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ABSTRACT
Lysosomal hydrolases are targeted to lysosomes by a carbohydrate-dependent
mechanism. Following protein synthesis, mannose-6-phosphate (M6P) tags are
added to N-glycans on lysosomal hydrolases by GlecNAc-1-phosphotransferase,
allowing hydrolases to bind M6P receptors in the Golgi for trafficking to lysosomes.
Mutations in GNPTAB, the gene encoding GlcNAc-1-phosphotransferase, cause the
lysosomal storage disorder, mucolipidosis I (ML-II). Patients have abnormal
skeletal, cartilage, and craniofacial development. While the genetic basis of ML-II is
well defined, the drivers of early pathogenesis are not. Our laboratory has
developed a zebrafish model for ML-II to explore this question. ML-II zebrafish
embryos have altered craniofacial development, increased col2al expression and
elevated activity of the protease cathepsin K (CtsK). Recent work links the
extracellular activity of CtsK to abnormal chondrogenesis by demonstrating that
CtsK causes an imbalance in TGFB and BMP growth factor signaling. Inhibition of
CtsK activity normalizes this imbalance. Chapter two defines the mechanism

whereby CtsK can cause altered growth factor signaling in ML-II cartilage. Using



in vitro studies, I show that CtsK directly cleaves and activates latent TGFp.
Conversely, CtsK is capable of cleaving and degrading mature BMP ligand. This
signaling imbalance can be rescued by TGFp inhibition, indicating that elevated
TGFB is likely the main driver of pathogenesis. In parallel studies, I used a HeLa-
based model for ML-II to investigate how loss of lysosomal targeting impacts cell
surface glycoproteins. This revealed changes in the abundance of multiple
glycoproteins including uptake receptors, tyrosine Kkinases, and phosphatases.
Further, loss of GNPTAB results in increased c-Met phosphorylation and
localization to lysosomes. Normally, dephosphorylation of Met is controlled by
protein tyrosine phosphatases (PTPs), which themselves are inactivated under
oxidative conditions. GNPTAB-null cells have increased oxidative stress levels as
measured by reactive oxygen species (ROS), likely due to impaired clearance of
damaged mitochondria. Consistent with an ROS-dependent mechanism, antioxidant
treatment restores phospho-Met levels whereas hydrogen peroxide treatment of
HeLa cells elevates phospho-Met levels. Collectively, these results highlight two
mechanisms whereby loss of carbohydrate-dependent lysosomal targeting alters
signaling — one that arises from the action of secreted cathepsin proteases and one

that arises from impaired cellular clearance and lysosomal storage.
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CHAPTER 1: LITERATURE REVIEW AND INTRODUCTION

N-Linked Glycosylation Overview

Glycans serve essential cellular functions both on the interior and exterior of cells.
They mediate protein interaction and function, protect against pathogens, transmit
signals, facilitate protein stability, serve as recognition signals, and serve many other
functions [1]. Glycans are classified by their linkage to the aglycone, which is the
noncarbohydrate portion of the glycoconjugate [2]. Glycoproteins are either considered
N-linked (attached via the nitrogen of an asparagine residue) or O-linked (attached via
the hydroxyl of either a serine or threonine residue). Proteoglycans are a type of
glyconjugate that contain one or more glycosaminoglycan (GAG) chains. Glycans can
also be attached to lipids thus forming glycolipids.

N-linked glycosylation takes place in the ER and Golgi apparatus. The process
begins on the cytoplasmic face of ER with generation of the dolichol-p-p-glycan
precursor [3]. Glycans are sequentially added in a stepwise fashion by
glycosyltransferases to generate MansGlcNAc,-P-P-Dol, which is translocated across the
ER surface by a “flippase.” Further modifications take place to generate a 14-sugar
glycan, which can then be transferred to asparagine residues in the Asn-X-Ser/Thr
sequons of proteins translocated into the ER [4]. This transfer is mediated by the

multisubunit oligosaccharyltransferase (OST). Following transfer, the glycan chain is



further processed within the ER and interacts with several chaperones to ensure proper
folding of the glycoprotein [5]. Glycoproteins baring either eight or nine mannose
residues then exit the ER and enter the cis-Golgi [6]. Importantly, within the cis-Golgi,
lysosomal hydrolases are recognized and modified by the GlcNAc-1-phosphotransferase
enzyme (this will be described further in a subsequent section). Further processing takes
place in the medial and Trans-Golgi leading to generate hybid and complex N-glycans.

Mature glycoproteins are then trafficked to the plasma membrane.

Lysosomal Function

Lysosomes are dense acidic intracellular membrane-bound organelles that
function to recycle and degrade macromolecules. Christian de Duve first described these
dense acidic organelles in the 1950s [7]. Lysosomes are present in the majority of
eukaryotic cells and are often located perinuclearly. They appear as spherical or tubular
structures with a varying size that are typically greater than 1um.

Lysosomes serve numerous cellular functions beyond cellular digestion, as
evidenced by their importance in membrane repair, pathogen clearance, and bone
remodeling [8]. Materials destined for the lysosome are received through multiple
cellular mechanisms including, phagocytosis, autophagy, and the secretory pathway [9].
Cargo internalized from the plasma membrane is sorted through a series of endosomal
compartments resulting in delivery of macromolecules to the lysosome for degradation.
Autophagy is a process that involves the formation of double membrane autophagosome
that sequesters and delivers cytosolic components to the lysosome [10]. This autophagic

process serves as a cellular response to cell damage or starvation, and functions as a way



to conserve and reuse cellular material. The secretory pathway functions as a source of
resident lysosomal components and is the route by which newly synthesized proteins
reach the lysosome.

The secretory pathway originates with protein synthesis in the endoplasmic
reticulum and proteins progress through the Golgi complex to subsequent transport
vesicles destined for cellular organelles or the plasma membrane [11]. In order for
lysosomal proteins to be separated from the bulk of secretory pathway proteins they are
tagged with a unique carbohydrate moiety, mannose-6-phosphate (M6P), which will be

discussed in the following section [12].

Mannose-6-Phosphate is the Common Recognition Marker on Lysosomal Enzymes
Elizabeth Neufeld and colleagues performed early studies on genetic disorders
characterized by the inability of disease cells to break down cellular components,
resulting in lysosomal storage [13]. Interestingly, when they treated the disease cells with
soluble factors (lysosomal hydrolases) from normal cells they could reverse cellular
storage in a culture system. Using this cross correction approach Neufeld and colleagues
determined that there were two types of secreted enzymes, “high-uptake” and “low-
uptake” which differed in their ability to correct deficient cells. Further, cells from
patients with severe lysosomal inclusions termed “I-cell disease,” were found to secrete
large amounts of low-uptake enzymes, meaning that these enzymes were unable to be
taken up by other cells (both diseased and normal) [14]. They also discovered that I-cells
were able to internalize secreted factors from other cells [15]. From these findings they

concluded that there was a common recognition marker on lysosomal enzymes that



resulted in their retention within the lysosome, and this marker was missing on lysosomal
enzymes from I-cells. William Sly next discovered that secreted high-uptake enzyme
endocytosis could be blocked through the addition of soluble mannose-6-phosphate
(M6P), indicating that the recognition marker was M6P [16, 17]. I-cell disease is also
known as Mucolipidosis II (ML-II), which is a severe lysosomal storage disorder caused
by mutations in the enzyme that initiates M6P biosynthesis. The phenotypic and

molecular characteristics of ML-II will be discussed later in this review.

Carbohydrate Dependent Lysosomal Targeting:

As explained in the previous section, lysosomal enzymes contain MO6P
recognition markers that allow for proper sorting to the lysosomal compartment. M6P
biosynthesis is initiated in the cis-Golgi by the enzyme N-acetylglucosamine-1-
phosphotransferase (phosphotransferase) [18]. Phosphotranserase transfers GIcNAc-1-
phosphate to high mannose oligosaccharides on the N-glycans of lysosomal proteins,
specifically to the carbon-6 position of al-2-linked mannose residues [3]. Further, this
transfer happens en bloc and does not proceed through any intermediates [19]. The final
step in M6P biosynthesis involves the removal of the external N-acetylglucosamine
residues, yielding the mature M6P carbohydrate tag. The a-N-acetylglucosamine-1-
phosphodiester a-N-acetylglucosaminidase enzyme, also termed “uncovering enzyme,”
performs this second step.

The phosphotransferase enzyme identifies and modifies lysosomal enzymes with
high affinity compared to non-lysosomal glycoproteins [18]. Lysosomal hydrolases are

recognized by their protein conformation, since denatured and proteolytic fragments of



lysosomal hydrolases are not tagged with M6P [20]. It has also been demonstrated that
specific lysine residues on lysosomal enzymes are important for phosphotransferase
recognition [21]. Specifically, Kornfeld and colleagues showed that sequential mutation
of specific lysines in the M6P modified enzyme, DNase I leads to a reduction in M6P
modification. Similar studies have been performed with the lysosomal hydrolase
cathepsin D, and show that mutation of two lysines within the mature portion of
cathepsin D leads to a significant decrease in mannose phosphorylation [22]. Further,
through gain-of-function studies, substitution of lysine residues and amino acids from a B
loop region in cathepsin D to comparable regions in glycopepsinogen resulted in a
significant increase in mannose phosphorylation and subsequent sorting to lysosomes

[23-25].

GlcNAc-1-Phosphotransferase Enzyme

The GIcNAc-1-phosphotransferase enzyme is a heterohexameric complex
composed of two alpha, two beta, and two gamma subunits with a total molecular weight
of 540kDa [26]. The a and B subunits are composed of disulfide-linked homodimers with
molecular weights of 166kDa and 51kDa respectively, while the y subunit is formed by a
noncovaltenly-associated homodimer, which is 56kDa. The GNPTAB gene encodes the o
and B subunits, while the GNPTG gene encodes the y subunit [27, 28].

The of subunit makes up the catalytic portion of the phosphotransferase enzyme,
and is composed of three domains, the stealth domain, two notch domains, and the
DMAP domain, which are separated by spacer regions [29]. Importantly, the aff subunit

is synthesized in a catalytically inactive precursor form, and must undergo a cleavage



event between Lys-928 and Asp-929 by the site-1 protease in order to be active [30, 31].
The transmembrane domains of the af are essential for proper cleavage as shown through
mutational studies that removed this portion of the protein. The stealth domain of the af
subunit has similarities to bacterial proteins that function in cell wall biosynthesis and has
been shown to act as a sugar-phosphate transferase [32]. A recent 2015 study used known
mutations within the stealth domain to show that the stealth domain confers the catalytic
activity of the subunit. Mutations within this region resulted in minimal activity towards
a-methylmannosidase, a known in vitro acceptor of GIcNAc-1-phosphate. This study also
identified the Notch 1 domain as being important for recognition of lysosomal
hydrolases. Mutations in this region lead to reduced M6P addition to lysosomal
hydrolases but did not show a reduction in o-methylmannosidase activity. Further
mutational studies identified the DMAP interaction domain as being crucial for
lysosomal hydrolase recognition and binding [29]. The DMAP domain mediates protein-
protein interactions with lysosomal hydrolases, and is able to bind and immunoprecipitate
lysosomal hydrolases. Interestingly, mutations within the DMAP domain resulted in
normal localization and interaction with the y subunit, as well as activity towards o-
methylmannosidase, although activity towards lysosomal hydrolases was reduced by
about 85%. Using CRISPR mediated inactivation of either the GNPTAB gene or the
GNPTG gene, the Kornfeld lab recently discovered that the two Notch regions and the
DMAP domain in the a subunit of the phosphotransferase enzyme facilitate recognition
of lysosomal hydrolases [33]. This was accomplished by transfecting in mutant Notch or

DMAP domains into CRISPR-null cells.



The y subunit is a 30kDa soluble glycoprotein that is composed of two domains, a
Man-6-P receptor homology domain (MRH) that includes regions necessary for mannose
binding, and a DMAP interaction domain [33, 34]. As part of the phosphotransferase
enzyme, the y subunit enhances the rate and efficiency of GlcNAc-1-phosphate transfer
to a selection of lysosomal hydrolases; mutational studies showed that y does not have the
ability to recognize and bind in a conformational dependent way to certain lysosomal
hydrolases when mutated [35]. Further, the y subunit also assists with the addition of the

second GIcNAc-1-phosphate to high mannose oligosaccharides of acid hydrolases [36].

Uncovering Enzyme (UCE)

After lysosomal hydrolases are tagged with GlcNAc-1-phosphate, the
terminal GlcNAc residue must be removed in order to expose the mature M6P epitope.
As stated previously, the “uncovering enzyme” or UCE, catalyzes the second step in the
generation of M6P on acid hydrolases, which takes place in the trans-Golgi network [37].
UCE is synthesized as an inactive proenzyme that is only activated in the trans-Golgi
network when it comes in contact with the endoprotease furin. Furin cleaves a
RARLPR/D sequence and releases the 24-amino acid pro-inhibitory region of the UCE
peptide. Mature UCE is a type I transmembrane glycoprotein that forms a tetramer
composed of two disulfide-liked homodimers [38]. Known UCE mutations lead to
increased proteosomal degradation and reduced enzyme activity [39]. Interestingly,
mutations in UCE do not lead to Mucolipidosis II like phenotypes, but rather result in

persistent stuttering.



Mannose-6-Phosphate Receptors

After the mature M6P carbohydrate tag is uncovered on lysosomal hydrolases
through the action of UCE, high affinity mannose-6-phosphate receptors (MPRs)
recognize and bind hydrolases based on their M6P tag. There are two receptors, which
are known as P-type lectins since they recognize phosphorylated mannose residues, the
cation-dependent mannose 6-phosphate receptor (CD-MPR) and the cation-independent
mannose 6-phosphate receptor (CI-MPR) [40, 41]. Both MPRs are type I transmembrane
glycoproteins, but differ in molecular weight and structure, with the CD-MPR existing as
46kDa homodimer, and the CI-MPR existing as a 300kDa oligomer [42, 43].

MPRs cycle between the TGN, endosomes, and the plasma membrane, and have a
half-life of approximately 20 hours [44]. Typically, 10% of the total CI-MPR within the
cell is found at the plasma membrane, where it functions to uptake M6P containing
ligands, which has important implications for enzyme replacement therapy. Both MRPs
undergo different types of co- and posttranslational modifications that affect their
intracellular transport, localization, and degradation. Both receptors bind M6P containing
ligands at a pH optimum of 6.5 and release cargo at pH 5 or below, which is essential for
lysosomal hydrolase trafficking and release. Importantly, both receptors are needed for
effective transport of the more than 60 different lysosomal hydrolases. Knockout studies
in fibroblasts and animal models indicate that neither receptor can totally compensate for
the other, suggesting that the two receptors recognize different regions on lysosomal
hydrolases or different hydrolases [45, 46].

CI-MPR is also known as the insulin-like growth factor II receptor since it can

bind and internalize non-glycosylated IGFII, which is essential for controlling



extracellular signaling of IGFII in mammals [47]. As well as binding lysosomal
hydrolases, the CI-MPR can bind and traffic non-lysosomal proteins bearing M6P tags
such as the Leukemia Inhibitory Factor (LIF), although this is a less common mechanism.
The CI-MPR binds with high affinity to lysosomal hydrolases containing two M6P
moieties, and with less affinity to hydrolases containing only one M6P, while the receptor
has very low affinity for covered M6P (GIcNAc 1-phosphate covered), which is
interesting because UCE mutations are very mild [48]. The CI-MPR contains a large
extracellular domain composed of 15 repetitive units that are 145 amino acids long and
share partial similarity to each other and are termed Mannose 6-phosphate Receptor
Homology (MRH) domains [49]. Each domain contains three or four disulfides and share
approximately 14-38% homology to each other [44]. Of the 15 MHR domains, 3, 5, and 9
have been shown to participate in M6P binding, while domain 11 has a single IGFII
binding site. These sites differ in their preference for binding to phosphomonoesters
(domains 3 and 9) or phosphodiesters (domain 5) [50]. Further, domains 3 and 5 have
higher affinity for ligands when associated with adjacent domains, while additional
domains are not needed for domain 9 binding affinity. Recently, domain 15 was
identified as another M6P binding domain with the ability to recognize both mono and
phosphodiesters [51]. It was further shown that interaction with other domains increased
the affinity of M6P binding to domain 15.

The cytoplasmic tail of CI-MPR serves two roles; endocytosis of extracellular
lysosomal hydrolases, and sorting of newly synthesized hydrolases [52]. Based on
mutational studies of the cytoplasmic tail of the CI-MPR, deletion of 40-89 residues from

the carboxyl terminus resulted in impaired sorting of hydrolases but did not affect



endocytosis, while larger deletions removing most of the cytoplasmic domain lead to
defects in endocytosis and sorting.

