 or Vps29 (Figure 28B). We found that residues 789-799 were required
for this interaction with Vps35 (Figure 28B).

Using the Gal4 system, we demonstrated that the recruitment of the AP-1
complek to the cytoplasmic tail of sortilin is mediated by the medium subunit of AP-1,
pl (Figure 28C). To determine which residues of the sortilin cytoplasmic tail were
important for this interaction we used the same c-terminal truncations of sortilin as
described above (Figure 28C). Interestingly, residues 789-799 also were required to

mediate the interaction with the medium subunit of AP-1, u1 (Figure 28C).
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Mutational Analysis of the Sortilin- Retromer or AP-1 Interaction

Rationale: While the initial results obtained with a CD8 chimeric sortilin
construct suggest a role for an FLV motif found in the cytosolic tail of sortilin
(Seaman, 2007), a more common sorting motif is found between residues 789-799,
namely a tyrosine motif (YXX®). The YXX® sequence is of interest since it has been
previously implicated in the trafficking of sorting receptors and in the recruitment of
accessory proteins (Cooper and Stevens, 1996; Nielsen et al., 2001). Significantly, the
YXX® sequence has been shown to be essential for the retrograde traffic of Vplep‘ in
yéast (Cooper and Stevens, 1996; Nielsen et al.,, 2001). Therefore, to further
characterize the interaction between full-length sortilin and both retromer and AP-1,
the cytosolic tail of sortilin was mutated within the 10 amino acid stretch identified
above. Two mutations, Y14A and L17A, were made to target the YSVL consensus
sequence in sortilin. The sequence of the cytosolic tail of sortilin is shown in Figure
29A and important sorting motifs are highlighted in pink

Experimental Results: The interaction between Y14A or L.17A mutated sortilin
with both Vps26 (retromer) and y-adaptin (AP-1) was tested in COS-7. Protein A
Sepharose beads conjugated to anti-myc antibody were incubated with the cell lysate.
The resulting immunoprecipitated complexes were run on a 10 % acrylamide gel,
transferred to a nitrocellulose membrane and immunoblotted with anti-Vps26 or anti-
y-adaptin antibody (Figure 29B, 29C, and 29D). In this experiment we used the anti-
Vps26 antibody since Vps26 is a component of retromer and should
immunoprecipitate sortilin bound to Vps35. The fesults showed that while mutating

either Y14A or L17A in the cytosolic tail of sortilin inhibited its interaction with
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Vps35/Vps26, the interaction with y-adaptin was unaffected, producing bands at 90

kDa (Figure 29C and 29D).

Localization of Sortilin Mutant Constructs

Rationale: To determine the effect of the Y14A and L17A mutations on the
trafficking of sortilin in COS-7 cells, immunofluorescence microscopy was employed.
The subcellular localization of the Y14A and L17A constructs was compared to
LAMP-1 which traffics to lysosomes independently of sortilin.

Experimental Results: Briefly, cells transfected with the mutant sortilin
constructs were fixed in 4 % paraformaldehyde prior to staining with both anti-myc
and anti-LAMP-1 antibodies and compared to cells expressing wild-type sortilin-myc.
Secondary antibodies conjugated to either Alexa 488 or Alexa 594 were used to
specifically detect myc (green) and LAMP-1 (red) antibodies. While wild-type
sortilin-myc was detected in the perinuclear region and punctate lysosomal structures
labeled with LAMP-1 (Figure 30A), the presence of the Y14A sortilin mutant
construct was decreased in LAMP-1 positive structures (Figure 30B). Similar results
were observed with the L17 sortilin mutant construct (Figure 30C). These results

suggest that Y14 and L17 may be essential for the interaction of sortilin with retromer.

Inhibition of Retromer and AP-1
Rationale: To characterize the roles of both the retromer complex and AP-1 in
the trafficking of full-length sortilin, two siRNA constructs were designed. The

siRNA sequences selected to target the Vps26 domain of retromer and the pl subunit
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of AP-1 have been previously described (Arighi et al., 2004; Janvier and Bonifacino,

2005). The efficiency of the siRNA knockdown in COS-7 cells was assessed by both
Western blotting and immunofluorescent microscopy and compared to cells
transfected with a negative control siRNA with no known sequence homologies.

To test the hypothesis that abrogation of AP-1 and/or retromer expression
decreases the stability of sortilin, a cycloheximide chase experiment was performed.
Treatment of cells with cycloheximide inhibits de novo protein synthesis thereby
allowing for examination of the fate of existing proteins.

Experimental Results: When the 3’-Alexa Fluor 488 tagged siRNA constructs
were expressed in COS-7 cells, there was complete inhibition of retromer and AP-1
expression as detected by Western Blot analysis using antibodies against Vps26 and y-
adaptin respectively (Figure 31A and 31B). However the levels of B-actin remained
similar in cells transfected with Vps26, pl, or the negative control siRNA (Figure 31A
and 31B). To further confirm this inhibition, immunofluorescence microscopy was
performed on negative control siRNA and retromer or AP-1 specific siRNA
transfected cells. After fixation, cells were treated with either anti-Vps26 or anti-y-
adaptin antibody followed by incubation with secondary antibody labeled with Alexa
594 (red). Green staining within the cells suggested siRNA expression in negative
control as well as Vps26 and pl siRNA treated cells (Figure 31). In cells transfected
with the retromer or AP-1 specific siRNA, staining of Vps26 and y-adaptin was
abolished entirely (Figure 31A and 31B). These results suggest that the siRNA

constructs specifically inhibited retromer and AP-1 expression.
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To examine sortilin's stability in the absence of the retromer complex or AP-1,

COS-7 cells were treated with cycloheximide and collected after 0, 2, 4, or 6 hours.
The lysates of the treated cells were probed for sortilin expression and the results are
shown here (Figure 31C). During the time periods examined, the pl siRNA did not
greatly alter the expression of sortilin while the Vps26 siRNA caused dramatic
reduction in the expression of sortilin (Figure 31C). These results suggests that
without retromer sortilin's stability is reduced, leading to the decreased expression of

this receptor.

