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Lysosomal storage diseases (LSDs) are a group of inherited disorders that are caused
by the defective activity of lysosomal proteins, resulting in the intracellular accumulation
of wundigested Ilysosomal metabolites. Mucolipidosis type IV (MLIV) is a
neurodegenerative, recessive disease that results in the accumulation of undigested
material in most tissue types. MLIV is caused by mutations in the MCOLN1 gene,
encoding the transient receptor potential (TRP) cation channel family member
mucolipin-1 (TRP-ML1). While previous work has provided insight into the role of this
protein in progression of MLIV, a detailed knowledge of TRP-ML1 function and
subsequent role in MLIV pathogenesis remains unclear. The aim of this project was to
gain a better understanding of TRP-ML1 function and to provide further insight into the
molecular mechanisms behind MLIV pathogenesis.

Since TRP-ML1 is lysosomally localized and is subject to proteolysis, | wanted to
first examine the trafficking and characterize the processing of this protein. TRP-ML1
undergoes cleavage within its first extracellular loop during its biosynthetic delivery to
lysosomes. The lysosomal delivery of TRP-ML1 is impaired by depletion of the Adaptor
Protein (AP) complex AP-1, while proteolysis remains unaffected in cells lacking AP-1,

indicating that cleavage may occur in a pre-lysosomal compartment.



Current models of MLIV pathogenesis suggest that TRP-ML1 directly regulates
the postendocytic membrane trafficking by mediating interactions between late
endosomes and lysosomes. Acute down-regulation of TRP-ML1 reveals that the
lysosomal delivery and degradation of various markers is unperturbed, arguing against
this model for MLIV pathogenesis. However, LDL-derived cholesterol ester hydrolysis in
MLIV fibroblasts was found to be selectively impaired, suggesting that loss of TRP-ML1
alters lysosomal hydrolytic activity and has a cumulative effect on lysosome function.

My findings support a role for TRP-ML1 in maintenance of the ionic balance that
is critical for proper lysosome function. This work is significant because it shifts focus
away from the concept that TRP-ML1 only functions to regulate specific membrane
trafficking events along the endocytic pathway. These results contribute to a more
complete understanding of the physiological role of TRP-ML1 and broaden current
understanding of MLIV progression, providing the basis for potential therapeutic

treatment strategies.
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1.0 INTRODUCTION

1.1 OVERVIEW

Mucolipidosis type IV (MLIV) is an autosomal recessive lysosomal storage disorder
(LSD) characterized by developmental delays and psychomotor retardation, impaired
gastric function, and ophthalmologic abnormalities (5, 227). At the cellular level, MLIV is
characterized by the lysosomal accumulation of sphingolipids, phospholipids,
cholesterol, and other gangliosides in all tissue types (8, 15, 16, 105, 207, 272). MLIV
has a similar cellular phenotype when compared to other mucolipidoses. However,
storage in other mucolipidoses results from improper targeting and/or activity of
lysosomal hydrolases (131, 148). In contrast, MLIV is caused by mutations in the
MCOLN1 gene which codes for the transient receptor potential (TRP) channel family
member mucolipin-1 (TRP-ML1) (12, 19).

Approximately two dozen disease causing mutations have been identified in the
MCOLN1 gene (1, 227). TRP-ML1 is localized to late endocytic structures including late
endosomes and lysosomes (156, 202). Since mutations in this protein result in
abnormal lipid accumulation and no definitive defects in lysosomal enzyme activity have
been identified, it is suggested that TRP-ML1 regulates lipid transport along the

endocytic pathway (14, 44). Therefore, the essential question regarding MLIV



pathogenesis is to determine how mutations in an intracellular ion channel result in
endocytic abnormalities. It is disputed whether TRP-ML1 functions to regulate
membrane trafficking involved in lipid transport, or in the maintenance of the proper
lysosomal ionic microenvironment required for efficient lipid metabolism.

Endocytosis is a complex process involving numerous transport intermediates
and membrane interactions. Fission and fusion between membrane-bound carriers and
organelles is regulated in part by fluxes in lumenal Ca*" concentration (200, 239), while
the trafficking and activity of hydrolases depends on the acidic environment maintained
within these compartments (194, 264, 265). This dependence on ions highlights the
significant role that channels have in the coordination of events along the endocytic
pathway.

Currently, there is not a clear model of how MLIV pathogenesis occurs.
Moreover, how ion channels modulate lipid trafficking and metabolism is uncertain.
Thus, the major goal of this dissertation was to characterize how TRP-ML1 functions
along the endocytic pathway and to provide insight into the molecular mechanisms
behind MLIV pathogenesis (Chapters 2-3). A more complete model of TRP-ML1
function will facilitate development of potential therapeutic treatments for MLIV and will
result in a better understanding of lysosome function by determining the overall mode of
disease pathogenesis. The following Introduction will discuss: general features of
lysosome function and lysosomal storage diseases, mechanisms of intracellular lipid
and protein transport, characterization of MLIV and TRP-ML1, and proposed models of

MLIV pathogenesis.



1.2 LYSOSOMES AND LYSOSOMAL TRANSPORT

A defining feature of the eukaryotic cell is that it is divided into various compartments
that are separated by membranes. The cell is separated from the external environment
by the presence of the plasma membrane and specific intracellular microenvironments
are maintained by the presence of membrane-limited organelles. Lysosomes (Greek for
‘digestive body’) were first identified by Christian de Duve and colleagues in 1955 (59).
They are defined as hydrolase-rich, acidic organelles that lack mannose 6-phosphate
receptors (MPRs) (56, 168). Lysosomes were originally described as an endpoint for
intracellular pathways in which proteins and lipids from the endocytic, autophagic, and
biosynthetic pathways are degraded and recycled (68, 130). It is apparent that
lysosomes have a more dynamic role in physiological processes including down-
regulation of cell surface receptors, autophagy, release of endocytosed nutrients,
inactivation of pathogenic organisms, MHC class Il antigen presentation, and plasma
membrane repair (177). This view is also evidenced by observations describing direct
interactions between lysosomes and late endosomes (137, 151, 152, 154) and by the
identification of specialized organelles termed ‘secretory lysosomes’, modified
lysosomes that undergo regulated exocytic secretion in response to external stimuli
(235).

Due to multiple cellular functions and variations in intralumenal content, the
morphology of lysosomes is heterogeneous. Their size is variable ranging from 0.5 um
to upwards of 2 um. They are composed of a single limiting external membrane and can
contain numerous intralumenal vesicles. The lysosomal membrane is primarily

composed of cholesterol, phospholipids, proteins, and the abundant presence of
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carbohydrate moieties.  Proteomic analysis has identified over 150 lysosome-
associated proteins including 50-60 soluble enzymes (9, 10, 114, 219) including

proteases, lipases, nucleases, and polysaccharidases (130).

1.2.1 Intracellular targeting of lysosomal proteins

Interactions between various intracellular compartments take place because of an
intricate network of vesicular transport carriers, each maintaining specific protein and
lipid compositions. Membrane trafficking is a multi-step process that involves specific
vesicle coat assembly and cargo selection, vesicle budding and movement along
cytoskeletal tracks, contact and fusion with target membranes, and cargo unloading
where trafficking components are recycled for re-use (24, 167). Trafficking events can
be divided into two interconnected categories: biosynthetic (secretory) transport and
endocytic transport (88). An overview of these pathways is highlighted in Figure 1.1.

In the biosynthetic pathway, newly synthesized proteins, carbohydrates, and
lipids are transported through the endoplasmic reticulum (ER) and Golgi complex.
Anterograde and retrograde trafficking of biosynthetic cargo is facilitated by COPII (coat
protein complex) and COPI coats, respectively. The folding and post-translational
modification of newly synthesized proteins also occurs during these steps. From the
TGN (trans-Golgi network), cargo is directed either to the cell surface or to the
endosomal-lysosomal system (88, 101). The biosynthetic transport of both soluble and
transmembrane lysosomal proteins is discussed in detail below (1.2.1.1).

Small molecules such as ions, carbohydrates, and amino acids can cross the
plasma membrane through specific ion channels or transporters. However, larger

4



macromolecules require the process of endocytosis in which transport vesicles derived
from the plasma membrane are trafficked through the endosomal-lysosomal system.
Endocytosis is essential for the transport of cellular lipid and protein components. Four
mechanisms describing these processes have been detailed: phagocytosis and
pinocytosis, clathrin-mediated endocytosis, caveolae-mediated endocytosis, and
clathrin- and caveolae-independent endocytosis (88, 160, 175). General features of
endocytic delivery to lysosomes are highlighted in section 1.2.1.2 while the role of

organelle acidification and Ca*" in this process is discussed in section 1.2.1.3.
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Figure 1.1 Major pathways of intracellular transport.

Schematic representation of the major pathways involved in membrane trafficking. Arrows in this
diagram represent known or presumed intracellular transport routes. The coat complexes depicted
are COPII (blue), COPI (red), and clathrin (gold). Endocytic carriers and subcellular organelles are
labeled as indicated. TGN; trans-Golgi network, COP; coat protein complex, ER; endoplasmic
reticulum, ERGIC; ER-Golgi intermediate compartment. Figure modified from Bonifacino, J.S. and
Glick, B.S. (2004) (24).



1.2.1.1 Biosynthetic transport of lysosomal proteins
Targeting of most soluble lysosomal proteins depends on the mannose 6-phosphate
(M6P) residues that are attached to them in the Golgi complex, and the subsequent
recognition of this signal by the mannose 6-phosphate receptors (MPRS) located in the
TGN (128). Two MPRs have been described, the larger 300 kDa cation-independent
MPR (CI-MPR), and the smaller 46 kDa cation-dependent (CD-MPR) (55, 56, 213, 229).
From the TGN, MPRs with bound lysosomal enzymes are packaged into clathrin-coated
vesicles (CCVs) where they are subsequently delivered to early endosomes (129, 142).
This incorporation of hydrolases into CCVs is facilitated by interactions between the AP-
1 complex and the Golgi localized, gamma adaptin ear homologous, ADP-ribosylation
factor binding proteins (GGASs) (141, 277). In particular, MPR incorporation is mediated
by a di-leucine-based motif located in the cytoplasmic tail that is recognized by GGA
proteins (78, 277). After delivery to early endosomes, the acidic pH of this compartment
facilitates dissociation of MPR from lysosomal enzymes. From here, enzymes are
transported to the lysosome while MPRs recycle back to the TGN (65, 163). It is
suggested both AP-1 and AP-3 function in MPR trafficking and retrieval from
endosomes (141, 163). However, a fraction of the CI-MPR is found at the plasma
membrane where it directs missorted M6P-tagged enzymes into the endocytic pathway
77).

Targeting of lysosomal transmembrane proteins is more complex and diverse
compared to biosynthetic transport of soluble lysosomal enzymes. This process is
mediated by short sequences of amino acids present within the cytosolic domain of a

transmembrane protein (27). The specific motifs that facilitate this transport can be



variable, but are usually comprised of 4-7 residues of which 2 or 3 critical residues are
of a bulky, hydrophobic nature. Tyrosine-based motifs were the first to be described,
and are composed of either NPXY or YXX@ consensus sequence (where N is
asparagine, P is proline, X is any amino acid, Y is tyrosine, and @ is any bulky
hydrophobic residue). The Y residue is essential for recognition of the motif while the X
residues are often acidic, and a glycine often precedes the critical Y residue. Dileucine-
based motifs constitute the second class of lysosomal transmembrane sorting signals
and can be categorized into two distinct classes: [D/E]xxxL[L/I]] and DxxLL. These
signals conform to the consensus LL or LI, and mutation of either of these first critical
leucine residues impairs transport ability almost entirely. Additionally, an acidic residue
preceding the first leucine residue (at position -4) is also important in[D/E]xxxL[L/I]
motifs (27, 215). In DxxLL motifs the requirement for D and LL are strict and do not
tolerate substitution. The D residue is generally found within a cluster of acidic residues.

Both tyrosine- and dileucine-based signals are recognized by cytoplasmic coat
proteins that associate with the cytosolic face of the membrane. YXX@ and LL/LI are
recognized by the clathrin-associated AP complexes (AP-1, AP-2, AP-3, and AP-4) that
facilitate CCV incorporation (23, 61, 246). Most notably, AP-1 and AP-3 have been
implicated in the transport of lysosomal transmembrane proteins along this pathway (21,
43, 140, 212). Targeting of lysosomal transmembrane proteins can occur via two
distinct paths en route to lysosomes. The first is the entirely intracellular ‘direct route,’
that does not require passage through the plasma membrane. Alternatively, the ‘indirect

route’ involves passage through the plasma membrane and subsequent AP-2-



dependent internalization before re-entry into the endosomal system and transit to
lysosomes (27, 212).

It should also be noted that some dileucine motifs are recognized by the GGAs,
thus lysosomal delivery of some lysosomal membrane proteins is GGA-mediated (27,
78, 277). Finally, lysosomal targeting may also be achieved through the ubiquitination of
cytosolic lysine residues as this modification may serve as a signal for lysosomal sorting
at numerous points in the endosomal-lysosomal system (18, 27, 28, 238). Chapter 2

describes the lysosomal targeting of TRP-ML1.

1.2.1.2 Endocytic transport to lysosomes

Endocytosis is divided into four main types according to how cargo is internalized.
Chapter 3 will examine the role of TRP-ML1 in the regulation of endocytic trafficking of
various protein and lipid markers. Therefore, this section highlights features of clathrin-
and caveolae-dependent endocytic pathways.

Clathrin-mediated internalization is the best characterized of the endocytic
pathways. Clathrin-dependent endocytosis is essential for numerous cellular functions
including nutrient uptake, cell signaling, and tissue/organ development (63, 165, 175).
The hallmark feature of this process is the formation and budding of the clathrin-coated
vesicle. CCVs are dynamic structures that undergo exchange of coat protein
components as they form, allowing for the rapid production of multiple vesicles (25).
Clathrin-mediated endocytosis is divided into three key steps: CCV assembly and
formation, CCV invagination, and CCV budding (32, 53, 90, 193) (Figure 1.2). This

process is mediated by interactions of adaptor proteins with the plasma membrane and
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clathrin as well as with accessory proteins and phosphoinositides (92, 251). CCVs are
composed of clathrin triskelions that are assembled into a lattice structure, and are
accompanied by the heterotetrameric AP-2 complex (52). Fission of CCVs is mediated
by the GTPase dynamin, leading to subsequent release of the vesicle (97, 98). Various
scaffolding proteins composed of multiple interaction domains allow for protein and lipid
interaction, and serve to connect the endocytic machinery to the actin cytoskeleton (79).
Additionally, this pathway is regulated by numerous mechanisms including

phosphorylation, receptor signaling activity, and lipid modification (175).
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Figure 1.2 Clathrin-mediated vesicle formation.

This figure depicts the mechanisms that are involved in clathrin-mediated vesicle formation and
budding from the plasma membrane. Clathrin coated vesicle (CCV) formation is driven by the
assembly of clathrin (green) into lattices. Clathrin is recruited to the plasma membrane by AP-2
complex (red) whose membrane association is dependent on interactions with
phosphoinositides, protein-protein interactions, and specific sorting signals present in the
cytosolic tails of receptors and/or cargo molecules. The formation of an invaginated pit, and its
subsequent detachment from the plasma membrane requires the GTPase dynamin (orange)
which is targeted to the neck of CCVs where it facilitates vesicle fission (budding). Following
release from the plasma membrane, CCV components rapidly uncoat and are returned to the
cytosol. Figure adapted from Gundelfinger, ED, Kessels, MM, and Qualmann, B (2003) (90).
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Caveolae are flask-shaped plasma membrane invaginations that are the defining
feature of caveolae-mediated transport (139, 182). Caveolae are enriched in cholesterol
and sphingolipids (lipid raft components), with their primary structural component being
the integral membrane protein caveolin-1 (190, 191). Internalization is thought to occur
via the clustering of raft components and subsequent sequestering into caveolae.
Budding from the plasma membrane is dynamin-dependent and material internalized by
this pathway includes extracellular ligands (folic acid and albumin), membrane
components (glycosphingolipids), bacterial toxins (cholera toxin), and viruses (SV40)
(22, 46, 180).

Following internalization, cargo enters the endosomal system, a network of
organelles and vesicular intermediates that differ in both biochemical composition and
subcellular localization (160). Carriers and compartments along the endocytic pathway
are distinguished on the basis of morphology, specific membrane, lipid, and protein
composition, and intralumenal pH. Cargo is first delivered to the early endosomes (EE),
vesiculo-tubular organelles that are located in the cell periphery and are identified by the
membrane protein early endosomal antigen-1 (EEA1) and the small GTPase Rab5.
From the EE, cargo is sorted either to the degradative lysosomal pathway, or back to
the plasma membrane. Cargo may be recycled directly or pass through recycling
endosomes identified by the GTPases Rab4 and Rabl11 (89, 230, 252, 274). Cargo in
the degradative pathway is transported to the late endosomal (LE) compartment (also
termed multi-vesicular bodies), positive for both Rab7 and Rab9 (11, 233, 274). From
LEs, cargo is delivered to lysosomes where degradation in this acidic organelle is

carried out by numerous hydrolases and lipases (130). Section 1.2.3.2 highlights
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specific interactions between LEs and lysosomes that occur in the delivery of

internalized cargo to lysosomes.

1.2.2 The role acidification and Ca** along the endocytic pathway

Organelles along the endocytic pathway have different lumenal ionic compositions,
most notably regarding proton (H*), chloride (CI), and calcium (Ca?*) concentrations.
The ionic environment of endosomal compartments has a major role in both the
trafficking and degradation of internalized material. Protons have a role both in the
sorting of endocytosed cargo and in maintenance of the acidic environment required for
hydrolase activity (67, 81, 249, 264). Calcium ions are necessary for specific fusion
events that occur between late endosomes and lysosomes (149, 152).

The following section discusses the role of organelle acidification in endocytic
transport and the role of Ca*" in LE-lysosome interaction. Current discrepancies
regarding TRP-ML1 function are centered on whether this channel mediates specific
Ca?*-dependent fusion events or functions to maintain the ionic environment within the

lysosomal lumen required for efficient lipid metabolism.

1.2.2.1 Organelle acidification and endocytic transport

Intracellular organelles have characteristic lumenal pH ranges that are suited to their
specific biochemical functions. Organelle acidification has multiple roles along the
endocytic pathway as internalized molecules encounter an increasingly lower pH as

they transit through EEs, LEs, and lysosomes (264) (Figure 1.3). The slightly acidic pH
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of EEs (pH 6.2) facilitates receptor-ligand dissociation, so that receptors may be
recycled back to the plasma membrane. Similarly, the harsh acidic pH of lysosomes (pH
<5.5) enables the activation hydrolases that have been delivered to this compartment
(249, 264). Organelle pH is maintained and regulated by balancing rates of intralumenal
H* pumping, counterion conductance, and H* leak (84, 264, 265). Protons are pumped
into the lumen against their concentration gradient by the vacuolar-type ATPase (V-
ATPase) (74, 181). As protons are pumped into the lumen, V-ATPase function is limited
by the build-up of an increasingly positive membrane potential. The build-up of excess
positive charge can be relieved by counterion conductance through anion channels or
transporters (CI" channels) allowing acidification to continue (85, 110, 217). The intrinsic
rate of H* leakage from the lumen also contributes to steady state organelle pH.
However, it is not known whether the primary mechanism for H* leakage occurs via
passive leak through the membrane, or by the presence of specific H'-permeable
channels.

Acidification of endosomal compartments has an important role in the regulation
of trafficking throughout the endocytic pathway (166). An excellent example is the
recycling of cell surface receptors. After internalization, the receptor-ligand complex
dissociates in either the early endosomal (pH 6.2-6.3) or recycling endosomal
compartments (pH 6.4-6.5) due to their slightly acidic pH. One of the most prominent
examples of receptor recycling is the transferrin receptor (TfR) (145). TfR binds iron-
loaded transferrin at the cell surface under neutral pH conditions. Upon internalization of
the receptor-ligand complex the more acidic EE pH facilitates iron dissociation from

transferrin. Subsequently, TfR binds apotransferrin (transferrin lacking iron) and is
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recycled to the plasma membrane. Here, neutral pH conditions result in apotransferrin
dissociation allowing the cycle to continue (58). Disruption of organelle acidification
disturbs the uptake of transferrin and affects TR recycling (50, 125).

Proper organelle acidification is also important to transport along the degradative
portion of the endocytic pathway. Disruption of pH inhibits delivery of markers such as
horseradish peroxidase (HRP) from early to late endosomes (20), while other work
suggests the LE-lysosome transport step is hindered (253). Recent reports suggest that
acidification has a role in specific late endosome-lysosome fusion interactions (30, 153,
200) that occur during the process of lysosome formation. Lastly, the CIC family of CI
channels and transporters have important roles in regulation of organelle pH (109-111).
CIC channels are localized to various endosomal compartments, and are thought to
conduct CI ions directly or work as CI'/H" exchangers to allow for organelle acidification
in combination with the V-ATPase. Mutations in several of the CIC channel family
members (CIC-3, CIC-5, CIC-6, and CIC-7) cause diseases resulting in abnormal
endocytosis (Dent’s disease), osteoclast function (osteopetrosis), and lipid processing

(85, 117, 197, 198, 271).
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Figure 1.3 Organelle pH along the endocytic pathway.

Organelle pH (values displayed in red) steadily decreases as internalized material is
internalized from the plasma membrane, and subsequently transported to lysosomes.
Internalized lipids and proteins are consolidated into early endosomes (EE) (1) where
the slightly acidic pH facilitates dissociation of receptor-ligand complexes. Material
destined to be recycled is sorted to recycling endosomes (RE) (2) where pH is more
alkaline. Material destined for degradation proceeds to late endosomes (LE) (3) and
lysosomes (LYS) (4), where the distinctly more acidic pH of these compartments
facilitates degradation by acidic hydrolases.
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1.2.2.2 Late endosome-lysosome interactions and Ca**
Two hypotheses have emerged to explain the membrane dynamics involved in LE-
lysosome interaction. The first is termed °‘kiss and run’, and proposes LEs and
lysosomes undergo repeated transient fusion (‘kissing’) and fission (‘running’) events
during which internalized material is transferred (152, 153, 177, 236). This is supported
by experiments in which small soluble markers were found to move more readily
between LEs and lysosomes compared to larger markers (236). The second is termed
the ‘hybrid organelle’ or ‘biogenesis’ model in which direct fusion between LEs and
lysosomes occurs and requires re-formation of lysosomes (150-152, 154). Fusion
results in the formation of a hybrid organelle where internalized material is thought to be
either degraded directly or condensed for transfer to terminal lysosomes. The
reformation (or ‘biogenesis’) of lysosomes requires condensation of lysosomal material
and retrieval of membrane fusion components. Support for this model has come from
electron microscopy (EM) studies (31, 178), and cell-free content mixing assays using
membrane fractions isolated from rat liver (179). Content mixing resulted in a new
population of membrane-bound organelles that had an intermediate density compared
with starting LEs and lysosomes. EM analysis revealed that these hybrid structures
appeared less electron dense than mature lysosomes and contained markers from LEs
and lysosomes (31).

Most likely, lysosomal delivery occurs via a combination of ‘kiss-and-run’ and
‘hybrid organelle’ type interactions (30). Live cell microscopy has shown that content
mixing occurs in vivo. Immunoelectron microscopy analysis has produced images

demonstrating the point of fusion displaying electron-dense lysosomal content diffusing
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into the lumen of the hybrid organelle (31). These findings have allowed for the
development of characteristic features of LE-lysosome fusions: 1) content mixing is
observed only when organelles are in direct contact; 2) organelles can transiently fuse
or undergo long term interactions; 3) contents are sometimes exchanged via tubules
that emanate from LE or lysosomes (152).

Beginning to emerge are the mechanistic details that facilitate LE-lysosome
fusion and the identification of machinery involved in these interactions. A schematic
representation of LE-lysosome interactions is shown in Figure 1.4. Fusion of LEs and
lysosomes requires many of the factors involved in other vesicular fusion processes
including N-ethylmaleimide sensitive factor (NSF), soluble NSF attachment proteins
(SNAPs), Rab GTPases, and intralumenal Ca?*. LE-lysosome interactions have discrete
steps involving organelle tethering, formation of a trans-SNARE (SNAP receptor)
complex, membrane fusion, and lysosome re-formation.

Organelle tethering is a prelude to fusion and involves formation of short-distance
contacts between the two target organelle membranes (~10-25 nm). Tethering factors
specific for heterotypic LE-lysosome fusion have not been fully characterized, but Rab7
has been shown to contribute to this process. Over-expression results in clustering of
LEs while expression of dominant-negative Rab7 has the opposite effect, resulting in
dispersion of LEs (38). Other candidates include VPS18 and VPS39 which have
described roles in endosome-endosome homotypic fusions (41, 199).

Following tethering, a trans-SNARE complex assembles between cognate Q
(glutamine)- and R (arginine)-SNARE partners that is essential for fusion between

endosomal compartments. The use of function-blocking antibodies has identified
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specific SNAREs involved in heterotypic LE-lysosome fusions. The same Q-SNARES
(syntaxin7, syntaxin8, and VTI1b) are required for both homotypic late endosome and
heterotypic LE-lysosome fusions (4, 201). While the R-SNARE VAMP8 mediates
homotypic events, VAMP?7 is involved in heterotypic LE-lysosome interactions (201).

Membrane fusion is also dependent upon the release of lumenal Ca** from the
fusing organelles (149). LE-lysosome fusion was inhibited by treatment with either the
membrane-impermeable ca®" chelating agent BAPTA [1,2-bis-(0-
aminophenoxy)ethane-N,N,N',N'-tetra-acetic acid] or the membrane permeable ester
EGTA-AM [EGTA (ethylene glycol tetra-acetic acid)-acetoxymethyl ester] (200). The
inhibitory effects of both treatments were reversed by CaCl,. The mechanism by which
release of lumenal Ca*" results in endosomal membrane fusion after SNARE complex
remains unclear, but evidence from homotypic fusion experiments suggests that it may
be a calmodulin-mediated event (151, 152, 196).

The result of LE-lysosome fusion is formation of a hybrid organelle that maintains
properties of both late endosomes (MPRs) and lysosomes (hydrolases). As described
above, hybrid organelles have an intermediate density (178), and maintain specific
markers of both LEs and lysosomes. The final aspect of the hybrid organelle cycle is re-
formation of the individual lysosome that occurs to ensure recovery of both LEs and
lysosomes. The re-formation process requires lysosomal content condensation, the
removal of LE constituents, and the retrieval of lysosome-specific SNARE components
(152, 153). Re-formation has been observed in both cell-free assays (179) and in live-
cell microscopy studies (30). Tubulo-vesicular structures frequently ‘budded’ from hybrid

organelles and were found to contain VAMP7, suggesting that retrieval of fusion
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machinery requires tubular-based sorting. Finally, lysosomal content condensation and
SNARE retrieval requires both acidification and lumenal Ca®" as re-formation is inhibited
by treatment with bafilomycin A1 or EGTA-AM (200) .