The cation-dependent mannose 6-phosphate receptor or CD-MPR was thus named
based on its requirement of divalent cations for optimal M6P binding. It has a single
extracellular MHR domain that is similar to the MHR domains of CI-MPR. The CD-
MPR forms a stable homodimer, with each dimer binding one M6P, and shows greatest
affinity for binding phosphomonoesters [44, 53]. Further, CD-MPR exists in two
conformations, an “open” state with bound M6P and a “closed” state without bound
ligand. Different from the CI-MPR, the CD-MPR does not bind M6P containing ligands
at the cell surface.

Loss of function studies using targeted disruption of the CD-MPR in mice,
showed slightly increased circulation of lysosomal enzymes, but mice appear
phenotypically normal and are able to reproduce [48, 54]. Fibroblasts cultured from CD-
MPR deficient mice have increased secretion of phosphorylated lysosomal enzymes in
the medium, indicative of impaired sorting. Deletion of the CI-MPR gene is embryonic
lethal in mice, as loss of CI-MPR inhibits IGFII uptake. Double knockouts of CI-MPR
and IGFII are viable and but display a dwarf phenotype which is similar to IGFII
knockouts [55]. Further, CI-MPR and IGF-II double knockouts have a higher level of
mis-sorting than CD-MPR knockouts. Triple-deficient (CI-MPR, IGF-II, and CD-MPR)
mouse mutants have been developed and show a similar phenotype to human ML-II
patients, and have increased lethality, with high levels of lysosomal enzymes in serum

and lysosomal storage [54]. Based on triple knockout studies, specific M6P modified

10



lysosomal hydrolases can be trafficked to lysosomes in a M6P independent manner,

which appears to be cell type specific.

Carbohydrate Independent Trafficking and Uptake Mechanisms

In the absence of carbohydrate dependent lysosomal targeting, as is the case with
ML-II patients, multiple cell types and tissues have normal levels of lysosomal
hydrolases [56]. These cell types include, lymphocytes, hepatocytes, leukocytes, and
Kupffer cells, and the tissues, brain, spleen, kidney, and liver [15, 57]. Based on these
observations, multiple mechanisms of M6P independent trafficking are present. Several
carbohydrate independent pathways of lysosomal trafficking have been identified, and
include the receptors LIMP2, sortilin, and LRPI. Further, the lysosomal associated
membrane protein family (LAMPI1, 2) are two integral membrane proteins that are
localized to the lysosome are not sorted by M6P mechanisms. Instead, these lysosomal
proteins use sorting signals in their cytoplasmic domains that function similarly to the
two MPRs by associating with clathrin-coated vesicles [48]. The majority of newly
synthesized and glycosylated Lamp is sorted to the lysosome directly from the trans-
Golgi network, but a small percentage traffics to the plasma membrane before associating
with the lysosome [58]. The sorting signal for Lamp has now been identified and a C-
terminal isoleucine is essential for correct targeting of Lamp to lysosomes [59].

LIMP2, or lysosomal integral membrane protein-2, is a type III membrane
glycoprotein that was identified as the key receptor for B-glucocerebrosidase (BGC),
which is the enzyme implicated in Gaucher Disease [60-62]. In the absence of both

MPRs, intracellular trafficking of BGC is unaffected, indicating an alternative trafficking
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mechanism. Sortilin is another carbohydrate independent sorting receptor, and is a
member of the Vps10 domain receptor family [63]. Sortilin is a 100kDa receptor that has
been shown to transport sphingolipid activator proteins (SAPs), acid sphingomyelinase,
and the two lysosomal cathepsins D and H [64]. Studies involving sortilin knockdown
and truncation revealed that trafficking of the SAPs, GM2AP and prosaposin, were
blocked, and thus dependent on sortilin function.

Another important pathway to the lysosome involves enzyme reuptake from the
plasma membrane. Low-density lipoprotein receptor-related protein 1 (LRP1) is a
transmembrane receptor that is synthesized as a large 600kDa precursor and is processed
into two subunits [65]. Furin cleaves LRP1 in the frans-Golgi into two non-covalently
linked subunits, a 515kDa a-subunit and an 85kDa transmembrane B-subunit. The large
extracellular o-subunit is the ligand binding region, and the B-subunit is involved in
cellular signaling [66]. The a-subunit is composed of multiple segments that include,
ligand binding regions enriched with cysteine repeats, EGF precursor homology domains,
and YWTD domains [67]. The cytoplasmic B-subunit includes two NPxY domains and
functions as a scaffold for adaptor binding and signaling pathways.

LRPI recognizes more than 30 different proteins of many different ligand classes.
Of particular interest, LRP1 binds protease inhibitors and multiple proteases including the
Serpin superfamily of serine protease inhibitors, matrix metalloproteinases, and
cathepsins B and D [67-70]. Multiple studies have shown that cathepsin D trafficking is
MG6P independent in certain tissues, such as breast cancer cells as ammonium chloride
treatment does not promote cathepsin D secretion [71]. Further, pro-cathepsin D is

internalized by breast cancer cells in the presence of M6P, indicating endocytosis is not
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solely dependent on CI-MPR mediated uptake [68]. Interestingly, in double knockout cell
lines of sortilin and GlcNAc-1-phosphotransferase, intracellular levels of cathepsin D
were similar to GIcNAc-1-phosphotransferase knockout alone [72]. Further, medium
secreted cathepisn D was not increased in double knockout cells, therefore indicating
another sorting receptor was responsible for cathepsin D targeting. Both cathepsin D and
B were shown to localize to Lampl-positive vesicles in double knockout cells. These
findings by Markmann and colleagues revealed that cathepsin D and B were targeted to

the lysosome via a secretion and reuptake method by LRP1.

Cellular Consequences of Lysosomal Storage

Lysosomal storage disorders (LSDs) have a prevalence of 1/8000 live births, and
are classified as inherited disorders of dysfunctional metabolism [73, 74]. Lysosomes
contain upwards of 60 acid hyrdrolases that perform diverse functions needed for cellular
recycling and metabolism. Mutations in any one of the enzymes responsible for
breakdown of cellular components can result in a lysosomal storage disorder. These
disorders characteristically cause lysosomal storage and are progressive in nature with
symptoms affecting multiple organ systems [75-77]. Many patients born with LSDs
appear normal, and the hallmark clinical presentation of neurodgeneration occurs during
infancy and early childhood [78]. Interestingly, the majority of LSDs affect the central
nervous system and lead to neuropathology in multiple brain regions and neuronal
subtypes.

At a cellular level, many processes are affected by lysosomal storage, including

recycling and autophagy. Literature suggests that recycling is reduced in LSDs,
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especially in the case of Niemen Pick, due to accumulation of cholesterol and impaired
fusion of vesicles [79]. Similarly, autophagy is also affected as evidenced by an
accumulation of autophagosomes in several mouse models of LSDs [80, 81].
Interestingly, MLII fibroblasts have a proliferation of lysosomes, suggesting alterations in
TFEB nutrient sensing [82].

Lysosomal hydrolytic enzyme deficiency leads to accumulation of
macromolecules which when severe can lead to secondary substrate accumulation due to
inhibition of other enzymes. This buildup of substrates can impact turnover of defective
organelles, such as mitochondria. Further, mitochondrial dysfunction has been linked to
cellular increases in reactive oxygen species (ROS), and affects tissues with extensive
ROS production [83]. Thus there is a tie between lysosomal storage and mitochondrial
mediated ROS production. As an example of this, iPC derived vascular endothelial cells
from the X-linked LSD, Fabry disease (FD), show an increase in ROS production [84].
Tseng and colleagues show that increases in ROS were caused by downregulation of the
mitochondrial antioxidant superoxide dismutase 2 (SOD2). Further, suppression of SOD2
was caused by intracellular accumulation of globotriaosylceramide (Gb3), which is the
undegraded metabolite in FD. The implications of lysosomal storage and ROS production
will be discussed further in chapter 3.

Mucolipidosis II is a severe pediatric lysosomal storage disorder that arises from
mutations that affect the catalytic subunit of the GIcNAc-1-phosphotransferase enzyme,
which is encoded by the GNPTAB gene [27, 28]. Mutations in the GNPTG gene that
encodes the gamma subunit lead to the less severe lysosomal storage disorder,

Mucolipidosis III. Unlike other LSDs, which result from mutations in individual
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lysosomal hydrolases, all enzymes are functional in ML-II, but fail to traffic to the
lysosome [85, 86]. Specific loss of M6P carbohydrate dependent targeting can lead to
massive lysosomal storage since macromolecules are not recycled or degraded. Certain
tissues are affected more by lysosomal storage than others, which may be dependent on
the presence of M6P independent targeting.

Approximately 100 autosomal recessive mutations have been identified in
GNPTAB that lead to nonsense or frameshift mutations resulting in less than 1%
GlcNAc-1-phosphotransferase activity, and are classified as ML-II alpha/beta [87-90].
Missense mutations leading to residual protein function are characterized as the less
severe ML-III alpha/beta. Further, nonsense, frameshift, or missense mutations in

GNPTG lead to ML-III gamma, with these mutations presenting a milder phenotype.

Mucolipidosis II Clinical Characteristics

ML-II is recognizable at birth and symptoms include characteristic skeletal
phenotypes (termed dystosis multiplex), coarse facial features, gingival hyperplasia, short
hands and fingers, thoracic deformity, and thick waxy skin [87, 91]. Patients have
thickening of the mitral valve and progressive mucus secretion leading to airway
thickening. Table 1.1 provides a phenotypic comparision between human MLII patients,
feline MLII, a mouse knock-in model of MLII, and morpholino generated MLII
zebrafish. Pregnancy abnormalities including growth delay and oligohydramnios can
result in preterm delivery. Following phenotypic and radiographic analysis, a metabolic
panel assaying for high enzyme plasma levels is used to diagnose patients, as well as

genetic analysis. Patients have a failure to thrive and have severe developmental delay
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with delayed and incomplete neuromotor development, often growth ceases within 24
months [92]. Unfortunately, ML-II patients rarely survive beyond the first decade, and
succumb to numerous respiratory infections and suffer from cardiac abnormalities [93].

At a cellular level, patient fibroblasts contain large dense cytoplasmic inclusions
composed of non-degraded material. Cells deficient in GlcNAc-1-phosphotransferase
have lysosomal proliferation and enlargement, shown by increased Lamp-1
immunostaining [33, 94]. ML-II lysosomes contain increased concentrations of
glycoproteins with terminal sialic acid, N-acetyl-glucosamine, and mannose residues, as
well as increased cholesterol and phospholipid levels. Plasma concentrations of
lysosomal enzymes are increased by 5-20% compared to control samples, which is
indicative of hydrolase hypersecretion [87].

ML-II symptoms develop much slower and children are usually diagnosed
several years after birth. This disorder is less severe but the impact on patients’ lives is
still debilitating. Most children develop joint stiffness and reduced range of motion as
well as scoliosis [91].

Relatively few therapies are available to treat ML-II and other LSDs, and most
therapies are aimed towards reducing symptoms, since these genetic disorders have no
cure. Bisphosphonate, which decreases bone resorption, has shown some efficacy in
reducing bone pain in a ML-II experimental trial [95]. While this therapy shows great
promise, it has adverse side effects such as flu like symptoms, and does not prolong
patient lifespan. Enzyme replacement therapy (ERT) is effective for some LSDs such as
Gaucher disease [96], but efficacy is relatively low for most LSDs, as targeting to certain

organelles or tissues can be difficult [97]. The aim of ERT is to reintroduce a functional
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version of the enzyme that is defective in the LSD. The basis for ERT stems from the
ability of the CIMPR to reuptake MO6P tagged lysosomal hydrolases; therefore
reintroduced enzymes are M6P modified. Unfortunately, ERT for ML-II would be
ineffective because reintroduction of the numerous misstargeted hydrolases would be
impractical. It is thus necessary to further our understanding of the disease in hopes of

finding an effective treatment for ML-II.

Animals Models of Mucolipidosis 1T

The first animal model of ML-II was a naturally occurring feline model identified
in the mid 1990s [98, 99]. The leading symptoms were facial dysmorphism and dysotosis
multiplex, and upon further investigation there was a deficiency of GIcNAc-1-
phosphotransferase activity in cultured fibroblasts. Further, the cat fibroblasts had a
striking similarity to the characteristic inclusions seen in human patients, as well as
increased serum concentrations of lysosomal hydrolases. ML-II inheritance in affected
kittens is consistent with the autosomal recessive mode of inheritance seen in patients
[100]. Affected kittens suffered from wupper respiratory infections and cardiac
complication that lead to early mortality within 7 months of life.

Several mouse models of ML-II have also been developed recently. The first
mouse model developed was a Gnptab gene trap model resulting in the deletion of the
Gnptab gene [101]. These mice showed impaired growth, severe retinal degeneration,
and elevated serum levels of lysosomal hydrolases, but did not have the characteristic
skeletal abnormalities seen in patients. Further, these knockout mice had a normal life

span. The Braulke lab has generated a ML-II mouse knock-in model by insertion of a
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cytosine homologous to a mutation in an ML-II patient [102, 103]. This model shows
many similarities to ML-II patients, especially the skeletal deformities, such as reduced
bone size and volume. In general, the ML-II knock-in mice had decreased bone formation
and an increase in bone reabsorption, further there was a marked decrease in
mineralization of culture osteoblasts. Interestingly, ML-II osteoblasts showed decreased
expression levels of differentiation markers, indicating impaired differentiation. Braulke
and colleagues demonstrated that osteoclastogenesis was increased while osteoblast
activity was decreased in ML-II knock-in mice, which they suggest is the reason for low
bone mass in these mice. Another ML-II mouse model has been recently been generated
via an ENU screen and contains the previously reported patient mutation Y888X [87,
104]. These ML-II mice displayed many of the pathological features seen in human
patients such as, reduced growth, kyphosis, and facial abnormalities such as a flat profile
and a reduced nasal bridge. Further, these ML-II mice had increased mortality. Mouse
models are useful for studying the pathology and disease progression of ML-II, but are
problematic for studying early developmental time points due to uterine development. As
a way to study the early developmental time points in ML-II, a zebrafish model has been
developed which recapitulates both the phenotypic and biochemical alterations seen in
patients [105-107].

Zebrafish ML-II mutants or morphants are generated via morpholino knockdown
of GIcNAc-1-phosphotransferase or TALEN mediated mutagenesis. Morphants have a
short protracted jaw, impaired motility, and develop a significant heart edema [105].
Craniofacial chondrogenesis is severely affected in morphants, with many chondrocytes

failing to intercalate. Further, type II collagen and Sox9, which are early markers of
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chondrogenesis, have increased expression in morphant craniofacial elements, suggesting
altered cartilage development and impaired extracellular matrix (ECM) production or
turnover. This increase in type II collagen expression and deposition in the ECM arises
from disrupted TGFp-related signaling in morphants [107]. TGFB-like Smad2,3 signaling
is increased while BMP-like Smad1,5,8 signaling is reduced in morphant chondrocytes,
which impedes the progression of chondrogenesis. This raises the question of whether
reduction of TGFp signaling can alleviate morphant phenotypes, which will be the focus
of chapter two.

Interestingly, the lysosomal hydrolase cathepsin K had increased and sustained
activity during the same developmental time points and tissues that type II collagen
expression was increased [106]. Cathepsin K is a potent collagenase, but upon
suppression of its activity in morphant zebrafish, there was a reduction in type II collagen
accumulation. Reduction of cathepsin K to wild type levels also rescued many of the
craniofacial phenotypes seen in morphants. Of note, inhibition of cathepsin K also
rescued the cellular morphology of chondrocytes and resulted in chondrocyte
intercalation. This finding suggests that excessive cathepsin K activity plays a role in the
abnormal chondrogenesis of morphants.

Under normal conditions, cathepsin K is tagged with M6P, but loss of GIcNAc-1-
phosphotransferase in morphants leads to the hypersecretion of cathepsin K to the ECM
[107]. Affinity-binding assays showed that the level of mannose phosphorylation of
cathepsin K in ML-II embryos was significantly reduced when compared to wild type
embryos of the same age, indicating loss of M6P on cathepsin K. Further, enzyme assays

performed on morphant chondrocytes showed that cathepsin K activity levels were 2-5
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times lower than wild type cathepsin K activity within chondrocytes. Further evidence
that cathepsin K is hypersecreted from ML-II chondrocytes was confirmed by
immunohistochemical staining of craniofacial cartilage in WT and ML-II embryos.
Recently published data links elevated cathepsin K activity to alterations in TGFp growth

factor signaling, which will be the focus of chapter three.

Chondrogenesis is a Growth Factor Driven Process

Chondrogenesis is the process by which chondrocytes develop and form a mature
cartilage structure, which in some locations is ossified to form bone. This process
requires the precise oscillation of several growth factors, which mediate the expression of
ECM components. Crainiofacial chondrogenesis begins with the migration of non-
differentiated mesenchymal neural crest cells into the presumptive facial region [108].
During maturation, chondroprogenitors express TGFp as indicated by Smad2,3 in Figure
1 [109] [110]. TGFp signaling in conjunction with Sox9 drive the deposition of type II
collagen, and as stated earlier, is one of the earliest markers of chondrogenesis.
Maturation of chondrocytes marks a stage of high proliferation and expression of TGFj
[108] [110]. This chondrocyte proliferation stage is followed by chondrocytic
hypertrophy [111]. Pre-hypertrophic chondrocytes express the extracellular matrix
proteins aggrecan and decorin and there is a marked switch from TGFf signaling to BMP
signaling, as indicated by Smadl,5 in figure 1.4. During hypertrophy, chondrocytes swell
and begin to apoptose which corresponds to expression of type X collagen [110]. As
chondrocytes undergo hypertrophy, osteoblasts enter the region and begin the ossification

process.