The Effect of Retromer and AP-1 Inhibition on Sertilin and its Ligands

Rationale: The consequence of inhibition of Vps26 and pl-adaptin by RNAi
on the transport of full-length sortilin and its cargo was studied by confocal
immunomicroscopy. Cells expressing either Vps26 or pul Alexa 488 fluorescently
tagged RNAi were further transfected with sortilin-myc and compared to
untransfected cells. Given that the lysosomal sorting and recycling of the M6PR has
been demonstrated to require both AP-1 and retromer (Arighi et al., 2004; Meyer et
al., 2000; Seaman, 2007), cathepsin B, an M6PR ligand, was examined as a positive
control. LAMP-1 was used here as a negative control.

Experimental Results: After fixation in 4 % paraformaldehyde, cells were
incubated with anti-myc (Figure 32A), anti-cathepsin B (Figure 32B), anti-prosaposin
(Figure 32C), or anti-LAMP-1 antibody (Figure 32D). A specific secondary antibody

labeled with Alexa 594 was utilized to detect the various antibodies.
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When cells expressing Vps26 siRNA were stained for sortilin-myc expression,

there was a notable absence of sortilin staining in the perinuclear Golgi region and
increased expression in punctate endosomal and/or lysosomal structures (Figure 32A).
Therefore, expression of Vps26 siRNA resulted in the re-localization of sortilin from
the Golgi apparatus to the endosomal system (Figure 32A). In contrast to inhibition of
Vps26, inhibition of pl by siRNA resulted in retention of sortilin in the Golgi
apparatus (Figure 32A). Interestingly, prosaposin, a well characterized sortilin ligand,
was absent from cells transfected with either Vps26 or pul siRNA (Figure 32C).

The localization of cathepsin B, a M6P receptor ligand, was also affected in
siRNA expressing cells (Figure 32B). Under conditions of retromer and AP-1
abrogation, cathepsin B stairﬁng was abolished whereas in control cells, cathepsin B
staining was found in punctate endosome/lysosome structures (Figure 32B). Using the
same approach, LAMP-1 localization was examined as a negative control. Our results
showed that LAMP-1 lysosomal immunostaining was unaffected by either Vps26 or

pl siRNA expression (Figure 32D).

Metabolic Labeling of Retromer and AP-1 Depleted Cells

Rationale: The lack of prosaposin staining in COS-7 cells deficient in Vps26 or
AP-1, suggested that in the absence of functional retromer and AP-1 pathways, ligands
of sortilin are secreted from the cell into culture media. To determine the fate of
prosaposin in the absence of functional retromer and AP-1 pathways, pulse-chase
analysis was performed subsequent to Vps26 or pul siRNA expression. Similarly,

given that retromer has been implicated in the retrograde transport of the M6P
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receptor, the fate of cathepsin B, a ligand of the M6P receptor, was also investigated

(Arighi et al., 2004).

Experimental Results: Cells expressing siRNA were pulsed with [3SS]
methionine-cysteine and chased with DMEM. Immunoprecipitation of the culture
medium was done at 0, 30, 60, and 90 minutes using anti-cathepsin B, or anti-
prosaposin, antibodies (Figure 33A and 33B). The resulting immunoprecipitates were
resolved on 10 % SDS-PAGE gels and visualized by autoradiography. Ablation of
Vps26 expression increased the release of both cathepsin B and prosaposin into the
culture media (Figure 33A and 33B). Comparable results were obtained for cathepsin
B and prosaposin when expression of the pul subunit of AP-1 was inhibited by siRNA

(Figure 33A and 33B).
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Figure 28. Sortilin Interactions with Retromer and AP-1. The interaction of

sortilin with the retromer and AP-1 complexes was tested in COS-7 cells using anti-
Vps26 and anti-y-adaptin antibodies respectively (A). Immunoprecipitation was done
using anti-myc antibody and the immunoprecipitate was resolved on a 10 %
acrylamide gel, transferred to nitrocellulose membrane and blotted with either anti-
Vps26 or anti-y-adaptin antibodies. Lane 1 shows that the lysate from cells transfected
with an empty vector, did not immunoprecipitate either Vps26 or y-adaptin (A). Lane
2 shows that sortilin-myc construct immunoprecipitated both Vps26 and y-adaptin
through interactions with retromer and AP-1 complexes and generate bands at 35 and
90 kDa respectively (A). Lane 3 shows the cell lysate (A). Yeast were co-
transformed with the retromer subunits and sortilin c-terminal fragments and tested for
interaction using the LexA system (B). The interaction of the ul subunit of AP-1 was
tested for interaction with sortilin c-terminal fragments. p53 and LT are used as

controls for yeast growth (C).
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Figure 29. Mutational Analysis of the Sortilin- Retromer and AP-1 Interaction.

The binding between sortilin and retromer or AP-1 was studied using sortilin-myc
constructs with Y14A and L17A mutations in the cytoplasmic tail of sortilin. Panel A
depicts schematically the sortilin receptor and the sequence of its 53 amino acid
cytosolic tail. Sortilin consists of a luminal domain that possesses a single Vps10
domain, a TM domain, and a short cytosolic tail (A). Known sorting motifs in the
cytosolic tail are shown in pink (A). COS-7 cells were transfected with these
constructs as well as with wild type sortilin-myc to verify expression (B). Mutant
constructs, Y14A and L17A, were both expressed in COS-7 cells, producing bands at
100 kDa, as verified using anti-myc antibody (B). The interaction of Y14A and L17A
sortilin constructs with Vps26/Vps35 (retromer) and y-adaptin (AP-1) was then
examined by co-immunoprecipitation with anti-myc antibody (C and D). Both mutant
sortilin constructs were unable to interact with Vps26 via the retromer complex, while
the binding of wild type sortilin-myc was unaffected, producing a band at 35 kDa (C).
In contrast, Y14A and L17A mutations of sortilin had no effect on binding to y-
adaptin via the AP-1 complex, and bands were visible at 90 kDa for mutants, as well

as wild type sortilin-myc (D).
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Figure 30. Subcellular Distribution of Y14A and L17A Sortilin Constructs.