Both H" and Ca?* have essential roles in various stages of endocytic transport.
TRP-ML1 has been implicated to function in both the processes of organelle
acidification and endosomal membrane interactions. The remaining sections introduce

MLIV as a storage disorder and highlight potential mechanisms of MLIV pathogenesis.
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Figure 1.4 The mechanism of late endosome-lysosome fusion.

This diagram shows the mechanistic details of fusion reactions that occur between late
endosomes and lysosomes that result in the formation of hybrid organelles. (I) The GTPase
Rab7 is thought to mediate the tethering of late endosomes and lysosomes while also
requiring N-ethylmaleimide sensitive factor (NSF) and soluble NSF attachment proteins
(SNAPs). (Il) trans-SNARE complex formation between late endosomes and lysosomes
requires the R-SNARE VAMP7 and the Q-SNARE complex comprised of syntaxin 7, Vtilb,
and syntaxin 8. (Ill) The release of luminal Ca*" leads to membrane fusion between late
endosomes and lysosomes and formation of the hybrid organelle. Reformation of lysosomes
from hybrid organelle structures requires both SNARE component retrieval and condensation
of lumenal content, and is dependent upon both Ca** and pH. Figure adapted from Luzio, JP,
Pryor, PR, and Bright, NA. (2007) (152).
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1.2.2.3 Autophagy and lysosomal dysfunction

In addition to degrading proteins and lipids that transit through the biosynthetic and
endocytic pathways, lysosomes also function in the process of autophagy. Autophagy is
a lysosome-dependent mechanism of intracellular degradation that is used for the
continuous turnover of cytosolic components and maintenance of overall cellular
homeostasis (132). Autophagy contributes to the turnover of cytosolic components
ranging from individual macromolecules (proteins, lipids, nucleic acids) to entire
organelles (mitochondria) (132, 159). Autophagy has important roles in development,
immune defense, programmed cell death, and neurodegeneration (143, 222). Critical to
this process is the formation of autophagosomes, double-membrane vesicles
responsible for the delivery of cytosolic constituents to lysosomes. Core molecular
machinery has an important role in facilitating interactions that occur between
autophagosomes and lysosomes in the delivery of sequestered material (266). These
specific interactions are similar to events that occur between late endosomes and
lysosomes in the trafficking of endocytic cargo (152). Specific proteins involved in these
interactions are beginning to be described, providing mechanistic insight into these
processes. Features of these specific membrane interactions are discussed in more
detail below.

Variation in autophagic pathways is created through the mechanism by which
substrates are delivered to lysosomes. Several forms of autophagy have been
described including macroautophagy, microautophagy, and chaperone-mediated
autophagy (CMA) (132, 159). Both macro- and microautophagy require the formation of

a limiting membrane that sequesters the cytosolic region to be degraded (266).
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Macroautophagy involves the turnover of large cytosolic regions, including damaged
organelles (mitochondria). Macroautophagy requires the formation of an
autophagosome which mediates transport of sequestered material to lysosomes. In
contrast, microautophagy involves direct uptake of cytoplasm at the lysosome surface
via invagination of the lysosomal membrane. Thus, macroautophagy requires true
autophagosome formation and microautophagy does not (152, 266). In
macroautophagy, membrane-bound vesicles (autophagosomes) fuse with lysosomes to
form a hybrid-like organelle called an autolysosome. The mechanism of
autophagosome-lysosome interactions is thought to involve much of the same
machinery described in the process of LE-lysosome fusion. Autolysosome formation is
similar to other heterotypic fusions events, requiring the Q-SNARES syntaxin-7 and
VTI1B (152). Rab7 has also been implicated in autolysosome formation, specifically at
the level of autophagosome-lysosome tethering (104). It is also suggested that
autolysosome formation is reduced in cells depleted of the integral membrane protein
LAMP2 (83).

In both macro- and microautophagy an entire region of cytosol is internalized and
all its components are degraded within the lysosomal lumen simultaneously. In contrast,
the process of CMA is much more stringent. Selective cytosolic proteins are targeted
and imported into the lysosomal lumen individually (159). This mechanism of transport
is the hallmark feature of CMA. The targeting motif of CMA substrates is a series of five
consecutive amino acid residues conforming to the general sequence of KFERQ (66).
This motif is recognized in the cytosol by a molecular chaperone, hsc70, a member of

the hsp70 family of molecular chaperones (47). This association facilitates targeting to
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the lysosomal membrane where substrates directly interact with the LAMP-2A cytosolic
tail, enabling lysosomal import (54, 118, 119).

Autophagy is dependent upon proper lysosomal function as lysosomes are
essential for the autophagosome maturation and degradation of autophagic substrates.
Defects in autophagic pathways have been reported in several lysosomal storage
disorders (122, 242), including defects in autophagosome accumulation and
autophagosome-lysosome interaction (220). Recent evidence also implicates
autophagic defects in association with MLIV (108, 257). Given the unique localization
and proposed function of TRP-ML1 in membrane trafficking and/or lysosomal ion
homeostasis, it is not surprising that this protein may have a potential role in autophagic

pathways. In Chapter 4, the role of TRP-ML1 in autophagy will be discussed

1.3 LYSOSOMAL STORAGE DISEASES

Lysosomal storage disorders (LSDs) are caused by the defective function of a
lysosomal protein resulting in the intra-lysosomal accumulation of undigested
metabolites. In principle, mutations in the genes that encode any of the approximately
60 soluble lysosomal enzymes or various membrane-associated proteins could result in
storage disorders. Almost 50 LSDs have been identified, and ~40 of these involve
soluble hydrolases (75). Most LSDs are inherited in a recessive manner and are
monogenic, but multiple mutations may occur within the same gene. The frequency of

LSDs is about 1:8000 live births (164). LSDs are progressive disorders with the central

24



nervous system being most affected while typical symptoms include blindness, mental
retardation, and motor/sensory problems (113).

LSDs are classified based on the characterization of either the defective enzyme
or the accumulated material. Primarily, the latter is used for description; however, there
is considerable variability among LSD classification (75). Nonetheless, LSDs can be
grouped into the following categories: sphingolipidoses, mucopolysaccharidoses (MPS),
oligosaccharidoses and glycoproteinoses, lipidoses, LSDs caused by defects in integral
membrane proteins, and non-traditional LSDs. Mucolipidosis Type IV (discussed in
Section 1.4), belongs to the small group of LSDs caused by defects in lysosomal
integral membrane proteins. MLIV is linked to defects in specific membrane transport
and/or dysregulation in lysosomal ion homeostasis. The remainder of this section
highlights diseases associated with lysosomal membrane proteins (1.3.1) and examines

altered lipid trafficking and intracellular cholesterol homeostasis in LSDs (1.3.2).

1.3.1 Diseases associated with lysosomal membrane proteins

An essential function of the lysosomal membrane is to prevent unwanted degradation of
both intra-organelle and cellular components by acidic hydrolases. The lysosomal
membrane also mediates the entry of small molecules (amino acids and sugars) as well
as the exit of digested material. Several known LSDs are attributed to mutations in the
major membrane proteins of lysosomes. This section will introduce storage diseases
caused by mutations in lysosomal membrane proteins. A brief summary of the basic

characteristics of these disorders is summarized in Table 1.
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Table 1.1 Diseases associated with lysosomal membrane proteins.

Diseases Associated with Lysosomal Membrane Proteins

Disease Defective Protein Storage Material
Cystinosis Cystinosin Cysteine
Danon Disease LAMP-2 Glycogen
Sialic acid storage
disease (SASD) Sialin Sialic acid
Subunit ¢ of the
mitochondrial ATP
Batten disease (JNCL) | CLN3 synthase
Mucolipidosis type IV Various lipids and acid
(MLIV) TRP-ML1 mucopolysaccharides
Niemann-Pick type C Cholesterol and
disease (NPC) NPC1 sphingolipids
Subunit c of the
mitochondrial ATP
JNCL-like disease CIC-7 synthase
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1.3.1.1 Cystinosis and sialic acid storage disease

Cystinosis and sialic-acid storage disease (SASD) are caused by defects in the
transporters cystinosin and sialin. Sialin transports free sialic acid from lysosomes, and
mutations in this protein cause lysosomal accumulation of free sialic acid resulting in
neurodegenerative deficits common to LSDs (210). Cystinosin, a 367 amino acid protein
with 7 transmembrane segments, is responsible for the transport of cysteine from the
lysosome lumen to the cytosol. Mutations in this protein result in the intra-lysosomal
accumulation and crystallization of cysteine resulting in severe retinopathy and

nephropathy (115, 237).

1.3.1.2 Danon Disease

Dannon disease is a lysosomal glycogen storage disease that is due to LAMP-2
deficiency (57, 260). This is an X-linked disorder, not presenting until after the first
decade of life, characterized by severe cardiomyopathy and skeletal muscle weakness
(171). The precise function of LAMP-2 is uncertain, however, recent studies suggest
that this protein is involved in autophagy (72, 118, 119). Autophagic defects are linked
to the cardiomyopathies found in Danon disease (270). It has been shown that LAMP-2
functions as a receptor for the lysosomal import of soluble proteins during chaperone-

mediated autophagy (CMA)(119).

1.3.1.3 Neuronal Ceroid Lipofuscinosis

Neuronal ceroid lipofuscinoses (NCLs) are a group of neurodegenerative disorders that
are characterized by accumulation of autofluorescent ceroid lipopigment in patient cells
(133). Mutations in CLN3 result in the juvenile form of NCL (Batten disease; JNCL)
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which is the most common NCL form. CLN3 is a 43 kDa polytopic protein that has been
demonstrated to localize to lysosomes (107, 120). CLN3 has been proposed to have
many functional roles including lysosomal pH homeostasis, arginine transport,

membrane trafficking, and anti-apoptotic functions (133).

1.3.14 CIC-7

CIC-7 is a CI/H" antiporter that is localized primarily to lysosomes and late endosomes
(85, 127). CIC-7, like other CIC channels, is thought to function as the primary CI
permeation pathway that allows for efficient organelle acidification. In humans, loss of
CIC-7 was originally described to cause osteopetrosis, a condition that results in
defective bone reabsorption by osteoclasts (109, 111). It has also been observed that
CIC-7 loss causes severe neurodegeneration and lysosomal storage in a mouse model

that is characteristic of the phenotype observed in NCLs (117).

1.3.15 Niemann-Pick type C disease

Niemann-Pick type C (NPC) is an autosomal recessive disease that displays
progressive neurological degeneration and is usually diagnosed during early childhood
years. Most NPC cases are caused by mutations in the late endosomal/lysosomal
membrane protein NPC1 (95%), while the remaining 5% are attributed to mutations in
the soluble lysosomal protein NPC2. NPC is described as a primary defect in
cholesterol traffic. The primary defect in association with NPC is in the efflux of
unesterified cholesterol from the lysosome. However, the accumulation of other
glycosphingolipids (GSLs) is also characteristic of this disorder, suggesting that
transport defects in one lipid species may also lead to the accumulation of other lipids.
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1.3.2 Lysosomal lipid storage and membrane traffic

NPC pathogenesis exemplifies the complex relationship between lysosome function and
endocytic transport. Moreover, a new concept is introduced that is a common theme
among LSDs (including MLIV): increased storage of one lipid species can result in the
subsequent storage of other lipids (226). Both intracellular cholesterol and GSL
transport have important roles in LSD pathogenesis. Thus, it is necessary to examine

this relationship more carefully.

1.3.2.1 LDL-derived cholesterol transport

Intracellular trafficking plays a major role in maintaining the correct distribution of
internalized cholesterol and in the efficient efflux of cholesterol from endocytic
compartments. The primary way by which cells acquire cholesterol from the circulating
blood is through clathrin-mediated internalization of the low density lipoprotein (LDL)
(103). LDL-derived cholesterol is important for many cellular functions including
synthesis of cellular membranes, bile acids, and steroid hormones (103). LDL particles
are composed of an inner core of esterified cholesterol that is surrounded by a
phospholipid shell containing the protein apoB which mediates binding to the low
density lipoprotein receptor (LDLR). LDL bound to the LDLR is incorporated into CCVs
and transported to EEs where moderately acidic pH facilitates receptor-ligand
dissociation allowing recycling of LDLR. LDL constituents are transported to LEs and
lysosomes where cholesterol ester hydrolysis occurs via lysosomal acid lipase (34, 35,

76, 112, 162). Hydrolysis produces free (unesterified) cholesterol that is exported from
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LEs-lysosomes to both the plasma membrane and endoplasmic reticulum, possibly via

NPC1 and/or NPC2 (161, 176).

1.3.2.2 Endocytic transport of glycosphingolipids

Glycosphingolipids (GSLs) are a diverse class of lipids composed of a ceramide
backbone and a sugar headgroup. GSLs are important in a variety of processes
including cell signaling, cell growth, and embryonic tissue development (60). GSLs are
synthesized in the ER and Golgi and are enriched at the plasma membrane where they
interact with cholesterol to form specific membrane microdomains called ‘lipid rafts’.
GSL distribution is coordinated at several levels including membrane transport steps
from the cell surface. GSLs are internalized from the cell surface and transported to
lysosomes where they are degraded. Constituents of these lipid molecules exit the
lysosome and are subsequently transported for further metabolic processing and re-use
(214, 244).

GSL endocytosis occurs through a clathrin-independent process. GSL
internalization is inhibited by both over-expression of dominant-negative (DN) dynamin
and by treatment of cells with cholesterol-depleting agents. Additionally, internalization
is enhanced by overexpression of caveolin-1 and co-localizes exclusively with albumin
upon internalization (188, 224, 225), suggesting GSL endocytosis occurs via caveolae.
Within the endosomal system, metabolism and Golgi-targeting of GSLs requires
passage through both LEs and lysosomes. Transport from these compartments is

inhibited by over-expression of DN Rab7 and Rab9 (157, 188).
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1.3.2.3 The glycosphingolipid-cholesterol connection
Both cholesterol and GSL transport abnormalities can contribute to LSD pathogenesis
and lipid accumulation. However, it is not fully understood how these two pathways
work in concert during disease pathogenesis. It was originally suggested that GSL
accumulation in LSDs was limited to those cells where deficiencies in GSL-hydrolyzing
enzymes existed. Surprisingly, GSL accumulation was also found to occur in several
other storage diseases in which the primary deficit was not specifically attributed to
defective activity of GSL-hydrolyzing enzymes (including MLIV and NPC) (188, 226).
Thus, GSL accumulation is a more general feature of LSDs and suggests that GSL
transport is affected by alterations in the intracellular distribution and/or total levels of
cellular cholesterol (204). It is documented that cholesterol and sphingolipids physically
interact in both reconstituted and native cellular membranes (33, 37). GSL trafficking in
both normal and LSD cell lines is sensitive to changes in intracellular cholesterol levels
(158, 204, 205). In LSD cells, proper Golgi localization of fluorescent GSLs can be
restored upon depletion of cellular cholesterol. Conversely, in normal cells, cholesterol
overload induces the accumulation of GSLs in lysosomes (203, 204).

Two potential mechanisms have emerged to explain the relationship between
GSLs and cholesterol transport abnormalities in storage disorders. The first suggests
that GSL accumulation results in the increased expression and/or re-distribution of
proteins that are involved in the regulation of intracellular cholesterol homeostasis (203).
As a result of GSL accumulation, cholesterol levels are altered within endocytic
compartments due to aberrant interactions with proteins involved in cholesterol efflux.

An alternative mechanism suggests that there is an increased preference for physical
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interaction between GSLs and cholesterol resulting in the ‘trapping’ of cholesterol within
these compartments. Thus, the level of cholesterol accumulation is dependent on its
ability to interact with a particular GSL species (188, 189, 224).

It is essential to highlight the dynamic relationship between LDL-derived
cholesterol and glycosphingolipids in lysosomal storage diseases, as abnormalities in
both of these pathways are associated with MLIV (29, 44, 105, 202). In the final section
of this introduction (1.4), MLIV will be specifically introduced. | will highlight specific
information regarding clinical and genetic features of MLIV, discuss functional aspects

of TRP-ML1, and explore underlying mechanisms of MLIV pathogenesis.

1.4 MUCOLIPIDOSIS TYPE IV

Mucolipidosis type IV (MLIV) is a neurodegenerative, autosomal recessive, LSD
characterized by psychomotor retardation and visual impairment due to various
ophthalmologic abnormalities. Less than 200 MLIV cases have been diagnosed with the
highest frequency of occurrence among the Ashkenazi Jewish population (227, 228).
MLIV is caused by mutations in the MCOLN1 gene, which encodes the mucolipin-1
(TRP-ML1) protein, a TRP (transient receptor potential) channel family member.
Variable lysosomal storage is observed in all tissue types of affected individuals. Based
on the heterogeneous nature of storage material (both water and lipid soluble storage

material), MLIV is classified as a mucolipidosis. Other classes of mucolipidoses include
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MLI (sialidosis), MLII (I-cell disease), and MLIII (pseudo-Hurler polydystrophy).
Sialidosis (also called cherry-red spot syndrome) is caused by the deficiency of the
enzyme sialidase (a-N-acetylneuraminidase) which is responsible for the catabolism of
sialoglycoconjugates. This disorder is associated with progressive impaired vision,
mental retardation, macular cherry-red spots, and skeletal dysplasia (39, 148). I-cell
disease and pseudo-Hurler disease are both disorders affecting the activity of N-acetyl-
glucosamine-1-phosphotransferase (GlIcNAc-phosphotransferase) (131,128), a critical
enzyme that participates in the M6P-dependent targeting of newly synthesized
lysosomal hydrolases. Due to this abnormality these classes of mucolipidoses are
characterized by the mass mistargeting (secretion) of lysosomal hydrolases into the
blood and extracellular matrix. Consequently, storage of both water and lipid soluble
material occurs. Similar to other classes of mucolipidoses, the primary features of MLII
and MLIII include severe developmental delay, retardation, and ocular defects. I-cell
disease is more severe compared to MLIII, as the skeletal muscle system is also
severely affected (232).

MLIV lysosomal storage is attributed to mutations in an ion channel and is not the
result of the mistargeting or abnormal activity of specific lysosomal hydrolases. As a

result, many unique aspects regarding MLIV pathophysiology arise.

1.4.1 Clinical features of MLIV

Most MLIV patients are diagnosed within the first 1-2 years of life with profound
psychomotor retardation and ophthalmologic abnormalities including corneal opacity
and retinal degeneration (3, 211). Upper developmental limits are reached at 12-15
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months for both speech and motor function. Patients often develop spasticity and
hypotonia and usually cannot walk independently. Despite early onset of this disease,
MLIV progression is protracted when compared to other classes of mucolipidoses. Most
patients reach a steady-state without further deterioration for at least 2-3 decades of life
(5, 48). The oldest surviving individual affected with MLIV is 45 years old (1). MRI
studies reveal brain abnormalities substantiating observed developmental and
neurological deficits (1, 223). Iron deficiency is common among MLIV patients, and
most exhibit elevated blood gastrin levels caused by the failure of gastric parietal cells
to secrete HCI (218). EM studies support this finding as parietal cells were shown to
have accumulated numerous lysosomal inclusion bodies (147, 218). Considerable
variability in the clinical symptoms and severity of MLIV have been described including

both late-onset and milder forms of MLIV (42, 209).

1.4.2 Cellular features of MLIV

Morphological studies (EM) of MLIV patient tissues show the abnormal accumulation of
lamellar membranous structures and heterogeneous material present within cytoplasmic
organelles. This characteristic storage is observed in every tissue type of MLIV patients
and is autofluorescent (80), a feature common among LSDs. Storage material includes
gangliosides, phospholipids, cholesterol, and neutral lipids in addition to water soluble
materials such as mucopolysaccharides, and glycoproteins (5, 6, 15, 16). Different
compositions of storage content are present between somatic cells and neurons. While
gangliosides are the predominant storage material in neural tissues, phospholipids
accumulate in somatic tissues (73).

34



Early studies using radiolabeled lipids (phosphatidylcholine and gangliosides)
indicated a significant intracellular retention of these compounds in MLIV fibroblasts.
Surprisingly, these substances were shown to be degraded and discharged at levels
comparable to control cells (14, 273). Similarly, studies using the fluorescent lipid
analogue BODIPY-LacCer demonstrated that this lipid was degraded normally in MLIV
fibroblasts (44). However, other work suggests that there are deficiencies in the
hydrolases involved in the catabolism of other lipid substrates (8).

These initial findings led to the suggestion that lipid degradation does occur
normally, indicating storage in MLIV is associated with abnormal lipid transport. This
hypothesis was offered as an explanation for the unusual protracted course of MLIV
development, as many patients remain in a non-deteriorating state for up to three
decades. This is in contrast to a disorder such as I-cell disease in which there is an
almost complete lack of lysosomal hydrolase activity. More comprehensive models of
MLIV pathology were developed after the discovery that this disorder is the result of

mutations in the MCOLNL1 gene.

1.4.3 Molecular genetics of MLIV

Genome scanning and analysis of MLIV families first mapped the disease locus to
chromosome 19p1.2-1.3 in 1999 (228), and the MCOLN1 gene was cloned in 2000 (12,
19, 240). The MCOLNL1 gene of 14 kb contains 14 exons including a transcript of 2 kb
encoding the mucolipin-1 (TRP-ML1) protein of 580 amino acids. MLIV is found in the
highest frequency among the Ashkenazi Jewish (AJ) population with a carrier frequency
of 1:100 (13). Approximately 20 MLIV-causing mutations have been reported in MLIV
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patients of both Jewish and non-Jewish descent (227, 272). Two founder mutations
have been identified, comprising 95% of the mutated alleles among AJ MLIV patients
that date to 40 generations ago (1, 5).

Two other genes, MCOLN2 and MCOLNS3 have also been identified and cloned,
and are localized at chromosome 1p22.3. The MCOLN genes code for TRP-ML proteins
that show 60% amino acid homology to each other (12, 227, 272). Similar genes have
been identified in mice, C. elegans, and Drosophila (12, 69). Currently, there are no
reports associating MCOLN2 or MCOLN3 with human disease. However, mutations in
mcoln3 are associated with deafness, vestibular defects, and pigmentation

abnormalities in mice (64).

1.5 MUCOLIPIN-1 AND MLIV PATHOGENESIS

This section will highlight TRP-ML1 and examine its functional properties with respect to
regulation of membrane traffic. TRP-ML1 will be first introduced as a TRP channel
family member. TRP-ML1 localization, modification, and processing, will also be
discussed. Lastly, TRP-ML1 function and proposed roles in MLIV pathogenesis will be

examined.
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1.5.1 General features of TRP channels

Transient receptor potential (TRP) family members are a diverse group of channel
proteins that are expressed in almost every tissue type and are conserved in both
invertebrates and vertebrates. TRP channels were first described in Drosophila where
the trp gene was identified as critical for maintaining the light response (91, 262). TRPs
are classified on the basis of sequence homology rather than by ligand or ion selectivity
because their selectivities and modes of activation are so diverse (51). All TRPs share
the common characteristics of six transmembrane (TM) spanning segments which are
predicted to assemble as homo- or hetero-tetramers, varying degrees of amino acid
sequence homology, and permeability to both mono- and di-valent cations (51, 255).
TRPs are cation channels, although the permeability for different cations varies greatly,
giving rise to their diverse roles in sensing various types of both external and
intracellular stimuli. Most notably, TRPs have been implicated in the response to
sensation of light, sound, chemical, temperature, mechanosensation, osmosensation,
and touch (51, 102, 187, 255). Due to their wide-ranging expression patterns and
diversity in permeability characteristics TRP channels are implicated in numerous
diseases including abnormalities of the nervous system, kidney, lung, heart,
cardiovascular system, and cancer (124, 183).

Based on their relative amino acid homology, mammalian TRPs are divided into
two groups containing seven subfamilies. Group 1 TRPs include TRPC, TRPM, TRPV,
TRPA, and TRPN, while group 2 TRPs include TRPP and TRPML subfamilies (255).
The TRPC (canonical) and TRPM (melastatin) subfamilies consist of 7 and 8 different

members, respectively. The TRPV (vanilloid) subfamily comprises 6 members, while the
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most recently described subfamily, TRPA (ankryin), has only 1 current member. The
final group 1 subfamily, TRPN (no mechanoreceptor potential C or NOMPC) has yet to
be identified in a mammalian system, and has only been described in C. elegans,
Drosophila, and zebrafish (51, 192, 255). Group 2 TRPs include the TRPML (mucolipin)
and TRPP (polycystin) subfamilies. Both subfamilies contain 3 members and are
associated with the human diseases MLIV and autosomal dominant polycystic kidney
disease (ADPKD) (82, 206), respectively. TRPP and TRPML groups share a similar
topology to group 1 members. However, both TRPML and TRPP are characterized by a
large extracellular loop present between TM segments 1 and 2. TRP-ML1 displays 22%
overall amino acid similarity with PKD2 with the most homologous region occurring
between the fifth and sixth TM segments (~45% similarity), the proposed pore-forming
region of the channels (206, 255).

TRP-ML1 is the founding member of the TRP-ML subfamily which includes two
other closely related proteins, TRP-ML2 and TRP-ML3 (~ 50% amino acid similarity).
Additionally, both the C. elegans and Drosophila genomes each encode one TRP-ML
protein, CUP-5 and CG874, respectively (255). Both of these proteins share

approximately 30% amino acid homology to TRP-ML1.

1.5.2 The subcellular localization of TRP-ML1

TRP-ML1 is a 580 amino acid transmembrane protein with a molecular mass of ~65
kDa and is oriented with both the amino- and carboxy-termini in the cytoplasm. Unlike
most other TRP-family members, TRP-ML1 has been demonstrated to maintain an
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intracellular distribution (121, 156, 170, 202). TRP-ML1 is primarily localized to late
endocytic structures that are positive for lysosomal markers (LAMP-1, cathepsin D,
dextran). However, little information is available regarding the mechanistic details of
TRP-ML1 transport to lysosomes. Examination of the TRP-ML1 amino acid sequence
has revealed two di-leucine motifs present within the cytosolic tails (E;1TERLL;s and
Es7sEHSLLs7g) that may mediate lysosomal trafficking. Both of these motifs conform to
the [D/E]xxxL[L/I] type consensus sequence and limited analysis has suggested that the
intracellular distribution of TRP-ML1 is not impaired upon deletion of the C-terminal
targeting motif (Es7zsEHSLLs7g) (156). In Chapter 2, | examine the role of these two
motifs in the lysosomal targeting of TRP-ML1 and assess the role of AP complexes as

potential mediators of TRP-ML1 trafficking.