20



Endochondral ossification is the process by which hypertrophic chondrocytes
apoptose and are subsequently invaded by osteoclasts and osteoblasts that synthesize a
calcified matrix [112]. The two transcription factors Runx2 and Osx promote this matrix
ossification. At this time the extracellular matrix surrounding hypertrophic chondrocytes

is degraded by proteases such as matrix metalloproteinases and cathepsins [113].

Transforming Growth Factor Beta (TGFB): Implications in Development and
Disease

Transforming growth factor beta (TGFp) is a member of the TGF superfamily
and is a key cytokine involved in growth and development, tissue homeostasis,
extracellular matrix synthesis/secretion, and apoptosis [114] [115]. There are four
zebrafish TGFP isoforms (1a, 1b, 2, and 3) and four latent TGFf binding protein (LTBP)
isoforms that all signal within different cellular contexts, which accounts for the great
functional diversity of the TGFf family [114, 116]. As shown in figure 1.5, TGFp is
synthesized as a propeptide dimer with the mature peptide attached to latency associated
peptide (LAP) [114, 115]. Within the trans-Golgi, furin enzymes cleave LAP from the
mature TGFB dimer but the two proteins remain noncovalently associated forming the
small latent complex (SLC), which functions to keep TGF inactive. LAP then associates
with latent TGFP binding protein (LTBP) through disulfide linkages to form the large
latent complex (LLC). Upon secretion, LTBP is targeted to the matrix resulting in TGF[3
sequestration within the ECM. LTBPs are structurally similar to fibrillins, which are
components of microfibrils, and are considered important for the SLC to be targeted to

the ECM [117].
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TGFp can be activated through many mechanisms once of which is mechanical
release via matrix associated proteins such as integrins [114]. TGFp can also be activated
through thrombospondin or proteases. Specifically serine proteases and matrix
metalloproteases have been implicated in activation of TGFp. LTBP contains a protease
sensitive hinge region that upon cleavage releases soluble LLC which then can be further
cleaved to result in the release of TGFP [118]. Specific cleavage of LAP by plasmin
(serine protease) and to a lesser degree cathepsin D has been shown to release a low
molecular weight protein with immunoreactivity to a TGFf antibody [119]. Finally,
treatment of latent TGFf with acid in vitro has been shown to release active TGFp. Thus
activation of mature TGFf is a complex process mediated by numerous factors.

As shown in figure 1.6, the ligand/mature growth factor activates Smad signaling
by binding membrane receptor protein kinases which triggers the formation of a receptor
complex that recruits and activates Smad transcription factors. There are two classes of
receptors that recognize TGFf family members, TBR-I or Type I and TRR-II or Type II
serine/threonine protein kinase receptors. Both receptors are glycoproteins with a small
extracellular region for binding the ligand [120]. The type I receptor contains a repeating
GS region that is wedged within the kinase domain keeping the receptor catalytically
inactive. TGFP dimers activate signaling by first binding the TBR-II receptor which then
phosphorylates the GS region thereby dissociating it from the kinase domain and
catalytically activating TBR-I [120]. Therefore, type I receptors (TPR-I) for TGFf can
only recognize and bind ligands when they are bound to the type II receptor (TPR-II)
first, and not free in solution. Type I receptors recognize and interact with receptor-

regulated Smads or R-Smads on the intercellular surface to phosphorylate and transduce
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the signal [121]. Signal transduction is also mediated through endocytosis of the activated
receptor through clathrin coated pits or Caveolin-dependent endocytosis [122]. There are
five vertebrate R-Smads; Smads 1,5, and 8 propagate BMP and anti-Muellerian signals,
while Smads 2 and 3 propagate TGFp, activin, and Nodal signals [121]. Smads6 and 7
serve as inhibitory Smads, with Smad6 blocking Smadl and Smad4 interaction, and
Smad7 functioning as a competitive inhibitor. Smad4 is a co-Smad and functions as a
binding partner to all R-Smads. Upon phosphorylation, R-Smads translocate to the
nucleus through interaction with nucleoporins and associate with DNA,
dephosphorylation triggers the R-Smads to leave the nucleus. Further regulation in the
basal unphosphorylated state is mediated by the cytosolic retention factor SARA [121].
The signaling system is therefore tightly controlled and linked to the activation state of
the ligand receptor complex. Regulatory Smads form a complex with the Co-Smad
(Smad4) once phosphorylation has occurred, either in the cytoplasm or within the nucleus
[121]. Smad4 is thought to assist in the formation of transcription complexes on DNA
and to help recruit cofactors. As indicated, Smad transcription factors transduce TGF[3
family member signaling through an intricate process involving tightly regulated
phosphorylation states and cofactor interactions.

Proper TGFp signaling is essential for normal chondrogenesis, as it induces
cartilage matrix synthesis and chondrocyte lineage committal [123]. This is evidenced by
studies showing addition of exogenous TGFP to undifferentiated mesenchymal cells
induces chondrocyte development [124]. As meschymal cells begin to differentiate into
chondrocytes, cells express type II collagen, which is an early chondrogenic

differentiation marker [125]. TGFp signaling stimulates type II collagen expression, and
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this stimulation is mediated through Smad2/3 interaction with Sox9 on the type II
collagen enhancer. PhosphoSmad2/3 translocates to the nucleus where it associates with
Sox9 and it’s coactivator the histone acetylase CBP/p300. These factors form a complex
on the type II collagen enhancer and consequentially promote type II collagen
transcription.  Further evidence for TGFf required signaling in chondrogenesis is
indicated by mouse knockout studies showing deformities in palatogenesis [126].
Recently, morpholino knockdown of TGFB2 in zebrafish caused craniofacial defects
including a reduced palate and Meckel’s cartilage [116].

TGFp signaling dysregulation has been implicated in numerous disorders and
diseases. For example, Myelodysplastic Syndrome (MDS), a disease resulting in anemias
and cytopaenias, occurs from low levels of the inhibitory Smad7, which inhibits the
TGFB Type I receptor. Under reduced Smad7 levels, myeloid progenitor cells become
sensitized to TGFP signaling, so incremental levels of TGFf leads to a large Smad2,3
response [127]. Another disorder, Marfan’s Syndrome (MFS), is an autosomal dominant
connective tissue disorder caused by a mutation in the fibrillin 1 gene [127, 128]. Within
the ECM, fibrillin functions to sequester and control TGFf signaling through binding of
the LLC [127]. In MFS, TGFp is abnormally activated and leads to muscle, skeletal,
cardiovascular, and ocular issues. Another disorder characterized by excessive TGF[
signaling is Camurati-Engelmann Disease (CED) [129-132]. CED is caused by mutations
in the latency associated peptide of TGFB. LAP mutations lead to increased liberation of
mature TGFB ligand and thus increased signaling. CED patients have increased bone
turnover and osteosclerosis, and suffer from severe leg pain, muscular weakness, and

facial paralysis. These diseases highlight the importance of regulated TGFp signaling in
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normal tissue homeostasis, and were the first real demonstrations that ECM mediated
growth factor latency and disruptions in ECM caused diseased due to growth factor

signaling.

Bone Morphogenetic Protein (BMP)

BMPs are a subfamily of the TGFf superfamily, and were first identified as
mediators of ectopic bone formation, but now have been implicated in numerous cellular
processes [133]. BMPs are synthesized with three domains, an N-terminal signaling
peptide for directing the protein to the secretory pathway, followed by a prodomain
which assists with proper folding, and finally the C-terminal mature peptide [122]. Serine
proteases cleave the prodomain within the Trans Golgi to form the mature peptide.
Signaling is primarily through homo and heterodimers that are linked via a disulfide
bond. Individual monomers are formed around a cysteine knot motif. BMP ligands signal
through BMP specific Type I (BMPR-I) and Type II (BMPR-II) serine threonine kinase
receptors and activate Smads 1,5,8.

BMP signaling is tightly regulated by the secreted extracellular antagonists
chordin and noggin [134]. Proteolytic activation also regulates BMP signaling, as BMP is
synthesized as an inactive precursor, and is cleaved after the —R-S-K-R- motif. Cleavage
via proprotein convertase endoproteases such as furin, results in a mature C-terminal
BMP dimer. There are two cleavage sites within the prodomain of BMP4, which regulate
the signaling range of the mature ligand. It is postulated that initial cleavage results in a
noncovalent association of the prodomain with the mature ligand, similar to LAP-TGFf

cleavage. This differs from LAP-TGFp in that this association targets the complex for
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degradation. Following cleavage at the subsequent site, mature BMP is released and due
to a conformational change is not targeted for degradation.

In mammals, there are twelve BMPs and they are divided into four groups, with
BMPs 2 and 4 constituting the most relevant in craniofacial development. Zebrafish have
two BMP2 homologues BMP2a and 2b and one BMP4 homolog that are both
embryonically expressed and critical for proper development. BMP signaling is essential
for chondrogenesis, as it promotes chondrocyte terminal differentiation [135]. This is
shown by cell culture studies indicating that BMPs increase the expression of type X
collagen, which marks hypertrophic chondrocytes. Additionally, inactivation of BMP
type 1 receptors result in a severe cartilage phenotype, as there is a reduction in
chondrocyte proliferation and an increase in chondrocyte apoptosis [136].

In addition to TGFp dysregulation, BMP signaling is also implicated in Marfan’s
Syndrome (MFS) [128]. The level of phospho Smad 1,5 is decreased in MFS cells, as a
function of increased TGFp signaling. With the addition of exogenous BMP there was a
restoration of cellular osteogenic behavior, suggesting cross talk between the two
signaling molecules. Another example of decreased BMP signaling leading to a
pathogenic state is osteoporosis [137]. In a mouse model of osteoporosis, loss of BMP2
leads to an osteoporosis like phenotype. Therefore, it is critical that proper growth factor

signaling levels are maintained, since imbalances can lead to altered bone phenotypes.

Hepatocyte Growth Factor Receptor (c-Met): Function and Regulation

Receptor tyrosine kinases (RTKs) are cell surface signaling receptors that serve

essential roles during organismal development and tissue maintenance, but dysregulation
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can lead to cancer development and progression [138-141]. Currently there are 58 known
human RTKs that are grouped into 20 categories [142]. They share a conserved structure
containing an extracellular ligand-binding domain followed by a single transmembrane
domain and then an intracellular protein kinase domain. Further, signaling and
mechanisms of action are very conserved across species. Most relevant to this literature
review is the c-Met RTK, which is known for it’s potent morphogenic, motogenic and
mitogenic signaling.

C-Met or mesenchymal epithelial transition factor, signals in conjunction with its
ligand hepatocyte growth factor/scatter factor (HGF/SF) [141]. HGF is a pleiotropic
growth factor that induces cell proliferation and survival, and functions to stimulate cell
motility [143]. C-Met is expressed in many epithelial tissues during development, while
HGF is mesenchymal in origin [144]. Signaling is essential for development of the liver,
kidneys, muscles, and placenta, as loss of HGF of Met leads to embryonic lethality
between E12.5 and E15.5 in mice.

The proto-oncogene c-Met, is transcriptionally regulated by several transcription
factors including, Pax3, AP2, Tcf-4, and Ets [138, 145, 146]. The c-Met gene is located
on chromosome 7q21-31, and transcription results in multiple isoforms and splice
variants. C-Met is synthesized as a proprotein that is cleaved by furin or a furin-like
protease in the Golgi. Met is composed of a 190 kDa a-f heterodimer with the
extracellular a-chain (50 kDa) forming a disulfide linkage with the transmembrane -
domain (145 kDa), and both domains are highly glycosylated [147, 148]. Mature HGF

consists of a a and  chain with is linked via a disulfide bond, similarly to c-Met. Once

27



secreted by mesenchymal cells, the HGF precursor is cleaved into its biologically active
form.

The extracellular region of c-Met is composed of three domains, the N-terminal
semaphoring (Sema) domain, the plex-in-semaphorin-integrin (PSI) domain, and then
four immunoglobulin-plexin-transcription (IPT) domains [138]. The Sema domain
encompasses all of the a-chain and part of the B-chain, and is followed by the PSI domain
that is much smaller and contains four disulfide bonds. The four IPT domain units share
similarity to immunoglobulin-like domains.

The B-chain contains the intracellular tyrosine kinase activity, and undergoes
autophosphorylation at tyrosines 1234 and 1235 of the activation loop upon binding of
HGF and homo-dimerization [149]. The two tyrosines in the activation loop or catalytic
domain (Tyr1234 and Tyrl235) of c-Met are essential for activation, and after
autophorphorylation they initiate phosphorylation at Tyr1003 within the juxtamembrane
domain [150]. The c-Met intracellular domain contains a conserved tandem-tyrosine
docking domain that is required for signaling and contains the two tyrosines 1349 and
1356 which are phosphorylated following Tyr1234 and Tyr1235 activation [149].
Phosphorylation of this multifunctional docking site initiates interactions with Src
homology 2 (SH2) domains, which are downstream effectors of Met regulated signaling
[151]. Interestingly, mutation of Tyr1349 has little effect on Met activity, and only alters
transformation induction [143]. Loss of Tyr1356 affects all Met-mediated cellular
functions, which is caused by loss of its interaction with Grb2 and subsequent interaction
with Ras. Further, loss of both Tyr1349 and Tyr1356 leads to complete loss of function

and mimics Met KO.
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C-Met signaling is mediated by adaptor and effector proteins upon
phosphorylation of the various tyrosines within the cytoplasmic domain of the receptor
[138, 141]. C-Met interacts with SH2 and SH3 containing adaptor proteins such as Grb2,
CRK, and GAB1 which recruit the c-Met Src kinases signaling effectors PI3K, PLC-y1,
SHIP-2, STAT-3, and SOS. P44/42 Map kinase (ERK) is also a downstream effector of
c-Met activation. As shown in figure 1.7, these signaling pathways lead to various
cellular activities such as cell motility, cell proliferation, cell cycle progression, and cell
survival. Importantly, c-Met can also be transactivated via members of the semaphorin
receptor family, or directly by EGFR family members, or the RON RTK [152-154].

Tight control of Met signaling is essential for normal cellular function, and is
therefore regulated at multiple levels. Met can be regulated at transcript level and further
several miRNAs are known to target Met mRNA [155, 156]. At the protein level, Met is
down regulated upon ligand binding, which is important for signal reduction. Ligand
mediated receptor degradation takes place shortly after HGF binding (1 hour) and peaks
around 8 hours before returning to the pre-induced state around 24 hours after ligand
induction [157]. Ligand stimulation induces multimonoubiquination and or
polyubiquination of the activated Met receptor, which promotes receptor internalization
and degradation. Importantly, internalized Met still signals and has been shown to traffic
to a perinuclear location in some cases following internalization. Met turnover and
degradation is carried out by both the lysosome and proteasome, as evidenced by
inhibition experiments [158]. Met is unique in the fact that it can be downregulated
independently of ligand stimulation by cell surface shedding of the receptor through

MMP mediated cleavage [159]. Generation of a soluble form of the external ligand-
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binding portion of the receptor then competes with intact Met for HGF, thus
downregulating signaling potential. Met signaling is further regulated by
dephosphorylation of its c-terminal domain. This form of regulation is mediated by the
action of protein-tyrosine phosphatases (PTPs), which serve to remove specific
phosphates on the activated Met receptor. This mechanism is though to regulate
specificity and mitigate signaling rather then turning off the receptor as degradation
would [160].

Aberrant c-Met signaling is often associated with cancer development and
progression [161]. Approximately 40 mutations in Met have been identified in various
tumor samples with mutations mostly localizing to the sema domain, juxtamembrane
domain, and the kinase domain [157]. Many of these mutations result in continual
activation of the receptor in the absence of ligand and lead to metastasis and poor

prognosis.

Proteases in ECM Degradation and Growth Factor Regulation

Cathepsin proteases are lysosomal hydrolases responsible for the degradation of
lysosomal macromolecules, and are essential for normal cellular homeostasis. They are
classified as either cysteine, serine, or aspartate proteases [162]. Cathepsins, like other
lysosomal hydrolases, are targeted to the lysosome via M6P based recognition by
MG6PRs. Cathepsins are synthesized as inactive precursors containing a signal peptide and
prodomain that assists in folding and functions as an inhibitor prior to removal [163]. The

acidic pH of the lysosome triggers activation of cathepsin proteases either through

30



autocatalytic mechanisms or by other proteases [164-166]. Of note, certain cathepsins,
such as cathepsin K, can also be processed to intermediate forms that retain some
catalytic activity, which can play a role in normal and disease mechanisms [106, 107].