COS-7 cells expressing either the Y14A (B) or L17A (C) mutant sortilin constructs
were fixed in 4 % paraformaldehyde, prepared for immunofluorescent confocal
microscopy, and compared to similar cells expressing wild-type sortilin-myc (A). The
sortilin constructs were detected by anti-myc antibody, followed by incubation with a
secondary antibody conjugated to Alexa 488 (green). The cells were also labeled for
LAMP-1 (red). When compared to the wild-type sortilin (A), both the Y14A (B) and
L17A (C) mutations produced a decrease in the number of punctate structures labeled

with LAMP-1. The scale bars shown equal 8 um and apply to all panels.
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Figure 31. Retromer and AP-1 RNAi Controls. To verify the inhibition of

retromer and AP-1 by siRNA, western blotting and confocal microscopy were
performed. Both of these siRNA possessed 3’-Alexa Fluor 488 tags that permitted
visualization via confocal microscopy (A and B). Cells expressing either siRNA had
no Vps26 or y-adaptin expression, as demonstrated by the absence of any red staining
(A and B). These images were compared to COS-7 cells transfected with a
nonspecific negative control siRNA (A and B). Control cells show a normal
expression pattern of Vps26 and y-adaptin in perinuclear and punctate structures.
Additionally, inhibition was assessed by western blot. siRNA specific to either Vps26
or y-adaptin, specifically inhibited expression of their respective targets as is seen by
the absence of bands at 35 kDa and 90 kDa. Conversely, the loading control B-actin is
unchanged (A and B). The stability of sortilin was assessed under these conditions by
a cycloheximide chase experiment (C). After treatment with 40 pg/ml of
cycloheximide, the cells were collected and the lysates were probed with anti-sortilin
antibody and the results shown here (C). The scale bars shown equal 8 um and apply

to all panels.
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Figure 32. RNAi Inhibited Transport of Sortilin Cargo. To determine the effects

of Vps26 and pl inhibition by 3’-Alexa Fluor 488 tagged siRNA on transport of
cargo proteins, confocal microscopy was performed. COS-7 cells were transfected
with either Vps26 or pl siRNA, prepared for immuno-microscopy and stained for
sortilin-myc, cathepsin B, prosaposin, or LAMP-1 followed by incubation with their
respective Alexa 594 conjugated secondary antibodies (A, B, C, D). Sortilin staining
was reduced in the perinuclear region and increased in punctate lysosomal structures
when cells were transfected with Vps26 siRNA (A). Sortilin-myc was localized solely
to the perinuclear Golgi regidn when cells expressed pl siRNA (A). Prosaposin
staining was absent entirely from cells expressing either Vps26 or pl siRNA (C).
Similarly, the localization of cathepsin B was disrupted by both Vps26 and pul siRNA
(B). LAMP-1 expression was examined as a negative control (D). LAMP-1 staining
was unaffected by either Vps26 or pl siRNA (D). The scale bars shown equal 8 um

and apply to all panels.
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Figure 33. Metabolic Labeling of Retromer and AP-1 Depleted Cells. COS-7

cells were transfected with negative control, Vps26, or ul targeted siRNA. Cells
were pulse labelled with [>S] methionine, chased for 30 minutes and the culture
media immunoprecipitated with anti-cathepsin B, or anti-prosaposin antibody at 0, 30,
60, and 90 minutes (A, B). The inhibition of both Vps26 and p1 by siRNA resulted in
the increased presence of cathepsin B and prosaposin in the culture media (A, B).

Quantification of 3 separate experiments is illustrated on right panels.
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Chapter 6: Discussion
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Part 1: Luminal Interaction of Sortilin with Soluble Hydrolases

One the main objectives of the present investigation was to test the hypothesis
that sortilin mediates the sorting and trafficking of certain soluble hydrolases in
addition to its known role in the transport of the non-enzymic sphingolipid activator
proteins. Part 1 of the discussion deals with this hypothesis and with the mechanisms

that mediate these interactions.

Sortilin Interacts with Cathepsins D and H

Although the majority of soluble lysosomal proteins are trafficked to the
lysosomes by the M6PR (Lobel et al., 1989), several lines of evidence suggest that an
alternative mechanism exists to mediate the lysosomal routing of certain cathepsins
(Rijnboutt et al, 1991). This notion is supported by the observation that the lysosomes
of ICD fibroblasts contain certain cathepsins, as well as other soluble proteins, in the
absence of a functional M6PR pathway (Reitman et al., 1981; Rijnboutt et al., 1991a;
Rijnboutt et al., 1991b). Hepatocytes, Kupffer cells, and lymphocytes, from ICD
patients have near normal levels of several M6PR-dependent soluble lysosomal
proteases (Gabel et al., 1983; Glickman and Kornfeld, 1993; Rijnboutt et al., 1991b).
One specific cathepsin, cathepsin D, which has been previously suggested to traffic to
the lysosomes via the M6PR, is found at approximately 45 % of its normal amounts in
the lysosomes of ICD B lymphoblastoid cell lines (Glickman and Kornfeld, 1993).
This result indicates the existence of a trafficking mechanism independent of the

MG6PR pathway for at least this protease.
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Additionally, a variety of biochemical studies suggest the existence of an

M6PR-independent sorting pathway for other soluble lysosomal proteins. Although
cathepsin H may contain M6P residues, there is no correlate targeting to the lysosomes
in primary cultures of rat hepatocytes (Tanaka et al., 2000). Similarly, when M6P was
exogenously added to CHO cells, the subcellular localization of cathepsin K was
unaffected (Claveau and Riendeau, 2001). Different lines of evidence also suggest
that cathepsin L also traffics to the lysosomes independently of the M6PR. While
cathepsin L also possesses an M6P tag it has been demonstrated to have extremely low
affinity for the M6PR (Gottesman, 1978). Thus, the first objective of the present
investigation was to test the hypothesis that the M6PR-independent transport of
cathepsins D, H, K, and L to the lysosomes is carried out by an alternative sorting and
trafficking receptor, presumably sortilin.