1.5.3 Processing and regulation of TRP-ML1

In addition to the sorting information present within its cytosolic tails, TRP-ML1 also
contains a large extracellular loop located between the first and second TM segments of
the protein. Among TRP channels, only TRP-ML1 and PKD-2 possess this feature, and
it is suggested that it may serve as a site for regulation of channel activity (206). Within
this loop there are 4 consensus sites for N-glycosylation (NxS/T) (272). Although the
predicted molecular mass of TRP-MLL1 is 65 kDa, it has also been shown that there is a
lower molecular mass form that migrates at ~37 kDa (121). Importantly this feature has
been observed for both the endogenous and over-expressed protein. Thus, this initial
observation suggests that TRP-MLL1 is subject to proteolytic processing. In Chapter 2, |
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describe experiments using site-directed mutagenesis to determine the relative position
of proteolytic cleavage within the extracellular loop of TRP-ML1.

Examination of TRP-ML1 proteolysis is important because very little is known
regarding how activity of this channel may be regulated. Recent reports indicate that
TRP-ML1 proteolysis functions to inactivate channel activity and is mediated by
cathepsin B (121). However, it is not known whether multiple proteases participate in
the processing of TRP-ML1. Studies presented in Chapter 2 suggest that TRP-ML1
processing may involve proteases other than Cathepsin B, and that proteolysis may
occur at a site prior to the lysosome. Nonetheless, this is the first evidence suggesting
that TRP-ML1 channel activity is regulated via proteolytic processing.

In addition to proteolysis, recent studies also suggest that TRP-ML1 activity can
also be regulated through phosphorylation (258). Two protein kinase A (PKA)
phosphorylation sites were identified within the C-terminal tail of TRP-MLL1. It was
shown that activation of PKA resulted in decreased TRP-ML1 activity, while decreases
in PKA activity had the opposite effect. Thus, regulation of TRP-ML1 channel activity is

complex and involves both proteolytic processing and phosphorylation.

1.5.4 Localization of other TRP-ML proteins and ML-ML interactions

TRP channels are thought to function as both homo- and hetero-tetramers (255). Little
information is available describing the intracellular distribution and function of TRP-ML2
and TRP-ML3. It is not known whether TRP-ML1 proteins interact with one another, or if
this potential interaction has any effect on TRP-ML1 function. Using a co-
immunoprecipitation approach it has been demonstrated that endogenous TRP-ML1 co-
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precipitates with both TRP-ML2 and TRP-ML3 (272). Studies using FRET analysis
suggest that all three TRP-ML members interact to form multimeric complexes.
Furthermore, the lysosomal localization of TRP-ML3 is dependent upon its association
with TRP-ML1 and TRP-ML2 (254). Expressed individually, both ML1 and ML2 maintain
a steady-state lysosomal distribution whereas TRP-ML3 is largely retained in the ER.
TRP-ML3 was only found localized to lysosomes upon co-expression with either of the
other TRP-ML proteins.

Studies examining TRP-ML2 suggest that it is localized to both cytoplasmic
vesicles and the plasma membrane, functioning in the Arf-6-dependent trafficking of a
subset of GPI (glycosylphosphatidylinositol) -anchored proteins (116). TRP-ML3
function in human cells has not been extensively examined; however in the mouse
model system mutations are associated with hearing and pigmentation defects in
varitint-waddler (Va) mice (64). TRP-ML3 is localized to cytoplasmic vesicles within the
hair cells of the cochlea, suggesting that this protein functions in the transduction of
sound (234). Pigmentation defects in these mice implicate a role for TRP-ML3 in

melanosome function.

1.5.5 TRP-ML1 channel activity

A limiting factor in understanding TRP-ML1 function is the determination of the ion
permeability characteristics of TRP-ML1. Endogenous TRP-ML1 channel activity has
not been characterized, due primarily to the intracellular localization of this protein. lon
permeability characteristics have been described using overexpression systems, but no
clear consensus has emerged. Overexpression studies in Xenopus oocytes and
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HEK293 cells described TRP-ML1 as an outwardly rectifying channel permeable to
multiple cations including Na*, K*, and Ca** (121, 136). Activity has also been examined
using isolated endosomal vesicles from TRP-ML1 over-expressing cells whereTRP-ML1
is described as a non-specific cation channel whose activity is modulated by both Ca**
and pH (40, 208).

Recent work has also described TRP-ML1 as being a H*-permeable channel that
functions in the regulation of lysosomal pH (121, 231). Specifically, it was suggested
that TRP-ML1 may function as a H'-leak pathway preventing lysosomal over-
acidification (231). In contrast, studies performed using ‘activating’ mutations in TRP-
ML1 demonstrate that the channel displays inward rectifying current and is H'-
impermeable, suggesting that TRP-ML1 may not function as a H*-leak channel in vivo

(86, 267).

1.6 MECHANISMS OF MLIV PATHOGENESIS

Due to ambiguity regarding TRP-ML1 channel properties, there is considerable debate
surrounding the physiological function of this protein. Thus, there is no clear mechanism
to describe MLIV pathogenesis. It is agreed that TRP-ML1 functions along the endocytic
pathway. However, it is uncertain whether TRP-ML1 functions to regulate specific
membrane trafficking steps, or helps maintain proper lysosomal ionic conditions

required for efficient lipid metabolism.
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Intraorganelle Ca?* is required for the specific interactions between endosomal
compartments during endocytic transport (149, 200). It has been postulated that TRP-
ML1 regulates these Ca®*-dependent trafficking steps due to its intracellular localization
and Ca?" permeability. It has been demonstrated that LacCer (GSL) trafficking is
perturbed in MLIV fibroblasts (44, 202, 231). Normal Golgi targeting of this lipid is able
to be restored upon expression of exogenous TRP-ML1 that is both properly localized
and has functional channel activity (202). In addition, transport defects are not the result
of abnormal LacCer-hydrolyzing enzyme function, as both GM;-3-galactosidase and [3-
galactosylceramidase activities were reported to be normal in MLIV fibroblasts (44).

LacCer trafficking defects in MLIV fibroblasts indicate that there are endocytic
abnormalities in TRP-ML1-deficient cells. Evidence provided by the C. elegans model
system provides specificity to these observations, suggesting that defects occur at the
level of LE-lysosome interaction. Genetic knock out of the cup-5 (TRP-ML1 homologue)
gene result in defects in the process of lysosome biogenesis (69, 70, 248). In wild type
animals the CUP-5 protein is localized to presumed sites of hybrid organelle fusion
where it is suggested that this protein functions in the process of lysosome re-formation.
In cup-57" animals there is an abnormal accumulation of hybrid organelles that retain
markers of both LEs and lysosomes. In these mutants the endocytic delivery of dextran
was impaired, but exogenous addition of TRP-ML1 (or TRP-ML3) was able to correct
this abnormality (248).

Further support for the role of TRP-ML1 in mediating LE-lysosome interaction
comes from in vitro content mixing assays performed on isolated LE and lysosomal

membrane fractions prepared from control and MLIV fibroblasts (138). It was shown that
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interaction between LEs and lysosomes is impaired in fractions prepared from MLIV
fibroblasts. Similar results were also obtained using an in vivo FRET-based approach
examining the fluid phase intermixing of internalized dextrans (138). Overall, these
observations suggest that TRP-ML1 regulates the endocytic delivery of internalized
material to lysosomes. Therefore, this hypothesis predicts that there should be a global
defect on endocytosis, affecting the delivery and degradation of internalized lipids and
proteins. It must also be determined whether abnormalities in trafficking in MLIV
fibroblasts are the result of chronic lipid accumulation. This is an essential question
because abnormal endocytic transport may not be directly caused by loss of TRP-ML1
function. In Chapter 3, | will specifically address these issues by examining the
endocytic delivery and degradation of various protein and lipid markers in both MLIV
fibroblasts as well as in cells where TRP-ML1 expression has been acutely down-
regulated by using specific SIRNA nucleotide duplexes.

The maintenance of organelle pH is essential for both the efficient trafficking and
degradation of internalized cargo during endocytosis (264). Recent studies have
described TRP-ML1 to be a H'-permeable channel that functions in the regulation of
lysosomal pH (231). Although data regarding lysosomal pH in MLIV fibroblasts are
disparate (7, 126, 202, 231), this model implies that TRP-ML1 is involved in the
regulation of the overall ionic environment of the lysosome, where deficiencies in this
process affect the activity and/or stability of the enzymes responsible for lipid
metabolism.

As stated above, significant discrepancies regarding lysosomal pH in TRP-ML1-

deficient cells exist. While it has been demonstrated that lysosomes in MLIV fibroblasts
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accumulate more of the pH-sensitive reagent acridine orange (AO) (231) suggesting
increased acidity, others have shown that lysosomal pH is either higher (7) or
unchanged (126, 202) in these cells. A complicating issue in performing these studies is
the autofluorescent nature of the accumulated lipid material within these cells (80). In
Chapter 3, | measured the lysosomal pH of cells subjected to acute TRP-ML1 down
regulation, where chronic lipid accumulation had not yet occurred.

Despite the controversy regarding lysosomal pH, there is also evidence that lipid
hydrolysis is negatively affected in TRP-ML1-deficient cells. Using isolated lysosomal
membrane fractions, it was found that the activity of lysosomal lipases is decreased in
MLIV fibroblasts resulting in the abnormal processing of specific lipid substrates (231). It
was shown that lipase activity could be rescued by expression of wild type TRP-ML1 in
these cells. In addition, it was also demonstrated that treatment of MLIV fibroblasts with
chloroquine or nigericin reversed the presence of lipid inclusions found within these
cells. Taken together, these studies suggest that MLIV may be connected to defects in
overall lysosome ionic homeostasis that result in lipid processing deficiencies.

Studies have also probed the LDLR-mediated endocytic pathway using both
[**C]-sphingomyelin (SM) in complex with apolipioprotein E (apoE), or [**C]-cholesteryl
oleate (CO) to examine whether the transport or processing of these lipids is altered in
MLIV fibroblasts (105). Both [**C]-SM and [**C]-CO were found to be metabolized more
slowly in MLIV fibroblasts compared to control cells. Although minor delays in lysosomal
transport were observed, the primary defect was in the catabolism of these substrates.

Although no defect in lysosomal pH was documented, these findings again suggest that
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lipid accumulation in MLIV is attributed to abnormal lipid hydrolysis rather than defective
endocytic transport.

Current models of MLIV pathogenesis are incomplete, as there is evidence to
support a role for TRP-ML1 in both the regulation of membrane trafficking and in lipid
metabolism. The ‘biogenesis’ model of MLIV pathogenesis predicts that there will be
global effects on endocytic transport for both lipids and proteins. In Chapter 3, | will
specifically examine the role of TRP-MLL1 in regulation of membrane traffic. | will also
probe the LDLR-mediated pathway to examine the lysosomal delivery and degradation

of both the lipid and protein components of LDL in TRP-ML1-deficient cells.

1.7 GOALS OF THIS DISSERTATION

SPECIFIC AIM 1. To characterize TRP-ML1 trafficking to lysosomes and
proteolytic processing. TRP-ML1 is described as a lysosomal protein. However, little
information was available regarding the mechanism of TRP-ML1 targeting to
lysosomes. It is essential to determine how TRP-ML1 traffics to lysosomes, as this will
provide a better understanding of where this protein is active and where potential sites
of regulation may be. My initial experiments suggested that TRP-ML1 is also subject to
proteolytic processing. Therefore, the goal of Aim 1 was to characterize TRP-ML1

delivery to lysosomes and to identify where along the biosynthetic pathway proteolysis
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occurs. Furthermore, | also identified the region within the TRP-ML1 amino acid
sequence where cleavage occurs. The results of these studies are presented in Chapter

2.

SPECIFIC AIM 2: To determine the molecular events that lead to MLIV
pathogenesis. Two primary models exist to explain TRP-ML1 function and subsequent
MLIV pathogenesis. The goal of this aim was to determine if TRP-ML1 functions to
regulate specific membrane trafficking events along the endocytic pathway, or if any
observed abnormalities in trafficking were due to the chronic build-up of undigested lipid
material present in MLIV patient fibroblasts. In addition, | sought to examine whether
there were selective defects in protein or lipid hydrolysis in TRP-ML1-deficient cells. The

results of these studies are presented in Chapter 3.
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2.0 POSTTRANSLATIONAL CLEAVAGE AND ADAPTOR PROTEIN COMPLEX-

DEPENDENT TRAFFICKING OF MUCOLIPIN-1

Mark T. Miedel, Kelly M. Weixel, Jennifer R. Bruns, Linton M. Traub, and Ora A. Weisz

The Journal of Biological Chemistry. Vol. 281, No. 18: 12751-12759 (2006).

21 ABSTRACT

Mucolipin-1 (TRP-ML1) is a member of the transient receptor potential ion channel
superfamily that is thought to function in the biogenesis of lysosomes. Mutations in
TRP-ML1 result in mucolipidosis type IV, a lysosomal storage disease characterized by
the intracellular accumulation of enlarged vacuolar structures containing phospholipids,
sphingolipids, and mucopolysaccharides. Little is known about how TRP-ML1 trafficking
or activity are regulated. Here we have examined the processing and trafficking of TRP-
ML1 in a variety of cell types. We find that a significant fraction of TRP-ML1 undergoes
cell-type independent cleavage within the first extracellular loop of the protein during a
late step in its biosynthetic delivery. To determine the trafficking route of TRP-ML1, we
systematically examined the effect of ablating adaptor protein complexes on the
localization of this protein. Whereas TRP-ML1 trafficking was not apparently affected in

fibroblasts from mocha mice that lack functional AP-3, siRNA-mediated knockdown
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revealed a requirement for AP-1 in Golgi export of TRP-ML1. Knockdown of functional
AP-2 had no effect on TRP-ML1 localization. Interestingly, cleavage of TRP-ML1 was
not compromised in AP-1 deficient cells, suggesting that proteolysis occurs in a
prelysosomal compartment, possibly the trans-Golgi network. Our results suggest that
posttranslational processing of TRP-ML1 is more complex than previously described,
and that this protein is delivered to lysosomes primarily via an AP-1 dependent route

that does not involve passage via the cell surface.

2.2 INTRODUCTION

Mucolipidosis type IV (MLIV) is an autosomal recessive lysosomal storage disorder
characterized clinically by developmental abnormalities of the brain, impaired
neurological and gastric functions, and ophthalmologic defects that include corneal
opacity and retinal degeneration (6). At the cellular level, lysosomal storage bodies
appearing as enlarged vacuolar structures are found in every cell type of affected
individuals with the accumulated products, including a broad range of phospholipids,
sphingolipids, and mucopolysaccharides (6, 17). Other classes of mucolipidoses include
sialidosis (MLI), I-cell disease (MLII), and pseudo-Hurler polydystrophy (MLIII), where
accumulation is a result of the impaired targeting and/or activity of the lysosomal
hydrolases involved in the catabolism of the stored lipids. However, lysosomal
hydrolase activity is not impaired in mucolipidosis type IV as the accumulated lipid
products have been previously shown to be catabolized normally (14). Rather,

mucolipidosis type IV pathophysiology has been linked to mutations in the transient
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receptor potential (TRP) channel family member mucolipin-1 (TRPML subfamily; herein
referred to as TRP-ML1), where mutations result in a defect in membrane sorting along
the late endocytic pathway (19, 228, 240).

Mammalian TRP channels are a large class of proteins that are characterized by
a common structure and permeability to both monovalent cations as well as Ca®* ions
(51, 102, 172). At least 20 mammalian TRP channels have been identified that
comprise six TRP subfamilies. TRPs have widespread tissue distributions and have
been implicated in diverse cellular functions including roles in mechanosensation,
osmosensation, sensation of fluid flow in vascular endothelia, sensation of temperature,
pain, and touch, and transepithelial transport of Ca®* and Mg?*. Specifically, mucolipin-1
(TRP-ML1) is a 580-amino acid protein that has a molecular mass of 65 kDa and has
been localized to late endosomes/lysosomes in several cell types (156). Two other
mammalian mucolipin family members have also been identified, TRP-ML2 and TRP-
ML3. While little is known regarding TRP-ML2 function, mutations in the mouse Mcoln3
gene are associated with deafness and pigmentation defects in varitint-waddler (Va)
mice (64). TRP-ML1 is suggested to be a multiple sub-conductance and non-specific
cation channel where activity is modulated by both Ca?* and pH (40, 208), indicating
that this protein may be involved in trafficking or fusion events between late endosomes
and lysosomes in the late endocytic pathway (136, 138). TRP-ML1 has six predicted
transmembrane-spanning segments and is oriented with both the amino- and carboxy-
termini in the cytoplasm (Figure 2.4A), a characteristic trait of all TRP channel family
members. The TRP domain of TRP-ML1 spans transmembrane segments 3-6 with the

pore region occurring between the fifth and sixth segments. Additionally, TRP-ML1 has
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a large extracellular loop, located between the first and second transmembrane
segments that have four consensus N-linked glycosylation sites. Among other TRP
family members, only polycystin-2 (TRPP subfamily) shares this feature of having a
large extracellular loop. It is thought that this large extracellular loop may be involved in
channel activation as both TRP-ML1 and polycystin-2 have relatively short amino- and
carboxy-terminal cytoplasmic tails that often serve as activation regions for other cation
channels. TRP-ML1 also has a carboxy-terminal dileucine targeting motif that has been
postulated to serve as the lysosomal targeting signal for TRP-ML1 (19, 240).

Much of what is presently known regarding TRP-ML1 has come from studies in
Caenorhabditis elegans where the TRP-ML1 functional orthologue, CUP-5, has been
identified. Mutations in the cup-5 gene have been described to cause a defect in
lysosome biogenesis since CUP-5 is localized to both late endosome-lysosome fusion
sites as well as to mature lysosomes. The observed endocytic abnormalities observed
in cup-5 mutants were rescued upon addition of either human TRP-ML1 or TRP-ML3
(248). Therefore, it is hypothesized that ML1 may be responsible for regulating fusion
events during the biogenesis of lysosomes (70, 196, 248). However, little is known
about how TRP-ML1 is targeted to late endosomes/lysosomes, or how this ion channel
may function to regulate membrane trafficking events along this pathway.

Here, we have investigated the posttranslational processing and trafficking of
TRP-ML1. We find that TRP-MLL1 is cleaved at a site between the second and third N-
glycans of the first extracellular loop. Delivery of TRP-ML1 to lysosomes occurs via a
direct pathway dependent on adaptor protein complex-1 (AP-1) and does not involve

passage via the cell surface. TRP-ML1 cleavage occurs late in the biosynthetic
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pathway, after the glycans have been sialylated, but prior to lysosomal delivery, as
inhibition of lysosomal delivery does not prevent cleavage. The apparently exclusive
requirement for AP-1 in TRP-ML1 delivery suggests that surface delivery of this channel

may have physiologically detrimental effects on cells.

2.3 MATERIALS AND METHODS

DNA constructs. Constructs encoding human TRP-ML1 (corresponding to Accession
Number BC005149) double-tagged with HA at the amino terminus and with myc
upstream of the carboxy-terminal dileucine motif, or tagged individually with HA or myc
epitopes were provided by Kirill Kiselyov (121). A double-tagged TRP-ML1 construct in
which a premature stop codon was inserted into the TRP-ML1 open reading frame prior
to the lysine residue at amino acid position 577 (TRP-ML1 ALLVN) was also a gift of Dr.

Kiselyov.

Site-directed mutagenesis. The mutations N179A, N220A, N230A, R200A, and K219A
were generated using the QuikChange site-directed mutagenesis kit (Stratagene)

according to the manufacturer’s protocol. Mutations and overall plasmid integrity were
confirmed by direct DNA sequencing. The following forward (F) and reverse (R) primer

pairs were used to introduce desired mutations:
N179A (F): 5-CGTGGACCCGGCCGCCGACACATTTGAC-3’

N179A (R): 5-GTCAAATGTGTCGGCGGCCGGGTCCACG-3
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N220A (F): 5-GGAAAGCAGCTCCAGTTACAAGGCCCTCACGCTC-3'
N220A (R): 5-GAGCGTGAGGGCCTTGTAACTGGAGCTGCTTTCC-3
N230A (F): 5'- CCACAAGCTGGTCGCTGTCACCATCCACTTCC-3

N230A (R): 5-GGAAGTGGATGGTGACAGCGACCAGCTTGTGG-3

R200A (F): 5-GATCCCCCCGAGGCGCCCCCTCCGCC-3

R200A (R): 5-GGCGGAGGGGGCGCCTCGGGGGGATC-3'

K219A (F): 5-GGAAAGCAGCTCCAGTTACGCGAACCTCACGCTCAAATT-3’

K219A (R): 5-GAATTTGAGCGTGAGGTTCGCGTAACTGGAGCTGCTTTCC-3

Insertion of an external HA epitope tag. We used a modified version of the QuikChange
(Stratagene) site-directed mutagenesis protocol (263) to incorporate an HA epitope tag
into the first extracellular loop between amino acids 249 (Glu) and 250 (lle) of myc-
tagged TRP-ML1 [referred to as ML1-HA(ext)]. The following primers were used:
(underlined and bolded text indicate nucleotides corresponding to the HA epitope

sequence).

(Forward) 5'-

CAGAGCCTCATCAATAATGAGATGTACCCATACGATGTTCCAGATTACGCTATCCC

GGACTGCTATACCTTC-3

(Reverse) 5'-

GAAGGTATAGCAGTCCGGGATAGCGTAATCTGGAACATCGTATGGGTACATCTCA

TTATTGATGAGGCTCTG-3

53



Cell culture and transient transfection. HEK293 and HelLa SS6 cells were maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 100ug/ml penicillin/streptomycin. Primary cultures of rabbit cornea
epithelial cells were provided by Emily Guerriero and Nirmala SundarRaj (University of
Pittsburgh), and were maintained in DMEM-F12 supplemented with: 40ug/ml
Gentamicin, 0.5% DMSO, 5ug/ml bovine insulin, 10ng/ml human epidermal growth
factor, 0.1 pg/ml Cholera toxin, 50 U/ml penicillin, 50ug/ml streptomycin, and 8% FBS.
NIH 3T3 and mocha fibroblasts were provided by Gudrun Ihrke (Uniformed Services
Univ. of the Health Sciences) and were maintained in DME supplemented with 10%
FBS and 100 pg/ml penicillin and streptomycin. For transient transfections, cells were
plated in either 6 or 24 well plates at 30% confluence and incubated until cells reached
~75-80% confluence. Transient transfections using Lipofectamine 2000 (Invitrogen)
were performed according to the manufacturer's protocol. For HEK 293 cells or
fibroblasts cultured in 6 well plates the DNA-to-Lipofectamine 2000 ratio used was 2ug
DNA: 5ul Lipofectamine. For HeLa SS6 cells or fibroblasts grown in 24 well plates the

ratio used was 0.8ug DNA: 2l Lipofectamine 2000.

Immunoblotting of TRP-ML1. Transiently transfected cells were solubilized in 1.5 % (v/v)
C12E9 (Calbiochem) in buffer containing 150mM NaCl, 1mM EDTA, and 40mM
HEPES, pH 7.4. This detergent solution was additionally supplemented with 1ug/ml
aprotinin and complete mini EDTA-free protease inhibitor cocktail tablets (Roche).

Samples were immunoprecipitated using monoclonal anti-HA (HA.11; Covance) or
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monoclonal anti-c-myc (Upstate) antibodies. Antibody-antigen complexes were
recovered using Pansorbin cells (Calbiochem). Samples were then washed one time
each in HBS (10mM HEPES, 150mM NaCl, pH 7.4) containing either 1% Triton X-100
or 0.01 % SDS, then washed one final time in HBS alone. Samples were solubilized in
Laemmli sample buffer and heated to 60°C for 30 min, and loaded onto 4 -15% Tris-HCI
precast gels (BioRad). Electrophoresis and transfer to Highbond-ECL nitrocellulose
membrane (Amersham Biosciences) was performed using the Criterion Western
Blotting system (BioRad). Membranes were then incubated for 2 h with anti-HA-HRP or
anti-c-myc-HRP (Roche). HRP reactive bands were detected using Super Signal West
Pico chemiluminescent substrate (Pierce) and membranes were exposed to Kodak X-
Omat Blue film. The relative molecular mass of immunoreactive bands was assessed
using Precision Plus Protein Standards (BioRad). Samples treated with N-glycanase
(New England Biolabs) were immunoprecipitated with monoclonal anti-HA antibody and
immunocomplexes recovered as described above. Samples were washed and eluted
for 30 min at & with 10mM Tris -HCI, pH 8.6, 0.2% SDS, and 7.5% glycerol.
Following elution, samples were subjected to brief centrifugation, the supernantants
were recovered and 0.5 uyl N-glycanase (New England Biolabs; 1.5 U active enzyme)
was added to each sample. Control samples were treated identically except that N-
glycanase was omitted from the incubation. Samples were incubated overnight at 37C
unless otherwise indicated. The following day, 2-fold concentrated Laemmli sample
buffer was added to each sample (to a final volume of 30ul) and incubated at 6@ for

30 min. Samples were electrophoresed on 4-15% Tris-HCI gels and immunoblotted as

described above.
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Metabolic labeling of TRP-ML1. Transiently transfected HEK293 cells on 6 well plates
were starved in cysteine- and methionine-free medium for 30 min, then radiolabeled
with 1mCi/ml Tran[**S]-Label (MP Biomedicals) for 2 h. Cells were chased in serum-free
DMEM for 0 or 2 h, then solubilized and ML1 immunoprecipitated as described above.
Samples were then either treated with N-glycanase as described above or directly
solubilized in Laemmli sample buffer and incubated for 30 min at’®Oprior to

electrophoresis on 4-15% Tris-HCI| gels. Dried gels were analyzed using a
phosphorimager (BioRad) and relative molecular mass of visualized bands was
compared to Rainbow [**C] methylated protein molecular weight markers (Amersham
Biosciences). Where indicated, the following drugs were added during both the
radiolabeling and chase periods: leupeptin (Sigma; 20uM), CA-074-Me (Calbiochem;

2uM), and Brefeldin A (Calbiochem; 10pg/mL).