Cathepsins are mostly localized to the lysosome but under specific conditions,
several cathepsin proteases have been shown to be involved in ECM degradation, namely
cathepsins B, K, L, and S [167-170]. Cathepsins are secreted from macrophages, mast
cells, smooth muscle cells, and osteoclasts, where they function to mediate ECM turnover
[171-173]. For example, cathepsin K plays a key role in endochondral ossification and
bone remodeling [174, 175]. During bone reabsorption, osteoclasts secrete cathepsin K to
degrade the bone matrix [176, 177]. Another example of cathepsin mediated
physiological ECM turnover involves adipogenesis or fat mass growth, which is driven
by cathepsin S [178]. Further, cathepsins K and L have been shown to play a role in
spermatogenesis by facilitating breakdown of ECM components to enable germ cell
motility [179-181]. While cathepsins are essential for many normal cellular processes,
increased expression or loss of expression result in pathological disorders.

In cancer, ECM breakdown is associated with tumor invasion and metastasis,
which is mediated by the upregulation of proteases [182-184]. Further, overexpression of
cathepsin proteases has been associated with poor cancer prognosis. Cathepsins have also
been implicated in cardiovascular disease, with increases in cathepsins B, L, K, and S
being common [185-188]. These increases lead to atherosclerotic plaque formation
through collagen and elastin degradation and reduced cholesterol efflux, leading to
plaque rupture via cathepsin S activity in late stage disease [189]. Cathepsin K in

particular has been associated with the progression of osteoporosis and arthritis, through
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the degradation of bone, collagen, and cartilage proteoglycans, and is unique in the fact
that it has specificity for helical regions of type I and II collagens [190, 191]. Unlike
other cathepsins, cathepsin K has a net positive charge due to a high density of basic
positively charged amino acids [179]. This positive charge assists the protease in
complex formation with negatively charged glycosaminoglycans to degrade collagen.
Cathepsins have been found to play a role in pathologic growth factor signaling
through enhanced cathepsin expression or activation. For example, melanoma cells have
increased mRNA and protein levels of cathepsin B and cathepsin L [192]. Cathepsin B in
turn enhances TGFf production and secretion from melanoma cells, and can also activate

latent TGF [193, 194].

Dissertation Overview

Significant advancement has been made since mannose-6-phosphate was
discovered as a common recognition marker on lysosomal hydrolases. The genetic
mechanisms leading to impaired carbohydrate dependent targeting have also been clearly
defined in recent years. While we have an understanding of MLII progression, we are still
determining the main drivers of pathogenesis. Further how does early MLII development
differ from later disease stages? The cause of tissue specific differences in MLII
pathology is also not understood. To look at early pathology of MLII and development of
the disorder, our lab generated a zebrafish model of MLIIL. Early studies in the lab
showed that disruption of M6P in zebrafish embryos leads to abnormal chondrogenesis.
Recently we have tied abnormal chondrogenesis to impaired growth factor signaling and

the increased activity of the lysosomal protease cathepsin K. Based on findings that
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cathepsin K modulated TGFp and BMP signaling in MLII zebrafish, we hypothesized
that hypersecreted cathepsin K directly acts on latent growth factors in the extracellular
matrix. The first part of this dissertation explores this interaction through in vitro
digestions combining cathepsin K and latent growth factors. The findings presented show
that cathepsin K preferentially cleaves latent TGF to help liberate a signaling competent
ligand. I also show that increases in TGF signaling drive craniofacial pathogenesis in
morphant zebrafish.

The consequence of lysosomal storage and impaired targeting on cell surface
glycoproteins is currently undefined. To study these affects in a defined cell type without
background mutations we used a CRISPR mediated GNPTAB knockout HeLa cell line.
Based on cell surface glycoprotein labeling and proteomics we determined that
GNPTAB-null cells have reduced surface abundance of several uptake receptors and
increased abundance of several receptor tyrosine kinases. The findings presented in the
second part of this dissertation describe a mechanism supporting deregulation of the c-

Met receptor.
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Figure 1.1. Normal and MLII Secretory Pathway. Lysosomal hydrolases shown as
green outlined circles, acquire mannose-6-phosphate residues in the cis-Golgi by
GlcNAc-1-phosphotransferase in normal cells. Two genes encode GIcNAc-1-
phosphotransferase, GNPTAB and GNPTG. Within the TGN, M6P labeled lysosomal
hydrolases are separated from secretory proteins (shown as blue circles) by binding with
high affinity to M6P receptors. M6P receptors then traffic hydrolases to the lysosome. In
MLII, loss of GNPTAB leads to loss of M6P addition to lysosomal hydrolases.
Hydrolases are no longer separated from secretory proteins and are secreted from the cell.
Pathology results from enzyme hypersecretion and lysosomal storage.
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Figure 1.2. GlcNAc-1-phosphotranserase catalyzes the biosynthesis of mannose-6-
phosphate. Schematic of GIcNAc-1-phosphate addition to N-glycans on lysosomal
hydrolases, followed by removal of terminal GIcNAc residues by uncovering enzyme.
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Figure 1.3. Domain Structure of GIcNAc-1-Phosphotransferase o Subunit. The of
subunit of GIcNAc-1-phosphotransferase is synthesized from a single gene, GNPTAB.
Both the a subunit and B subunit are anchored in the Golgi lumen through 2
transmembrane domains. The stealth domains (shown in yellow) perform the catalytic
function of the enzyme. The DMAP and Notch repeats function to recognized and bind
lysosomal hydrolases.
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Phenotype Patients Feline Mouse (knock-in | Zebrafish
model)
Growth Slow and stops | Retarded Reduced growth | Smaller head
before age 2 growth
Onset of Birth to early | Birth Birth 2-3 dpf
symptoms infancy
Limbs Short hands Difficulty Decreased femur | N/A, but less
and fingers walking, length ossification in
enlarged paws fins
Skeleton Generalized Reduced bone | Bone loss, Reduced
bone loss volume increased osteogenesis
osteoclastogenesis
Cardiac and Congenital Cardiac Not determined Heart edema,
respiratory heart defects, complications valve
recurrent and upper malformation,
respiratory respiratory improper heart
infections infections looping, blood
backflow
Craniofacial Coarse features | Flat, broad face | Facial Short
features including, dysmorphism protracted jaw
round cheeks, with flat face
shallow orbits,
and depressed
nasal bridge
Ocular No phenotype | Retinal Retinal Smaller eyes
reported degeneration degeneration and
storage in retina
Lifespan Early mortality | Early mortality | Early mortality Early mortality,
less than 10 within 7 around 64 weeks | rarely longer
years months of life than a week
Lysosomal Yes Yes Yes No
storage
Enzyme Yes Yes Yes Yes
secretion

Table 1.1: Phenotype comparison between human MLII patients, feline MLII
model, MLII mouse knock-in model, and morpholino generated MLII zebrafish.

* Adapted from Cathey, S.S., [76]
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Figure 1.4. Growth Factor Signaling Drives Chondrogenesis. Schematic of
chondrogenesis showing the transcriptional drivers and ECM proteins involved in
cartilage development. Taken from Flanagan-Steet, et al. [99].
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Figure 1.5. Transforming Growth Factor Beta Synthesis and Processing. TGFp is
synthesized as a precursor protein in the ER, that undergoes co-translational modification
and removal of the signal peptide. The latency associated peptide (gray) is cleaved from
the mature TGF ligand (blue) in the Golgi. The latency associated peptide remains
noncovalently bound to TGFf and forms the small latent complex (SLC). The SLC can
associate with the latent TGFf binding protein (LTBP), which mediates incorporation
into the ECM.
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Figure 1.6. TGFp and BMP Dependent Smad Signaling. Cellular schematic of TGFj
and BMP mediated Smad signaling.
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Figure 1.7. c-Met Activation and Signaling. Cellular schematic of c-Met signaling
following HGF ligand binding. Adaptors are shown in purple, negative regulators are in
red, and signaling pathways are in blue.
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CHAPTER 2: CATHEPSIN K PREFERENTIALLY ACTIVATES LATENT TGFp
GROWTH FACTORS, DRIVING CARTILAGE PATHOLOGY IN ML-II

ZEBRAFISH
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Abstract

Loss of carbohydrate dependent targeting leads to the severe lysosomal storage
disorder Mucolipidosis II (MLII). MLII is characterized by abnormal skeletal
development, lysosomal storage, and enzyme hypersecretion. In a zebrafish model of
MLII, hypersecretion of the lysosomal protease, cathepsin K (CtsK), leads to
abnormal cartilage development. Abnormal chondrogenesis in MLII zebrafish is
characterized by increased expression of TGFp dependent Smad2,3 signaling and
decreased BMP dependent Smadl,5,8 signaling. Inhibition of CtsK in MLII
zebrafish rescues cartilage development and restores TGFB and BMP dependent
Smad signaling. This indicates a link between abnormal CtsK activity and
imbalanced growth factor signaling in MLII embryos. Due to its extracellular
location, CtsK is in proximity to latent growth factors in the extracellular matrix
such as latent TGFp. Based on in vitro digestions, we show that CTSK preferentially
cleaves the latency associated peptide of TGFp while sparing the mature ligand.
Further, latent TGFp pretreated with CTSK lowers the activation barrier to release
signaling competent TGFp. This finding suggests that hypersecreted CtsK could
mediate direct activation of latent TGFp leading to altered signaling. Our results
also show that elevated TGFp signaling drives ML-II pathology in zebrafish.
Through pharmacological inhibition of TGFp we were able to rescue MLII
phenotypes and normalize TGFp and BMP driven gene expression. These findings
and previous studies show that both CtsK and TGFpB drive MLII zebrafish

pathology, and support a gain of function by CtsK.
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INTRODUCTION

Lysosomal targeting is a carbohydrate dependent process that is driven through
the coordinated action of several enzymes. The heterohexameric enzyme, GIcNAc-1-
phosphotransferase (phosphotransferase), recognizes and initiates tagging of lysosomal
hydrolases with mannose 6-phosphate (M6P) [1, 2]. These hydrolases are then trafficked
to the lysosome via high affinity mannose 6-phosphate receptors (MPRs), which
recognize and bind M6P [3-5]. Two genes, GNPTAB and GNPTG, encode the
phosphotransferase enzyme with the gene products from GNPTAB generating the
catalytic af subunit [6]. Mutations in GNPTAB lead to the severe lysosomal storage
disorder, Mucolipidosis II (MLII), which is characterized by altered craniofacial and
skeletal development (dystosis multiplex) [7-9]. Patients suffer from cardiac defects and
multiple recurrent respiratory infections, leading to early mortality. At the cellular level,
loss of mannose phosphorylation on acid hydrolases can lead to profound lysosomal
storage and secretion of lysosomal enzymes [10, 11].

In order to study the early developmental defects associated with loss of
carbohydrate dependent targeting, Flanagan-Steet and colleagues developed a zebrafish
model of MLII targeting the GlcNAc-1-phosphotransferase enzyme. Morpholino
generated MLII embryos (morphants) display abnormal craniofacial cartilage
development [12, 13]. Based on expression analysis of chondrogenic markers,
chondrocytes remain in an immature state compared to wild type (WT) embryos. This is
shown by sustained expression of the early chondrogenic markers col2al and sox9a in
morphant (see figure 1.5 for a schematic of chondrogenesis). WT embryos express high

levels of aggrecan and decorin at 4 days post fertilization (dpf). Aggrecan and decorin are
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two chondroitin sulfate proteoglycans that are expressed by mature chondrocytes [14-16].
In comparison, aggrecan and decorin expression is decreased in morphants. Osteogenesis
is also affected in morphant embryos, as shown by decreased expression of type X
collagen (coll0al). The two osteogenic transcription factors, runt-related transcription
factor runx2a and osterix (osx), are also reduced in morphants [17-19].

Chondrogenesis is a growth factor mediated process with TGFB dependent
Smad2,3 signaling and Sox9a driving early stages leading to the deposition of type II
collagen. As chondrogenesis progresses, there is a decline in TGFp signaling and a
concomitant increase in BMP dependent Smad1,5,8 signaling. As shown in figure 1.4,
BMP drives expression of the hypertrophic marker, coll0a. Based on
immunohistochemical data, activated Smad2,3 is increased in morphant chondrocytes
while activated Smadl,5,8 is decreased. This indicates an imbalance in growth factor
signaling in morphants leading to altered chondrogenesis. Further, based on transcript
analysis of TGFB (TGFBla, TGFB2, and TGFB3) and BMP (BMP2a, BMP2b, and
BMP4) genes, there is no change in transcript abundance between WT and MLII
embryos, indicating that the signaling defects are post-translational.

In the absence of M6P, lysosomal hydrolases are not recognized by M6PRs and
can be secreted from the cell. One example of this is the lysosomal hydrolase cathepsin K
(CtsK), which is hypersecreted from chondrocytes in MLII zebrafish cartilage [13]. CtsK
activity is sustained and increased in ML-II embryos, and localized outside of
chondrocytes [20]. Interestingly, inhibition of CtsK in morphants leads to reduced type II
collagen accumulation and rescue of altered craniofacial development. This finding is

unexpected because CtsK is a potent collagenase [21-25]. Further, TGF and BMP levels
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are also normalized following CtsK inhibition in MLII zebrafish embryos. These findings
suggest that CtsK plays a critical role in MLII pathogenesis.

In this study we show that human recombinant CtsK can cleave and liberate
signaling competent TGFp from its latency associated peptide and latent binding protein
in an in vitro system. This suggests a direct mechanism of growth factor activation. CtsK
inhibition is sufficient to rescue MLII craniofacial phenotypes and regulate signaling, and
is a driving factor in MLII pathology, placing it upstream of a pathogenic cascade. As a
way to assess whether TGFP also drives MLII cartilage pathology we pharmacologically
inhibited TGF signaling using a TGF receptor specific inhibitor. Through this we show
that reduction of TGF signaling in morphants rescues craniofacial cartilage elements
and expression of col2al, collOal, and sox9a. Further, this reduction restores smad 2,3
and smadl transcript abundance. These findings cast light on the interaction between
various signaling pathways during early development, and further our understanding of

MLII pathogenesis.

RESULTS

Human and zebrafish latent TGFf contain CtsK cleavage sites

Previous studies have shown that suppression of CtsK activity in MLII embryos
results in rescue of morphant phenotypes, and further leads to restoration of TGFf family
member signaling, indicating aberrant CtsK activity contributes to abnormal MLII
chondrogenesis [13, 20]. In establishing that CtsK is a mediator of aberrant TGFj

signaling and is localized outside of the cell in proximity to latent growth factors, we
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wanted to ask whether CtsK has the ability to physically act on TGFB. The ability of
active CtsK to liberate and or degrade latent growth factors in vivo is dependent on the
recognition of certain consensus cleavage sites. Based on the established minimal
recognition sequence of CTSK (leucine-arginine) we mapped the amino acid sequences
of human and zebrafish TGFB1 [22, 23, 26]. As shown in figure 2.1, human TGF1 has
five LR residues in the latency-associated peptide (LAP) of TGFB1, and no LR residues
within the mature ligand. Zebrafish TGFp1a, which shares approximately 80% homology
with human TGFf1, has four LR residues within the LAP region and none in the mature
ligand. This is important because the LAP region of TGFp forms a straightjacket like
domain around the mature TGFp ligand, and in order for signaling, TGFf must be
released from LAP (see figure 1.5 for a schematic of LAP-TGFJ structure) [27, 28].
Humans and zebrafish have two other TGFp genes, TGFfS2 and TGFf3. Based on
expression analysis, 7gfb2 and 3 are expressed in the palate and in Meckel’s cartilage in
developing zebrafish, and are essential for proper palate development ([29] and
unpublished). By amino acid sequence, zebrafish TGFB2 has one LR site within the LAP
region while TGFf3 has three, and both TGFB2 and TGFB3 have one LR site within the
mature TGF ligand region. This indicates that zebrafish TGFB2 and TGFB3 could
potentially be more sensitive to proteolysis. We also mapped the amino acid sequences of
human and zebrafish BMP2 and found one LR site in the human sequence and two sites
in zebrafish BMP2. Both residues were within the proprotein region of the protein. Based
on these consensus cleavage sites, it is possible that CtsK can recognize and cleave these

latent growth factors in vitro.
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The latency associated peptide (LAP) of TGFp is a substrate for CTSK

To address CtsK’s activity towards latent growth factors we incubated active
recombinant human CTSK with the latency associated peptide of TGFB1 (of note, the
following experiments were performed using recombinant human growth factors rather
than zebrafish proteins, based on commercial availability). Digestions shown in figure
2.2A compare the substrate specificity for LAP by the aspartate protease cathepsin D and
the cysteine protease CTSK. In MLII mouse and zebrafish models CtsD and CtsK are
differentially trafficked [13, 30]. These digestions indicate a difference in the pH
sensitivity between CTSD and K, as only CTSK can cleave LAP at a neutral pH.
Importantly, untreated LAP is stable at an acidic pH and is not degraded when both
cathepsins are inhibited. These results suggest that CTSK has the potential to operate at
an extracellular-like pH and cleave LAP.