Sortilin is a novel lysosomal sorting receptor that has a remarkable homology
to the yeast VPS10p sorting receptor (Nielsen et al., 2001). Sortilin has been shown to
bind and traffic to the lysosomes the sphingolipid activator proteins (SAPs),
prosaposin and Gy AP (Lefrancois et al., 2003). Unlike cathepsins which are soluble
hydrolases, SAPs are non-enzymic proteins required to solubilize sphingolipids,
presumably from luminal vesicles of multivesicular bodies (Morales et al., 1995).

To test the hypothesis that cathepsins D, H, K, and L are targeted to the
lysosomes by the alternative sorting receptor, sortilin, the interaction of the cathepsins
in question with sortilin was first investigated by Co-IP assay. The interaction of the
cathepsins with the M6PR was also confirmed by Co-IP. The results showed that the

M6PR was immunoprecipitated by cathepsins D, K, and L, but not by cathepsin H
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(Figures 2, 3, and 4). These results indicate that cathepsin H is not an interactive

partner of the MP6R whereas cathepsins D, K, and L are. Conversely, when anti-
cathepsin D, H, K, or L antibodies were used to pull down sortilin, cathepsins D and H
but not K or L were capable of pulling down both wild type and truncated sortilin-myc
(Figure 2, 3, and 4). These results demonstrated that cathepsins D and H are
interactive partners of sortilin and that this interaction was unaffected by truncation of
the cytosolic domain of sortilin.

To examine whether or not sortilin played a role in the lysosomal targeting of
cathepsins D, H, K, or L, immunofluorescent staining was conducted in untransfected
cells or cells transfected with truncated sortilin-myc (Figures 8, 9, 10, and 11). The
truncated sortilin-myc construct has previously been characterized and has been
shown to act as a dominant-negative competitor of endogenous sortilin that induces
the retention of sortilin in the Golgi apparatus (Figure 5) and inhibits the targeting of
SAPs to the lysosomes (Lefrancois et al., 2003).

In untransfected cells, cathepsins D, H, K, and L. were found in punctate
lysosomal structures labeled with LAMP-1. However, when the cells were transfected
with dominant-negative truncated sortilin-myc, anti-cathepsin D and H antibodies
stained only the perinuclear region. Thus, truncated sortilin bound to both cathepsins
D and H and caused their retention within the Golgi apparatus, indicating that the
transﬁort of cathepsins D and H to the lysosomes was disrupted by inhibition of the
sortilin pathway (Figures 10 and 11). ’fherefore, in the case of cathepsin D, the
truncated sortilin-myc construct not only competed with the endogenous sortilin but

with the M6PR as well since cathepsin D was excluded from the lysosomes. Our
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results also suggest that fluid-phase endocytosis does not play a major role in the

uptake of cathepsin D or cathepsin H since the dominant-negative sortilin completely
blocked the transport of cathepsin D and H to the lysosomes.

Alternatively, in cells transfected with truncated sortilin-myc, the localization
of cathepsins K and L to punctate lysosomal structures labeled with LAMP-1 was
unaltered as compared to cells in which the sortilin pathway was intact (Figures 8 and
9). This result suggests that while cathepsins K and L may attain the lysosomes
independently of the M6PR, the alternative pathway employed is not via the sortilin
receptor. The M6PR-independent trafficking of cathepsins K and L may be accounted
for by fluid-phase endocytosis or another sorting receptor. Additional potential
sorting receptors include members of the Vspl0 family such as SorLA or SorC1-3.
These Vspl10-domain receptors have been shown to have a cytoplasmic tail capable of
interacting with the adaptor proteins necessary for vesicular formation (Hermey et al.,
1999; Nielsen et al., 2007). It can be speculated that these homologous receptors have
evolved in accordance with the different expression patterns of their ligands since
while some cathepsins are ubiquitously expressed, others, such as cathepsin K, are
more restricted in their expression (Claveau and Riendeau, 2001).

Since cathepsin B has been demonstrated to utilize the M6PR to reach the
lysosomes, truncated sortilin did not alter the punctate staining yielded by the anti-
cathepsin B antibody (Figure 7) (Mort and Buttle, 1997). This indicates that our

experimental manipulation did not alter the M6PR pathway.
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The Absence of a Sortilin Pathway Affects the Trafficking of Cathepsins D and H

To determine the effect of the inactivation of sortilin on the lysosomal
transport of cathepsins D, H, K, and L, COS-7 cells stably expressing sortilin sShRNA
were examined by confocal microscopy and pulse-chase analysis (Figures 15-18).
Under this condition of sortilin ablation, the punctate staining of cathepsin H was
abolished (Figure 16). In addition, pulse-chase experiments showed that the
inactivation of sortilin induced the secretion of cathepsin H (Figure 16). Thus, these
results indicate that the stable expression of sortilin ShRNA inhibited the lysosomal
transport of cathepsin H and resulted in the preferential secretion of cathepsin H into
the extracellular milieu. On the other hand, the effect of the inactivation of sortilin on
cathepsin D differed from the dominant-negative experiment. While dominant-
negative truncated sortilin abrogated the trafficking of cathepsin D to the lysosomes,
the sortilin shRNA did not (Figure 15). These results suggest that in cells in which
sortilin expression was abrogated by the sortilin shRNA, the M6PR continued to
traffic cathepsin D to the lysosomes. In addition, the secretion of cathepsin D also
appears to be unaffected by sortilin ablation suggesting that in the absence of sortilin,
the M6PR compensates the targeting of cathepsin D to the lysosomes (Figure 15).