Indirect Immunofluorescence. Transiently transfected cells grown on coverslips were
fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 in PBS
containing 1% bovine serum albumin, and incubated in blocking solution (PBS
containing 1% bovine serum albumin) for 30 min. Samples were incubated for 60 min in
primary antibody at the following dilutions: mouse monoclonal anti-HA (1:500); rat
monoclonal anti-HA (clone 3F10; Roche; 1:250; polyclonal anti-cathepsin D generated
against the human peptide [1:250]; (71) monoclonal AP.6 directed against AP-2 a
subunit (American Type Culture Collection 1:10); monoclonal anti-y adaptin (BD

biosciences; 1:250); monoclonal anti-giantin (1:400; gift from Dr. Adam Linstedt at
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Carnegie Mellon University, Pittsburgh, PA), and monoclonal anti-lamp-2 directed
against either the human epitope [H4B4] or mouse epitope [ABL-93] (Developmental
Studies Hybridoma Bank, lowa City, IA developed by J. Thomas August; 1:10). After
washing, samples were incubated for 60 min with species-appropriate secondary
antibodies conjugated to either AlexaFluor- 488 or AlexaFluor-647 (Invitrogen-Molecular
Probes) diluted in blocking buffer (1:500). Confocal imaging was performed on an
Olympus 1X-81 (Melville, NY) equipped with an UltraView spinning disc confocal head
(Perkin Elmer, Shelton, CT) and an argon-ion, argon-krypton and helium-cadmium laser
combiner. Images were acquired with a 60x or 100x plan-apochromat objective (NA 1.4)
and the appropriate filter combination. The TIFF images were imported into Adobe

Photoshop (Adobe, Mountain View, CA) to adjust contrast and image size.

Antibody uptake assay. NIH 3T3 or mocha fibroblasts grown on coverslips were
transfected where indicated to express ML1-HA(ext). Cells were incubated for 1 h at
37°C in the presence of appropriate antibodies [monoclonal HA for ML1-HA(ext)-
transfected cells or anti-murine lamp-2 (ABL-93; Developmental Studies Hybridoma
Bank) for untransfected cells] diluted to 50pug/mL in DMEM containing 1% BSA and
25mM HEPES, pH 7.4. Leupeptin (20uM) was included during the incubation to
minimize degradation of any lysosomally-delivered antibody. Cells were then washed
three times with ice-cold PBS, fixed with 4% paraformaldehyde for 10 min, quenched
with PBS-glycine, then permeabilized for 3 min with 0.5% Triton X-100, and blocked for

15 min in blocking solution. Following block, cells were incubated with fluorophore-
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conjugated secondary antibody and processed for immunofluorescence as described

above.

siRNA-mediated knockdown of AP-1 y and AP-2 a subunits. Double-stranded siRNAs
targeting human forms of either the AP-1 y or AP-2 a subunit were purchased from
Dharmacon (Lafayette, CO). For the AP-1y subunit, the target sequence used was 5'-
AAGTTCCTGAACTTATGGAGA-3' corresponding to nucleotides 528-548 of the human
AP-1 complex y1 subunit mRNA (Accession Number Y12226). For the AP-2 a subunit,
the target sequence used was 5-GCATGTGCACGCTGGCCA-3' corresponding to
nucleotides 1233-1250 of the human AP-2 a2 subunit mRNA (Accession Number
NM_012305) Three potential target sequences were tested in each case. HeLa SS6
cells were plated in 24 well dishes and allowed to grow to ~50% confluence. Cells were
transfected with a non-silencing negative control siRNA duplex (Qiagen) or SiRNA
oligonucleotides targeted against the y-subunit of AP-1 and/or the a-subunit of AP-2
using the TransIT-TKO oligonucleotide transfection reagent (Mirus). For single
knockdowns, 3ul siRNA oligonucleotide (20uM) and 4.5pl transfection reagent were
added per well; for samples transfected with both a- and y-siRNAs, 3ul of each
oligonucleotide and 4.5yl transfection reagent were added. After 24 h, cells were
transfected with cDNA encoding double-tagged ML1 [0.8ug; provided by Kirill Kiselyov;
generated by Abigaill Soyombo and Shmuel Muallem; University of Texas
Southwestern] and Lipofectamine 2000 (2ul) and allowed to grow for an additional 18-
24 h. Cells were either processed for immunofluorescence as described above or for

immunoblotting. For Western blotting, cells were trypsinized and quenched with an
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equal volume of DMEM, 10% FBS. After centrifugation, cell pellets were washed once
with PBS and then solubilized in 95°C 2-fold concentrated Laemmli sample buffer. After
determination of relative protein concentrations by Coomassie stain, equal amounts of
protein were loaded on a second 4-15% Tris-HCI gel and processed for Western blot
using monoclonal anti-AP-2 a (Santa Cruz; 1:5000), polyclonal anti-AP-1y [AE/1; (247);
1:2000], and E7 anti-B-tubulin monoclonal antibody (1:5000; Developmental Studies
Hybridoma Bank, lowa City, IA developed by M. Klymkosky). TRP-ML1 was detected in
siRNA-treated samples after solubilization, immunoprecipitation, and immunoblotting as

described above.

[*H]-palmitate labeleing. [*H]-palmitic acid for metabolic labeling of cells was obtained
from Perkin-Elmer Corp. HeLa or HEK293 were transfected with the appropriate TRP-
ML1 cDNA constructs as described above. For optimal palmitate labeling, cells were
grown on 6 well (35 mm) culture dishes. If necessary, multiple wells are able to be
combined to enhance signal detection. Cells were briefly washed with PBS to remove
culture medium. The final volume of labeling medium for each well is 2 mL and is
comprised of DMEM supplemented with 1% FBS and [*H]-palmitate. For each dish to be
labeled, ~175 pCi [°H] palmitate/dish was used. [*H] palmitate is supplied at a
concentration of 5 mCi/mL (in ethanol) and should be stroed at -20°C. Once in labeling
media, cells are incubated overnight (at least 12h) at 37°C in a humidified incubator
containing CO,. After labeling is complete, cells are washed gently 3X with PBS,
solubilized with 1.5% C12E9 as described above, immunoprecipitated with anti-HA

antibody, and subjected to SDS-PAGE. Following electrophoresis, samples are
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transferred to a nitrocellulose membrane. Following transfer, the membrane is dried and
exposed to a *H screen (for at least 4-5 days) and subjected to densitometry analysis to

determine amount of palmitate labeling

24 RESULTS

2.4.1 TRP-MLL1is cleaved late in the biosynthetic pathway

Western blot analysis of transiently-expressed TRP-ML1 demonstrated multiple
immunoreactive species that could represent proteolytic processing. To examine this
further, we expressed a construct encoding TRP-ML1 containing an amino-terminal HA
and an internal carboxy-terminal myc epitope tag in HEK293 cells. Cell lysates were
immunoprecipitated with anti-HA antibody, immunoblotted using HRP-conjugated anti-
HA, and then stripped and reprobed using HRP-conjugated anti-myc antibody. As
shown in Fig. 2.1A, full length TRP-ML1 was detected using either antibody as a
doublet at ~60-70 kD that likely represents the immature and mature glycosylated forms
of the protein. In addition, a ladder of more slowly migrating bands was also observed
(see also Fig. 2.1C), consistent with multimerization of this highly hydrophobic protein.
Numerous approaches to dissociate these multimers were unsuccessful. In the anti-HA
blot, an additional band at ~37 kDa was detected, whereas when the same blot was re-
probed with anti-myc, a distinct band at ~40 kDa was seen. These data suggest that

TRP-ML1 is cleaved into two roughly equal-sized fragments that can be co-isolated
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upon immunoprecipitation with an antibody against the N-terminal tag. The same results
were obtained when TRP-ML1 was immunoprecipitated using anti-myc antibody (Fig.
2.1C). Consistent with its hydrophobic character, the carboxy-terminal myc-reactive
product also appeared to be sensitive to aggregation, as bands corresponding to dimers
and higher order multimers of this cleavage product were routinely visualized by
antibodies against the myc epitope.

To determine whether the proteolytic cleavage event occurs early or late in the
biosynthetic processing of TRP-ML1, we radiolabeled HEK293 cells transiently
expressing TRP-ML1 for 2 h, and solubilized the cells after a 0 or 2 h chase period.
Lysates were immunoprecipitated using either anti-HA or anti-myc antibody and
examined by SDS-PAGE. As shown in Fig. 2.1B (top panel), TRP-ML1 was initially
precipitated as a ~65-75 kDa doublet representing immature and fully glycosylated
(sialylated) full length protein. After the 2 h chase period, the immature glycosylated
form of TRP-ML1 was no longer detected, consistent with N-glycan processing. At this
time point, a broad band migrating at ~40 kDa was also detected, presumably
representing the amino- and carboxy-terminal TRP-ML1 cleavage fragments, which
migrate with similar mobility on SDS-PAGE. The appearance of these cleavage
products concomitant with maturation of the glycans on TRP-ML1 strongly suggests that
proteolysis occurs after sialylation rather than early in the biosynthetic pathway. To
further examine TRP-ML1 processing, HEK293 cells were treated with Brefeldin A
(BFA) to prevent transit of newly synthesized TRP-ML1 along the biosynthetic pathway.
In cells treated with BFA, both cleavage and N-glycan processing are abolished, as is

indicated by the absence of the ~40 kDa cleavage product and the loss of the ~65-75
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kDa doublet after the 2 h chase period (Fig. 2.1B; bottom panel). These results strongly
suggest that cleavage of TRP-ML1 occurs at a post-ER site. Importantly, the cleavage
site within TRP-ML1 appears to be cell type-independent, as similar products were
observed when TRP-ML1 was expressed in several other cell types, including HelLa,
Madin-Darby canine kidney (MDCK), and rabbit cornea epithelial cells (Fig. 2.2).

Based on the sizes of the cleavage product, we hypothesized that cleavage
occurs within the first, relatively large extracellular loop of TRP-ML1. This loop contains
the only four potential N-glycosylation sites on TRP-ML1. Both cleavage products
(haML1 and ML1y) were sensitive to N-glycanase treatment, confirming that cleavage
occurs within this loop (Fig. 2.1C). Interestingly, we reproducibly found that N-glycanase
treatment of the carboxy-terminal half of the protein produced two distinct bands roughly
3 and 6 kDa smaller than the original fragment (indicated by arrows). These bands likely
represent cleavage of either one or two N-glycans from this fragment, respectively.
Longer treatments with N-glycanase demonstrated a precursor product relationship
between the two, suggesting that cleavage of one of the N-glycans in this fragment is
considerably more efficient than the other (Fig. 2.1D). We never observed complete
conversion to the more rapidly migrating form, even when the N-glycanase treatment

was carried out overnight and spiked with fresh enzyme.
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Figure 2.1 TRP-ML1 is cleaved late in the biosynthetic pathway.

(A) TRP-ML1 cleavage products co-precipitate. Cells expressing double-epitope-tagged TRP-ML1 were
solubilized and immunoprecipitated using anti-HA antibody. After SDS-PAGE and transfer, the membrane was
probed with HRP-myc (left), then stripped and re-probed with HA-HRP (right). (B) TRP-ML1 cleavage occurs late
in the biosynthetic pathway. Mock or transfected cells were radiolabeled then chased +/- Brefeldin A (lower
panel). Cells were solubilized, and samples immunoprecipitated with either anti-myc, or anti-HA, and subjected
to SDS-PAGE. (C) Both N- and C-terminal TRP-ML1 cleavage products are glycosylated. Mock or transfected
cells were prepared as described above, and then either mock-treated or treated with N-glycanase prior to SDS-
PAGE and blotting with either anti-HA or anti-myc antibodies. (D) Lysates from TRP-ML1 expressing cells were
immunoprecipitated with anti-myc antibody, and subjected to N-glycanase treatment for 90 min. or overnight

prior to SDS-PAGE and Immunoblotting with myc-HRP antibody.
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Figure 2.2 Cleavage of TRP-ML1 is not cell type-specific.

The indicated immortalized cell lines or primary cultures of rabbit cornea
epithelial cells (RCE) were transiently transfected to express yaML1yyec.
After solubilization, samples were immunoprecipitated using anti-HA
antibody, mock-treated or treated with N-glycanase, and detected by
immunoblotting using HRP-conjugated anti-HA antibody.
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2.4.2 Cleavage of TRP-ML1 occurs between the second and third N-glycans of

the first extracellular loop

Our initial N-glycanase experiments suggest that the carboxy-terminal fragment of TRP-
ML1 contains at least two N-glycans. To test this more directly, we used site-directed
mutagenesis to disrupt the N-glycosylation consensus sequences of the second, third,
or fourth N-glycan, and examined the effect of these mutations on the electrophoretic
mobility of the HA- and myc-tagged fragments immunoprecipitated from transiently
transfected cells. As shown in Fig. 2.3, abolishment of the 2" N-glycosylation
consensus sequence (N179) affected the mobility of the N-terminal fragment (HA
fragment) without disrupting the carboxy-terminal half (myc fragment) of the protein. In
contrast, removal of the 3" or 4" N-glycan had no effect on amino-terminal mobility but
resulted in a shift in MW of the carboxy-terminal half of the protein. Interestingly, the
resulting mobilities of the N220A and N230A carboxy-terminal fragments were different,
suggesting that the 3 and 4™ glycans are normally processed somewhat differently.
Such differential processing of N-glycans at distinct positions has previously been
observed (155). These data are consistent with cleavage of TRP-ML1 at a site between
the 2" and 3™ N-glycans (amino acids 179-220).

The amino acid sequence of the interval between the 2" and 3™ N-glycans of
TRP-ML1 is shown in Fig. 2.4A. Because this sequence contains two basic residues
that are potential cathepsin cleavage sites, we tested the effect on TRP-ML1 cleavage
by mutating these residues to alanine. In neither mutant (R200A or K219A) was
cleavage demonstrably affected (Fig. 2.4B). Moreover, overnight incubation of TRP-

ML1 transfected cells with the cathepsin inhibitor CA-074-Me (2 uM, Fig. 2.4C), a
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selective inhibitor of cathepsins B and L, did not reproducibly inhibit TRP-ML1 cleavage
as detected either on immunoblots (Fig. 2.4C, left panel) of cell lysates or in
metabolically-labeled cells treated with inhibitor during the pulse and chase periods of
the experiment (Fig. 2.4C, right panel). However, treatment of ML1-transfected cells
with 20 uM leupeptin, which inhibits a broad spectrum of lysosomal serine, plasmin, and
cysteine proteases, significantly reduced the amount of TRP-ML1 cleavage products
detected in immunoblots and in metabolically-labeled cells (Fig. 2.4C). Thus, it appears
that cathepsins are not solely responsible for TRP-ML1 cleavage, although it is possible

that multiple proteases may be able to cleave within this region.
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Figure 2.3 Cleavage of TRP-ML1 occurs between the 2nd and 3rd N-glycans of the first
extracellular loop.

Double-tagged wild-type TRP-ML1 or TRP-ML1 glycosylation mutants (N179A, N220A, and
N230A) were transiently expressed in HEK293 cells. After solubilization, cell lysates were
immunoprecipitated with anti-HA antibody and samples were immunoblotted using HRP-
conjugated anti-HA (top panel) or anti-myc (bottom panel). The dashed lines indicate the
mobilities of the yjaML1 and ML1,. fragments generated from wild-type ML1 relative to those

of the mutant constructs. The migration of MW markers is noted on the left of each gel.
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Figure 2.4 TRP-ML1 cleavage is inhibited by leupeptin.

Schematic representation of TRP-ML1 topology that highlights the placement of cytoplasmically-disposed
and external epitope tags, important potential targeting motifs, the location of N-glycosylation sites (forked
structures), and the sequence of TRP-ML1 between amino acids 179 and 220. Mutations R200A and K219A
that disrupt potential cathepsin cleavage sites within this region are highlighted. (Panel B) ML1gy00a and
ML1ko104 are cleaved normally. Cells were transfected with wild type or mutant TRP-ML1 constructs.
Samples were immunoprecipitated with anti-HA antibody, mock-treated or treated with N-glycanase, and
analyzed by immunoblotting with HRP-conjugated anti-HA. (C) Leupeptin prevents cleavage of ML1. (Left)
Leupeptin or the cathepsin-specific inhibitor CA-074-Me was added to cells immediately after transfection,
and 2-3 times subsequently over the next 24 h. Lysates were immunoprecipitated with anti-HA antibody and
immunoblotted with anti-HA antibodies. (Right) Cells were radiolabeled then chased for 2 h either in the
presence or absence of inhibitor. Cells were subsequently solubilized, immunoprecipitated with anti-HA
antibodies, and subjected to SDS-PAGE.
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2.4.3 Adaptor protein-dependent trafficking of TRP-ML1

ML1 contain several motifs that fit the consensus for AP complex binding, including
tyrosine tetrapeptide YXX@ and dileucine motifs (Fig 2.4A). To date, three of the four
AP complexes in cells (AP-1, AP-2, and AP-3), as well as the Golgi-localized, y-ear-
containing, ARF-binding (GGA) proteins, have been implicated in the biosynthetic
delivery of membrane proteins to late endosomes/lysosomes (27). In previous studies it
has been speculated that the C-terminal dileucine motif Es74sHSLLVN functions as the
lysosomal targeting signal of TRP-ML1 (156, 240). This sequence is reminiscent of the
consensus motif for protein binding to the VHS domain of the GGAs [DxxLL, typically
located 1-2 residues from the carboxy terminus] (27). The aspartic acid residue within
this binding motif cannot be substituted even with another negatively charged residue
(45); however, the murine TRP-ML1 sequence fits this consensus exactly. A glutathione
S-transferase-fusion of the cytoplasmic tail was unable to bind the VHS domain of GGA-
1, GGA-2, or GGA-3, suggesting that GGA-mediated sorting is not involved in
biosynthetic delivery of TRP-ML1. To test the role of this sequence in lysosomal
targeting of TRP-MLL1 directly, we examined the localization of a mutant version of TRP-
ML1 (ALLVN), which lacks the carboxy-terminal four amino acids, in transiently
transfected HeLa SS6 cells. Interestingly, this mutant, like wild-type TRP-ML1, exhibited
significant co-localization with the lysosomal marker lamp-2 (Fig. 2.5), suggesting that
the carboxy-terminal dileucine motif is not directly responsible for TRP-ML1 targeting.
Consistent with a previously published report, we also observed TRP-ML1 staining in
vesicular compartments that did not co-localize with lysosomal markers (156). However,

in contrast with the same study, in which it was also reported that lysosomes in TRP-
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ML1-expressing cells were more dispersed throughout the cytoplasm than in control
cells, we did not observe any reproducible effect of TRP-ML1 overexpression on the
distribution of lysosomal markers. The extent and rate of proteolytic cleavage of ALLVN
were similar to wild type TRP-ML1 as determined by immunoblotting and metabolic
labeling experiments.

We next systematically examined the effect of ablating AP complexes on the
steady state distribution of TRP-ML1 in transiently transfected cells. To dissect the role
of AP-3 in TRP-ML1 targeting, we compared the distribution of TRP-ML1 expressed in
control mouse fibroblasts vs. fibroblasts derived from the mocha mouse that lacks
functional AP-3 due to absence of the AP-3 & subunit. The route taken by some
lysosomal proteins, including lamp-2, is slightly altered in AP-3 deficient cells such that
a greater fraction traffics via the plasma membrane, but the protein ultimately
accumulates in lysosomal compartments (61, 106, 269). Antibody uptake experiments
were performed to confirm that more lamp-2 traffics through the plasma membrane in
mocha cells compared with control fibroblasts. After incubation of live cells with anti-
lamp-2 antibody for 1 h at 37°C, cells were fixed, permeabilized, and incubated with
secondary antibodies to detect internalized antibody. As shown in Figure 2.6C,
internalized anti-lamp-2 antibody was observed in mocha cells but not in control
fibroblasts. No staining was observed in either cell type when primary antibody was
omitted from the assay.

To dissect the role of AP-3 in TRP-ML1 targeting, we used two approaches. First,
we compared the steady-state distribution of TRP-ML1 by double-label indirect

immunofluorescence in control and mocha fibroblasts to that of the lysosomal marker
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lamp-2 (Fig. 2.6A,; top two rows). Although TRP-ML1 in these cells was distributed in a
punctate pattern reminiscent of lysosomes, there was significantly less co-localization
between TRP-ML1 and lamp-2 in fibroblasts compared with HelLa cells (Fig. 2.5).
Second, to examine whether a greater fraction of TRP-MLL1 traffics via the cell surface
in mocha cells, we used a TRP-ML1 construct [ML1-HA(ext)] in which an HA epitope
tag was inserted into the first extracellular loop of the TRP-ML1 coding sequence. Both
metabolic labeling and immunoblotting experiments demosntrated that ML1-HA(ext) is
biochemically processed to mature and cleaved forms, suggesting that the protein is not
grossly misfolded. Moreover, as shown in figure 2.6A (bottom row), the distribution of
ML1-HA(ext) is qualitatively indistinguishable from that of the cytoplasmically-tagged
TRP-ML1 construct used in the above panels of figure 2.6. However, antibody uptake
experiments in 3T3 and mocha fibroblasts transiently expressing ML1-HA(ext) failed to
reveal intracellular ML1 staining in either cell type (Fig. 2.6B). These results indicate
that in the absence of functional AP-3, TRP-ML1 trafficking does not transit through the

plasma membrane, and suggest that TRP-ML1 trafficking is not AP-3 dependent.
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ML1

ALLVN

Figure 2.5 The steady state distribution of TRP-ML1 is independent of the carboxy-
terminal LLVN sequence.

Transiently-transfected HeLa SS6 cells expressing double-tagged wild-type TRP-ML1 (upper
panels) or ML1a,yw (lower panels) were fixed and processed for double-label indirect
immunofluorescence to detect the N-terminal HA tag on each protein (left panels) and the
lysosomal marker lamp-2 (middle panels). Merged images are shown in the right hand panels.
Scale bar: 10 pm.
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Figure 2.6 TRP-ML1 is not mislocalized in AP-3-deficient cells.

(A) Mouse 3T3 or mocha fibroblasts transiently expressing cytoplasmically (top two rows) or
3T3 cells expressing externally-tagged TRP-ML1 [ML1-HA(ext); bottom row] were fixed and
processed for double-label indirect immunofluorescence to detect the HA tag and the
lysosomal marker lamp-2. Merged panels are shown on the right. Scale bar: 10 um. (B and C)
ML1 trafficking is not AP-3 dependent. 3T3 or mocha fibroblasts transiently expressing ML1-
HA(ext) were incubated for 1 h at 37°C with either anti-HA (B) or anti-lamp-2 (C) antibody.
Control cells in each panel were incubated under identical conditions in the absence of
antibody. Cells were then washed repeatedly with ice cold PBS, fixed, and incubated with
secondary antibody. Samples were viewed by confocal microscopy and the images in each
panel were acquired under identical conditions. Scale bars: 10 um.
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To test the role of AP-1 and AP-2 in TRP-ML1 targeting, we used a SiRNA
knockdown approach. HelLa cells were transfected with siRNA oligonucleotides targeted
against the y-subunit of AP-1 and/or the a-subunit of AP-2, and the following day
transfected with cDNA encoding epitope-tagged TRP-ML1. Immunoblotting and indirect
immunofluorescence confirmed that both y- and a-adaptin were efficiently and
reproducibly knocked down by their respective siRNAs (Fig. 2.7). HelLa cells treated
with both siRNAs and transfected with TRP-ML1 remained viable over the course of the
experiment, even though knockdown of both adaptins was also very efficient (Fig. 2.7, A
and D). Knockdown of a-adaptin had no effect on the distribution of TRP-ML1 (Fig.
2.7B); however, knockdown of y-adaptin alone or in combination with a-adaptin resulted
in a dramatic redistribution of TRP-ML1 (Fig. 2.7, C, and D). In particular, whereas a
significant fraction of TRP-ML1 in control cells localized to clusters of enlarged,
spherical vesicles in the cytoplasm, TRP-ML1-positive vesicles were rarely observed in
cells lacking y-adaptin. To examine the distribution of TRP-ML1 in these cells further,
we performed double label indirect immunofluorescence using antibodies against the
HA tag on ML1 and either the cis-/medial-Golgi marker giantin or the soluble lysosomal
hydrolase cathepsin D (Fig. 2.8). The half-life of cathepsin D is extremely long [>50 h;
(71)], and any mis-sorted protein is secreted into the medium; thus this protein serves
as an ideal marker for lysosomes in siRNA treated cells. In control cells, we observed
significant colocalization with cathepsin D, and in particular, cathepsin D staining was
frequently visualized within the lumen of TRP-ML1-positive vesicular profiles (Fig. 2.8A;
arrowheads in inset). A small portion of TRP-ML1 in these cells was also observed in a

ribbonlike pattern that abutted the giantin staining profile, consistent with transit of newly
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synthesized protein through the Golgi and trans-Golgi network (TGN; Fig. 2.8B). In
contrast, very little colocalization of TRP-ML1 with cathepsin D could be detected in
cells treated with siRNA to knock down y-adaptin. In these cells cathepsin D staining
was largely segregated from TRP-ML1-positive compartments (Fig. 2.8A), and the
majority of TRP-ML1 staining colocalized with or adjacent to giantin (Fig. 2.8B). Similar
results were obtained in cells lacking both a- and y-adaptin. In addition, biochemical
analysis by cell surface biotinylation revealed a slight increase in the amount of TRP-
ML1 present at the plasma membrane in cells lacking y-adaptin compared with control
(~1% of total in control cells vs. 2.5% of total upon y-adaptin knockdown). Together,
these data suggest that AP-1 plays a critical role in the export of TRP-ML1 from the
Golgi complex, and that TRP-ML1 normally traffics to lysosomes primarily via a direct
route that bypasses the plasma membrane. When y-adaptin is knocked down, TRP-
ML1 accumulates in the Golgi complex, although a small amount may traffic via the cell
surface to lysosomes. Moreover, AP-3 does not appear to be able to compensate for
the lack of AP-1 to target TRP-ML1 to lysosomes in cells lacking y-adaptin.

Because depletion of y-adaptin inhibits lysosomal delivery of TRP-ML1, we
examined whether cleavage of TRP-ML1 is impaired when individual AP complexes are
disrupted. Interestingly, we found no effect on TRP-ML1 cleavage relative to control in
cells lacking functional AP-1, AP-2, or AP-3 (Fig. 2.9). Thus, cleavage of TRP-ML1 can

occur in the absence of efficient delivery to late endosomes/lysosomes.
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Figure 2.7 TRP-ML1 localization is AP-1-dependent.

(A) siRNA-mediated knockdown of a and/or y adaptin. HeLa SS6 cells were mock-transfected,
transfected with a control siRNA oligonucleotide, or with oligonucleotides targeting a and/or y
adaptin. Approximately equal amounts of cell lysates (normalized by Coomassie staining) were
immunoblotted to detect a and y adaptin as indicated. The bottom portion of each gel was
blotted separately to detect tubulin as an additional loading control. (B) ML1-expressing cells
that were either mock-transfected or transfected with oligonucleotides targeting a and/or y
adaptin were fixed and processed for double-label indirect immunofluorescence to detect ML1
and either a adaptin (B), y adaptin (C), or both (panel D) as indicated. Scale bars: 10 pm.
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Figure 2.8 TRP-ML1 in y-adaptin knockdown cells is retained in the Golgi complex.