Liberation of mature TGFf from LAP is essential for receptor binding and TGFf3
signaling. For a direct mechanism of cathepsin-mediated activation of TGFf, CTSK
would need to differently cleave LAP and spare the mature ligand. Figure 2.2B shows
CTSK in vitro digestion experiments comparing LAP susceptibility to mature TGFj
susceptibility. Active CTSK in increasing amounts was incubated with recombinant LAP
over a pH range. At pH 5, LAP was mostly degraded by CTSK, but was cleaved into
distinct fragments at 7.5. pH 6 shows an intermediate cleavage and degradation pattern,
suggesting that the level of LAP degradation or cleavage by CTSK is pH dependent.
Digestions were performed under identical conditions incubating activated recombinant

human CTSK with purified TGFp ligand. As seen in Figure 2.2B, TGFp is stable when
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combined with CTSK, indicating a difference in substrate specificity between LAP and

mature TGFp ligand.

CTSK can release signaling competent TGFp from the large latent complex

The large latent complex (LLC) of TGFp is composed of the small latent complex
plus the latent TGFP binding protein (LTBP), and is the primary form of TGFp in the
extracellular matrix (ECM) (see figure 1.5 for a schematic). LTBP serves to direct TGF[3
to the ECM and confer latency, and studies indicate its importance in proper TGF[
signaling regulation [31-33]. Based on this we asked if CTSK could act on LTBP or LAP
in the LLC to release signaling-competent TGFB. LLC was generated from PMA
differentiated human erythroleukemia cells (HELs) [34]. Following PMA stimulated
differentiation, cells were serum starved and media-containing LLC was collected and
concentrated. Figure 2.3A shows an immunoblot probing for LTBP using an antibody
that detects non-reduced LTBP. In this experiment, in vitro digestions containing
concentrated LLC from media was incubated at pH 5, 6, and 7.5 with two amounts of
active recombinant human CTSK. Digestion with CTSK causes a 100kDa molecular
weight shift at both amounts tested (15ng and 46ng of CTSK). At higher amounts of
CTSK, LTBP signal is reduced indicating potential degradation of the protein.
Additionally, the same digestions were immunoblotted for LAP (figure 2.3A). The
100kDa band represents the unreduced form and the 40kDa band is the reduced form of
LAP. Addition of the reducing agent DTT fully reduces the complex, interestingly,
incubation with a lower amount of CTSK at all pHs tested did not alter the mobility of

the complex. In contrast, the higher amounts of CTSK (46ng) lead to a reduction in signal
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of the 100kDa band for all pHs. As a control, LLC was also incubated with the known
latent TGFp activator, plasmin, which cleaves LTBP (figure 2.3B). As seen in figure
2.3B, using an antibody that detects reduced and nonreduced LTBP, digestion with
plasmin at two concentrations (.5U and 1U), results in total degradation of LTBP. In vitro
digestions were also performed with another lysosomal hydrolase, cathepsin L (CtsL),
which has elevated and sustained activity in ML-II zebrafish embryos. Incubation with
CTSK and CTSL lead to molecular weight shifts and a differential cleavage pattern.
Figure 2.3B shows that plasmin does not affect LAP, but digestion with CTSK and CTSL
lead to a reduction in LAP signal. These results suggest that LTBP of the LLC is more
susceptible to CTSK activity, as indicated by its change in mobility and degradation upon
CTSK incubation. The LAP portion of the LLC was less affected by CTSK activity, and
was only degraded with the higher amount of CTSK. Alternatively, based on the
presentation of the LLC, CTSK may come in contact with LTBP before LAP, which
could explain its preferential cleavage.

As a measure of bioactive TGFf signaling we used a TGFP reporter cell line that
expresses firefly luciferase upon TGFf stimulation [35]. For these experiments we used
heat treatment to liberate TGFP ligand. Figure 2.3C shows heat dependent activation of
TGFP in relative fluorescence units (RLU). Heating LLC for 10 minutes at 80°C yields
maximal activation, while the suboptimal temperature 75°C, results in 35%-40% of the
maximal activation. To assess proteolytic activation of LLC, we performed in vitro
digestions with LLC and either plasmin or CTSK (figure 2.3D). No induction was found
after digestion with either plasmin or CTSK alone, but post treatment at 75°C resulted in

a synergistic increase in TGFf signaling induction. This suggests that by compromising
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LLC’s stability, CTSK lowers the activation energy needed for TGFf liberation and

signaling.

BMP is a substrate for CTSK

To look at the susceptibility of BMP to CTSK activity we performed in vitro
digestions at acidic and neutral pH with increasing concentrations of CTSK. Under the
same in vitro digestion conditions tested with LAP and LLC, CTSK degrades BMP2
(Figure 2.4A). Further, it does not appear that CTSK activates proBMP into a signaling
competent form. This is shown in figure 2.4B where incubation with CTSK leads to a
decrease in reporter induction. This is important because BMP regulated signaling
(Smad1,5,8) is decreased in MLII morphants, suggesting a potential direct relationship

between decreased BMP signaling.

Inhibition of TGFp signaling rescues ML-II craniofacial phenotypes

Zebrafish express multiple TGFP genes and isoforms during early craniofacial
development, with TGFB2 and TGFf3 playing the largest role [29]. In order to look at the
effects of TGFp expression to MLII craniofacial pathogenesis, we used a TGFf receptor
specific inhibitor to reduce TGFp signaling. SB505124 is an ATP-competitive reversible
inhibitor that targets the TGFPB type I receptors Alk4, AlkS5, and Alk7 receptors
specifically in a concentration dependent manner [36, 37]. 3 days post fertilization (3dpf)
WT and MLII embryos were treated with 1uM SB505124 (which showed the best
phenotypic rescue) for 24 hours. This time point was chosen because ML-II embryos

begin to display dramatically altered col2, coll0, and sox9a expression. Following
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treatment, Alcian Blue staining was used to assess for phenotypic changes in cartilage
morphology. For all treatments, control embryos (either WT or MLII) were treated with
the same concentration of DMSO as SB treated embryos. Figure 2.5A shows
representative Alcian Blue stains of WT, MLII, and MLII treated embryos. 100% of WT
embryos resembled the photograph, with Meckel’s cartilage reaching the palate and the
ceratohyal forming an acute angle. In comparison, morphants have a protracted jaw and a
ceratohyal angle greater than 90°. Following TGFp inhibition, 35% of treated embryos
were significantly rescued and resembled WT embryos, with a reduced ceratohyal angle,
elongated trabeculum, and Meckel’s cartilage meeting the palate.

Examination of molecular rescue was assessed using in situ hybridization towards
the TGFp effector gene co/2al and the BMP effector gene collOal, as well as the
chondrogenic regulator sox9a. Sox9 is an HMG-box transcription factor that is required
for the early stages of chondrogenesis, but prolonged expression inhibits further
maturation [38, 39]. As published previously, RNA expression levels of col2aland sox9a
are elevated at 4dpf in MLII embryos, while coll0alis dramatically reduced [13].
Treatment with the TGFBR specific inhibitor SB505124 reduced col2alexpression in the
palate, Meckel’s cartilage, and the ceratohyal in 46% of MLII treated embryos (Figure
2.5B). Further, approximately half of treated embryos gained pectoral fin expression of
col2al (data not shown). For sox9a in situ hybridizations, 54% of MLII SB505124
treated embryos showed significant rescue as shown by reduced expression of sox9a in
Meckel’s and the palatoquadrate. Coll0al rescue progressed in a posterior to anterior
direction, with posterior structures recovering before anterior, beginning with lengthened

cleithrum and elongated parasphenoid followed by gain of expression in the following
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anterior structures, entopterygoid, dentary, and maxilla. 51% of treated embryos were
significantly rescued and resembled the representative MLII + SB image in figure 2.5B.
These findings indicate that reduction of TGFf signaling in morphant embryos leads to
significant restoration of TGFPB and BMP regulated genes. Further, the reduction in sox9a

expression was also interesting and suggests a tie between TGFf and sox9a.

TGFp and BMP effector expression is rescued following TGFp inhibition.

Since reduction of TGFP signaling in morphants improved phenotypes and
significantly recovered col2al, coll(0, and sox9a expression, we wanted see how
modulation of TGFf signaling affected transcript abundance of Smads2,3 and Smadl.
Quantitative PCR was performed on 4dpf embryos following 24 hours of SB505124
treatment at three different concentrations. These concentrations were determined based
on previous reports in zebrafish and through concentration gradient assessment [40]. In
order to detect changes in transcript levels, only phenotypically rescued embryos were
used for all genes. As shown in figure 2.6A, elevated col2alexpression significantly
decreases upon SB505124 treatment and recovers to WT levels. The other early
chondrogenesis marker, sox9a, has slightly decreased transcript abundance at .5uM and
1uM, but increases when embryos are treated at the higher concentration of 2uM (figure
2.6B). As shown in figure 2.6C, the BMP regulated hypertrophic chondrocyte marker,
coll0al, has reduced abundance in ML-II embryos, and is significantly restored upon
TGFp inhibition, with levels exceeding WT at .5uM. The TGFp effectors smad2 and
smad3a have increased transcript abundance in morphants, and both genes respond to

TGFP inhibition (figure 2.6D,E). As shown in figure 2.6D, smad? significantly recovers
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to WT levels following TGFp inhibition. Smad3a responds similarly to smad2, with
inhibition decreasing transcript abundance close to WT levels (figure 2.6F). Smadl,
which is a BMP effector, has reduced levels in ML-II embryos, and upon TGFp reduction
smad] transcript abundance reaches and surpasses WT levels (figure 2.6F). These data
suggest that inhibition of elevated TGFf signaling in morphants rescues cartilage defects

and restores the molecular alterations caused by imbalanced growth factor signaling.

DISCUSSION

CtsK is a driving factor of the craniofacial pathogenesis seen in MLII zebrafish.
This stems from both a gain in the extracellular availability and increased activation of
CtsK. This is caused by loss of M6P targeting, rather than loss of its intracellular
localization, which has been demonstrated by the lack of MLII like phenotypes following
CtsK knockdown in WT embryos [13]. To tie the extracellular activity of CtsK to altered
TGFB and BMP signaling, we performed in vitro digestions to assess the specificity of
CtsK for latent or mature growth factors that reside in the extracellular matrix. Based on
in vitro digestions combining recombinant activated CTSK with various components of
the latent TGFP complex, we showed that CTSK has a higher specificity for LTBP and
LAP than the mature TGFp ligand. Further, CTSK was able to cleave and liberate a
signaling competent version of TGFf following in vitro digestion and subsequent heat
activation. Interestingly, under the same in vitro digestion conditions, BMP2 was

degraded by CTSK and unable to signal. These findings suggest that hypersecreted CtsK
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could degrade and liberate latent TGFp localized in the ECM while degrading BMP,
leading to signaling imbalance in morphant cartilage.

Based on the extracellular location of CtsK and its ability to activate latent growth
factors, we propose that the cartilage pathogenesis in morphants is mediated by CtsK gain
of function. Under normal conditions, CtsK is segregated from latent growth factors, but
in MLII loss of M6P targeting leads to hypersecretion of CtsK, which puts it in proximity
to latent growth factors. This gain of function mimics the effects of enhanced TGFj
signaling seen in Camurati-Engelmann Disease (CED) [41-43]. CED is caused by
mutations in the latency associated peptide portion of TGFp, and leads to increased TGFj
activation. This is thought to occur because mutations in LAP render it less stable and
able to remain tightly associated with the mature TGFp ligand. Thus in the context of
ML-II, destabilization of latent TGFPB by CtsK could result in the enhanced signaling
seen in morphants.

Previous research by Flanagan-Steet and colleagues showed that sox9a reduction
in the ML-II background was sufficient to phenotypically rescue MLII zebrafish embryos
[13]. Further, reduction of CtsK via genetic or pharmacological means in MLII
morphants normalized TGF3 and BMP signaling. Based on these findings, we sought to
elucidate the role of elevated TGFf signaling in abnormal MLII chondrogenesis, and
learn if TGFp drives disease pathogenesis. Pharmacologic inhibition of TGFf signaling
in morphants rescued craniofacial cartilage abnormalities and resulted in an elongated
palatoquadate and Meckel’s cartilage, and restoration of the ceratohyal angle. Further,
expression of col2al and collOal were restored as indicated by in situ hybridization and

qPCR analysis. Interestingly, TGF inhibition significantly rescued sox9a expression via
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in situ hybridization, but little rescue was seen in qPCR transcript abundance. This
suggests that potentially little change in sox9a expression is needed to initiate phenotypic
rescue, which might not be reflected in transcript abundance. TGFf inhibition also
rescued the down steam signaling effectors smad? and smad3a, as well as the BMP
effector smadl. Based on these results we show that TGF as well as CtsK drives MLII
pathology in zebrafish. This is an important finding that has clinical implications for
MLII treatment.

Many studies have detailed the interaction between TGFp and BMP signaling
through genetic ablation of the smad effectors or TGF/BMP receptors in an in vitro
system. For example, Smad3-deficient chondrocytes showed enhanced BMP signaling
and increased hypertrophy, suggesting elevated TGFf signaling is necessary to modulate
BMP signaling [44]. Similar to these findings, our results support the role of signaling
cross talk between TGFB and BMP in normal and pathological development, and
specifically demonstrate that reduction of TGFf signaling restores BMP signaling in

Vivo.

MATERIALS AND METHODS

Zebrafish strains and husbandry

Zebrafish were maintained according to standard protocols. Zebrafish strains were
obtained from Fish 2U (F2U; Gibsonton, FL, USA) and the Zebrafish International
Resource Center (ZIRC, Eugene, OR, USA) (TL and AB). Embryo staging was

performed according to established criteria [45]. To inhibit pigmentation, 0.003% 1-
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phenyl 2-thiourea (PTU) was added to embryo growth media. Handling and euthanasia of
all experimental fish was in compliance with the University of Georgia policies, as
approved by the UGA Institutional Animal Care and Use Committee (permit #A2013-8-

144).

Morpholinos and inhibition of gene expression
Morpholino knockdown of GlcNAc-1-phosphotransferase was performed and assessed as

previous published [12, 20].

In vitro analyses and reporter assays

Recombinant human LAP dimer, TGFp ligand, and proBMP2 ligand were used for in
vitro experiments. 40ug of recombinant protein was digested for 30 or 60 minutes at RT
with active human recombinant CTSK at pH 5, 6, and 7.5. CTSK activity was normalized
using a fluorescent substrate to ensure the same amout of activity was added for each
experiment. HEL cells were differentiated for 72 hours in the presence of PMA, and LLC
media was collected in serum free media. LLC containing media was concentrated using
centricon spin columns. LLC samples were digested for 30 minutes and then heat
activated for 10 minutes at 75C or 80C. Following digestions and heat activation,

samples were added to reporter cells for 16 hours and luciferase induction was measured.

In situ hybridization

In situ hybridization experiments were performed according to Thisse and Thisse [46].

The following probes were made as described, col2al, collOal, and sox9a [47]. Images
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were captured on an Olypus SZ16 microscope with a Retiga 2000R camera using Q-

capture software.