In accordance with the results obtained using a truncated sortilin construct,
inhibition of the sortilin pathway using shRNA produced similar effects on the sorting
of cathepsins K and L (Figures 17 and 18). Analysis of cathepsin K and L localization
by confocal microscopy and secretion pulse-chase showed no differences when

shRNA expressing cells were compared to mock treated cells. These results further
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substantiate the idea that the M6PR-independent trafficking of cathepsins K and L to

the lysosomes is not due to the sortilin pathway.

M6PR and Sortilin Traffic Cathepsin D to the Lysosomes

The transport of cathepsins D, H, K, and L. was also examined in ICD
fibroblasts which have a disrupted M6PR pathway. Cathepsin B, a well characterized
MB6PR ligand, is excluded from the lysosomes of ICD cells due to the inability of the
MB6PR to recognize cargo that lacks M6P residues (Lobel et al., 1989). Cathepsin B
staining of lysosomes ICD fibroblasts is therefore abolished (Figure 20). Under
similar conditions, transport of cathepsin D to the lysosomes is partially inhibited and
it has been estimated that only 45 % of cathepsin D reaches the lysosomes (Rijnboutt
et al., 1991b). Accordingly, we found cathepsin D present in punctate lysosomal
structures positively-stained with LAMP-1 confirming that cathepsin D can attain the
lysosomes independently of the M6PR (Figure 23).

The sorting of cathepsins H, K, and L in ICD fibroblasts was not previously
examined. When we incubated ICD fibroblasts with anti-cathepsins H, K, or L
antibodies followed by Alexa tagged secondary antibodies, staining for all three
cathepsins was observed in LAMP-1 labeled granules (Figures 21, 22, and 24). These
results confirm that cathepsins H, K, and L are delivered to the lysosomes
independently of the M6PR.

To observe the subcellular localization of cathepsins in the absence of both the
M6PR and sortilin sorting pathways, ICD fibroblasts were transfected with the

truncated sortilin-myc construct. Under these conditions the staining patterns of
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cathepsins K, and L were unaltered confirming the hypothesis that the transport of

these cathepsins to the lysosomes can occur independently of both the sortilin and
M6PR pathways (Figures 21 and 22). However, abolishment of the sortilin sorting
pathways by transfection with the truncated sortilin-myc construct inhibited the
transport of cathepsins D and H to lysosomes (Figures 23 and 24). This result
demonstrates not only that transport of cathepsin D to the lysosomes occurs through
both the sortilin and M6PR sorting pathways, but the result suggests that the normal
trafficking of cathepsin D in cells in which sortilin expression has been abrogated is

due to M6PR-dependent trafficking of cathepsin D.

DRMs Play a Selective Role in the Interaction of Sortilin and its Ligands

It is well known that the endoplasmic reticulum (ER) produces the precursors
of lipid-rafts (i.e., cholesterol and ceramide) which are then exported to the Golgi
apparatus. In the Golgi, ceramide serves as a precursor for the synthesis of
sphingomyelin. Consequently, sphingomyelin is produced relatively late in the process
of membrane synthesis by enzymes located in the Golgi lumen. Thus, sphingomyelin
is located exclusively in the noncytosolic leaflet of the lipid bilayer.

Results from our laboratory have shown that a sortilin ligand, prosaposin,
requires sphingomyelin to be targeted from the Golgi apparatus to the lysosomes.
Based on this result, it was postulated that the interaction of prosaposin with
sphingomyelin brings this ligand in close proximity to the Golgi membrane to
facilitate its binding to sortilin (Lefrancois et al., 2002). In fact, depletion of

sphingomyelin with specific biochemical inhibitors results in the misrouting of
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prosaposin to the secretory pathway (Lefrancois et al., 1999). Sphingomyelin is one

of the main components of DRM microdomains (Simons and Ikonen, 1997).

DRMs have been postulated to exist in the TGN and to function as sorting
platforms (Simons and Ikonen, 1997; Simons and van Meer, 1988). Of interest,
sortilin has been demonstrated to bind G proteins present in lipid rafts at the plasma
membrane (Gkantiragas et al., 2001; Martin et al., 2002). Thus, in an attempt to better
understand the mechanism of lysosomal transport via the sortilin sorting receptor, we
investigated here whether sortilin and its ligands are found associated to DRM
microdomains in TM4 Sertoli cells. TM4 Sertoli cells were therefore transfected with
wild-type sortilin-myc 24 hours prior to homogenization and fractionation by sucrose
gradient centrifugation.

Our results from TM4 Sertoli cell fractionation show that sortilin, and its
ligands, prosaposin, cathepsin D and cathepsin H are found within detergent resistant
membrane fractions as was flotillin-1, a lipid raft marker (Figure 25). In support of
this finding, recent evidence obtained with a novel proteomics approach has
demonstrated that flotillin-1 and flotillin-2 represent a significant portion of the
lysosomal membrane (Bagshaw et al., 2005). However, the M6PR and its ligand,
cathepsin B, were not found in fractions known to contain lipid-rafis (Figure 25). This
suggests the existence of two classes of soluble lysosomal proteins, one that uses the
M6PR to reach the lysosomes independently of DRM microdomains and a second
class which uses sortilin and requires DRM microdomains. The findings for cathepsin
D suggest that, similar to the truncated sortilin-myc construct, under conditions in

which wild-type sortilin was over-expressed, the M6PR was out-competed. We



Chapter 6 Page 168
therefore reason that in TM4 cells over-expressing wild-type sortilin, sortilin recruited

cathepsin D away from the M6PR and into the DRM fractions.