TRP-ML1-expressing HeLa SS6 cells that were transfected with control siRNA or with oligonucleotides
targeting a and/or y adaptin were fixed and processed for double-label indirect immunofluorescence to
detect ML1 and either the lysosomal marker cathepsin D (A) or the Golgi marker giantin (B). Insets in
panel A show enlargements of the boxed regions in the merged panels. Arrowheads highlight
cathepsin D staining within ML1-positive vesicles in control and a-adaptin knockdown cells. In
contrast, the ML1 and cathepsin D staining profiles did not overlap significantly in cells lacking y-
adaptin or in double-knockdown cells. In these cells, ML1 was observed largely concentrated in
juxtanuclear regions that are coincident with giantin staining. Scale bar: 10um.
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Figure 2.9 Cleavage of TRP-ML1 is unimpaired in cells lacking functional adaptor complexes.

Epitope-tagged ML1 was transiently expressed in 3T3 or mocha fibroblasts (left panel), or in
HelLa cells transfected with the indicated siRNA oligonucleotides (right panel). Leupeptin was
added to the indicated samples after transfection to inhibit cleavage of ML1. After
solubilization, samples were immunoprecipitated using anti-HA antibody and detected by

immunoblotting using HRP-conjugated anti-HA antibody. Full length ML1 and the amino-
terminal cleavage product are indicated.
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2.5 DISCUSSION

In summary, our data demonstrate that TRP-ML1 is cleaved by a leupeptin-inhibitable
enzyme at a site between the second and third N-glycan of the first extracellular loop.
Cleavage is likely to occur at a late step in the biosynthetic traffic of TRP-ML1, after
maturation of the N-glycans. These observations are largely consistent with the recently
reported findings of Kiselyov et al (121). TRP-ML1 is normally delivered to lysosomes
via a direct route that does not require passage through the cell surface, as knockdown
of a-adaptin had no effect on the steady state distribution of TRP-ML1. Trafficking of
ML1 in AP-3 deficient mocha cells appeared to be normal, whereas delivery of lamp-2 in
these cells was disrupted. However, in these cells we detect less overall colocalization
of TRP-ML1 with various lysosomal markers. Interestingly, cleavage of TRP-ML1 was
not prevented when access to lysosomes was prevented by siRNA-mediated
knockdown of AP-1. Under these conditions, the majority of TRP-ML1 accumulated in
the Golgi complex, suggesting that cleavage of TRP-ML1 normally occurs prior to
lysosomal delivery, and possibly in the TGN.

Since TRP-ML1 targeting to lysosomes involves AP-1 but does not require the
carboxy-terminal DxxLL-type dileucine motif, what constitutes the AP-1 recognition
sequence? There are two tyrosine-containing sequences within cytoplasmically-
disposed regions of TRP-ML1 that fit the YXX® motif; however one of these (Y52:DTI) is
predicted to reside partly within the final transmembrane domain and the other (Y411NIL)
begins two amino acids after the fourth transmembrane domain. Neither of these
sequences is optimally placed for access by AP complexes (185); moreover, both are

predicted to have relatively poor affinity for AP-1 (184). Another AP-1 binding candidate
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is an adaptor binding [DE]xxxL[LI]-type dileucine motif present at the amino terminus
(E1aTERLL). We have detected palmitoylation of the amino terminus of TRP-MLL1 in vivo
(Fig. 2.10), and this modification might also contribute to the targeting of the protein. In
addition, a potential adaptor-binding NPXY motif (N;gPGY) is also present nearby;
however, NPXY motifs do not bind to AP-1. Consistent with our results, Vergarajauregui
and Puertollano (259) reported while this manuscript was under review that the amino-
terminal dileucine sequence plays a key role in lysosomal targeting of TRP-ML1, and
moreover, that lysosomal delivery of TRP-ML1 occurs largely via the direct pathway.
Surprisingly, however, whereas they report palmitoylation of the carboxy terminal region
of TRP-ML1, they did not detect amino-terminal palmitoylation. Future studies will be
required to resolve this discrepancy.

What is the significance of TRP-ML1 trafficking to lysosomes via the direct
pathway? Recent studies suggest that TRP-ML1 is an outwardly-rectifying monovalent
cation channel that may function as a proton leak channel to regulate lysosomal pH
(121, 231). Based on these characteristics, significant levels of surface TRP-ML1 are
predicted to result in depolarization of the cells and could disrupt normal cell function.
Thus, trafficking to lysosomes via the direct route may be an obligatory pathway for

TRP-ML1 that serves to limit its site(s) of activity.
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Figure 2.10 TRP-ML1 is palmitoylated on both its N- and C-terminal cytosolic tails.

(A) Schematic representation of cysteine residues within the TRP-ML1 cytosolic tails that may serve as
palmitoylation sites. N-terminal cysteine residues are labeled green while C-terminal cysteines are
labeled blue (B) Table representing constructs used to determine TRP-ML1 palmitoylation status. The
first construct (C53/64) has both N-terminal (green) cysteine residues mutated to alanine. The second
construct (C4) has all 4 C-terminal (blue) cysteine residues mutated, while the final construct (cys null)
has both N- and C-terminal cysteine residues mutated. (C) HeLa SS6 cells were transfected with either
HA-tagged wild type (WT), C53/64, C4, or cys null cDNAs were labeled with [3H]-palmitate, solubilized,
and immunoprecipitated with ant-HA antibodies. Samples were either left untreated (-) or treated with N-
glycanase (NG) (+) before being subjected to SDS-PAGE and densitometry analysis. As indicated
above, cells expressing the C4 (lanes 5 and 6) construct still demonstrate full length TRP-ML1 labeling
(arrow) as well as labeling of the N-terminal TRP-ML1 fragment (green box). Cells expressing the
C53/64 (lanes 7 and 8) construct are also positive for full length TRP-ML1 labeling (arrow) as well as
labeling of the C-terminal TRP-ML1 fragment (blue box). These results demonstrate that both cytosolic
tails of TRP-ML1 are palmitoylated. Expression of the cys null (lanes 3 and 4) construct abolishes TRP-
ML1 palmitate labeling entirely while expression of WT (lanes 1 and 2) TRP-ML1 is positive for palmitate
labeling.
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3.0 MEMBRANE TRAFFIC AND TURNOVER IN TRP-ML1-DEFICIENT CELLS: A

REVISED MODEL FOR MUCOLIPIDOSIS TYPE IV PATHOGENESIS

Mark T. Miedel, Youssef Rbaibi, Christopher J. Guerriero, Grace Colletti, Kelly M.
Weixel, Ora A. Weisz, and Kirill Kiselyov

The Journal of Experimental Medicine. Vol. 205 No. 6: 1477-1490 (2008).

3.1 ABSTRACT

The lysosomal storage disorder mucolipidosis type IV (MLIV) is caused by mutations in
the TRP-ML1 ion channel. The “biogenesis” model for MLIV pathogenesis suggests that
TRP-ML1 modulates postendocytic delivery to lysosomes by regulating interactions
between late endosomes and lysosomes. This model is based on observed lipid
trafficking delays in MLIV patient fibroblasts. Since membrane traffic aberrations may be
secondary to lipid build-up in chronically TRP-ML1 deficient cells, we depleted TRP-
ML1 in HelLa cells using siRNA and examined the effects on cell morphology and
postendocytic traffic. TRP-ML1 knockdown induced gradual accumulation of
membranous inclusions and thus represents a good model in which to examine the

direct effect(s) of acute TRP-ML1 deficiency on membrane traffic. Ratiometric imaging
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revealed decreased lysosomal pH in TRP-ML1 deficient cells, suggesting a disruption in
lysosomal function. Nevertheless, we found no effect of TRP-ML1 knockdown on the
kinetics of protein or lipid delivery to lysosomes. In contrast, by comparing degradation
kinetics of LDL constituents, we confirmed a selective defect in cholesterol but not apoB
hydrolysis in MLIV fibroblasts. We hypothesize that the effects of TRP-ML1 loss on
hydrolytic activity have a cumulative effect on lysosome function resulting in a lag

between TRP-ML1 loss and full manifestation of MLIV.

3.2 INTRODUCTION

The gene MCOLN1, coding for TRP-ML1, is mutated in the rare lysosomal storage
disorder mucolipidosis type IV (MLIV) (12, 19, 228, 240), which is clinically
characterized by severe developmental delays and psychomotor retardation,
constitutive achlorohydria, and retinal degeneration and corneal opacities (5, 218, 227,
272). As in all lysosomal storage disorders, MLIV is characterized at the cellular level by
the buildup of membranous and electron-dense organelles containing undigested lipid
products. However, the stored lipid products (17, 147) are more heterogeneous than in
most storage disorders and include gangliosides, sphingolipids, phospholipids, acidic
mucopolysaccharides, and cholesterol (14, 15, 207, 231). Lipid accumulations in other
lysosomal storage disorders are a result of the abnormal targeting and/or activity of
individual hydrolases involved in lipid processing. Although it has been identified which
lipid products accumulate in MLIV, there is no clear consensus as to which enzyme

activities are compromised. Previous reports suggest that there is deficient ganglioside
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sialidase activity associated with MLIV (8), while other studies argue against this
enzyme deficiency (14, 144) . While some reports demonstrate that both phospholipase
(16) and acid lipase (105) activities are normal in MLIV patient cells, other data suggest
deficits in activities of these enzymes in MLIV cells (231). It is possible that such
differences reflect variations between the primary fibroblasts used in these studies or

compensatory changes in enzyme activity at the gene expression level.

Both immunofluorescence and subcellular fractionation studies demonstrate that
TRP-ML1 is localized to lysosomes (121, 170, 202, 259), and it is thought that lipid
accumulations associated with MLIV are a result of imbalanced ion homeostasis along
the endocytic pathway resulting from TRP-ML1 dysfunction (14, 44, 272). A consensus
on TRP-ML1 permeability characteristics is only beginning to emerge, while native TRP-
ML1 activity has not been studied. Recombinant TRP-ML1 was characterized in the
plasma membrane where it is targeted under over-expression conditions (121, 136)
and in artificial lipid bilayers using TRP-ML1 purified from over-expressing cells or
synthesized in a cell free system (40, 208). These experimental systems yielded
outwardly rectifying monovalent cation permeable channels. On the other hand,
“activating” mutations in TRP-ML1 resulted in an inwardly rectifying current (267). Such
mutants were permeable to Ca?*, which is similar to some previously published data on
wild type TRP-ML1 (136, 138), whereas other studies have demonstrated a Ca** block

of TRP-ML1 (40, 231).

The “biogenesis” model for MLIV progression suggests that TRP-ML1 regulates
lipid trafficking by mediating specific fission and/or fusion events between late

endosomes and lysosomes that occur during the process of lysosome biogenesis, a
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Ca?*-dependent process (151, 152, 196, 200, 216, 248). In the absence of functional
TRP-ML1, endocytosed material destined for degradation accumulates due to impaired
access to the hydrolases necessary for catabolism. Moreover, this model predicts that
there will be a global defect in the postendocytic delivery of both lipids and proteins to
lysosomes. The notion that TRP-ML1 directly regulates membrane traffic is based on
the observations that TRP-ML1-deficient cells display aberrant mixing of lysosomal and
endosomal content (138, 248) and that trafficking of a fluorescent conjugate of BODIPY-
C5-lactosylceramide (LacCer) along the endocytic pathway is delayed in these cells (44,
202, 231). This model is also supported by studies performed in Caenorhabditis elegans
where the functional TRP-ML1 orthologue, CUP-5, has been identified (69, 70).
Knockout of the cup-5 gene has been associated with defects in lysosome biogenesis.
There is increased colocalization of late endosomal and lysosomal markers in cup-5
mutants, and loss of this gene results in the abnormal accumulation of vacuolar
structures that are interpreted to represent hybrid late endosomal-lysosomal structures
(248). Again, the observed endocytic abnormalities observed in cup-5 mutants were

alleviated by exogenous expression of functional human TRP-ML1.

The “metabolic” model suggests that similar to the CIC channels, TRP-ML1
regulates lysosomal ion homeostasis and thus directly affects the activity of lysosomal
digestive enzymes (111). It was hypothesized that TRP-ML1 functions as a H* leak
pathway to prevent the over-acidification of the lysosomal lumen, and that the activity of
lysosomal lipases are disrupted as a consequence of the ionic imbalance in TRP-ML1-

deficient lysosomes (231).
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An additional complexity that must be clarified to properly describe MLIV
pathogenesis and TRP-ML1 function is whether any defects in membrane traffic or lipid
metabolism are the primary cause of MLIV, or are instead secondary effects due to the
chronic accumulation of undigested lipids in these cells. The membrane trafficking
studies discussed above were performed in chronically TRP-ML1-deficient fibroblasts. It
is possible that the buildup of lipids and other undigested materials in these cells
eventually impedes the entry of trafficking markers into lysosomes and manifests as
delays in membrane traffic. Indeed, exactly the same lipid traffic delays were reported in
a number of lysosomal storage disorders whose main causes are entirely metabolic and
are not directly related to membrane traffic [GM1 and GM2 gangliosidoses, Fabry's
disease and Niemann-Pick A or B; (188, 272)]. To circumvent this issue, we used an
SsiRNA approach to examine the consequences of acute downregulation of TRP-ML1

function on postendocytic delivery to lysosomes.

Understanding whether TRP-ML1 regulates membrane traffic or lipolysis is a key
step in determining whether enzyme replacement therapies will be effective as
treatment for MLIV. A finding that TRP-ML1 directly regulates membrane traffic will
make it unlikely that enzyme replacement therapies for MLIV will succeed. If, however,
TRP-ML1 regulates lysosomal ion homeostasis, then replacement therapies, perhaps
based on enzymes modified to work in an MLIV-specific lysosomal environment, are

likely to be useful.
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3.3 MATERIALS AND METHODS

Cell lines and reagents. HeLa SS6 cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma) supplemented with 10% fetal bovine serum (FBS;
Atlanta Biologicals, Atlanta, GA) and 100 pg/ml penicillin/streptomycin (Invitrogen,
Carlsbad, CA). Skin fibroblasts (SF) from patients with MLIV (WG0909), a heterozygous
relative (WG0987), and MLII (WG0229) were from the Repository for Mutant Human
Cell Strains. All SF cell lines were maintained in DMEM supplemented with 10% fetal
bovine serum (FBS) and 100 pg/ml penicillin/streptomycin. All reagents were from

Sigma Aldrich (St Louis, MO) unless indicated otherwise.

siRNA-mediated knockdown of TRP-ML1. Two double stranded siRNAs targeting the
human form of mucolipin-1 (TRP-ML1; accession number BC005149) were designed
and synthesized using Invitrogen's (Carlsbad, CA) proprietary BLOCK-T™ RNAi
protocol. The first TRP-ML1 specific target sequence (ML1 siRNA #1) used was 5'-
CCCACATCCAGGAGTGTAA-3', corresponding to nucleotides 959-977 of the human
TRP-ML1 mRNA. The second target sequence (ML1 siRNA #2) was 5'-
CCGCTACCTGACCTTCTT-3, corresponding to nucleotides 1328-1345 of the human
TRP-ML1 mRNA. All studies, unless otherwise noted were performed using TRP-ML1
SiRNA #1. To generate the siRNA resistant construct HA-ML1g, the codons encoding
amino acids IQEC starting at position 281 of TRP-ML1 (targeted by siRNA #1) was
mutated from CAT CCA GGA GTG to TAT TCA AGA ATG to create siRNA resistance
without affecting the corresponding amino acid sequence. For knockdown of

endogenous TRP-ML1, HeLa SS6 cells were plated in 24-well dishes and allowed to
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grow to ~50-60% confluence. Cells were transfected with a nonspecific control sSiRNA
duplex (Dharmacon; Lafayette, CO) or TRP-ML1 specific sSiRNA duplexes. For each
individual well, 3 pl of 20 puM siRNA oligonucleotide and 4.5 pl of TransIT-TKO
oligonucleotide transfection reagent (Mirus; Madison, WI) were used. Cells were
harvested for protein concentration or Western analysis after 1, 3, or 5 days post-
transfection. For cells transfected with siRNA twice over the 5 day knockdown period, 2
days post-initial transfection, cells were re-plated onto 24 well plates, re-transfected as
described above the same day, and harvested for analysis either 24 or 72 h later. For
knockdown of exogenously expressed HA-epitope tagged ML1 (HA-ML1) (121, 170),
cells were plated and transfected with siRNA as described above. 24 h after siRNA
transfection, cells were transiently transfected with cDNA encoding HA-ML1 using
Lipofectamine 2000 (Invitrogen; Carlsbad, CA) according to the manufacturer’s protocol
and harvested for Western analysis 24 h later. Samples were immunoprecipitated and

immunoblotted as has been previously described (121, 170).

Electron microscopy. Cells grown on plastic dishes were fixed by 30 min incubation with
a solution containing 2.5% glutaraldehyde in 0.1M Na-cacodylate, washed with 0.1M
Na-cacodylate, post-fixed with a solution containing 1% OsO4, washed with PBS and
stained en block for 30 min with 2% uranyl acetate. Following dehydration by immersion
in 30% to 100% ethanol, the samples were embedded in resin by immersion in 30% to
100% resin:propylene oxide mixtures. Fixed samples were mounted on grids and
analyzed with a JEOL 100CX transmission electron microscope. For immunostaining

with lampl antibodies, following fixation and freeze-thaw permeabilization of the
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membranes at —80°C in a cryoprotectant solution containing glycerol and sucrose, cells
were blocked in BSA with goat serum, incubated overnight with monoclonal anti-lampl
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA), rinsed and biotinylated
secondary antibodies were added. After an extensive wash, the samples were
incubated with avidin-peroxidase complexes for 30 min followed with another wash.
Next, 3,3'-diaminobenzidine and H,O, was added for 4-10 min and, after another wash,
the samples underwent secondary fixation with 1% OsO4 for 1 h. This procedure yields

dark stain associated with lampl immunoreactivity.

For colloidal gold uptake experiments, 10 nm gold particles were incubated with
gelatin and BSA at pH 5 to coat the particles. Next, the particles were washed and
added to the cells for 1 hour to load the endocytic pathway. Following 6 to 16 h chase,

cells were fixed and processed for electron microscopy as described above.

Measurement of lysosomal pH. Determination of lysosomal pH was performed as has
been previously described (62, 100). HelLa cells treated with siRNA for 5 d were plated
onto 0.17 mm AT live-cell cover glass dishes (Biotechs, Butler, PA). Twelve h prior to
the start of imaging, cells were loaded with 3 mg/ml each of fluorescein (FITC)- and
tetramethylrhodamine (TMR)-conjugated 10,000 MW dextrans (Invitrogen; Carlsbad,
CA) to allow accumulation in lysosomes. To measure pH differences between cells, a
standard curve was determined for each experiment. Prior to imaging for the standard
curve, cells were rinsed once with MES buffer containing 115 mM KCI, 5 mM NaCl, 1.2
mM MgSQOg4, 25 mM MES that had been calibrated using an Accumet (Fisher Scientific)

pH meter to 3, 4, 5, 6, 7 or 8. After rinsing, the cells were imaged in the same buffer
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supplemented with 10 pM nigericin and 10 pM monesin in order to equilibrate
intracellular and extracellular pH. Experimental dishes were imaged in DMEM without
sodium bicarbonate. Images were taken using an Olympus 1X81 with a 60X, 1.40 NA
PlanApo oil-immersion objective. Pairs of images were captured from random fields of
cells using a spinning disc confocal system (Perkin Elmer, Waltham, MA). Images were
acquired and analyzed with Metamorph Software (Molecular Devices Corporation,
Downington, PA). For analysis, equivalent FITC and TMR images were subjected to a
morphological filter (Tophat) to remove background fluorescence. A binary mask was
then applied so that only matched spots from each image were compared. After
applying a threshold, the total gray value for each imaged was recorded for both
channels and the TMR:FITC ratio was determined. TMR:FITC ratios were plotted
against pH values and curves were fitted using linear regression analysis. At least 20
images were analyzed for each condition in 4 independent experiments. Student’s t-test

was used to determine statistical significance.

Lactosylceramide traffic. To examine LacCer trafficking at long chase times, HelLa cells
were labeled with 5 uM LacCer complexed to BSA in serum-free DMEM for 60 min. at
37°C. Cells were then gently washed 3 times with PBS and incubated with DMEM +
10% FCS for 5 h at 37°C. Following chase, cell surface LacCer was back-extracted by
washing cells for 30 min. in DMEM without bicarbonate supplemented with 2% (w/v)
fatty acid-free BSA at 4°C. Cells were then washed briefly with PBS and images were
acquired in DMEM without bicarbonate at 20°C. Images were acquired using an

Olympus 1X81 equipped with an Ultraview spinning disc confocal microscope system
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(Perkin Elmer). Cells were imaged using a 60X objective and the LacCer was excited
using the 488nm laser, while the dextran was excited using the 647nm laser. These two
excitation filters were uses to account for the aggregation-dependent shift in red
fluorescence that is characteristic of the BODIPY fluorophore. Under these experimental
conditions, little red LacCer fluorescence was observed, so LacCer images in Figures 5
and 6 were acquired using only the 488nm laser.

For shorter experiments examining lysosomal delivery kinetics, HeLa cells were
loaded with BODIPY-C5-LacCer (Invitrogen; Carlsbad, CA) and analyzed as before
(231). Following loading and chase, cells were incubated with the lysosomal marker
Lysotracker Red (Invitrogen; Carlsbad, CA) and confocal images taken. The images
were analyzed using RGB colocalization add-in to ImageJ as described in (108, 231). In
each image, the percentage of LacCer in lysosomes (%laccer,s) was estimated by
dividing the number of pixels contained within the area of overlap between LacCer and
Lysotracker stains (Nover) by the number of pixels covered by the LacCer staining
pattern (Niaccer): %laccer ys = 100xNover/Niaccer. TO €stimate Niaccer, the threshold settings
of LacCer image was adjusted to remove signal from the cytoplasm and binarized by
assigning 1 to each LacCer-positive pixel and 0 to LacCer-negative pixels. Niaccer, the
number of nonzero pixels was calculated using the analysis function of ImageJ. Next, to
calculate Noyer, red (Lysotracker), green (BODIPY- LacCer) and blue (null) images of the
same field of view were merged and the resulting RGB image was subjected to the
RGB colocalization algorithm yielding a single binary image in which each pixel positive

for both green (LacCer) and red (Lysotracker) signals has a value of 1 and each pixel
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negative for either green or red signals has a 0 value. Noyer iS the number of pixels with

non-zero values.

Dil-LDL labeling. Forty eight hours prior to imaging, cells were plated onto coverslips
and pre-incubated in DMEM supplemented with 10% LPDS to up-regulate LDL receptor
surface expression. AlexaFluor 647-conjugated dextran (Invitrogen; Carlsbad, CA) was
pre-accumulated in lysosomes during a 12 h incubation prior to the start of the
experiment. The next day, cells were incubated with Dil-LDL (20 pg/ml; Invitrogen
Carlsbad, CA) on ice for 60 min to allow LDL binding. Cells were subsequently washed
in PBS and chased in fresh DMEM for either 30 or 120 min at 37°C. At the end of the
timecourse, cells were fixed in 3.7% paraformaldehyde (Sigma Aldrich; St. Louis, MO)
solution diluted in PBS for 10 min. and mounted for image analysis. Confocal imaging
was performed on an Olympus IX-81 (Melville, NY) equipped with an UltraView spinning
disc confocal head (Perkin Elmer, Shelton, CT) and an argon-ion, argon-krypton and
helium-cadmium laser combiner. Images were acquired with a 100x plan-apochromat
objective (NA 1.4) and the appropriate filter combination. The extent of co-localization
between 647-dextran and Dil-LDL positive compartments was determined using
Metamorph (Molecular Devices, Downington, PA) image analysis software. The TIFF
images were imported into Adobe Photoshop (Adobe, Mountain View, CA) to adjust

contrast and image size.

Preparation of [**C] cholesteryl oleate-LDL complexes. In vitro preparation of cholesteryl

ester radiolabeled lipoproteins was performed according to a modified version of the
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methods previously described by Terpstra et al. (243) and Brown et al. (34). 600 ug of
LDL (Biomedical Technologies Inc (BTI)., Stoughton, MA) and 120 mg of lipoprotein-
deficient serum (LPDS; Biomedical Technologies, Inc. Stoughton, MA, ) were mixed in
0.15 M NacCl containing thiomersol (0.3 mM), aprotinin (1 pg/ml), and glutathione (0.65
mM) at a final volume of ~1.6 ml. Five uCi of Cholesteryl[1-**Cloleate ([**C]-CO; GE
Healthcare; Piscataway, NJ ) in denatured toluene solution was transferred to a 2.0 ml
conical tube and evaporated to dryness under a steady stream of nitrogen for ~15 min,
then resuspended in 50 pl absolute ethanol. The resuspended [**C]-CO was incubated
for ~30 min in a 37°C water bath with frequent vortexing to ensure complete
resuspension. The LDL-LPDS was then added to the resuspended [**C]-CO and this
mixture was incubated overnight at 37°C under nitrogen. The following day, the sample
was transferred to a 0.5-3.0 ml Slide-A-Lyzer (10,000 molecular weight) dialysis
cassette (Pierce; Rockford, IL) and dialyzed for 8-12h at 4°C against 4L of buffer
containing 0.15 M NaCl and 0.3 mM EDTA, pH 7.0. After dialysis, the solution was
centrifuged in a benchtop microcentrifuge at 12,000 rpm for 5 min. The supernatant
solution was collected, supplemented with 0.5% human serum albumin (HSA), and

stored for up to 3 weeks at 4°C.

Degradation of [**C] cholesteryl oleate-LDL. [*C]-cholesteryl oleate (CO)-LDL
degradation was performed essentially as has been previously described by Groener et
al. (87) with slight modification. HeLa SS6 cells or human skin fibroblasts were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine

serum (FBS) and 100 pg/ml penicillin/streptomycin. Cells were plated in 12-well plates
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at ~50% confluence. 48h prior to the start of an experiment, cells were pre-incubated
with DMEM supplemented with 10% LPDS to up-regulate cell surface expression of the
LDL receptor. Cells were then incubated with 0.4 ml DMEM containing 10% LPDS and
[*C]-CO-LDL (50 pg/ml LDL protein) for 4h at 37°C. The labeling medium was
removed, cells were washed with PBS, and incubated for 30 min at 18°C in DMEM
supplemented with 10% FBS. The experiment was initiated by the addition of fresh
DMEM supplemented with 10% LPDS at 37°C to scavenge the released free fatty acids
(87). Where indicated, bafilomycin A; (0.5 puM; Sigma Aldrich), was added to culture
medium 30 min prior to labeling and maintained throughout the time course. At various
times (0.5 to 4h) the medium was collected and replaced. At the end of the time course
cells were harvested in buffer containing 50 mM Tris-HCI (pH 7.4) and 1% Tx-100.
Radioactivity was measured in both the medium and the cell pellet by liquid scintillation
counting. The percent [**C]-CO-LDL degraded was calculated as the amount of
radioactivity present in the medium divided by the total radioactivity present in the

medium and cell pellet.