Quantitative RT-PCR analysis

QPCR and data analysis was performed as previously described [20]. The primer
sequences used are as follows:

RPL4: forward primer (5’ to 3°) - GTGCCCGACCGTTAATCTC
reverse primer (5’ to 3°) - ACACTGCTGGCATAACCACAT

Col2al: forward primer (5’ to 3”) - GAACTTCCTCAGGCTGCTGT
reverse primer (5’ to 3°) - TGTAAGCCACGCTGTTCTTG

Coll0al: forward primer (5’ to 3°) - TGCCCATGGTGAGAGATATGT
reverse primer (5’ to 3”) - CGGAGTAAGGCTGGTACTGC

Sox9a: forward primer (5’ to 3°) - GCATCTCCAGCATTACAGCA
reverse primer (5’ to 3”) - CTGGTGGCTGTCGGAATAGT

Smadl: forward primer (5’ to 3°) - CAGCCAAGCAATTGTGTCAC
reverse primer (5’ to 3°) - GAAGCACCTTTCGGTGTGAT

Smad2: forward primer (5’ to 3°) - AAACATTCCACGCCTCTCAG
reverse primer (5’ to 3”) - GCAGAATCGCTCTGAATTGG

Smad3a: forward primer (5’ to 3”) - CTTCACAGACCCGTCCAACT

reverse primer (5’ to 3°) - CAGCGTTTCGGTTCACATT
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TGFp inhibition
Embryos were treated with 0.5uM, 1uM, or 2uM of SB505124 reconstituted in DMSO
for 24 hours beginning at 3dpf. As a control, DMSO was added to growth media at the

same concentration as SB treated embryos.
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FIGURES

Human TGF-B1 precursor

MPPSGLRLLPLLLPLLWLLVLTPGRPAAGLSTCKTIDMELVKRKRIEAIRGQILSKLRLASPPS
QGEVPPGPLPEAVLALYNSTRDRVAGESAEPEPEPEADYYAKEVTRVLMVETHNEIYDKFKQST
HSIYMFFNTSELREAVPEPVLLSRAELRLLRLKLKVEQHVELYQKYSNNSWRYLSNRLLAPSDS
PEWLSFDVTGVVRQWLSRGGEIEGFRLSAHCSCDSRDNTLQVDINGFTTGRRGDLATIHGMNRP
FLLLMATPLERAQHLQSSRHRRALDTNYCFSSTEKNCCVRQLYIDFRKDLGWKWIHEPKGYHAN
FCLGPCPYIWSLDTQYSKVLALYNQHNPGASAAPCCVPQALEPLPIVYYVGRKPKVEQLSNMIV
RSCKCS

Zebratish TGF-B1a precursor

MRLVCLVLTALCLVTGTGSMSTCKTLDLEVVRKKRIEAIRGQILSKLRMAKEPESGADDDGQKI
PDSLLSLYNSTVELSEEMKTKIVPVQDEDEDYFGKEVHKFVFQQAQNNTKHQMFFNVSEMKRSI
PDYRLLSQAELRLRIKNPTMDQEQRLELYRGVGDQARYLGTRFVSKDLSNRWLSFDVKQTMIEW
LOGSEDEETLELRLYCDCKANQQSTDKFLFTISGLDKQRGDTAGLADMMVKPYILALSLPSNGN
SLASVRKRRAVGTDETCDEKTETCCMRKLYIDFRKDLGWKWIHKPKGYFANYCMGSCTYIWNAE
NKYSQILALYKEENPGASAQPCCVPAILDPLPILYYVGRQHKVEQLSNMVVRNCKCS

Figure 2.1. Amino acid sequence of human and zebrafish TGFp1 precursor protein
(LAP-TGF1). Highlighted regions indicate putative cathepsin K cleavage sites, and the
underlined portion is the mature TGFf ligand.
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Figure 2.2 CTSK preferentially cleaves LAP. (A) Immunoblot of LAP following
digestion with either CTSD or CTSK for 30 or 60 minutes at pH 5 or 7. (B) Immunoblot
of LAP digested with CTSK. n=4 experiments. (C) Immunoblot of TGFB1 ligand with
CTSK. n=4 experiments.
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Figure 2.3 CTSK lowers the activation barrier for TGFp ligand liberation from the
Large Latent Complex (LLC). (A) Immunoblot of LTBP (non-reducing antibody) and
LAP after CTSK digestion of LLC. n=4 experiments. (B) LTBP (reducing antibody) and
LAP immunoblots of LLC digestions by plasmin, CTSK, and CTSL. n=4 experiments.
(C) Luciferase induction of TGFp reporter cells following heat treatment and or pre-
activation of LLC by plasmin or CTSK. n=4 experiments.
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Figure 2.4 CTSK degrades proBMP2. (A) Immunoblot of BMP2 following CTSK
digestion of proBMP2. n=4 experiments. (B) Luciferase induction of BMP reporter cells
using CTSK digested proBMP2 n=3 experiments.
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Figure 2.5 Pharmacological inhibition of TGFp in ML-II embryos rescues
craniofacial morphology and chondrogenesis markers. (A) Alcian blue staining of
4dpf WT, ML-II, and ML-II SB505124 treated embryos. Percentage values indicate the
percentage of embryos that resemble the photograph. CH — ceratohyal. n=40. (B) In situ
hybridization of col2al, sox9a, and coll0al in 4dpf WT, ML-II, and ML-II treated with
SB505124. M — Meckel’s cartilage; PQ — palatoquadrate; PS — parasphenoid; Mx —
maxilla. n>50.
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Figure 2.6 TGFp reduction in MLII embryos rescues TGFp and BMP dependent
genes and effectors. (A) Col2al (B) sox9a (C) collOal (D) smad2 (E) smad3a (F)
smadl, qPCR of 4dpf WT and ML-II embryos treated with three concentrations of
SB505124. n=15 embryos/sample, at least 4 experiments. RPL4 was used as a
normalizer. Transcript abundance is represented as a Log2 scale. * p <0.05, ** p <0.01,
*xE p <0.001.
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CHAPTER 3: ALTERED MET RECEPTOR PHOSPHORYLATION AND LRP1
MEDIATED UPTAKE IN CELLS LACKING CARBOHYDRATE-DEPENDENT

LYSOSOMAL TARGETING

Megan Aarnio-Peterson, Peng Zhao, Courtney Christian, Seok-Ho Yu, Heather Flanagan-
Steet, Lance Wells, and Richard Steet. Submitted to The Journal of Biological Chemistry

2017.
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ABSTRACT

Acid hydrolases utilize a carbohydrate-dependent mechanism for lysosomal
targeting. These hydrolases acquire a mannose 6-phosphate tag by the action of the
GlcNAc-1-phosphotransferase enzyme, allowing them to bind receptors and traffic
to endosomes. Loss of GIlcNAc-1-phosphotransferase results in hydrolase
hypersecretion and profound lysosomal storage. Little, however, is known about
how these cellular phenotypes affect the trafficking and localization of surface
glycoproteins. To address this question, we profiled the abundance of surface
glycoproteins in WT and CRISPR-mediated GNPTAB-/- HeLa cells and identified
changes in numerous glycoproteins, including reduced levels of LRP1 and elevated
abundance of multiple receptor tyrosine kinases. Decreased cell surface LRP1 in
GNPTAB-/- cells corresponded with a reduction in its steady-state level and less
Ab40 peptide uptake. GNPTAB-/- cells also displayed elevated activation of several
kinases including Met receptor. We found increased Met phosphorylation, altered
expression of Met-responsive genes and partial localization of the phosphorylated
receptor to lysosomes. Deactivation of Met signaling is regulated by protein-tyrosine
phosphatases such as PTPRJ, which showed reduced surface abundance in
GNPTAB-/- cells. Moreover, lower concentrations of pervanadate were needed to
cause an increase in phospho-Met in GNPTAB-/- cells, suggesting decreased
phosphatase activity. GNPTAB-/- cells exhibited elevated levels of reactive oxygen
species, known to inactivate phosphatases by oxidation of active site cysteine
residues. Consistent with this mechanism, peroxide treatment of parental HeLa

cells elevated phospho-Met levels while antioxidant treatment of GNPTAB-/- cells
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reduced phospho-Met levels. Collectively, these data identify new mechanisms
whereby impaired lysosomal targeting can impact the activity and recycling of

receptors.

INTRODUCTION

Soluble acid hydrolases are targeted to the lysosome via a carbohydrate dependent
mechanism. This mechanism involves the addition of mannose 6-phosphate (M6P) tags
on the N-glycans of newly made hydrolases by the heterohexameric enzyme, UDP-
GlcNAc:lysosomal enzyme N-acetyl-glucosamine-1-phosphotransferase (GlcNAc-1-
phosphotransferase; encoded by GNPTAB and GNPTG genes) (1,2). The GNPTAB gene
encodes the o/f subunits of the enzyme, involved in both hydrolase recognition and
catalysis, while the GNPTG gene encodes the y subunit, which plays a role in facilitating
efficient mannose phosphorylation and enzyme stability (3-10). Defects in GNPTAB and
GNPTG cause the lysosomal diseases, MLII, MLIII o/f, and MLIII vy, characterized by
hypersecretion of hydrolases, profound lysosomal storage in many mesenchymal cell
types and a broad spectrum of clinical manifestations (3,11,12). The majority of
lysosomal enzymes reach the lysosome via M6P dependent targeting but additional tissue
and cell type specific mechanisms of carbohydrate independent sorting have been shown
to exist (13). Lysosomal hydrolases can also be targeted to lysosomes via secretion and
recapture. Receptors including LDLR and LRP1 have been implicated in trafficking of
nonphosphorylated cathepsin D and B, and can function in the absence of GlcNAc-1-

phosphotransferase (14).

83



While lysosomal storage remains the hallmark of the MLII, relatively little is
known about how the localization and function of cell surface glycoproteins is affected
upon the loss of lysosomal targeting. Several studies have reported abnormal recycling
and trafficking of cell surface glycoproteins in cells with lysosomal storage (15-19).
These trafficking defects can arise from multiple potential mechanisms, including the
secondary storage of glycolipids or other molecules that interfere with the vesicle
trafficking machinery or alter processes such as endocytosis or autophagy. Endosomal
accumulation of glycoproteins was directly linked to abnormal recycling caused by
cholesterol storage (15). Cell surface glycoproteins are also susceptible to the action of
extracellular glycosidases, which mediate cell surface glycoprotein turnover (20). Thus,
higher levels of secreted glycosidases in GNPTAB-/- cells due to loss of M6P targeting
may result in increased processing and altered cell surface residence of glycoproteins by
impacting their interaction with galectins or other factors (21,22). Defining these
mechanisms is likely to provide important new clues to the molecular pathogenesis of
lysosomal diseases.

In this study, we took advantage of chemical glycobiology methods to profile the
abundance of cell surface glycoproteins in parental and CRISPR-mediated GNPTAB-/-
HeLa cells in an effort to identify how loss of M6P-dependent lysosomal targeting
impacts these glycoproteins. Our findings reveal changes in multiple cell surface
glycoproteins, including reduced levels of the uptake receptor LRP1 and elevated
abundance of multiple receptor tyrosine kinases. Characterization of the functional

consequences and molecular basis for these changes revealed new mechanisms of action
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whereby loss of lysosomal targeting and lysosomal storage alter receptor activity and

receptor-mediated uptake.

RESULTS

SEEL-based profiling of GNPTAB-/- HeLa cells reveals altered cell surface
residence of multiple glycoprotein receptors.

To address how loss of lysosomal hydrolase targeting affects cell surface
sialoglycoproteins, their abundance was profiled in parental HeLa, GNPTG-/- and
GNPTAB-/- cells using one-step selective exo-enzymatic labeling (SEEL) with the
sialyltransferase ST6Gall (7,23,24). Cells were labeled with recombinant rat ST6Gall
and biotinylated CMP-sialic acid in the presence or absence of neuraminidase and lysates
analyzed by Western blot. Differences were noted in the profile of the major labeled
glycoproteins, with the most striking changes noted between parental HeLa and
GNPTAB-/- cells (Figure 1A). Higher reactivity was detected in GNPTAB-/- cells
treated without neuraminidase, likely reflecting an increase in free terminal galactose
acceptors. GNPTAB-/- cells also exhibited greater heterogeneity and increased mobility
of the major labeled glycoproteins in the presence of neuraminidase.

Following neuraminidase-coupled SEEL, biotinylated glycoproteins were
enriched by immunoprecipitation, resolved by SDS-PAGE and subjected to proteomic
analysis by LC-MS-MS (Figure 1B). In light of the differences noted in the profile of
labeled glycoproteins, we focused the proteomic analysis on the parental and GNPTAB-/-

HeLa cells. Unlabeled HeLLa and GNPTAB-/- cells were subjected to the same
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enrichment procedure to control for glycoproteins that might be pulled down in a non-
specific manner. A total of 211 proteins were identified across two biological replicates,
with substantial overlap (>75%) observed between the parental and GNPTAB-/- lines
(Figure 1C; see Table S1). Consistent with the ability of SEEL to only modify
glycoproteins at the cell surface, the vast majority of assigned proteins were known cell
surface glycoproteins including receptors, cell adhesion proteins and ion channels. For
the most abundant glycoproteins, fold change between GNPTAB-/- and parental HelLa
cells was plotted using a log2 scale (Figure 1D). These data demonstrate lower cell
surface abundance of multiple glycoproteins including the uptake receptor LRP1, the
mucin MUC16 and receptor tyrosine phosphatases (PTPRK and PTPRJ). Increased
abundance of several receptor tyrosine kinases (AXL, MET, EPH2A) and adhesion

proteins (ITGB4, LICAM, MCAM) was also noted in GNPTAB-/- cells.

GNPTAB-/- cells exhibit reduced LRP1-dependent uptake.

SEEL analysis identified a significant decrease in the LRP1 receptor on the cell
surface of GNPTAB-/- cells (Figure 1D). This was of interest due to its proposed role in
M6P-independent uptake and acid hydrolase sorting (14). To confirm LRP1’s cell
surface reduction, labeled lysates were immunoprecipitated with anti-biotin and LRP-1
subsequently analyzed by immunoblot (Figure 2A). These results show that the majority
of LRP1 is present at the cell surface in the parental HeLa cells but less LRP1 is detected
in both the input and eluted fractions of the GNPTAB-/- cells. This indicates that the
reduced cell surface abundance of LRP1 in these cells likely stems from lower overall

levels of this protein. The electrophoretic mobility of LRP1 was also increased in
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GNPTAB-/- cells possibly reflecting abnormal glycan or protein processing. RT-PCR
was performed next to ask whether this decrease corresponded with reduced transcript
abundance but no differences were noted (Figure 2B). LRP1 not only mediates uptake
and clearance of amyloid peptides in the brain (25-28), it also plays a role in M6P-
independent recapture of lysosomal hydrolases. Therefore, decreased abundance of LRP1
may further exacerbate the cellular storage phenotype. To assess whether reduced LRP1
affects ligand uptake in GNPTAB-/- cells, we performed uptake assays using a
fluorescently labeled b-amyloid peptide (AF647-Ab40). Parental HeLa and GNPTAB-/-
cells were incubated with AF647-Ab40 overnight and peptide uptake measured in cell
lysates. Consistent with LRP1’s lower surface abundance, relative fluorescent units were

35% lower in GNPTAB-/- lysates (Figure 2D).

Increased phosphorylation of receptor tyrosine kinases was observed in GNPTAB-/-
HeLa cells.

SEEL-based proteomics also identified increased cell surface abundance of
multiple receptor tyrosine kinases in GNPTAB-/- cells (Figure 1D). Using a phospho-
receptor tyrosine kinase (RTK) array, we asked whether the increased cell surface
abundance corresponded with altered receptor activation. As shown in Figure 3A,
numerous RTKs — including several detected at elevated surface levels by SEEL -
exhibited increased phosphorylation in GNPTAB-/- cells, suggesting increased activation
and/or sustained activity. Quantification by densitometry of three independent runs
demonstrated a 2-3-fold increase in the phosphorylation of c-Met, EphA7, EphB2, and

Axl in the GNPTAB-/- (Figure 3B). Although SEEL labeling indicated more cell
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surface EGFR, its activation was not significantly affected in GNPTAB-/- cells. Further,
FGFR1, FGFR3, and insulin receptor were not detected on the surface of the cells using
SEEL, but did display increased phosphorylation in GNPTAB-/- cells. Because c-Met
showed both the largest difference in signal, and the largest difference in cell surface
abundance between these between HeLa and GNPTAB-/-, the molecular basis for this

elevation was explored in greater depth.

GNPTAB-/- and GNPTG-/- exhibit increases in the steady-state level and
phosphorylation of Met receptor.

Western blot analysis of whole cell lysates demonstrated very low levels of Met
receptor phosphorylation in parental HeLa cells while this was increased in both
GNPTG-/- and GNPTAB-/- cells (Figure 4A). Quantitative analysis of Met and
phospho-Met levels showed that Met levels were increased by nearly 3-fold in GNPTAB-
/- cells compared to the parental HeLa line but phospho-Met levels were increased over
125-fold, indicating a high level of activation and/or sustained activity of this receptor
(Figure 4B). An intermediate increase in Met receptor and phosphorylated Met receptor
were noted in GNPTG-/- suggesting a relationship between Met receptor activation and
the degree to which lysosomal targeting is impaired. Increased abundance of the Met
receptor at the cell surface in GNPTAB-/- cells was confirmed by SEEL labeling
followed by biotin immunoprecipitation and immunoblotting (Figure 4C). To examine
the subcellular localization of phospho-Met, parental and GNPTAB-/- cells were
immunohistochemically stained for Lampl and phospho-Met and analyzed by confocal

microscopy. Phospho-Met was readily detected in both Lampl positive and negative
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vesicular structures in GNPTAB-/- but not parental Hela cells (Figure 4D). The
substantial overlap between phospho-Met and the lysosomal marker Lampl in the
GNPTAB-/- cells suggested a portion of phospho-Met localizes to this compartment.
Because a detectable portion of phospho-Met was present in Lamp1-negative vesicles, we
asked whether the increase in Met receptor phosphorylation correlated with an increase in
the expression of Met-responsive genes (Figure 4E). The transcript abundance of
ITGBI, a known Met-responsive gene (29), was increased 31% in GNPTAB-/-. Further,
the transcript abundance of EPHX2 (whose expression is known to be negatively

regulated by Met activity (30)) was decreased by 60%.

GNPTAB-/- cells have decreased phosphatase activity towards Met and increased
reactive oxygen species.