Given that our results and previous reports from our laboratory suggest a role
for sphingomyelin in the transport of prosaposin to the lysosomes, we next attempted
to identify the regions (if any) within prosaposin that mediate its interaction with
sphingomyelin. Due to published and unpublished data from our laboratory
demonstrating that while the C-terminus of prosaposin alone mediates its interaction
with sortilin, the D-domain of prosaposin is required for its lysosomal targeting
(Lefrancois et al., 2002). Moreover, it was hypothesized that the role of the D-domain
was to mediate the conditional interaction between the C-terminus of prosaposin and
sortilin by first interacting with sphingomyelin (Figure C) (Lefrancois et al., 2002;
Lefrancois et al., 2003). Thus we tested the hypothesis that the D-domain of
prosaposin mediates its localization to sphingomyelin in DRMs.

DRM fractions from COS-7 cells expressing chimeric constructs consisting of
albumin and both the D-domain and C-terminus of prosaposin were observed herein to
contain the chimeric construct (Figure 26). While this initial result substantiates the
aforementioned hypothesis, further investigation using a chimeric construct consisting
of albumin and the C-terminus of prosaposin alone suggests otherwise since it was
also present in DRM fractions (Figure 26). Likewise, a chimeric construct consisting
of albumin and exclusively the D-domain of prosaposin was found to be excluded
from DRM fractions (Figure 26).

These findings were further substantiated by our mutational analysis of the

prosaposin D domain which explored the potential interaction of this domain with
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sphingomyelin. Accordingly, based on the fact that sphingomyelin possesses

positively charged headgroups, negatively charged amino acid residues in prosaposin
were mutated to positively charged amino acids in an attempt to disrupt the interaction
of prosaposin and sphingomyelin in DRMs. However, when specific negatively
charged amino acid residues (E463 and E491) in prosaposin were mutated to positive
residues (E463K and E491L) no effect was observed on the localization of prosaposin
to DRMs (Figure 27). This finding shows that the amino acids selected for mutation
did not mediate the interaction of prosaposin and DRMs and suggests that the
localization of prosaposin to DRMs is not charge-dependent. Conversely, unpublished
confocal microscopy data from our laboratory show that these mutations partially
inhibit the trafficking of prosaposin from the TGN to the lysosomes. Together these
findings have led us to propose that prosaposin must be properly folded in order to
interact efficiently with the luminal domain of sortilin. Disruption of the charged
amino acid residues and/or removal of the entire prosaposin D domain may therefore
alter the conformation and affinity of the C-terminus to sortilin and in turn decrease
the trafficking of the modified chimeric constructs to the lysosomes. Furthermore, the
localization of sortilin, and not the M6PR to DRMs may prove to be an important
feature in distinguishing the two sorting receptors, their ligands, and sorting pathways.

Further to this, our findings indicate that the interaction of prosaposin with
DRMs must occur either through its C-terminus or indirectly through an association
with sortilin which is localized to DRM microdomains. However, it is more likely
that the localization of prosaposin to DRMs is the result of its interaction with sortilin

since the C-terminus of prosaposin has not been demonstrated to bind sphingomyelin
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directly. This was confirmed herein by investigating the localization of the wild-type

albumin-D-domain-C-terminus chimera in cells in which sortilin was depleted by
shRNA (Figure 27). In conclusion, our results show that the C-terminus, and not the
D-domain, is implicated in the localization of prosaposin to DRMs. A plausible
interpretation that reconciles the results of the present and past investigations is that
the D domain of prosaposin plays a conformational role that favors the interaction of
the C-terminus with sortilin. In fact, a closer analysis of the results initially published
by (Zhao and Morales, 2000), shows some granular distribution around the Golgi
apparatus of the albumin/prosaposin C-terminus chimeric construct. This observation
indicates that the C-terminus of prosaposin partially restored the trafficking of the
chimeric construct to the lysosomes. Additionally, the ability of saposin D and of the
other saposins to bind sphingomyelin may be solely of functional significance in the
lysosomes where saposins act as non-enzymic biological detergents.

Clearly the functional significance of raft domains in lysosomal transport
remains to be clarified. However, it is tempting to speculate that raft domains may
function as a structural scaffold for transport proteins or as a recruitment device for
ligand-receptor complexes and accessory cytoplasmic proteins. Proteomic assessment
of the Golgi lipid-rafts will help to identify the components of this putative platform

involved in the lysosomal transport of some soluble proteases.
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Part 2: Cytoplasmic Interaction of Sortilin with Adaptor Proteins

Based on the fact that the cytosolic tail of sortilin possesses a high degree of
structural and functional similarities to the cytosolic tail of the M6P receptor, the
second major objective of this investigation was to test the hypothesis that sortilin and
the M6PR share an evolutionary conserved mechanism of trafficking between the
TGN and the endosome. Part 2 deals with this hypothesis and with the mechanisms
that mediate the interaction of sortilin with relevant cytoplasmic adaptor and accessory

proteins.

A YXXO Sorting Motif Mediates the Interaction between Sortilin and Adaptor
Proteins

Given the functional homology between the sortilin and M6P receptors, we
next examined whether the adaptor proteins and complexes implicated in the
trafficking of the M6PR also interact with full-length sortilin (Arighi et al., 2004;
Seaman, 2007). The adaptor proteins and complexes of interest here were namely AP-
1 and retromer. The multimeric adaptor, AP-1A has been found to play a role in
sorting events at the TGN that involve the M6PR specifically through an interaction of
the p subunit (Meyer et al., 2000; Ohno et al., 1995; Owen and Evans, 1998). The
pentameric retromer complex has more recently been implicated in the endosomal
recycling of both the M6PR and a CD8 chimeric construct of the cytosolic tail of
sortilin. The same report suggests that an FLV motif in the cytosolic domain of
sortilin mediates the interaction with the Vps35 subunit of the retromer complex

(Seaman, 2007).
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Here, using a Co-IP assay, we show that full-length sortilin is capable of

interacting with and immunoprecipitating both AP-1 (y-adaptin) and retromer (Vps26)
(Figure 28). Additionally, our Yeast Two-Hybrid analysis of the interaction between
retromer or AP-1 and sortilin C-terminal deletion constructs demonstrated that sortilin
interacts with both Vps35 (retromer) and pl (AP-1). Specifically, amino acid residues
789-799 were shown here to be essential for the binding of sortilin to Vps35 and pl
(Figure 28). These results are consistent with what has been observed with CD8
chimeric sortilin with the exception that the FLV motif believed to mediate the
interaction between sortilin and Vps35 occurs outside the 789-799 region identified
here (Seaman, 2007). Rather the stretch of amino acids we identified contains another
common sorting motif, YXX®. To examine if this motif is implicated in the
interaction and trafficking of full-length sortilin by AP-1 and/or retromer, we
introduced mutations into the YSVL motif in sortilin (Figure 29).