Degradation of *?°l-apoB-LDL. HeLa SS6 cells or human skin fibroblasts were cultured
in DMEM supplemented with 10% FBS and 100 pg/ml penicillin/streptomycin. Cells
were plated in 6-well plates at ~50% confluence. 48h prior to the start of an experiment,
cells were pre-incubated with DMEM supplemented with 10% LPDS to up-regulate cell
surface expression of the LDL receptor. Cells were incubated in DMEM supplemented
h 125

wit apoB-LDL [25 pg/ml LDL protein; 50 puCi/ml] (Biomedical Technologies, Inc.,

Stoughton, MA) on ice for 2h (0.6 ml). Cells were then extensively washed in MEM
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containing BSA for 3 periods of 10 min. For control samples, bafilomycin A; (0.5 uM)
was added 30 min. prior to LDL labeling and maintained throughout the time course. At
the start of the experiment, cells were incubated with pre-warmed DMEM (0.6ml per
well) at 37°C. At various times (10 to 180 min.) the medium was collected from cells and
replaced. After the time course was completed, the cells were solubilized with buffer
containing 50 mM Tris-HCI (pH 7.4) and 1% Tx-100 for 15 min. Following solubilization,
TCA was added to the medium collected over the time course and to the solubilized
cells [final concentration 10% (v/v)]. The samples were incubated on ice for 20 min and
then centrifuged at maximum speed in a microcentrifuge at 4°C for 15 min. Radioactivity
in the corresponding supernatants and pellets was counted using a y counter (Packard
Instrument Co.; Downers Grove, IL). The rate of **°l-apoB-LDL degradation was
determined by calculating the cumulative release of TCA-soluble counts into the

medium over the experimental time course.

Degradation of **I-EGF and recycling of **I-tfn. To examine the lysosomal delivery and
degradation of EGF fibroblasts or siRNA-treated HeLa SS6 cells were washed briefly
with PBS then incubated with **I-EGF (100 pCi/mL) (Perkin Elmer) on ice for 2h to bind
EGF at the cell surface. Cells were extensively washed with MEM (+BSA) on ice to
remove unbound ligand. Following the final wash, cells were incubated with 0.6 mL pre-
warmed MEM to begin the experimental timecourse. Medium was collected and
replaced over a 3 h timecourse at 10, 30, 60, 120, and 180 min. At the final timepoint
cells were solubilized from the dish (35 mm) in detergent solution containing 1% TX-

100. Samples were then incubated for 15 min. on ice with 10% (w/v) trichloroacetic acid
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(TCA). Samples were then centrifuged at 4°C at 13,000 rpm, and the radioactivity in the
corresponding supernatants and pellets was assessed using a y-counter. The rate of
EGF degradation was determined by calculating the cumulative release of TCA-soluble
counts into the culture medium over the experimental timecourse. For each experiment
performed, timepoints were performed in triplicate culture wells and plotted as mean +
S.E. To examine transferrin (tfn) recycling in control or MLIV fibroblasts, cells were first
depleted of tfn by incubation for 60 min. at 37°C in MEM/BSA. **I-tfn (iron loaded:;
Perkin Elmer) was internalized for 45 min. at 37°. Cells were extensively washed, then
incubated for 2.5 min. to allow for receptor internalization. The medium was replaced
with prewarmed MEM and cells were incubated at 37°C. At the designated time (5, 15,
30 and 60 min.) the medium was collected and replaced. At the final time point, cells
were solubilized, and kinetics of transferrin release was calculated by determining the
cumulative percentage pre-internalized tfn released into the medium at each timepoint
(using a y-counter). For each experiment, timepoints were performed in triplicate and

plotted as mean = S.E.

3.4 RESULTS

3.4.1 siRNA-mediated TRP-ML1 knockdown

We identified two siRNA oligonucleotides specific for TRP-ML1 and tested their ability to

knock down endogenous as well as heterologously expressed HA epitope-tagged TRP-

98



ML1 in HelLa cells. Cells were transfected with control (non-silencing) or with one of two
TRP-ML1-specific siRNA oligonucleotides. Cells were harvested 24 h after transfection
and subjected to Western analysis. We previously demonstrated that the 65 kDa full
length TRP-ML1 is cleaved intracellularly into two fragments of roughly equal molecular
mass [40 and 37 kDa (121, 170)]. Because it contains only a single transmembrane
domain, the amino terminal fragment is less prone to aggregation than the full length or
C-terminal half, and thus easier to detect upon SDS-PAGE. The arrowhead in Figure
3.1A marks the migration of the amino terminal fragment of TRP-ML1. Transfection with
either of the TRP-ML1-specific SIRNA duplexes resulted in virtually complete knockout
of native TRP-ML1. Similarly, knockdown of exogenously expressed TRP-ML1 was
observed when cells transfected with siRNA were later re-transfected with an HA-
tagged version of TRP-ML1 (right panel). Under these overexpression conditions, we
could detect both full length and the HA-tagged cleaved fragment on Western blots of
cells transfected with control but not with TRP-ML1-specific sSiRNA duplexes (Figure
3.1A, right).

We next optimized conditions to knock down TRP-ML1 over longer time periods.
To determine the duration of TRP-ML1 knockdown, cells were harvested for Western
analysis at 1, 3, or 5 days after transfection with either a non-silencing control siRNA
duplex or with TRP-ML1-specific oligonucleotides. As before, knockdown was virtually
complete within 1 day of transfection; however, native TRP-ML1 reappeared within 3
days after the initial sSiRNA duplex transfection (Figure 3.1C; top panel). To overcome
this, we performed a similar experiment except that the 3 and 5 day samples were re-

transfected with TRP-ML1-specific or control siRNA duplexes 48 h following the initial
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transfection, and were subsequently harvested for Western analysis at 3 or 5 days. As
shown in Figure 3.1C (bottom panel), using these conditions, we were able to
knockdown TRP-ML1 almost completely during this time course.

With specific TRP-ML1 knockdown conditions in place, we next sought to
determine the onset of MLIV-like lipid inclusion formation over a 5 day knockdown
period in HelLa cells. Electron microscopic analysis of cells transfected with either
control or TRP-ML1-specific sSiRNA revealed the progressive accumulation of
pleomorphic inclusions scattered throughout the cytoplasm of cells transfected with
TRP-ML1 siRNA, while very few such inclusions were observed in control cells (Figure
3.2A). These inclusions are reminiscent of those observed in patient-derived MLIV
fibroblasts, some of which contain multilamellar membranes, while others are filled with
electron-dense, grey material (Figure 3.2B). Quantitation of the accumulation of storage
bodies in both control and TRP-ML1 siRNA transfected cells is shown in Figure 3.2C. In
TRP-ML1 siRNA treated cells, inclusions begin to accumulate as early as 1 day after
siRNA transfection and gradually increased over the 5 day period. It should be noted
that even after 12 days of siRNA treatment, the average number of inclusions observed
in HeLa cells (69 inclusions/cell slice; Figure 3.2C) was much lower than that previously
determined for MLIV fibroblasts using the same method (~720/cell slice; Figure 3.2C).

In order to confirm that the accumulation of storage bodies in TRP-ML1 siRNA
treated cells is a direct consequence of TRP-ML1 loss, we performed knock in
experiments in which the TRP-ML1 siRNA treated cells were transfected with an HA-
tagged siRNA resistant TRP-ML1 construct (HA-ML1R). Because transfection with

cDNA was only ~30% efficient in these cells, we cotransfected them with GFP-
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expressing plasmid and the following day, enriched for GFP-expressing cells using
FACS. The cells were then transfected with TRP-ML1-specific sSIRNA oligonucleotides
and processed for electron microscopic analysis 48 h later. Knockdown of endogenous
TRP-ML1 and expression of the siRNA resistant HA-ML1r construct were confirmed by
Western blotting of duplicate samples (Fig. 3.2D). As shown in Figure 3.2E, siRNA
treated cells expressing HA-ML1r displayed a marked decrease in the number of
inclusions compared with TRP-ML1 knockdown cells that were not transfected with
cDNA, suggesting that HA-ML1r expression rescues or prevents inclusion formation in
TRP-ML1-deficient cells. These studies confirm that inclusion formation is TRP-ML1
specific. Thus, this experimental system represents an appropriate model in which to
study the early stages of MLIV progression. As a result, this approach will enable us to
assess the function of TRP-ML1 under conditions that are unbiased by the chronic
accumulation of undigested lipid material that may itself have adverse effects on

specific lipid and protein trafficking events.
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Figure 3.1 siRNA-mediated knockdown of TRP-ML1.

(A) HelLa cells were transfected with either non-silencing control or TRP-ML1 specific siRNA
oligonucleotides. Cells were harvested for Western analysis after 24 h. Equal amounts of total
protein were loaded for SDS-PAGE as determined by protein assay. Samples were transferred to
nitrocellulose and immunoblotted to detect endogenous levels of TRP-ML1 using an antibody
directed against the first extracellular loop of the protein. The arrowhead denotes the migration of
the cleaved form of TRP-ML1. (B) HelLa cells were transiently transfected with cDNA encoding
HA-epitope tagged TRP-ML1 24 h after initial transfection with either control or TRP-ML1 specific
SiRNA duplexes. After an additional 24 h incubation, cells were solubilized and equal amounts of
total protein were immunoprecipitated using anti-HA antibodies. After SDS-PAGE, proteins were
transferred to nitrocellulose and probed using HRP-conjugated anti-HA antibody. 10% of the cell
lysate was saved prior to immunoprecipitation and immunoblotted using anti-tubulin antibody as
an additional loading control (bottom panel). (C) HelLa cells were transfected with either non-
silencing control or TRP-ML1 specific SiRNA oligonucleotides and were harvested for Western
analysis 1, 3, or 5 d post-transfection (top panel), or were re-transfected with siRNA duplexes after
2 d and were harvested for Western analysis at 3 or 5 d (bottom panel). Samples were subjected
to SDS-PAGE. transferred to nitrocellulose. and immunoblotted to detect endoaenous TRP-ML1.
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Figure 3.2 Time course of lipid inclusion formation in TRP-ML1-deficient cells.

(A and B) Electron micrographs of HelLa cells after either 1 or 5 d of TRP-ML1 specific or control
siRNA oligonucleotide transfection. Scale bars, 2 um (A); 200 nm (B; left); 500 nm (B; right). (C)
Quantitation of the effect of TRP-ML1 knockdown on formation of storage inclusions. The number
of inclusions was calculated using the automated particle counting function of ImageJ. Data are
expressed as number of inclusions per cell slice + SEM. (D) Western blot analysis of siRNA
treated cells expressing siRNA resistant HA-ML1g. HelLa cells were transfected with either control-
or TRP-ML1 specific siRNA as indicated. Twenty four hours after siRNA treatment, cells were co-
transfected with plasmids encoding GFP and either HA-ML1 (non-siRNA resistant) or HA-ML1g
(siRNA resistant). The following day cells were sorted by FACS analysis to identify GFP-positive
(transfected) cells and were subsequently re-transfected with the appropriate siRNA and returned
to culture for 48 h. Cells were harvested and thirty pg of total protein was loaded for SDS-PAGE.
Samples were transferred to nitrocellulose and immunoblotted to detect endogenous levels of
TRP-ML1 (top panel), HA-ML1 or HA-ML1, (middle panel), or -actin (bottom panel) as a loading
control. (E) Quantitation of the effect of HA-ML1g expression on formation of storage inclusions in
TRP-ML1 siRNA-treated cells. The number of inclusions was calculated as described above.
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3.4.2 Lipid inclusions in TRP-ML1-deficient cells are lamp-1 positive and receive

endocytosed cargo

To examine whether the inclusions that accumulate in TRP-ML1 deficient cells
represent active components of the endocytic pathway, control and 5 day TRP-ML1
SiRNA treated cells were en-bloc labeled with antibodies directed against the lysosomal
membrane protein lamp-1, and were then subsequently labeled with biotinylated
secondary antibodies. Immunoreactivity was detected using avidin-biotin peroxidase
complex and 3, 3’-diaminobenzidine. Figure 3.3A shows that inclusions from TRP-ML1
deficient cells are positive for lamp-1 (right panel; dark stain identified by arrows). In
contrast, lamp-1 positive compartments in cells transfected with a control siRNA duplex
were smaller and more uniformly stained (middle and left panels). This staining pattern
is consistent with the idea that the lipid inclusions in TRP-ML1 deficient cells are of late
endosomal or lysosomal origin.

We next asked whether the lipid inclusions present in TRP-ML1 deficient cells
are accessible to internalized cargo. For these studies, cells transfected with TRP-ML1
specific sSiRNA for 5 days were loaded for 6 h with albumin-conjugated 10 nm colloidal
gold particles, chased for an additional 12 h to allow accumulation in lysosomes and
then processed for electron microscopy. Figure 4B (left and middle panels) shows
extensive delivery of gold particles to lipid inclusions in TRP-ML1 deficient cells. Similar
results were also obtained using MLIV fibroblasts (Figure 3.3B; right panel). These
results demonstrate that the observed lipid inclusions are not “dead end” structures, but

are able to receive material internalized along the endocytic pathway.
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lamp-1 stain

control

Figure 3.3 Inclusion bodies are LAMP-1 positive and remain accessible to internalized
cargo in TRP-ML1-deficient cells.

(A) LAMP-1 immunoreactivity in control and TRP-ML1 deficient cells is indicated by arrows.
Control- or TRP-ML1 siRNA-treated HelLa cells (5d) were labeled with antibodies directed against
the lysosomal membrane protein LAMP-1 as described in Materials and Methods. Lysosomes
from both control- and TRP-ML1 siRNA-treated are positive for LAMP-1 immunoreactivity.
Arrowheads indicate lamp-1 positive labeled compartments. Scale bars (left to right), 2 um, 500
nm, 500 nm. (B) Colloidal gold inside storage inclusions in TRP-ML1 deficient cells. Control- or
TRP-ML1 siRNA-treated HelLa cells (5d) were loaded with 10 nm colloidal gold particles and
processed for electron microscopy as described in Methods. A large fraction of the inclusions were
gold-positive in 5-day siRNA cells indicating that the inclusions were recently formed. In these
panels, gold was chased for 16 h. Arrowheads indicate colloidal gold-labeled compartments. Scale
bars (from left to right), 200 nm, 2 pum, 500 nm.
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3.4.3 Lysosomal pHis reduced upon siRNA-mediated knockdown of TRP-ML1

Prior studies examining the measurement of lysosomal pH in TRP-ML1-deficient cells
have produced conflicting results. Early studies performed using ratiometric imaging
approaches determined that the lysosomal pH in MLIV cells was elevated almost one
full pH unit higher when compared to control cells or to cells isolated from patients with
other lysosomal storage diseases (7). In other studies, lysosomal pH in MLIV cells has
been reported to be either more acidic (231) or unchanged (126, 202) compared to
control cells. One unifying feature in all these studies is that they were performed using
isolated patient fibroblasts. These cells are not necessarily appropriate for such
experiments due to the long term accumulation of undigested lipids that induce
autofluorescence, may interfere with dye loading and/or retention, and may induce
compensatory changes in these cells at the level of protein expression. Therefore, we
examined lysosomal pH in cells treated with TRP-ML1-specific sSiRNA for 5 days,
allowing us to measure pH in TRP-ML1-deficient cells without any potential effects
caused by long-term lipid accumulation. To quantitatively determine lysosomal pH in
cells treated with control or TRP-ML1-specific siRNA, cells were loaded for 12 h
simultaneously with fluorescein (FITC)- and tetramethylrhodamine (TMR)-conjugated 10
kDa dextrans (3 mg/ml) to allow for accumulation in lysosomes. The FITC-conjugated
dextran was used as a pH indicator, while the TMR-conjugated dextran provided a pH-
insensitive readout for the ratiometric pH measurements. Following dextran loading,
measurements of lysosomal pH were obtained by calculating the ratio of TMR:FITC
fluorescence, and fitting these to a standard curve constructed as described in Materials

and Methods. As shown in a representative experiment in Figure 3.4, TRP-ML1
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knockdown was associated with lysosomal acidification. In this experiment, the average
lysosomal pH in cells treated with control siRNA was 5.44 + 0.06, while in cells treated
with TRP-ML1-specific SIRNA, the average pH was estimated was 4.04 = 0.09. Over the
course of 4 experiments using identical imaging conditions, the average difference in pH
between control and TRP-ML1 siRNA treated cells was 1.12 + 0.16 pH units. These
results indicated that loss of functional TRP-ML1 in cells results in a reduction of
lysosomal pH even after a short period of TRP-ML1 knockdown, and that even
lysosomes that have not yet accumulated significant amounts of undigested material

are functionally affected by loss of TRP-ML1.
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Figure 3.4 Lysosomal pH is lower in TRP-ML1 siRNA-treated cells.

Control or TRP-ML1 siRNA treated (5d) HelLa cells were loaded with
FITC- and TMR-conjugated dextrans (3 mg/ml) for 12h. Lysosomal pH
was determined by calculating the ratio of TMR:FITC fluorescence.
Images were acquired as described in Methods. Ratiometric data was
converted to absolute values of pH using TMR:FITC ratios determined
from permeabilized cells equilibrated with calibration solutions. Data from
20 random fields of cells were quantified and the pH determined is
presented as average pH + SEM. Similar results were obtained in four
independent experiments.
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3.4.4 Lysosomal delivery of LacCer is unimpaired in TRP-ML1-deficient cells

Numerous studies have reported that trafficking of the fluorescent lipid analogue LacCer
is impaired in MLIV fibroblasts as well as in primary fibroblasts from several other
lysosomal storage diseases (44, 188, 202, 231). We thus examined whether TRP-ML1
knockdown cells also display this phenotype. HelLa cells preloaded with fluorescent
dextran were treated with control or TRP-ML1 siRNA and were subsequently incubated
with BODIPY-C5-LacCer for 60 min and then chased for 5 h at 37°C. As shown in
Figure 3.5A, LacCer staining in cells transfected with a control siRNA oligonucleotide
was tightly clustered around the nucleus, consistent with efficient delivery to the Golgi
complex (top panel). In contrast, the LacCer staining pattern in cells treated with TRP-
ML1-specific SiRNA was dispersed throughout the cytoplasm and colocalized partly with
pre-internalized dextran. These results are consistent with observations in MLIV
fibroblasts (44, 202, 231) and with another recent study examining TRP-ML1
knockdown in murine macrophages (245).

We then examined whether expression of the siRNA-resistant construct HA-
ML1gr in knockdown cells could rescue the LacCer sorting defect. Cells were co-
transfected with a vector encoding the fluorescent protein mCherry (to identify
transfected cells) and HA-MLg. The following day these cells were then transfected with
TRP-ML1 siRNA and cultured for 48 h before labeling with LacCer as above. Figure
3.5B shows juxtanuclear localization of LacCer in mCherry-positive (presumably HA-
MLr expressing) cells, consistent with the staining pattern of control cells. Therefore,
siRNA-mediated TRP-ML1 knockdown effectively recapitulates the cellular phenotype

of MLIV cells.
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A crucial question in MLIV pathogenesis is whether the delay in LacCer
trafficking occurs at the step of endosome-lysosome interaction as predicted by the
biogenesis model. While our previously published data did not support this idea (231), a
detailed analysis of the membrane traffic in MLIV fibroblasts performed by Pryor et al.
(202) suggested a delay in transfer of the endocytosed material from late endosomes to
lysosomes. However, since these studies were performed in MLIV fibroblasts, this effect
could be a secondary result of undigested lipid buildup. Therefore, we performed a
series of experiments to quantitate the rate of protein and lipid delivery to lysosomes in
control and TRP-ML1 knockdown HeLa cells. The premise of these experiments was
that if TRP-ML1 directly regulates the delivery of endocytosed material to lysosomes,
then acute TRP-ML1 downregulation would result in pre-lysosomal buildup of

endocytosed material, whose entry into lysosomes will be significantly delayed.

Figure 3.6 shows the results of our experiments. Control and siRNA transfected
cells were loaded with 2 pg/ml LacCer for 15 min at 37°C to incorporate LacCer into the
plasma membrane. Next, the cells were washed and chased for brief periods (up to 60
min) in the presence of 5 mg/ml BSA. After the chase, cells were loaded with
Lysotracker Red to identify lysosomes and confocal images of cells were analyzed for
overlap between LacCer and Lysotracker Red to quantify lysosomal delivery of LacCer.
As shown in Figure 3.6, we found no difference in kinetics of lysosomal delivery of
LacCer in control vs. TRP-ML1 deficient cells. As a positive control, we
pharmacologically suppressed membrane fusion and confirmed that this induces an
observable delay in lipid traffic. To do this, we loaded untransfected HelLa cells with the

cell permeable Ca?* chelator BAPTA-AM (1 uM). Since vesicular fusion in the endocytic
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pathway requires Ca?*, chelation with BAPTA should suppress membrane fusion and
thus replicate the conditions predicted by the “biogenesis” model associated with the
loss of TRP-ML1 Ca®" conductance. Figure 3.6 shows that, unlike TRP-ML1
downregulation, BAPTA-AM .inhibited delivery of LacCer to lysosomal compartments.
Therefore, the delivery of LacCer to lysosomes is unimpaired in TRP-ML1 deficient

cells.
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Figure 3.5 Postlysosomal lipid traffic is impaired in TRP-ML1-deficient cells.

(A) Control or TRP-ML1 siRNA treated (5 d) HelLa cells were pre-loaded for 12 h with 647-
conjugated dextran. The following day cells were labeled with BOCIPY-C5-LacCer as
described in Methods and chased for 5 h. Fluorescence images of both LacCer (green) and
647-dextran (red) were obtained for both control (top panel)- and TRP-ML1 (bottom panel)
siRNA-treated cells. Scale bar, 10 um. (B) LacCer Golgi localization can be restored by
expression of HA-ML1g in TRP-ML1 siRNA treated cells. TRP-ML1 siRNA-treated cells (2 d)
were co-transfected with plasmids encoding the siRNA resistant construct HA-MLg cDNA and
the fluorescent protein mCherry (to identify DNA-transfected cells) 24 h prior to siRNA
treatment. Cells were loaded and chased with BODIPY-C5-LacCer as in 5A. The juxtanuclear
LacCer staining pattern reminiscent of normal cells is observed in mCherry-positive cells but
not in neighboring cells that presumably do not express HA-ML1g. Scale bar, 10 pM.
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Figure 3.6 Lysosomal delivery of LacCer is normal in TRP-ML1 siRNA-treated cells.

(A) Control and TRP-ML1 siRNA-treated cells were loaded with 2 pg/ml LacCer for 15 min
at 37° and Lysotracker to label lysosomes as described in Materials and Methods. Where
indicated, cells were incubated with 10 uyM BAPTA-AM for 1 h. Delivery of LacCer to
lysosomes was measured by quantifying the percent overlap between LacCer and
Lysotracker. Scale bar, 10 um. *: p=0.013 (obtained in 6 separate measurements).
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3.4.5 LDL trafficking and degradation in TRP-ML1-deficient cells

To more quantitatively assess lysosomal delivery and function in TRP-ML1 knockdown
cells, we examined the kinetics of lysosomal delivery, apoB proteolysis, and cholesterol
de-esterification of low density lipoprotein (LDL). Previous studies in MLIV fibroblasts
have specifically probed lipid metabolism along the LDL receptor mediated pathway of
lysosomal degradation using radiolabeled forms of both sphingomyelin and cholesteryl
oleate (105). These studies found that MLIV fibroblasts metabolize both lipids more
slowly compared to control cells. Therefore, our first approach was to examine whether
delivery of LDL to lysosomes in TRP-ML1-deficient cells was impaired. To determine
this, we used fluorescence microscopy to examine and quantitate the delivery of Dil-
labeled LDL to lysosomes of HelLa cells transfected with TRP-ML1-specific SiRNA. In
these studies, cells were treated with either control or TRP-ML1 siRNA duplexes for 5
days. AlexaFluor 647-conjugated dextran was pre-accumulated in lysosomes during a
12 h pre-incubation prior to the start of the experiment. The following day, cells were
incubated with Dil-LDL (20 pug/ml) on ice for 1 h and were then subsequently chased in
fresh medium for 30 or 120 min at 37°C. At either time point, cells were fixed and
coverslips mounted for analysis. Delivery of Dil-LDL to lysosomes was measured by
quantifying the percent of overlap between Dil-LDL and the pre-loaded 647-dextran
expressed as the amount of Di-LDL present in dextran-positive compartments. As
shown in Figure 3.7A, ~60% of the internalized Dil-LDL colocalized with the pre-loaded
647-dextran by 120 min of chase in both control and TRP-ML1 siRNA-treated cells,
suggesting that delivery of LDL in TRP-ML1-deficient cells is unimpaired. We also did

not observe a delay in parallel studies quantifying Dil-LDL delivery in MLIV and MLII
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fibroblasts relative to control cells, suggesting that chronic lipid build-up in these cells
does not affect LDL delivery to lysosomes (Fig. 3.7B). Taken together, these results
suggest that delivery of LDL to lysosomes is unaffected by both acute and chronic loss
of TRP-ML1 function.

Our second approach was to examine the delivery and lysosomal degradation of
both the lipid and protein components of LDL in both control and MLIV fibroblasts as
well as in control and in TRP-ML1 siRNA-treated cells. If TRP-ML1 is involved in the
interactions between late endosomes and lysosomes, then there should be a defect in
the degradation of both the protein and lipid components of LDL along this pathway. To
monitor the degradation of the protein component of LDL, cells were incubated with *%°I-
apoB-LDL for 2 h on ice. Following ligand binding, cells were extensively washed, then
incubated with pre-warmed medium for various times. At the indicated times, the
medium was removed and replaced, and degradation kinetics were determined by
trichloroacetic acid (TCA) precipitation of the medium and of cell lysates solubilized at
the end of the time course. The rate of apoB degradation was determined by calculating
the cumulative release of TCA-soluble counts into the medium. As shown in Figure
3.8A, the kinetics of degradation of apoB were identical in both control and TRP-ML1
deficient cells as well as in control and MLIV fibroblasts. Similarly, we found no
difference in the kinetics of **°I-transferrin recycling in MLIV and control fibroblasts, or in
the degradation of **°I-EGF (epidermal growth factor) in both siRNA treated cells and
MLIV fibroblasts (Fig. 3.9). These results suggest that there is no defect in
postendocytic recycling or lysosomal delivery in TRP-ML1-deficient cells. These results

are consistent with the observations of Chen et al. (44), who (using a similar *?I-
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transferrin recycling assay) also found no defects in the endocytosis or recycling of
transferrin in MLIV fibroblasts.