Elevated Met receptor phosphorylation suggests its activity is sustained in the
GNPTAB-/- cells whereas it is effectively deactivated in the parental HeLa cells. Met
activity is partially regulated by the dephosphorylation of specific tyrosine residues on its
C-terminus by protein-tyrosine phosphatases, such as PTPRJ/Dep-1 (31). Several protein-
tyrosine phosphatases known to act on Met were detected following SEEL and
proteomics in parental Hela and GNPTAB-/- cells (PTPRJ and PTPRF) (Figure 1D).
Notably, the primary phosphatase believed to downregulate Met activity, PTPRJ/Dep-1,
was less abundant on the cell surface of GNPTAB-/- cells. To assess whether a reduction
of phosphatase activity differentially impacts Met phosphorylation, cells were treated
with increasing concentrations of the general phosphatase inhibitor pervanadate and

immunoblotting for phospho-Met and Met receptor performed. As shown in Figure SA,
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inhibition of global phosphatase activity resulted in increased phospho-Met levels in all
cell types but lower amounts of pervanadate were needed to raise phospho-Met levels in
GNPTAB-/- cells, suggesting that less protein-tyrosine phosphatase activity. The ratio of
phospho-Met to Met receptor was quantified in Figure SB. Roughly the same ratio
increase was noted at 1uM in GNPTAB-/- as was seen at 10 uM in the parental HeLa
cells supporting the idea that less active phosphatase is present to deactivate Met in
GNPTAB-/-.

The maturation and cell surface residence of phosphatases has been linked to their
enzymatic activation. High levels of reactive oxygen species (ROS) are known to
inactivate many protein-tyrosine phosphatases (32-35). Oxidative inactivation of the
catalytic cysteine corresponds with altered cell surface delivery and activity. Many
lysosomal storage diseases are known to exhibit increased cellular ROS due to lysosomal
storage and improper breakdown of mitochondria (36,37). Thus, elevated ROS in the
GNPTAB-/- cells may account in part for the increase in phospho-Met levels. Using a
fluorescent indicator of intracellular ROS, we examined ROS levels and found that
GNPTAB-/- cells have a 50% increase in ROS compared to parental HeLa (Figure 5C).
We next asked whether short-term treatment of parental HeLa cells with hydrogen
peroxide (at concentrations previously shown to inactivate phosphatases and increased
kinase phosphorylation (33)) was sufficient to elevate Met receptor phosphorylation.
Hydrogen peroxide treatment was capable of increasing Met receptor phosphorylation in
a dose-dependent manner with no appreciable change in Met receptor levels (Figure SD),
suggesting ROS-mediated inactivation of phosphatases is sufficient to raise phospho-Met

levels in the parental HeLa line. Lastly, to assess whether increases in ROS are linked to
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increases in phospho-Met levels in GNPTAB-/-, these cells were treated with the
antioxidant Trolox for 96 hours followed by immunoblotting for phospho-Met and Met
(Figure 5E). Trolox treatment consistently reduced phospho-Met levels in GNPTAB-/-
cells without substantially altering Met receptor levels.

Lastly, we attempted to rescue GNPTAB-/- cells with WT GNPTAB cDNA to
ask whether the biochemical alterations, including increased Met receptor activation, in
the CRISPR-mediated knockout cells was specific to loss of lysosomal targeting. The
glycosidases b-galactosidase and b-hexosaminidase are mannose 6-phosphorylated and
trafficked to the lysosome in parental HeLa cells but not in GNPTAB-/- as evidenced by
the reduction in intracellular activity of both glycosidases (Figure 6A). Following 120
hours of transient transfection, the intracellular glycosidase activities were measured to
ensure that WT GIcNAc-1-phosphotransferase was functionally expressed. As shown in
Figure 6A, transfection with WT GNPTAB increased intracellular glycosidase to near
normal levels despite only an estimated 30-35% transfection efficiency. It is likely that
the overexpression of WT GNPTAB results in hydrolase targeting to a greatly increased
number of lysosomes in the GNPTAB-/- cells, thus exaggerating the effects of transient
GNPTAB expression. We next asked whether the partial restoration of lysosomal
targeting was sufficient to reduce Met receptor phosphorylation (Figure 6B). GNPTAB
expression slightly lowered Met receptor phosphorylation in the GNPTAB-/- cells but
this difference was not statistically significant in replicate experiments. Of note, levels of
LAMPI1 were also slightly reduced which indicates that transient GNPTAB expression

may not be capable of fully reducing lysosomal storage in the transfected cell population.
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DISCUSSION

In this study, we expand the molecular phenotypes in GNPTAB-deficient cells to
include altered receptor activity and uptake. Taking advantage of selective cell surface
labeling to profile differences in the residence of sialoglycoproteins, we identified altered
abundance of multiple receptors and cell adhesion molecules, including the sorting
receptor LRP1 and the receptor tyrosine kinase, Met, on the surface of GNPTAB-/- cells.
Our subsequent analysis of Met revealed an unexpected increase in its phosphorylation
status. The mechanisms that underlie this phenotype were investigated, revealing a loss
in the ability to deactivate Met, most likely due to ROS-mediated inactivation of protein
tyrosine phosphatases and altered residence of receptor and phosphatase at the cell
surface.

Prior work in MLII fibroblasts identified numerous alterations at the cellular
levels when lysosomal targeting is impaired (16,38). For example, Otomo and colleagues
demonstrated impaired endocytosis and receptor recycling in MLII fibroblasts that could
be partially rescued by a total enzyme replacement strategy. This suggests that some of
the differences in the cell surface abundance of receptors in the GNPTAB-/- HeLa cells
may arise due to storage-dependent effects on receptor internalization and/or trafficking.
Moreover, autophagic flux and mitochondrial defects were also detected in the MLII
fibroblasts, which may explain the increase in ROS within the GNPTAB-/- HeLa cells.
Impaired autophagy could allow damaged mitochondria to persist in these cells,
providing a source of damaging ROS. One of the proteins exhibiting the greatest

decrease in abundance at the cell surface of GNPTAB-/- cells was the sorting receptor
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LRPI. This decrease corresponded with a functional reduction in uptake and
internalization of its ligand AB40. Although the mechanistic basis for the decreased
residence of this receptor is unclear, lower levels of LRP1 may reflect a recycling
problem in these cells, consistent with effects on receptor recycling noted in other storage
disease cells (15,17,19).

LRPI has been shown to play a role in the reuptake of non-phosphorylated
lysosomal hydrolases, although the steady-state levels of this receptor were not affected
in mouse embryonic fibroblasts. It is plausible that reduction in its surface levels in some
MLII cell types could potentiate lysosomal storage by preventing efficient recapture of
secreted hydrolases. Further indication of reduced LRP1 as a disease modifier is
evidenced in neurodegeneration and Alzheimer’s disease (AD) pathology (39-41). LRP1
serves an essential role in brain lipid metabolism and loss of LRP1 leads to altered brain
lipid homeostasis, causing global changes in brain function. Amyloid-beta, which is the
main pathogenic molecule that accumulates in AD brains, is typically cleared by LRP1.
Work by several groups suggests that reduction or inactivation of LRP1 leads to a
decrease in amyloid-beta efflux across the blood-brain barrier (26,28,39). Interestingly,
amyloid-beta induced oxidative modification of LRP1 can mediate LRP1 dysfunction
(42). Since GNPTAB-/- cells exhibited increases in ROS, it is possible that the functional
loss of LRP1 may be related to oxidative stress. We did not however detect any
consistent elevation in LRP1 protein following treatment of GNPTAB-/- cells with the
antioxidant Trolox.

Oxidative stress is a consequence of lysosomal storage, which can be caused by

improper degradation of defective cellular components or organelles such as
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mitochondria and can lead to many negative effects (37). Cellular increases in ROS affect
the activity of protein tyrosine phosphatases by inactivation of the catalytic cysteine (33).
The protein-tyrosine phosphatase, PTPRJ or Dep-1, has been shown to be susceptible to
this kind of oxidative inactivation (32). SEEL followed by proteomics identified
decreased abundance of Dep-1 in the GNPTAB-/- cells. Met receptor tyrosine kinase and
its adaptor protein Gabl are known substrates of Dep-1 (31). Thus it is possible that
under the oxidative conditions in GNPTAB-/- cells, Dep-1 or other phosphatases are
partially inactivated and unable to dephosphorylate Met, leading to sustained Met
phosphorylation. This also provides a potential mechanism to explain the general
increase in RTK phosphorylation that was noted upon loss of lysosomal targeting,
although phosphorylation of EGFR, another Dep-1 substrate, was not affected. ~The
relatively robust level of EGFR phosphorylation in both the parental and GNPTAB-/-
HeLa cells could reflect constitutive activation of this receptor in the HeLa background
or a high level of receptor ligand in the culture media.

The involvement of phosphatases may explain changes in cell surface abundance
of other glycoproteins including cell adhesion molecules. For example, PTPRJ/Dep-1
and PTPRF have been shown to regulate integrin activation and recycling, respectively
(43,44). Thus, a decrease in phosphatase activity or availability could lead to altered
surface residence of these proteins. The detection of phosphorylated Met in the lysosome
of the GNPTAB-/- cells suggests that this form of the receptor may traffic to this
organelle and then fail to turnover due to a lack of necessary hydrolases and/or
phosphatases. Nonetheless, the effects of sustained Met phosphorylation could be

observed upon the expression of at least two Met-responsive genes so it is likely that at
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least some of the phospho-Met is functionally active. The increase in Met
phosphorylation may ultimately derive from a combination of decreased phosphatase-
dependent inactivation and terminal storage of activated receptor in lysosomes.

Another intriguing possibility to consider is the fact that Met receptor levels are
increased as a protective effect against oxidative stress. Work by several groups has
shown that loss of c-Met in cells, particularly hepatocytes, results in loss of redox
homeostasis and an acceleration of ROS-mediated damage (30,45-48). Thus, increased
Met receptor expression or activity may reflect a compensatory response by the
GNPTAB-/- cells to mitigate the impact of higher ROS levels.

Despite restoring glycosidase levels back to near normal levels, we were unable to
achieve substantial rescue of the Met phosphorylation following introduction of WT
GNPTAB. This is mostly likely attributed to the inability of transient GNPTAB
transfection to correct the storage phenotype in these cells, as evidenced by only a slight
decrease in LAMP1 levels following transfection, and to the low transfection efficiency
of the large GNPTAB cDNA. An initial concern of ours was the possibility that elevated
Met receptor activity was a result of clonal selection following CRISPR-Cas editing in
the HeLa cells. The observation of an intermediate increase in phospho-Met levels in the
GNPTG-/- cells makes this unlikely in our view and instead suggests that the effect on
Met phosphorylation is tied directly (through trapping in this organelle) or indirectly
(through ROS production) to the degree of lysosomal storage.

This study highlights another example whereby impaired lysosomal targeting
leads to increased signaling of cell surface receptors. Studies in model organisms

including zebrafish have identified increased TGFR signaling as a function of the direct
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action of secreted hydrolases on latent growth factors deposited within the ECM of
tissues like cartilage (49). The present evidence for increased Met receptor activation
appears to point instead to an intracellular mechanism of action. It is intriguing to
speculate that ROS generation in lysosomes not only inactivates protein tyrosine
phosphatases in the cytosol but may also reduce phosphatases in this compartment. This
might explain why Met remains phosphorylated even after reaching the lysosome. The
present study also highlights the ability of SEEL to identify changes in the abundance of
cell surface glycoproteins and generate leads for further analysis. There are several
candidates of interest for investigation including the wide range of cell adhesion
molecules with altered abundance and/or expression in the GNPTAB-/- cells. Future
studies will be focused on understanding whether altered glycan processing of cell

surface glycoproteins by secreted glycosidases contribute to altered surface residence.

EXPERIMENTAL PROCEDURES

Reagents — Recombinant rat a-(2,6)-sialytransferase (ST6Gall) was prepared as
previously published (50). CMP-sialic acid biotin was synthesized as previously reported
(23). Vibrio cholerae neuraminidase (type II) (N6514) and protein G sepharose fast flow
beads (P3296) were purchased from Sigma Aldrich. Alkaline phosphatase (FastAP)
(EF0651), protease inhibitor mixture tablet (88666), and mass spectrometry compatible
silver staining kit (24600) were purchased from Thermo Scientific. IgG fraction mouse
monoclonal anti-biotin with or without HRP conjugation were purchased from Jackson

Immuno Research (200-032-211, 200-00-211). Rabbit monoclonal anti-LRP1 was
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purchased from Abcam (ab92544). Monoclonal rabbit anti-Met (DIC2) and rabbit anti-
phospho-Met (Tyr1234/1235) (D26) were purchased from Cell Signaling Technology
(8198 and 3077). For cellular uptake assays, human b-amyloid peptide (1-40), HiLyte
Fluor 647-labeled was purchased from Anaspec (AS-60493), and was reconstituted in
100% DMSO at 500uM. The cell permeable vitamin E derivative, Trolox, was
purchased from Enzo Scientific (AXL-270-267).

Cell Lines and Culture — GNPTG-/- and GNPTAB-/- HeLa cells were generously
provided by Stuart Kornfeld (Washington University School of Medicine, St Louis, MO),
and were generated by CRISPR/Cas9 genome editing (7). Cells were cultured in DMEM
media with 4.5g/L glucose and L-glutamine (Lonza 12-604F) and supplemented with
10% fetal bovine serum (Seradigm 1500-500), and penicillin (100 IU/ml)/streptomycin
(100 ug/ml) (Corning 30-001-CI). Cells were cultured in a 5% CO, atmosphere, 37°C
humid incubator.

SEEL and proteomics - One-Step SEEL and proteomics - Cell surface labeling was
performed in serum free DMEM with 42 pg/mL ST6Gall and 100 uM CMP-Sia-C5-
biotin, 12 pL of BSA (2 mg/mL), 12 pL of alkaline phosphatase, with or without 6 pL of
Arthrobacter ureafaciaens (AU) neuraminidase for 2 h at 37 °C in total 1.8 mL of volume
per 10 cm plate of confluent cells. After lysis of the labeled cells on plate with RIPA
buffer, immunoprecipitation of 800 pg of lysate was performed with anti-biotin antibody
followed by SDS-PAGE, silver-stain, and in-gel digestion of proteins. Proteomic analysis
was performed exactly as described previously (23).

Western Blotting, Immunoprecipitation, and Phospho-Receptor Tyrosine Kinase

Assay — Cells were washed with DPBS and then lysed on ice with lysis buffer 17
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(phospho-RTK kit) supplemented with protease inhibitor mixture. Lysed cells were
centrifuged at 14,000 rpm for 8 minutes and the supernatant was removed and saved.
Protein concentration was determined using the Micro BCA Protein Assay Kit (Thermo
Scientific 23235). Immunoprecipitation with anti-biotin antibody coated protein G beads
was performed as previously reported (24). Proteins were separated by SDS-
polyacrylamide gels (161-0148), and transferred to 0.45 pum nitrocellulose membranes
(162-0115). Membranes were blocked with 5% non-fat dry milk in tris buffered saline
plus 0.1% Tween 20 or with 5% bovine serum albumin in Tris buffered saline plus 0.1%
tween 20 in the case of phospho-Met immunoblotting. Immunoreactive bands were
identified with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific
34080) and imaged and quantified using a Bio-Rad ChemiDoc MP imaging system.
Human Phospho-RTK Arrays were performed according to manufacturer’s instructions
(R&D Systems ARYO001B).

Reverse transcriptase PCR and quantitative reverse transcriptase PCR — For RT-
PCR, RNA was extracted using Trizol (Life Technologies, cat# 15596026) from
trypsinized cell pellets. For qPCR, RNA was extracted from cell pellets using a Qiagen
RNeasy Plus Kit (cat#74134). cDNA was prepared using Quanta qScript XLT cDNA
SuperMix (cat#95161). Thermo Scientific PCR Master Mix (2X) (K0171) was used for
RTPCR reactions and Quanta PerfeCta Sybr Green FastMix (cat#95072). The primers
used for RT-PCR or qPCR are shown in Table S2.

b-Amyloid-40 uptake assay — 1 X 10" cells were plated per well in a 96-well tissue
culture dish, and allowed to adhere overnight. The following day, cells were treated with

2uM human b-amyloid peptide (1-40), HiLyte Fluor 647-labeled (Anaspec) or DMSO in
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complete DMEM growth media for 16 hours in 5% CO, atmosphere, 37°C humid
incubator. Following 16 hours of incubation, media was removed and cells were rinse
twice with DPBS. Cells were then lysed in RIPA buffer and fluorescence was read using
a Synergy plate reader.

Confocal Immunofluorescence Microscopy — 6 X 10* cells were plated on gelatin
coated coverslips in 12-well plates one day prior to staining. Immunofluorescence
staining was performed according to manufacturer’s instructions (Cell Signaling
Technology), but 0.15% Triton X-100 was used instead of 0.3%.

Pervanadate and Trolox treatment — 6 X 10* cells were plated in 12-well plates one
day prior to treatment. Cells were incubated for 20 minutes at 37°C with 1 pM, 5 uM, or
10 uM of pervanadate. Following treatment, cells were rinse and SDS-PAGE and
Western blotting were performed as described. For Trolox experiments, cells were plated
at 50% confluence and treated with 5 puM of Trolox dissolved in DMSO. Trolox
incubations were performed for 96 hours, with media change and Trolox replacement
after 48 hours, followed by Western blot analysis.