Our results showed that while mutating either Y14A or L17A inhibited the
interaction of the cytosolic tail of sortilin with Vps35/Vps26, the interaction with -
adaptin was unaffected (Figure 29). This result strongly indicates that the interaction
between sortilin and retromer is dependent upon the YSVL sequence. However, the
interaction of sortilin with AP-1 may rely on an entirely distinct sequence within
residues 779 to 789 6f sortilin, or more likely, since AP-1 also binds dileucine motifs,
it is feasible that AP-1 binds to the dileucine motif of sortilin further downstream of
the tyrosine motif,

Similarly, when the Y14A and L17A sortilin constructs were studied by

confocal microscopy, our results suggested a role for these two amino acid residues in
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the trafficking of sortilin (Figure 30). As compared to wild-type sortilin, the presence

of both the Y14A and L17A constructs in LAMP-1 labeled lysosomes was found to be
diminished. These results suggest that while Y14 and L17 may be essential for the
interaction of sortilin with retromer, these amino acid residues are also important in

mediating the exit of sortilin from the TGN, possibly via an interaction with AP-1.

Sortilin and its Ligands are Mis-sorted in the Absence of Retromer and AP-1

To further characterize the role of AP-1 and retromer in the trafficking of
sortilin, cells in which AP-1 and retromer expression was abrogated by siRNA were
studied by confocal microscopy and pulse-chase.

While attenuation of Vps26 expression caused depletion of sortilin in the
perinuclear region, abrogation of pl expression resulted in the retention of sortilin in
the perinuclear Golgi region (Figure 32). This result would indicate that in the
absence of a functional retromer complex, sortilin accumulates in the endosomal
system and is depleted from the Golgi complex, but that without AP-1 sortilin cannot
exit the TGN. Therefore our results would indicate that AP-1 is implicated in the
anterograde transport of sortilin from the TGN to the endosomal compartments, while
retromer mediates the retrograde transport of sortilin from the endosomal
compartments back to the TGN. Furthermore, when the stability of sortilin was
examined in retromer or AP-1 siRNA treated cells, we observed a decrease in the
expression of sortilin in cells lacking retromer (Figure 31). This finding would lead us
to hypothesize that without retromer, sortilin is transferred from the endosomal

compartments to the lysosomes where it is degraded, thereby resulting in the
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decreased expression of this receptor and emphasizing the importance of receptor

recycling.

The fate prosaposin and cathepsin B, ligands of sortilin and the M6PR
respectively, in cells deficient in either retromer or AP-1 was also examined by
confocal microscopy and pulse-chase. By confocal immunomicroscopy, the staining
of both prosaposin and cathepsin B in cells transfected with retromer or AP-1 siRNA
was abolished (Figure 32). The lack of prosaposin and cathepsin B within these cells
appears to be a consequence of the defects in sortilin and M6PR sorting, which in turn,
could have caused the release of prosaposin and cathepsin B to the extracellular space.

This was confirmed by a pulse-chase experiment that revealed that in similarly
treated cells, prosaposin and cathepsin B were increasingly secreted into the
extracellular milien (Figure 33). The results obtained from the pulse-chase analysis
indicate that the absence of functional sorting pathways in the Golgi causes secretion
of soluble lysosomal proteins from the cell. Additionally, the similarity between
prosaposin and cathepsin B indicates that sortilin and the M6P receptor use similar
trafficking mechanisms to shuttle between the Golgi apparatus and the endosomes. In
conclusion, the above results demonstrate a critical role for both retromer and AP-1 in

the trafficking of full-length sortilin.

Part 3: General Conclusions
The efficient delivery of soluble lysosomal proteins from the TGN to the
lysosomes requires sorting receptors (Kornfeld, 1986). Defects in the canonical

M6PR sorting pathway result in LSDs such as mucolipidosis II (ICD) and
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mucolipidosis III (Reitman et al., 1981). While the multimeric AP-1 adaptor protein

and retromer sorting complex have been implicated in mediating the transport of the
MG6PR to and from the endosomes, we show here for the first time that these same
adaptors are important for the trafficking of sortilin (Arighi et al., 2004; Meyer et al.,
2000). Furthermore we have herein identified a new set of amino acids (YSVL) in the
cytosolic tail of the sortilin sorting receptor that are required and essential for the
interaction of sortilin with retromer.

This finding is important given that the proper sorting and function of soluble
lysosomal proteases is essential for efficient lysosomal and cellular functioning.
There is growing evidence that imbalance in the localization of cathepsins is related to
familial forms of Alzheimer's disease (Urbanelli et al., 2006). Increased levels of
cathepsin H in sera have also been identified as a marker in colorectal cancer
(Schweiger et al., 2004). The results of this investigation support the hypothesis that
cathepsins D and H are transported to the lysosomes in a manner that requires the
sortilin sorting receptor. In the case of cathepsin H, sortilin appears to be the sole
receptor required for lysosomal translocation. Alternately, the efficient transport of
cathepsin D to the lysosomes requires both the M6PR and sortilin.