To examine the degradation of the lipid component of LDL, we used an
experimental approach previously used by Groener et al. (87) to monitor the metabolism
of radiolabeled cholesteryl oleate. Cells were incubated with [*C]-cholesteryl oleate
(CO) in complex with LDL for 4.5 h at 37°C. Following labeling, cells were incubated for
various times with pre-warmed medium supplemented with LPDS. At each time point,
the medium was removed and replaced and degradation kinetics were determined by
guantitating the cumulative release of free fatty acids into the cell culture medium
compared to the amount that remained cell-associated. As shown in Figure 3.8B, the
kinetics of [**C]-CO degradation were not different in cells treated with either control or
TRP-ML1 specific siRNA for 5 d. Additionally, treatment with TRP-ML1 specific SIRNA
over a 12 day period also had no effect on cholesterol hydrolysis. However, the rate of
[*C]-CO degradation in MLIV fibroblasts was significantly slower when compared to the

rates of degradation in either control or MLII fibroblasts.
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Figure 3.7 LDL delivery to lysosomes is normal in TRP-ML1-deficient cells.

Control or TRP-ML1 siRNA treated (5 d) HeLa cells (panel A) or fibroblasts (panel B) were pre-
loaded for 12 h with 647-conjugated dextran. Cells were incubated bind Dil-LDL on ice for 60
min and were then subsequently chased in pre-warmed media at 37°C for and additional 30 or
120 min. At the indicated time points, cells were fixed and processed for immunofluorescence.
Delivery of Dil-LDL to lysosomes in cells was measured by quantifying the percent overlap
between Dil-LDL and the pre-loaded 647-dextran. Graphical representations of the
guantifications are shown plotted to the right in panels A and B and are expressed as the %
overlap £ S.E.M. for n = 20 cells under each condition. Scale bar, 10 pm.
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Figure 3.8 Degradation of LDL cholesterol is impaired in MLIV fibroblasts.

(A) siRNA transfected HelLa (5d) or patient fibroblasts were incubated on ice for 2 h with
ApoB-LDL complexes. For control cells, bafilomycin (0.5 pM) was added 30 min. prior to LDL
labeling and maintained in the culture medium throughout the experiment. Following ligand
binding, cells were washed and incubated in pre-warmed medium. At the indicated time
points, the medium was collected and replaced, and cells were solubilized after the final time
point. The rate of ApoB degradation was determined by calculating the cumulative release of
TCA-soluble counts into the medium as described in Methods. (B) siRNA transfected HelLa (5
d) or patient fibroblasts were labeled with medium containing 10% LPDS and [“C]-CO-LDL
complexes (50 pg/ml LDL protein) for 4 h at 37°C, washed, and incubated for 30 min at 18°C
in medium supplemented with 10% FBS. The time course was initiated by addition of fresh
culture medium supplemented with 10% LPDS at 37°C. At the indicated times the medium
was collected and replaced. After the final time point, cells were harvested and radioactivity
was measured in both the medium and cell pellet. The cumulative percentage of
preinternalized [“C]-CO released into the medium at each timepoint was calculated as
described in Methods. The mean + S.E.M. of three experiments (two for bafilomycin A;-treated
samples) performed in triplicate is plotted in each panel. *: p = 0.032; **; p< 0.008 by
Student’s t test.
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Figure 3.9 Transferrin recycling and EGF degradation is not altered in TRP-ML1-deficient cells.

(A) MLIV or control fibroblasts were depleted of transferrin (Tfn) by incubation for 60 min. at 37°C in
MEM/BSA. '*I-labeled iron-loaded human transferrin was internalized for 45 min. at 37°C. The cells
were extensively washed, then incubated at 37°C for 2.5 min. to allow for receptor internalization. The
medium was replaced with prewarmed MEM/BSA and the cells were incubated at 37°C. At the
designated time, the medium was collected and replaced. After the final timepoint, cells were lysed in
detergent solution and the amount of *’I-labeled Tf was determined using a y counter. Kinetics of
release were calculated by determining the cumulative percentage of preinternalized transferrin released
into the medium at each time point. The number (n) of experiments represented is 3 and is plotted as the
mean + S.E. (B and C) Fibroblasts (B) or HeLa cells (C) were incubated with **I-labeled EGF on ice for
2h. The cells were washed extensively and then incubated with prewarmed medium. At various times
the medium was collected and replaced. After the timecourse, the cells were solubilized with 1% TX-100
and trichloroacetic acid (10% final concentration) was added and cells were incubated on ice for 10 min.
Samples were then centrifuged at maximum speed in a microcentrifuge for 15 min. at 4°C, and the
radioactivity in the corresponding supernatants and pellets counted using a y counter. The rate of EGF
degradation was determined by calculating the cumulative release of trichloroacetic acid-soluble counts
into the medium over the timecourse. The number (n) of experiments represented is 6 and is plotted as
the mean £ S.E.
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3.5 DISCUSSION

The internalization and processing of cargo via the endocytic pathway is a complex
process involving numerous steps that include cargo binding and entry, receptor-ligand
dissociation, membrane fusion, degradation of internalized lipids, proteins, and
carbohydrates, and excretion of digested products through the lysosomal membrane
(160, 175). The efficiency of these processes depends on the maintenance of specific
ionic environments that are established by the combination actions of ion channels and
pumps residing in endocytic compartments (200, 264). New information about these ion
transporters regularly emerges from studies on the genetic determinants of lysosomal
storage diseases. MLIV is one of several examples of lysosomal storage diseases
caused by a dysfunction in the ionic balance of the endocytic machinery. The severity of
this disease is compounded by the fact that no unified model exists for MLIV
pathogenesis, thus hindering the development of pharmacological interventions.

Since the identification that mutations in the MCOLN1 gene are responsible for
the MLIV disease phenotype (12), it has become apparent that this lysosomal cation
channel plays a key role in the maintenance and regulation of postendocytic events (5,
14, 44, 105). As described in the Introduction, two models exist to explain the primary
defect in MLIV. The “biogenesis” model suggests that MLIV is caused by delayed
membrane traffic to lysosomes as a result of impaired endosome-lysosome fusion or
fission (196, 202, 216, 248). The “metabolic” model postulates that MLIV results from an
ionic imbalance in lysosomes that precludes efficient processing of internalized lipids

and other molecules (231).
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In principle, a comprehensive model for the regulation of TRP-ML1 channel
activity would enable the discrimination between these models. Fusion between various
membrane-bound vesicular endocytic compartments is regulated by Ca** concentration
in the vicinity of these compartments, whereas the trafficking and activity of various
proteases and lipases depends on the acidic environment maintained within both
endosomal and lysosomal compartments (200, 264). TRP-ML1 has been reported to be
permeable to both Ca* and to H"; however, electrophysiological characterization of
TRP-ML1 activity under physiological conditions has yet to be performed (40, 136, 138,
208, 231).

In the present studies we sought to determine whether MLIV results from
aberrant membrane traffic to lysosomes. An additional issue is whether any observed
defects in membrane trafficking or lipid metabolism are a primary result of MLIV
pathophysiology, or are instead secondary effects that result from the chronic
accumulation of undigested lipids in TRP-ML1-deficient cells. Our goal was to design an
experimental system in which we could examine these membrane trafficking steps in
cells that lacked TRP-ML1, but had not yet chronically accumulated undigested lipids.
Since MLIV has been unequivocally identified as a “single gene disorder”, acute TRP-
ML1 knockdown using siRNA is a valid model for the early stages of MLIV
pathogenesis. Using this approach, we were able to downregulate TRP-ML1 expression
in cells over a period of several days. During this time, lysosomes from these cells
gradually accumulated lipid inclusions, but at a level significantly less than previously
described in MLIV fibroblasts (231). Formation of inclusions was efficiently rescued by

transfection of an siRNA-resistant version of TRP-MLL1. Lipids accumulated in lamp-1-
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positive organelles, suggesting that the inclusions are of lysosomal origin. Furthermore,
colloidal gold internalized by fluid phase endocytosis could access inclusions in both
isolated patient fibroblasts and in siRNA-treated cells, demonstrating that these
organelles remain active components of the endocytic pathway.

Several studies have reported that the trafficking of fluorescent conjugates of
LacCer is hindered in MLIV fibroblasts as well as in other lysosomal storage diseases
(44, 188, 202, 231). Consistent with these observations, we observe a similar defect in
LacCer handling in cells treated with TRP-ML1-specific sSiRNA. However, we observed
no difference in the delivery of this lipid to lysosomes in control and TRP-ML1
knockdown cells. Therefore, the altered trafficking of LacCer may represent an effect on
post-lysosomal membrane traffic and/or lipid metabolism in cells after prolonged
accumulation of undigested materials. These results are consistent with a recent report
by Thompson et al. (245), suggesting that the primary defect in MLIV lipid handling may
be the exit of internalized lipids from lysosomes. We found no effect of acute TRP-ML1
knockdown on the rate of LDL delivery to lysosomes or on the degradation of both the
lipid and protein components of this complex. Together, these data argue strongly
against the “biogenesis” model for MLIV progression, which predicts that acute loss of
TRP-ML1 function will result in a global defect in the delivery of both internalized lipids
and proteins to lysosomes.

The role of TRP-ML1 in lysosomal ion homeostasis is currently disputed.
Increased accumulation of acridine orange in MLIV fibroblasts has previously been
observed (231), consistent with increased acidity of these organelles; however

guantitation of lysosomal pH in MLIV fibroblasts by other groups has yielded discrepant
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results (7, 126, 202). Similar to Pryor et al., we were unable to document any difference
in lysosomal pH between control and MLIV fibroblasts by fluorescence ratio imaging;
however, our studies were compromised by the intense autofluorescence in MLIV lipid
inclusions that has previously been reported (80). However, we reproducibly observed
that lysosomal pH in HelLa cells lacking functional TRP-ML1 was more acidic than
control (an approximate decrease by 1.12 pH units). In principle, this finding is
consistent with the “metabolic” model for MLIV pathogenesis, which postulates that the
increased acidity of lysosomes disrupts lipid hydrolysis.

Previous groups have demonstrated defects in lipase handling in MLIV
fibroblasts, including delayed de-esterification of cholesterol esters and decreased
lysosomal acid lipase activity (105, 231). Consistent with this, we found that the release
of free fatty acids from [**C]-cholesteryl oleate-labeled LDL was slowed in MLIV
fibroblasts. Surprisingly, however, we did not detect a deficit in cholesterol metabolism

in siRNA-treated cells (after 1, 5 or 12 days).

The apparently normal hydrolysis of LDL cholesterol upon acute loss of TRP-
ML1 function demonstrates that the increased lysosomal acidity observed in these cells
does not critically impair acid lipase activity. Rather, there appears to be a gradual effect
on lysosomal hydrolysis that manifests as a lag period between loss of TRP-ML1
function and the full elaboration of the MLIV disease phenotype. It is possible that a
minor deficit in lipid hydrolysis that is undetectable early after TRP-ML1 loss has a
cumulative effect whose consequences slowly develop as the disease progresses.
Indeed, other lysosomal storage disease models such as Niemann-Pick Type C [NPC]

(103, 161) teach us that a defect in a single component of lysosomal machinery may
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sabotage processing of unrelated classes of lipids. NPC disease is caused by the
mutation in either the late endosomal membrane protein NPCL1 or the soluble lysosomal
protein NPC2, and results in abnormal cholesterol transport along the late endocytic
pathway. Similar to MLIV, NPC is caused by defective cholesterol trafficking rather than
by a specific enzymatic abnormality. Although the primary defect is in cholesterol
transport, the accumulation of other lipids, including sphingolipids has also been
demonstrated in NPC (103).

In summary, our results suggest that TRP-ML1 does not directly regulate
membrane traffic; thus enzyme replacement therapies remain a potentially viable
treatment option for MLIV. Future studies are needed to determine whether TRP-ML1
plays an essential role in maintaining lysosomal ion homeostasis directly, so that
replacement enzymes may be designed to operate in the unique environment of the

TRP-ML1-deficient lysosome.
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4.0 DISCUSSION AND FUTURE DIRECTIONS

Since the first described case of MLIV in 1974 and the subsequent cloning of the
MCOLNL1 gene in 2000, numerous groups have made valuable contributions to our
current understanding of MLIV progression and TRP-ML1 function. When this
dissertation work began five years ago, fewer than ten published reports examining the
functional biology of TRP-ML1 were available. Since then, the list of TRP-ML1-specific
papers has more than doubled. This work has led to a better model of TRP-ML1
function and the molecular mechanisms that drive MLIV pathogenesis. Several
unresolved issues must be answered to unequivocally describe the molecular
mechanisms responsible for the progression of MLIV. 1t is still not evident how TRP-
ML1 functions with respect to lipid transport and/or metabolism. The primary goal of this
dissertation was to determine the role of TRP-ML1 in the regulation of membrane
trafficking. | addressed this question in two ways. First, | examined the mechanism of
TRP-ML1 delivery to lysosomes. Secondly, | tested the role of TRP-ML1 in the
regulation of specific membrane trafficking steps along the endocytic pathway.

A defining feature of TRP-MLL1 is that it is exclusively localized to lysosomes and
late endosomes. Little information existed regarding how this protein is delivered to
lysosomes. In Chapter 2, | described the machinery and intracellular pathway involved

in TRP-ML1 lysosomal targeting. This work was the first to identify the trafficking
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itinerary of TRP-ML1 along the biosynthetic pathway and was subsequently validated by
two other groups (202, 259). Lysosomal targeting of TRP-ML1 is mediated by both the
E11TERLL1s and EszsEHLLs7g motifs present within the N- and C-terminal cytosolic tail,
respectively (Figure 4.1). Direct lysosomal targeting of TRP-ML1 is mediated by the N-
terminal sorting motif that facilitates the AP-1-dependnt Golgi export of TRP-ML1 (170),
while C-terminal sorting information mediates AP-2-dependent internalization of TRP-
ML1 from the plasma membrane (259). In addition, | have also demonstrated that
cysteine residues within both cytosolic tails of TRP-ML1 are subject to palmitoylation
(Figure 4.1) and others have shown that palmitoylation of the C-terminal tail serves to
increase the efficiency of TRP-ML1 internalization from the cell surface (259). Finally, |
have demonstrated that TRP-ML1 is subject to proteolytic processing along the
biosynthetic pathway. | determined that cleavage occurs within a 40 amino acid region
present between the second and third N-glycosylation sites of TRP-ML1 (Figure 4.1).
This finding is largely consistent with observations made by others (121) who further
suggested that cleavage serves to negatively regulate TRP-ML1 channel activity.
Chapter 3 was dedicated to examining the role of TRP-ML1 in regulation of
membrane trafficking steps along the endocytic pathway. The goal was to evaluate
models of MLIV pathogenesis, as it is debated whether TRP-ML1 functions to regulate
membrane trafficking directly through late endosome-lysosome interactions (the
‘biogenesis’ model), or by helping to maintain lysosomal ion homeostasis that is
essential for efficient lipid catabolism (the ‘metabolic model’). Previous work has
documented trafficking defects in TRP-ML1-deficient cells (14, 44, 202, 248). However,

these observations were made using MLIV fibroblasts as a model system. Thus, the
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possibility arose that potential abnormalities in trafficking may be the result of chronic
lipid accumulation (a secondary effect), and not due specifically to the loss of TRP-ML1.
| addressed this question by examining endocytic membrane trafficking steps in both
MLIV fibroblasts and in cells treated with specific SiRNAs to acutely down-regulate TRP-
ML1 expression. This enabled me to directly compare trafficking in cells that lacked
TRP-ML1, but had not yet accumulated large amounts of undigested lipid material.
These studies revealed that the lysosomal delivery of multiple protein and lipid markers
was not perturbed in MLIV fibroblasts or TRP-ML1 siRNA-treated cells.

| also examined the lysosomal hydrolysis kinetics of both the lipid (cholesterol)
and protein (apoB) components of the LDL complex in TRP-ML1-deficient cells. | found
that degradation of the cholesterol component of LDL was impaired in MLIV fibroblasts.
Surprisingly, | did not observe this deficiency in TRP-ML1 siRNA-treated cells despite a
documented increase in lysosomal acidity. Overall, my data suggest that TRP-ML1
does not function to directly regulate specific endocytic membrane trafficking events that
mediate the delivery of lipids and proteins to lysosomes. These studies are more
consistent with TRP-ML1 involvement in the maintenance of lysosomal ion homeostasis
that is necessary for the efficient metabolism of internalized lipid substrates as is
predicted in the metabolic model. In the remainder of this section, | will discuss potential
mechanisms through which defects in lysosomal ion homeostasis may contribute to

MLIV pathogenesis.
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41 TRP-ML1 AND REGULATION OF THE LYSOSOMAL MICROENVIRONMENT

The results of my thesis research suggest that MLIV pathogenesis is linked to defects in
lysosomal ion homeostasis caused by the loss of functional TRP-ML1. Although the ion
permeability characteristics of this channel are still debated, it is clear that both H" and
Ca** ions have important roles in the coordination of endocytic events (149, 264). In my
studies, lysosomal pH in cells treated with TRP-ML1-specific sSiRNA was found to be
lower than values obtained for control cells. In TRP-ML1-deficient cells, | estimated
lysosomal pH to be ~4.0 (compared to 5.0 in control cells). Other groups have
demonstrated that the optimal pH for lysosomal acid lipase (LAL) activity is 4.0-5.0 (81).
LAL is responsible for the de-esterification of LDL-derived cholesterol. Therefore, a
seemingly ‘optimal’ environment for LAL activity has been created in TRP-ML1 siRNA-
treated cells, and indeed, | found no defect in cholesterol metabolism in these cells.
However, | did observe significant impairment of cholesterol hydrolysis in MLIV
fibroblasts. What leads to impairment of cholesterol hydrolysis in MLIV fibroblasts?

One explanation may be the relationship between increased lysosomal acidity
and the regulation of lipase stability. Hydrolases that reside within the lysosomal lumen
are subjected to proteolytic degradation. The half-lives of certain proteases have been
shown to be significantly increased by binding to a Cathepsin A-containing protective
scaffold (99, 186). To date, no such protective mechanism has been described for
lysosomal lipases. At increased levels of lysosomal acidity, lipases may be more prone
to increased proteolysis while some proteases may be able to avoid this processing
through such a protective interaction. Therefore, increased lysosomal acidity may result

in significantly reduced levels of specific lipases, causing downstream effects on lipid

130



handling. In Appendix A, | demonstrate that LAL protein levels in TRP-ML1 siRNA-
treated cells are significantly reduced compared to control cells (Figure A.4). However, |
find no concurrent abnormality in cholesterol hydrolysis in these cells. How is this
observation explained? Although decreased, the LAL that remains may actually be
working in a more optimal environment created by increased lysosomal acidity.
Therefore, reduced levels of LAL may be able to sufficiently compensate and process
cholesterol normally.

My data demonstrate that cholesterol hydrolysis is impaired in MLIV fibroblasts. |
also compared LAL levels in control and MLIV fibroblasts (Figure A.4) and | did not find
a significant decrease in overall LAL levels. However, | did observe the increased
presence of an apparent proteolytic LAL fragment, suggesting that abnormal processing
of this enzyme may contribute to the defect in cholesterol metabolism. Thus, LAL-
mediated cholesterol metabolism may be maintained temporarily, but ultimately
impaired LAL proteolytic processing and/or regulation of stability may culminate in
defective cholesterol hydrolysis over time. It would be useful to formally evaluate LAL
activity in TRP-ML1-deficient cells, as reports regarding its activity in MLIV fibroblasts
are conflicting (105, 231). It would also be beneficial to examine whether the half-life of
LAL is altered in TRP-ML1-deficient cells, as a dramatic decrease may suggest an up-
regulation of LAL proteolysis. It should also be noted that abnormal lysosomal
proteolysis in TRP-ML1-deficient cells may not be strictly limited to LAL. | have
observed reduced levels of cathepsin B in TRP-ML1-deficient cells, suggesting that
there may be a negative effect on the processing of this hydrolase to its active form

(Figures A.1 and A.2). Similar reports regarding abnormalities in enzyme processing
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have been described using HT-29 cells (a colon cancer epithelial cell line), showing that
abnormal sialic acid metabolism alters the lysosomal processing of Cathepsin D (250).

Another compounding issue involving the LDLR-mediated pathway and
cholesterol homeostasis comes from recent work in which gene expression profiling
was performed in MLIV fibroblasts (29). It was shown in these studies that mMRNA levels
of several LDL pathway genes were more abundantly expressed in MLIV fibroblasts
including LDLR, SREBP1, and, SREBP2. The elevated expression of these gene
products would result in the increased uptake of LDL which may facilitate the ‘swamping
out’ of an already disabled cholesterol-metabolizing system. Thus, ionic imbalance
within the lysosome created by pH dysregulation may cause initial defects in LDL
metabolism which intensify over time, creating an overall imbalance in cellular
cholesterol homeostasis. This initial insult may subsequently induce the accumulation of
other lipid species, as cholesterol and glycosphingolipid homeostasis are integrally
related (204, 226).

Currently, | am unable to assess if defects in cholesterol metabolism are directly
attributed to changes in lysosomal pH because of difficulties in reliably determining
values in MLIV fibroblasts. This is a critical issue because results describing lysosomal
pH in MLIV fibroblasts are conflicting (7, 126, 202, 231). My preliminary studies suggest
that lysosomal pH in MLIV fibroblasts is not significantly different than values obtained
in control cells. This observation has also been made by others (202). Thus, another
guestion that arises is to explain why lysosomal pH is lower in cells treated with TRP-
ML1 siRNA compared to MLIV fibroblasts? As described in Chapter 3, one of the main

differences between TRP-ML1 siRNA-treated cells and MLIV fibroblasts is that the
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former have not yet undergone the chronic accumulation of undigested lipid material
that is characteristic of MLIV cells. Thus, overall lipid storage content may influence
lysosomal pH. Numerous LSD cell lines have been previously shown to have elevated
lysosomal pH (7). With respect to TRP-ML1 siRNA-treated cells, the decrease in
lysosomal pH | observed may be an ‘early-onset’ phenotype that is eventually alleviated
as storage content accumulates over time. This preliminary decrease in lysosomal pH
may still have an important role in generating dysfunction of the lysosomal
microenvironment that initiates downstream effects on cholesterol handling and/or lipid
metabolism. Assuming that lysosomal pH in MLIV fibroblasts is normal it would be
interesting to determine how long this initial decrease in lysosomal acidity persists. My
data suggest that cholesterol metabolism in TRP-ML1 siRNA-treated cells is normal
after 12 days of siRNA treatment and during this time there is not a significant increase
in the total number of lipid inclusions present in these cells (Figure 3.2). Therefore, it is
necessary to determine if lysosomal pH increases concurrently with the increased build-
up of stored lipid material in sSiRNA-treated cells.

lonic imbalance within the lysosomal lumen may also be created via mechanisms
that are not directly the result of abnormal pH. The release of Ca®" is necessary for the
efficient fusion of late endosomes and lysosomes (200). The transporters and channels
involved in the regulation of lumenal ionic composition are only beginning to be
identified. With respect to Ca®", the lysosomal NAADP (nicotinic acid-adenine
dinucleotide phosphate)-regulated Ca®* channel (the NAADP receptor) is also a likely
candidate to play a role in regulation of the lumenal concentration of lysosomal Ca?*

(173, 275, 276). Recent unpublished findings by Peterneva and Llyod-Evans (University
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of Oxford, UK) implicate a role for TRP-ML1 in the regulation of NAADP receptor
function in the process of late endosome-lysosome fusion.

It was demonstrated that MLIV lysosomes have both normal pH and intralumenal
Ca®" concentrations (202, 231). However, in spite of normal Ca* levels, it is suggested
that MLIV lysosomes are susceptible to multiple, spastic Ca?*-release events whereas
normal lysosomes are not. Intriguingly, inhibition of the NAADP receptor was shown to
alleviate abnormal Ca?'-release events observed in MLIV cells. This imbalance of
lysosomal ion homeostasis induced by changes in lumenal Ca®" concentrations was
associated with the increased presence of hybrid late endosome-lysosome structures
and subsequent glycosphingolipid storage. These results suggest that TRP-ML1 is
involved in maintaining proper lysosomal ionic balance, potentially through regulation of
the NAADP receptor.

Lastly, the above examples are not meant to exclude the possibility that defects
in Ca®* and H" homeostasis in TRP-ML1-deficient cells are dependent on one another.
Studies in mouse macrophage lysosomes show that the intralumenal concentration of
Ca?' is significant (400-600 uM), and changes in pH can have a dramatic impact on
lysosomal Ca?* levels (49). After treatment with bafilomycin A, lysosomal pH increased
from 4 to 7 and lysosomal Ca?* concentration decreased from 0.6 mM to 285 nM,
indicating that Ca?* levels are maintained in part by the pH gradient across the
lysosomal membrane. Regarding lysosome biogenesis, reformation of mature (dense
core) lysosomes is also dependent upon the release of lumenal Ca?* (149, 200), and it
has been shown that this release can be inhibited by treatment with either membrane

permeable Ca?*-chelators or Bafilomycin A;.
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4.2 ALTERNATIVE MEMBRANE TRAFFICKING DEFECTS IN TRP-ML1-

DEFICIENT CELLS

MLIV is considered a disease whose pathology is rooted in endocytic membrane
transport defects. It has been suggested that TRP-ML1 functions to regulate membrane
interactions that are required for the lysosomal delivery and degradation of internalized
proteins and lipids. My experimental results largely argue against this hypothesis.
However, a possible role for TRP-ML1 function in the exit of lipids and proteins from late
endocytic compartments has recently emerged that is consistent with my results (245).
Using an siRNA-based approach, | demonstrated that the lysosomal delivery of
internalized LacCer is normal. Despite unimpaired delivery, | found that subsequent
Golgi-localization of this lipid is impaired. Moreover, | could reverse this phenotype upon
expression of an siRNA-resistant TRP-ML1 construct. Similar results have also been
obtained in MLIV fibroblasts demonstrating that TRP-ML1 channel activity is required for
LacCer Golgi targeting (202).

Similarly, using an siRNA-based approach in a mouse macrophage cell line,
Thompson et al. (245) recently concluded that TRP-MLL1 is required for the efficient exit
of lipids and proteins out of hybrid LE-lysosome organelles. In agreement with previous
work that characterized the real-time dynamics of hybrid organelle formation (30), these
studies also observed tubular intermediates that emanate from hybrid organelles. TRP-
ML1 localized to both the parent compartment and the tubular intermediates. Tubular
intermediates also contained various endocytic markers including dextran, BSA,
LacCer, and the Major Histocompatibilty Complex II (MHC Il). Reduction of TRP-ML1

levels resulted in abnormal transport of LacCer to the Golgi, transport of BSA to
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lysosomes, and transport of MHC Il to the plasma membrane. It was suggested that
TRP-ML mediates the scission of tubules from the hybrid organelle, analogous to the
process of lysosome re-formation previously described in a C. elegans model system
(248). In their model, TRP-MLL1 is located in a pre-lysosomal compartment that serves
as a hub for molecules destined for transport to a variety of intracellular locations. Thus,
the process of lysosome biogenesis also includes sorting from the hybrid organelle in
addition to the re-formation of individual late endosomes and lysosomes.

Comparing these results to my data it is clear that the Golgi targeting of GSLs
such as LacCer is impaired in TRP-ML1-deficient cells. However it is not clear from
which intracellular compartment this defect originates. While the model described above
suggests lipid transport is impaired from a pre-lysosomal compartment, my data are
more consistent with defects in post-lysosomal lipid transport. Are defects in LacCer
Golgi targeting the result of impaired trafficking from lysosomes, or are they result of
impaired lysosome re-formation?

It is uncertain whether TRP-ML1 activity affects LacCer trafficking directly.
Moreover, the function of TRP-ML1-positive tubular intermediates is not clearly
characterized. Do these intermediates participate in lysosome biogenesis, or do they
strictly mediate sorting of various molecules from hybrids? Pryor et al. have
demonstrated that Golgi targeting of LacCer in MLIV fibroblasts requires TRP-ML1
channel activity. Expression of a TRP-ML1 cDNA encoding a mutation in the pore
region of the channel was unable to restore proper localization of this lipid (202). How
might TRP-ML1 activity be involved in lipid transport? One potential explanation is that

TRP-ML1 has a direct role in the formation and/or scission of transport intermediates
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derived from hybrid organelles or lysosomes. The release of lumenal Ca®" can affect
trans-SNARE complex formation in endosomal fusion (152). For example, Hrs
(hepatocyte growth factor-regulated tyrosine kinase substrate) is a Ca®'-sensitive
protein that directly interacts with SNARE proteins, preventing early endosome fusion
(241). Hrs interacts with the Q-SNARE SNAP-25, preventing trans-SNARE complex
formation with its cognate R-SNARE VAMP2. The release of lumenal Ca®** has been
demonstrated to alleviate the Hrs-SNAP-25 interaction, allowing for trans-SNARE
complex formation and subsequent endosomal fusion (268). Therefore, the release of a
similar inhibitory interaction may be required for transport from hybrid organelles and/or
lysosomes. TRP-ML1 may function to directly mediate the release of intralumenal Ca",
promoting membrane interactions required for lipid transport. Alternatively, TRP-ML1
may also function in a manner that does not directly affect lipid trafficking. Rather, TRP-
ML1 activity may contribute to the processing of lipids such as LacCer through
regulation of the lumenal ionic conditions required for efficient hydrolysis. Chen et al.
have shown that the activity of LacCer-hydrolyzing enzymes is normal in MLIV
fibroblasts, suggesting that enzymatic activity is unperturbed (44). However, neither my
work nor the studies performed by Thompson et al. specifically examined the activity of
these enzymes and/or LacCer processing in TRP-ML1 siRNA-treated cells. Finally, the
abnormal accumulation of LacCer occurs in numerous LSDs (157, 204). Therefore, it
must also be considered that the accumulation of lipid species such as LacCer is not
unique to lack of functional TRP-ML1. GSL accumulation may be a more general
feature of LSDs. As described in Section 1.3.2, GSL accumulation occurs in storage

disease cell lines that do not have specific defects in GSL-hydrolyzing enzymes. The
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relationship between cholesterol and GSL homeostasis within cells is complex, where
abnormalities in one substrate can affect the processing and/or transport of the other.
My data demonstrate that LDL-derived cholesterol hydrolysis is impaired in MLIV
fibroblasts; however, it is unimpaired in cells where TRP-ML1 has been acutely down-
regulated. | concluded that MLIV pathogenesis is cumulative, resulting in a lag period
before defects in cholesterol metabolism are apparent. Interestingly, | find that LacCer
Golgi transport is affected under both conditions, suggesting that abnormalities may be
independent of defects in cholesterol metabolism. Thus, defects in lipid transport may
arise due to abnormalities in trafficking from lysosomes.

Currently, there is little information regarding intracellular trafficking from
lysosomes. What is the machinery involved in post-lysosomal trafficking to the Golgi?
How are SNARE components retrieved back to their respective compartments during
lysosome re-formation? Pagano et al. (188, 189) found that LacCer transport from late
endosomes is dependent on Rab9. Rab9 is implicated as a tethering factor that
facilitates budding of vesicles derived from endosomal compartments (11, 146).
Similarly, the mammalian retromer complex may have a role in the retrieval of SNARE
components during lysosome biogenesis. The retromer, originally described in yeast,
functions in the retrograde transport of the CI-MPR from endosomes to the TGN, and is
associated with both vacuolar and tubular aspects of the endosomal network (26). Thus,
the retromer resides in an optimal position to participate in either the transport of lipids
to the Golgi, or the retrieval of SNARE components that are required for lysosome re-
formation. TRP-ML1 is localized to tubular extensions that emanate from hybrid late

endosome-lysosome organelles (245). Thus, TRP-ML1 and the retromer may function
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together to facilitate the trafficking of tubular intermediates required for lipid transport or
recycling of SNARE components. Tubule-based endosomal trafficking is an exciting
new area of interest and details of this process are only beginning to emerge. It would
be novel if a link between TRP-ML1 and the retromer complex is established. How
might TRP-ML1 participate in retromer-mediated trafficking steps? It is necessary to
determine whether TRP-ML1 activity serves to recruit and/or activate retromer
components, maintain the proper ionic environment within tubular compartments to
promote the proper assembly of trafficking machinery, or mediate the scission of these
intermediates from the endosomal compartment. Defects in these processes may result
in the abnormal exit of lipids from lysosomes, or negatively affect the retrieval of SNARE
components required for LE-lysosome interaction. In either case, these deficiencies

would disrupt normal lipid transport and/or metabolism, contributing to lipid storage.

4.3 MLIV AND AUTOPHAGIC DEFECTS

Autophagy is a process that mediates the sequesteration of macromolecules into
specialized cytosolic vesicles for delivery and degradation in lysosomes. Autophagic
activity is required for the degradation of aged cytosolic proteins and organelle turnover
(132, 159). There are three primary autophagic pathways: macroautophagy,
microautophagy, and chaperone-mediated autophagy (CMA). Autophagic deficiencies
have been documented in a number of storage diseases (220), as autophagy is
dependent upon lysosome function. One of the most difficult issues in studying LSDs is

identifying the underlying mechanisms that link lysosomal function and autophagy. More
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importantly, it is not well characterized how an upset in this balance results in cell death.
It is increasingly more relevant to determine if autophagic defects can trigger such
events because of the interconnected relationships of these two pathways. Recent
evidence suggests that there are indeed autophagic defects in TRP-ML1-deficient cells
(108, 257), specifically with regards to macroautophagy and CMA. These studies are of
considerable importance because they may provide insight into the general mechanism
that leads to cell death in LSDs.

Macroautophagy is the primary pathway by which cellular components such as
organelles are turned over. In macroautophagy, sequesteration of organelles requires
the formation of an intermediate vesicle termed an autophagosome. Efficient
transduction of this pathway requires fusion of autophagosomes with lysosomes
(reviewed in Section 1.2.1). Therefore, autophagy has been examined in MLIV
fibroblasts because of the proposed role for TRP-ML1 in regulation of late endosome-
lysosome interaction. Basal levels of autophagy were found to be increased in TRP-
ML1-deficient cells and it was shown that the majority of phagosomes contained
aggregates of ubiquitinated proteins (257). It was also demonstrated that the increased
numbers of autophagosomes in MLIV cells were caused by both delayed fusion with
lysosomes and increased levels of autophagosome formation (257).

Recent work has also shed light on a potential mechanism relating overall
lysosomal function to defects in autophagy, providing a model for the basis of cell death
in MLIV (108, 122, 123). Lysosomes are essential for the completion of autophagy-
mediated organelle degradation. It was recently found that MLIV fibroblasts displayed

an increased accumulation of fragmented mitochondria with impaired Ca®*-buffering
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capacity (108). Without, the optimal Ca?*-buffering capacity of the mitochondria, MLIV
cells were shown to be increasingly susceptible to caspase-dependent apoptotic cell
death pathways which are triggered by rises in cytosolic Ca®* (122, 123). Therefore,
chronic disruption of lysosomal function apparently leads to disrupted autophagic
turnover of mitochondria. Accumulation of impaired mitochondria reduces the ability to
buffer against a potent pro-apoptotic signal, resulting in increased cell death.
Intriguingly, studies performed in cup5” C. elegans have suggested that lethality in
these animals is due in part to cellular starvation caused by decreased levels of ATP
(216). This deficit culminates in apoptotic cell death via a CED-3 (caspase)-mediated
pathway. Unfortunately, mitochondrial abnormalities were not examined in these
studies, but it is tempting to speculate that ATP levels could have been negatively
affected in a mechanism similar to what has been described above.

Lastly, there is evidence for a potential connection between the lysosomal
dysfunction caused by lack of TRP-ML1 and the process of chaperone-mediated
autophagy (CMA). CMA is a selective mechanism for the degradation of soluble
cytosolic proteins in lysosomes. The limiting step in this autophagic pathway is the
binding of substrates to LAMP-2A, which facilitates the selective import of cytosolic
proteins for lysosomal degradation (119). Specifically, the pool of LAMP-2A responsible
for protein import was found to be concentrated within discrete detergent resistant
fractions of the lysosomal membrane. Overloading lysosomes with cholesterol caused a
marked decrease in CMA activity. Thus, both the dynamic lysosomal distribution of
LAMP-2A and lysosomal cholesterol homeostasis are implicated in regulation of CMA

activity. Interestingly, my data suggest that there are increased levels of LAMP-1 and
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impairments in cellular cholesterol homeostasis in cells lacking TRP-ML1 (Figures A.1
and A.2; Figure 3.9). This presents the possibility that the observed defects in
cholesterol metabolism in MLIV cells may also alter the lysosomal distribution and/or
levels of LAMP proteins, causing downstream alterations in CMA. These preliminary
findings only hint at CMA being affected in MLIV cells. There is no published report
documenting CMA-related defects in MLIV fibroblasts. Specific experiments would need
to be performed to demonstrate abnormal CMA activity in these cells. Furthermore, | do
not know if LAMP-2A levels are affected in a similar manner to LAMP-1. However, |
observe elevated levels of LAMP-1 in cells treated with TRP-ML1-specific SiRNA,
suggesting that the change occurs rapidly upon down-regulation of TRP-ML1. As a
result, defects in CMA may occur in parallel with changes in LAMP-1 levels, suggesting
that auotophagic defects and cell death occur early on in MLIV progression. It has also
recently been documented (256) that there is a direct interaction between TRP-ML1 and
the cytosolic chaperone hsc70. This protein is a known component of the chaperone
machinery that is responsible for protein transport into the lysosome during CMA.
Therefore, TRP-ML1 may also function to facilitate the import of proteins in concert with

LAMP-2A during CMA.
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APPENDIX A

PROTEIN PROFILING IN TRP-ML1-DEFICIENT CELLS

Prevailing models of MLIV pathogenesis suggest that TRP-ML1 directly regulates the
postendocytic delivery of internalized lipids and proteins by mediating the transient
interactions between late endosomal and lysosomal compartments (202, 248). My work
in Chapter 3 argues against this model for TRP-ML1 function (169). My results suggest
that the lysosomal delivery and degradation of various lipids and proteins is
unperturbed. However, cholesterol ester hydrolysis in MLIV patient fibroblasts was
found to be selectively impaired. From these results | hypothesize that the loss of
functional TRP-ML1 negatively alters hydrolytic activity and has a cumulative effect on
lysosome function. Therefore, | suggest that TRP-ML1 may have a role in maintaining
overall lysosomal ion homeostasis. My present studies are aimed at identifying specific
lysosomal proteins whose levels and/or activities may be affected by TRP-MLL1 loss.
Toward this end, | have employed quantitative Western analysis of cell extracts
prepared from TRP-ML1-deficient cells and control cells to examine whether the levels
and/or processing of certain lysosomal proteins are altered in cells lacking TRP-MLL1. In

addition, recent data suggest that TRP-ML1 may function as a proton-leak pathway to
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prevent over-acidification of the lysosomal lumen. Furthermore, my data suggest that in
cells treated with TRP-ML1-specific sSiRNA, lysosomal pH is lower when compared to
that of control cells. | want to examine whether the expression of a lysosomally-tagged
version of the influenza A M2 protein, a known H*-permeable channel (195, 221, 261),
is able to alleviate this effect. Toward this end, | have begun to examine the intracellular

distribution of lysosomally-targeted versions of M2.

A.1 MATERIALS AND METHODS

Western analysis of whole cell extracts. To compare the total levels of various
lysosomal proteins, whole cell extracts were examined by quantitative Western analysis.
Cell extracts were prepared by gently trypsinizing either fibroblasts or siRNA-treated
HelLa SS6 cells, resuspending the resultant cell pellet in ice cold PBS supplemented
with protease inhibitors (Roche), and subjecting them to 3 cycles of freeze-thaw in liquid
nitrogen and pulse sonication to disrupt cellular membranes. Lysates were then briefly
centrifuged at 4°C to pellet remaining cellular debris, and protein concentrations of
individual extracts were determined by Bradford assay against a BSA standard curve.
50 pg (unless otherwise stated) of lysate was loaded in duplicate for each sample,
subjected to SDS-PAGE, and Western analysis to detect endogenous levels of LAMP-1
(BD Biosciences; 1:500), cathepsin D (EMD Biosciences; 1:500), cathepsin B (EMD
Biosciences; 1:500), lysosomal acid lipase (Abnova; 1:250). B-actin (Sigma; 1:5000)
was used as a loading control. Protein levels were quantified using the BioRad Versa

Doc system Quantity One software for densitometry analysis. One-Way ANOVA
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analysis using the Holm-Sidak method was employed to assess statistical differences

between groups.

Generation of HA-M2 avp1. A modified version of the Quikchange (Stratagene) protocol
previously described by Wang and Malcolm (263) and in Chapter 2 was used to insert
both the HA epitope and the C-terminal tail of LAMP-1 that contains lysosomal targeting
information (RKRSHAGYQTI) into the cytosolic tail of the influenza A M2 protein. The
following  primers were used for the PCR reaction: (Forward) 5'-
ATAGAGCTGGAGATGTACCCATACGATGTTCCAGATTACGCTAGGAAGAGGAGTC

ACGCAGGCTACCAGACTATCTAAGGATCCCGGGT-3 and (Reverse) 5'-
ACCCGGGATCCTTAGATAGTCTGGTAGCCTGCGTGACTCCTCTTCCTAGCGTAATC
TGGAACATCGTATGGGTACATCTCCAGCTCTAT-3'. Following HA-M2 amp1 Synthesis,
the construct was transiently transfected into HeLa SS6 cells and standard
immunofluorescence staining procedures (as described in Chapter 2) were used to
detect the intracellular distribution of the HA epitope and compare it to the localization of

the endogenous lysosomal marker LAMP-1.
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A.2 RESULTS

A.2.1 Comparison of lysosomal protein levels in control and MLIV fibroblast cell

lines.

To date, only one large-scale study has been performed comparing gene expression
profiles in control and MLIV fibroblasts (29). My goal was to begin protein profiling in
control and MLIV fibroblasts to examine if the levels and/or processing of lysosomal
membrane proteins or soluble hydrolases are affected. | employed quantitative Western
analysis to examine levels of these proteins. Thus far, | have examined the levels of
three lysosomal proteins: LAMP-1, cathepsin D, and cathepsin B in four control
fibroblast cell lines (F93, F94, M1 and WG987; WG987 is a heterozygous parental
control cell line) and one MLIV fibroblast cell line (WG909). The results of these studies
are presented in Figure A.1. 50 pg of cell extract was prepared from each cell line and
subjected to Western and densitometry analysis to detect endogenous levels of actin
(loading control), LAMP-1, cathepsin D, and cathepsin B. As shown in Figure A.1A,
levels of LAMP-1 in MLIV fibroblast extracts were significantly increased (~30% higher
compared to levels obtained in WG987 extracts; a heterozygous parental control)
compared to control cell lines. | observed no significant difference in the levels of
cathepsin D among control and MLIV cell lines (Fig. A.1B). However, | did find a
dramatic decrease in the overall levels of the active form of cathepsin B in MLIV
extracts (~60% less than WG987) (Fig. A.1C). Figure A.1D displays a representative

Western of one of these experiments. Comparisons between WG987 and WG909 were
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each performed 6 times and analysis with other control cell lines (F93, F94, and M1)

was performed 4 times.
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Figure A.1 Comparison of lysosomal protein levels in control and MLIV fibroblast cell lines.

(A-C) 50 ug cell lysate was prepared from each cell line, loaded in duplicate samples, and
subjected to SDS-PAGE and Western analysis to detect endogenous levels of actin (loading
control), Lamp-1, cathepsin D, and cathepsin B. Levels of these proteins were quantified using
the BioRad Versa Doc system and Quantity One software. Levels of proteins are expressed as
the average raw pixel counts for the total number of experiments. For the F93, F94, and M1 cell
lines experiments were repeated 4 times. For 987 and 909, experiments were repeated 6 times.
(D) Representative Western blot of the cell lines tested. One-Way ANOVA analysis using the
Holm-Sidak method was employed to assess statistical differences between groups.
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A.2.2 Comparison of lysosomal protein levels in control and TRP-ML1 siRNA-

treated cells.

| have also examined the levels of the lysosomal proteins LAMP-1 and cathepsin B in
cells treated with control or TRP-ML1-specific SiRNAs for 5 d. Overall, | find similar
results compared to studies performed using fibroblast extracts. The results of these
studies are shown in Figure A.2. For LAMP-1, | observe a significant increase in the
levels in extracts prepared from cells treated with TRP-ML1-specific sSiRNA (Fig. A.2A
and A.2B). These results are consistent with results obtained in MLIV fibroblasts. In
addition, analysis of lysosomes purified from control and MLIV fibroblasts display similar
findings (Fig. A.2D).

While | have not been able to directly quantitate levels in control and TRP-ML1
siRNA-treated cells, | have observed qualitative differences in cathepsin B levels that
suggest differential processing of this lysosomal cysteine protease. cathepsin B is
synthesized as an inactive preproenzyme (40 kDa) which is further processed to a still
inactive proenzyme (37 kDa) within the lysosomal compartment (174). Removal of the
propeptide (63 amino acid residues) results in the conversion of the inactive proenzyme
into the single chain active form of 30 kDa. However, cathepsin B may also undergo
further hydrolysis within the lysosome, converting it to a second active form consisting
of a heavy (25 kDa) and light (5 kDa) chain components that remain associated through
a cysteine disulfide bond (174). | find that in control siRNA-treated cells there is the
presence of two distinct molecular weight forms of cathepsin B, a higher molecular
weight form that migrates at ~30 kDa, and a slightly smaller form that is ~25 kDa (Fig.

A.2C). However, in extracts prepared from cells treated with TRP-ML1 specific SiRNA, |
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observe an almost complete absence of the 25 kDa fragment, while finding an
increased presence of the 30 kDa single chain active form (Fig. A.2C). These results
are consistent with results obtained in MLIV fibroblast extracts where a significant
reduction in the amount of the 25 kDa form of cathepsin B was also found (Fig A.1D).
Combined with the results obtained in MLIV fibroblasts, my results suggest that levels of
the active form of cathepsin B are reduced and/or abnormally processed. Analysis of
isolated lysosomes from control and MLIV fibroblasts indicate that there are increased
levels of the single chain active form of cathepsin B in MLIV fibroblasts (Fig. A.2D).
However, | was unable to detect the heavy chain 25 kDa fragment in lysosomes isolated
from either cell type. These results are consistent with abnormal processing and/or
conversion of the active forms of cathepsin B in cells lacking functional TRP-ML1.
However, it is necessary to determine if cathepsin B activity is impaired in cells lacking

TRP-ML1.
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Figure A.2 Comparison of lysosomal protein levels in control and ML1 siRNA treated Hel a cells.
(A and B) Levels of Lamp-1 were quantified as described in Figure A.1 for both control and ML1 siRNA
treated cells. The data here represent 3 independent experiments and are represented as % of levels
(pixel intensity) obtained in control cells. Statistical significance was determined by using the Student’s t-
test. Panel B is a representative Western blot from one of the experiments. (C) Representative Western
blot detecting endogenous cathepsin B in control and ML1 siRNA treated cells. (D) Representative
Western blot detecting endogenous LAMP-1 (left) and Cathepsin B (right) in lysosomes isolated from
control (987) or MLIV (909) fibroblasts.
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A.2.3 Examination of lysosomal acid lipase in TRP-ML1-deficient cells

Lysosomal acid lipase (LAL) is the primary enzyme responsible for the degradation of
cholesterol esters and triglycerols that are delivered to lysosomes via the LDLR-
mediated pathway (81). The free cholesterol created by LAL activity is important to
overall intracellular cholesterol homeostasis (36, 103). Deficiency in LAL results in two
genetic diseases, Wolman's disease and cholesteryl ester storage disease (CESD)
(103, 161). Reports regarding LAL function in MLIV are conflicting as earlier reports
suggest that LAL activity is normal in MLIV fibroblasts (105), while more recent work
suggests that acid lipase activity is hindered in MLIV patient cells (231). Work presented
in Chapter 3 (169) also suggests that there is an impairment in hydrolysis of LDL-
derived cholesterol in MLIV fibroblasts. Interestingly, | only observed this defect in MLIV
fibroblasts, and not in cells where TRP-ML1 had been acutely down-regulated with
SiRNA treatment. Therefore, my goal in these studies was to examine LAL both in MLIV
fibroblasts as well as in siRNA-treated cells, and to determine if overall levels and/or
processing of LAL were altered.

Previous work has demonstrated that LAL undergoes proteolytic processing
resulting in 56 kDa and 41 kDa forms (278). Therefore, it has been suggested that the
56 kDa form of LAL may serve as a preproprotein form of LAL (2, 278). | first examined
LAL by Western analysis in extracts prepared from control and MLIV fibroblasts, and
found increased levels of a smaller LAL fragment that migrated at ~50 kDa in MLIV
fibroblasts compared to a higher ~55 kDa form of LAL whose levels stayed consistent
between control and MLIV cell lines (Fig. A1.3A). In addition, | also examined LAL by

Western analysis in control and TRP-ML1 siRNA-treated cells. In both instances, | only
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found the 55 kDa form of LAL (Fig. A1.3B). However, upon quantification of this band, |
did observe that levels of this LAL form were significantly reduced (50% of control) in
TRP-ML1 siRNA-treated cells, suggesting that LAL levels may be affected by loss of
TRP-ML1 (Fig. A1.3C). Taken together, these studies suggest that both the overall
levels and processing of LAL may be negatively affected in TRP-ML1-deficient cells. A
summary of my protein profiling studies in TRP-ML1-deficient cells is found in Table

A.l
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Figure A.3 Examination of lysosomal acid lipase (LAL) levels in control and ML1-deficient cells.

(A and B) Representative Western blot of LAL in fibroblast cell lines (A) and in siRNA-treated HelLa
cells (B). Full length LAL is 55 kDa. (C) Quantitation of Western analysis in siRNA treated cells using
Quantity One software. These data are presented as % of levels (pixel intensity) obtained in control
cells. This graph represents 3 independent experiments. Statistical significance was assessed by
using the Student’s t-test.
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Table A.1 Summary table of protein profiling in TRP-ML1-deficient cells.

Protein examined LAMP-1 Cathepsin B LAL

Cell Type

Sl - 150 kDa band - 30 kDa and 25 - 55 kDa band
_on o kDa bands

Fibroblasts

(WG987)

- 150 kDa band

- 30 kDa and 25

- 55 kDa and 50

kDa bands kDa bands
MLIV Fibroblasts | - levels increased I noIChafngeIin
by 30% compared evels of 30 kDa
(WG909) to WG987 form
- decrease in levels
of 25 kDa band
- 150 kDa band - 30 kDa and 25 - 50 kDa band
Control siRNA kDa bands
- 150 kDa band - 30 kDa and 25 -50 kDa band

TRP-ML1 siRNA

- levels increased
by 37% compared
to control

kDa bands
-Increase in levels
of 30 kDa form

- decrease in levels
of 25 kDa form

-Levels of 50 kDa
band decreased by
50%
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A.2.4 Localization of alysosomally targeted version of the influenza A M2 protein

Recent work suggests that TRP-ML1 may function to regulate lysosomal pH by
preventing the over-acidification of the lysosome via a proton-leak mechanism (231).
Data presented in Chapter 3 suggests that lysosomal pH is more acidic compared to
control cells (169). Therefore, | wanted to examine whether expression of lysosomally
targeted version of a known H*-leak channel is able to reverse any of the defects found
in TRP-ML1-deficient cells.

The influenza A M2 protein is an acid-activated, H*-permeable channel (195,
221). The M2 protein is a 97 amino acid type Il integral membrane protein that contains
23 N-terminal extracellular amino acids, a highly conserved 19 amino acid
transmembrane segment, and a 54 amino acid C-terminal cytosolic tail (134, 135). M2
has been demonstrated to function both at the cell surface and the TGN, and has H'-
permeability that is inhibited by the antiviral drug amantadine (261). M2 channel activity
is regulated by changes in pH. Specifically, M2 is activated at the low pH found within
the lumenal compartments of endosomes and the TGN (135). Previous work has
employed M2 channel to selectively alter the pH of a subset of acidified organelles and
examine various steps in apical protein transport in polarized epithelial cells (93-96).

My goal in these studies was to successfully generate a lysosomally-targeted
version of M2. My approach was to incorporate the lysosomal targeting information of
LAMP-1 and the HA epitope tag into the M2 C-terminal (cytoplasmic) tail. | then used
immunofluorescence to examine the intracellular distribution of HA-M2 avp1 and
compare it to that of the endogenous lysosomal marker LAMP-1. The results of these

studies are shown in Figure Al.4. The distribution of HA-M2 amp1 (green) was found in
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numerous punctuate cytoplasmic structures that frequently overlapped with LAMP-1-
positive vesicles (red). These results suggest that a significant portion of HA-M2 avp1
reaches the lysosomal compartment. Future studies will be aimed at determining
whether expression of this construct in TRP-ML1-deficient cells is able to reduce the

presence of lipid inclusions and/or rescue observed defects in lysosomal pH.
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LAMP-1 merge

Figure A.4 Subcellular localization of HA-M2| anp1.

HelLa cells were transiently transfected with a cDNA encoding HA-M2 avp:. The following day cells were
processed for immunofluorescence to detect the HA epitope (M2) and the lysosomal marker protein
LAMP-1. Scale bar; 10 pm.
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