An additional feature that distinguishes sorting by sortilin and the M6P
receptor that we have herein identified is DRM microdomains. Sortilin and its ligands
are localized to DRMs whereas the M6PR and its ligands are not. These novel
findings represent an important step towards the elucidation and differentiation of the
pathways involved in sorting soluble lysosomal proteins and support the notion that

sortilin functions as an alternative receptor to the M6PR. Additionally, these results
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suggest that there are important similarities and differences between the sortilin and

M6PR sorting pathways.

The explanation for the existence of two such sorting pathways may be
evolutionary.  Interestingly, the sortilin sorting pathway may represent an
evolutionarily older mechanism for lysosomal transport than the M6PR pathway.
Sortilin is a member of the Vps10 family of sorting receptors which also includes‘
Vps10p, SorLA, and SorCS1-3. This family of proteins is characterized by luminal
Vps10 domains that were first identified as a sorting motif in yeast (Hampe et al.,
2001; Marcusson et al., 1994). Vpsl0 domain containing proteins are found in a
variety of simple organisms including Dictyostelium, Neurospora, and Metarhizium
(Hampe et al., 2001).

While the yeast Vps10p receptor is often described as a yeast analogue of the
MB6PR, it in fact possesses more similarities to sortilin than the M6PR. Both sortilin
and the Vps10p receptor contain Vpsl0 domains (1 in sortilin and 2 in the Vps10p),
while the M6PR has no Vps10 domain (Petersen et al., 1997). Although it has been
well established that the MO6PR recognizes its ligands through an added
oligosaccharide side-chain (the M6P tag), both the VpslOp and sortilin receptors
interact with ligands through proteinaceous interactions (Kornfeld and Kornfeld, 1985;
Marcusson et al., 1994; Tauris et al., 1998). While the residues implicated in the
interaction of Vps10 domains and cargo proteins have not yet been characterized, it
should be noted that all of the known lysosomal cargo proteins possess prominent o.-
helices (Baldwin et al., 1993; Guncar et al., 1998; Wright et al., 2000; Zhao et al.,

1998).
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Together, this information would suggest that the M6PR pathway is a more

specific mechanism for sorting soluble lysosomal proteins than is the sortilin pathway.
The appearance of this new pathway may also explain why soluble lysosomal proteins
differentially traffic via these two different receptors. In spite of the development of
this new sorting mechanism, sortilin continues to be a unique sorting receptor that is
evolving new functions essential in embryonic development, neural function and
apoptosis (Hermans-Borgmeyer et al., 1999; Mazella and Vincent, 2006; Nelson and
Alkon, 2007), while still is retaining its capacity to sort of certain soluble proteins
(Lefrancois et al., 2003; Ni and Morales, 2006).

The results of this investigation also show that the cytoplasmic domain of
sortilin and the M6PR possesses a high degree of structural and functional similarities
characterized by the utilization of similar adaptor and accessory proteins to shuttle
between the TGN and endosome. To the list of adaptor proteins implicated in the
transport of both sorting receptors from the TGN to the endosome, we now add AP-1
complex. Additionally, this investigation confirms that the retromer complex is not
exclusive to the M6PR, but also recycles sortilin from the endosomes (Arighi et al.,
2004). These findings support our hypothesis that sortilin and the M6PR share an
evolutionary conserved mechanism of trafficking between the TGN and the
endosomal compartment.

Thus, the present investigation disclosed new aspects of the mechanism and
function sortilin, and indirectly of the M6PR, which are significant for the
understanding of lysosomal function and of lysosomal storage disorders that result

from the impaired trafficking of lysosomal proteins.
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Figure C. Model for the Interaction of Prosaposin with Sortilin in DRMs.

According to the previously proposed model, prosaposin interacts with sphingomyelin
found in the inner leaflet of the TGN membrane. The interaction of prosaposin (blue)
with sphingomyelin according to this model occurs through the D-domain of
prosaposin and mediates the interaction of the C-terminus of prosaposin with the
luminal domain of sortilin (red). Subsequent to this binding, sortilin mediates the
transport of prosaposin to the lysosomes via an interaction with the cytosolic GGA

adaptor proteins (purple) (Lefrancois et al., 2003).
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Chapter 7: Original Contributions



Chapter 7 Page 181
We have shown that sortilin binds to cathepsins D and H, but not to cathepsins

Kand L.

We have demonstrated that inhibition of the sortilin pathway using a dominant-
negative truncated sortilin construct results in the mis-sorting of cathepsins D and H,
but not cathepsins K or L.

Similarly, by abrogating the expression of sortilin using shRNA, we have
confirmed that cathepsin H, but not cathepsins D, K, or L were mis-sorted.

By examining DRM fractions we presented evidence that sortilin and its
ligands (prosaposin, cathepsin D, and cathepsin H) reside in DRM microdomains,
whereas the M6PR and its ligands (cathepsin B) do not.

Using site directed mutagenesis and a deletion strategy in conjunction with
DRM fractionation we have demonstrated that prosaposin is localized to DRMs due to
the interaction of its C-terminus with sortilin.

We have demonstrated for the first time important similarities between sortilin
and the M6PR.

Using co-immunoprecipitation assays we have shown that sortilin interacts
with AP-1 and retromer.

By means of confocal microscopy and RNA inhibition we have demonstrated
that AP-1 and retromer are required for the trafficking of sortilin.

We have also identified the YSVL sorting motif in the cytosolic tail of sortilin
as an important mediator of the interaction of sortilin and retromer.

In conclusion, our results presented herein demonstrate for the first time that

sortilin is an alternative sorting receptor to the M6PR for certain soluble lysosomal
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proteins. Based on our data, we propose a model in which sortilin interacts with its

ligands through alpha-helical motifs and that this interaction occurs in DRM
microdomains present in the TGN membrane. Subsequent to receptor-ligand binding,
the interaction of sortilin with AP-1 then helps to mediate its endosomal transport.
Finally, via the retromer complex, the sortilin sorting receptor is recycled to the TGN

where it may once again interact with and deliver cargo to the endosomes.
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