Analysis of Cellular ROS Levels — Reactive oxygen species (ROS) levels were
determined using the ROS indicator dye carboxy-H,DCFDA. Cells were seeded at 75%
confluence one day prior to ROS measurement. 2mM carboxy-H,DCFDA in DMSO was
prepared fresh before each experiment. Cells were trypsinized and resuspended in
DMEM containing 0.1% BSA and incubated with 20 uM carboxy-H,DCFDA for 45
minutes in a rocking 37°C chamber. Cells were quickly pelleted and resuspended in

DPBS and ROS levels were read using a Synergy plate reader.
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Rescue Experiments with WT GlcNAc-1-phosphotransferase — GNPTAB-/- HelLa
cells were transfected with lug of WT GIcNAc-1-phosphotransferase using
Lipofectamine 3000 (Invitrogen) several hours after plating at 75% confluence in 6-well
plates. Following overnight incubation, transfection media was removed and replaced
with fresh growth media. Enzyme assays or SDS-PAGE and Western blotting were

performed 120 hours after transfection.
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Figure 3.1: GNPTAB-/- cells have dynamic changes in cell surface
sialoglycoproteins. (A) Representative immunoblot using an anti-biotin antibody of
parental HeLLa, GNPTG-/-, and GNPTAB-/- cells following ST6Gall SEEL in the
presence or absence of neuraminidase. (n=3) (B) Biotin immunoblot of parental HeLa
and GNPTAB-/- cells used for subsequent MS analysis. Samples either received no
SEEL or ST6Gall SEEL in the presence of neuraminidase. (C) Venn diagram comparing
the total number proteins identified in two biological replicates following ST6Gall SEEL
and proteomic analysis. (D) Fold change comparing GNPTAB-/- to parental HeLa of the
most abundant assigned proteins plotted using a log2 scale. Blue indicates uptake
receptors, green indicates protein-tyrosine phosphatases, and red indicates receptor
tyrosine kinases (RTKs). Error bars indicate standard error of the mean calculated from
two independent labeling experiments.
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Figure 3.2: Surface reduction of the reuptake receptor LRP1, results in decreased
ligand uptake in GNPTAB-/- cells. (A) Representative 3-LRP1 immunoblot following
biotin immunoprecipitation of ST6Gall SEEL labeled parental HeLa and GNPTAB-/-
cells (n=5). 20 pg of protein was loaded for input (I) and flowthrough (F) fractions, and
100ug of protein was loaded for the elute (E) fraction. (B) RT-PCR of LRP1 from
parental HeLa, GNPTG-/-, and GNPTAB-/- cells with RPL4 as a control gene. (C)
Amyloid--40-647 cellular uptake represented in relative fluorescent units (RFU). Cells
were treated with 2 uM AB-40 for 16 hours. Mean and standard deviation values obtained
from four biological replicates with at least three technical replicates for each experiment.

**p<0.01
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Figure 3.3: GNPTAB-/- cells have increased levels of multiple phosphorylated
receptor tyrosine kinases. (A) Representative image of a human phospho-RTK array
analysis of HeLa parental control and GNPTAB-/- cells (n=3). Receptors with high
signal or large change in signal between HeLa parental control and GNPTAB-/- are
labeled. (B) Fold change of the signal intensity of individual spots comparing GNPTAB-
/- to HeLa parental control obtained from three biological replicates. Error bars denote
standard deviation.
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Figure 3.4: Met and phospho-Met levels are increased in GNPTAB-/- cells. (A)
Whole cell lysates (100 pg) immunoblotted for pMet or Met, with B-actin as a loading
control (n=4). (B) Fold change of GNPTAB-/- to HeLa parental control densitometry
calculated from four biological replicates. *p<0.05 and **p<0.01. (C) Met immunoblots
following anti-biotin immunoprecipitation of parental HeLa control and GNPTAB-/-
SEEL labeled cells (n=4). 40 pg of protein was loaded for input (I), flowthrough (F), and
elute (E) fractions. (D) Confocal microscopy of HeLa parental control and GNPTAB-/-
cells stained for pMet (green) and Lampl (red) with nuclei labeled in blue. (E) qPCR
transcript abundance measured in fold change of GNPTAB-/- to HeLa parental control of
two Met target genes from three biological replicates. ***p<0.001.
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Figure 3.5: pMet increases are tied to elevated ROS in GNPTAB-/- cells. (A) Whole
cell lysates (100 pg) immunoblotted for pMet or Met following 20 min treatment with
sodium pervanadate (n=2). Arrowheads indicate size shift of Met. (B) Densitometric
analysis of the pMet to Met ratio. Error bars indicate standard error of the mean from two
biological replicate experiments. (C) ROS levels were measured following a 45 min
incubation of trypsinized cells with 2 mM carboxy-H,DCFDA (n=4). The fold change of
ROS was calculated as the ratio of GNPTAB-/- to the parental HeLa control, setting the
parental control value to 1. **p<0.01. (D) Representative immunoblot of pMet and Met
following 5 min treatment of parental HeLa cells with variable concentrations of
hydrogen peroxide (n=4). (E) Total cell lysates from GNPTAB-/- cells treated for 96
hours with 0.5 mM Trolox were immunoblotted for pMet and Met, with B-actin serving
as a loading control. A representative image of four biological replicates is shown.

111



>

_ %‘200' m3-gal
*S' g 150- B B-hex
-} -
= g 100
[SN7)]
LQL) § 50-
o 0
Cntrl AB” AB™”
Rescue
B
AB"-
Cntrl G AB”"Rescue
140— s s | pMet
Met
140— L e—

120— (¢« St O | Lamp'

- W | B-actin

Figure 3.6: Wild type GlcNAc-1-phosphotransferase partially rescues lysosomal
function in GNPTAB-/- cells. (A) GNPTAB-/- cells were transfected with wild type
GlcNAc-1-phosphotransferase and cultured for 120 hours and then intracellular
glycosidase activities of B-galactosidase and B-hexosaminidase were measured. Mean and
standard deviation values obtained from parental HeLa cells are set to 100% (n=4). (B)
Following 120 hours transfection, 100 pg of whole cell lysates were immunoblotted for
pMet, Met, and Lamp. B-actin was used as a loading control (n=3).
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CHAPTER 4: DISCUSSION AND FUTURE PERSPECTIVES

Alterations in signaling pathways can lead to developmental abnormalities, and
cancer at later stages in life. Often, signaling changes occur as a direct result of mutations
affecting either growth factor ligands or their receptors. For example, in some cancers,
receptor tyrosine kinases (RTKs) remain constitutively active in the absence of ligand
simulation due to transforming mutations [1]. Mutations in growth factors are not solely
the cause of enhanced signaling, but seem to be the main focus of study. The research
presented in this dissertation provides two mechanisms by which growth factor signaling

is enhanced through loss of carbohydrate mediated lysosomal targeting.

The Contribution of Extracellular Cathepsins to Mucolipidosis I Pathology

This research provides a direct mechanism whereby the extracellular activity of a
cathepsin protease can drive disease pathology. Using a zebrafish model of MLII we
show that cathepsin K (CtsK) has increased and sustained activity localized outside of
chondrocytes. Further, we provide evidence to support an in vitro mechanism of latent
growth factor activation. Based on in vitro digestions combining CtsK with latent TGFp,
we show that CtsK preferentially cleaves the latency associated peptide of TGFP (Figure
2.2B). Interestingly, mature TGFp ligand appears to be less susceptible to CtsK activity.

Digestions with the LLC show that CtsK preferentially cleaves LTBP. There are several
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possibilities for this, first that CtsK has a higher preference for LTBP, or cleavage is
conformation based. It is possible that the CTSK cleavage sites for LAP need to be
uncovered from LTBP first. These findings support a direct mechanism of latent TGFf3
activation, which could be occurring in vivo. Further, determining the sequence specific
cleavages of LAP and LTBP by CtsK would be informative, and provide information
about the specificity of CtsK. Previous experiments in the lab were aimed at mapping the
cleavage pattern of LAP following CtsK digestion using Edman Sequencing. Ultimately
these experiments proved problematic and were not completed, but future studies could
be completed by proteomic analysis of digested LAP.

Previous studies indicated that the C-terminal glycan of zebrafish CtsK is the
primary site of N-glycosylation and removal of this site leads to enhanced activity. To
assess the contribution of mannose phosphorylation to CtsK secretion and activity in
vivo, N-glycan deleted CtsKk mRNA was injected into WT embryos. mRNA injection
lead to inconclusive results, as there were several limitations to this experiment: CtsK
overexpression was systemic and endogenous CtsK was still present, further embryos
displayed severe phenotypes uncharacteristic of MLII. These findings do not conclude
that hypersecretion of cathepsin K is sufficient to recapitulate ML-II. Therefore, to
delineate the interaction between extracellular CtsK and latent TGFB in vivo, our lab is
generating transgenic zebrafish expressing N-glycan deleted CtsK. Additionally, CtsK
will be under the control of a tissue specific promoter to ensure expression in cartilage.
These experiments will provide further support that hypersecretion of CtsK is the

causative mechanism of craniofacial abnormalities in morphants.
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Cathepsins K and L are two cathepsin proteases that have increased and sustained
activity in MLII embryos. Both cathepsins contain putative N-glycan sites, indicative of
M6P modification and potential hypersecretion in MLII. Cathepsin proteases are
synthesized as inactive zymogens, with a propeptide region that must be removed to yield
a functional enzyme [2-4]. In the lysosome, cathepsins are activated by low pH and
proteolysis by other cathepsins. Our data shows that the majority of CtsK activity in
MLII morphants is localized outside of chondrocytes, with CtsK existing in the active
mature form. Thus if cathepsin L (CtsL) is hypersecreted in morphants, it could
contribute to CtsK activation. The reverse is also true, that CtsK could activate CtsL in
the ECM. This idea is supported by the fact that inhibition of CtsK activity in morphants
leads to a concomitant reduction in CtsL activity as well. This suggests a correlation
between elevated CtsK activity and other cathepsin activity in MLII zebrafish.

Future studies looking at the contribution of CtsL to disease pathology would be
beneficial. Interestingly, LLC digestions with CTSL yielded a distinct cleavage pattern of
LTBP (Figure 2.3B). Since these digestions were performed at a neutral pH, this suggests
that CtsL has a broader pH range than previously published [5-7]. Early studies in the lab
aimed at reducing CtsL expression in morphants. One drawback to this line of work is the
fact that zebrafish have several CtsL genes and isoforms, which have very high
homology. Upon reduction of one CtsL gene, the other CtsL genes responded. Specific
morpholinos or pharmacological inhibitors will be needed to assess the specific
contribution of each gene in regards to MLII pathogenesis.

There is an interesting link between TGFP signaling and CtsL transcript

abundance. A study in activated stromal fibroblasts showed that increased TGFf
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signaling leads to elevated CtsL transcript abundance [8]. This is relevant to MLII
zebrafish because CtsLla and CtsL1b transcripts are increased as seen through qPCR
analysis (see figure 4.1). It is currently unknown as to whether this is because of
enhanced TGFp signaling or from some other mechanism, but data suggests that elevated
CtsL transcript is related to TGF. As seen in figure 4.1, reduction of TGFf signaling in
morphants reduces CtsLla and CtsL1b transcript abundance. This data supports a tie

between elevated TGF signaling and CtsL transcript abundance in morphant embryos.

Excessive TGFp Signaling: A Hallmark of Disease

Growth factor signaling regulation is essential for proper chondrogenesis, and
imbalance leads to pathogenesis. This is evidenced by increased activated Smad2,3 and
decreased Smadl,5,8, which impairs chondrocyte differentiation. Notably, the growth
factor imbalance in morphants is also seen in the growth plates of MLII kittens [9]. In
long bones, mesenchymal progenitors give rise to chondrocytes and osteoblasts, which is
controlled through TGFB and BMP signaling. Smad2,3 in coordination with Sox9 drive
chondrogenesis while Smad1,5,8 induction of Osx induces an osteogenic fate. Figure 4.4
shows a schematic of this process. Based on immunohistochemical analysis, MLII kittens
have increased Sox9 expression in hypertrophic chondrocytes. Further, osteoblasts
expressed more pSmad3 and less pSmadl. These findings support imbalanced growth
factor signaling is a disease mediator in both a zebrafish model of MLII and in a naturally
occurring feline model.

Excessive TGFf signaling is implicated in several other genetic disorders,

including osteogenesis imperfecta, Marfan syndrome, and Camurati-Engelmann Disease.
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Osteogenesis imperfecta (OI) is heritable in both a dominant and recessive manner, with
mutations in type I collagen or the cartilage-associated protein (CRTAP) respectively
[10]. In OI, hypomorphic mutations of CRTAP lead to collagen overmodification and
alterations in the signal-modulating function of the bone matrix. Specifically, TGFf
signaling is increased as a product of reduced sequestration of TGFf in the ECM. The
authors of a 2014 study on OI, suggest that reduced collagen binding of decorin leads to
defects in decorin’s ability to sequester TGFp [11]. These findings are interesting and
could relate to the increased TGFp signaling seen in zebrafish morphants. It is possible
that the presence of extracellular cathepsins destabilizes the ECM. CtsK is a potent
collagenase known to cleave the triple-helical region of type II collagen [12]. Thus
extracellular localized CtsK could degrade type II collagen and affect its interaction with
other matrix components and growth factors. Further, decorin expression is reduced in
morphant embryos based on in situ analysis and qPCR transcript abundance [9].
Therefore, it is possible that CtsK mediates TGFf signaling both directly and indirectly
by altering the ECM to enable easier liberation of latent growth factors.

Marfan syndrome is an autosomal dominant genetic disorder characterized by
increased TGF signaling. It is caused by mutations in the ECM glycoprotein fibrillin-1
[13]. Fibrillin is a matrix protein that mediates LTBP incorporation into the ECM [14].
As described in detail in the introduction section, LTBP is the latent TGFf binding
protein that forms the large latent complex with LAP-TGFfB. In Marfan syndrome,
mutations in the fibrillin-1 gene leads to increased liberation of TGFf from the matrix,
due to impaired interaction with LTBP. Analogous to MLII, there does not appear to be

an increase in TGFp ligand, but rather an increase in activation. In MLII zebrafish there
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is no change in transcript abundance of TGF3 or BMP genes compared to WT embryos.
This suggests that the signaling imbalance in morphants is caused by post-translational
activation of latent growth factors. Parallels with other genetic disorders causing
increased TGFp signaling, support a model of increased liberation of active TGFf from

latent forms.

MLII Therapy

There is currently no cure for MLII, and treatment options are aimed at symptom
relief rather than combating disease pathology. Gene therapy for genetic disorders is still
far from becoming a reality; therefore it is essential to develop other treatment options.
Recently, CtsK inhibitors have proven effective for treatment of osteoporosis and
osteoarthritis. Osteoporosis is caused by an imbalance of bone resorption and bone
formation, leading to low bone mineral density and increased bone fragility and fracture
risk [15]. Current osteoporosis therapies are designed to inhibit osteoclast-mediated bone
resorption. Similar to osteoporosis, ML-II patients suffer from elevated bone resorption.
The CtsK inhibitor, odanicatib, has shown much potential as an osteoporosis therapy, and
could be useful for treating MLII [16, 17]. Other osteoporosis drugs function in an
antiresorptive manner to reduce osteoclast activity, and can reduce osteoclast number.
Clinical trials with odanicatib show that it does not affect osteoclast viability and cellular
activity.

Studies in our lab use odanicatib as a potent CtsK inhibitor to treat morphant
embryos. Odanicatib yields comparable results to genetic knockdown of CtsK, indicating

it’s potential as a therapeutic drug in zebrafish. Based on similarities between human
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MLII and morphants, odanicatib could be a potential drug to treat patients. While
odanicatib reduces CtsK activity and rescues the signaling imbalance in MLII zebrafish,
it does not correct the misslocalization of CtsK. One of the main drivers of pathogenesis
in MLII human patients is the persistent accumulation of lysosomal storage. This differs
from zebrafish morphants, as they do not develop storage during the early developmental
time points studied. Therefore pathology in morphants is caused by the extracellular
presence of hypersecreted cathepsins. Based on this, odanacatib treatment in patients may
not address the issue of lysosomal storage. Thus studies in cell culture and other animal
models that have storage would be beneficial.

As we have shown in our zebrafish model of ML-II, TGFf signaling is greatly
increased causing altered craniofacial cartilage development. The previous section
addressed elevated TGF signaling in other genetic disorders, such as Marfan syndrome.
A 2006 study published in Science detailed research using Losartan, an angiotensin II
type I receptor (AT1) antagonist to treat a mouse model of Marfan’s [18]. Losartan is a
competitive inhibitor of angiotensin II, and has been shown to reduce TGFp signaling
[19, 20]. Zebrafish experiments in our lab have used Losartan to decrease TGFf signaling
in morphant embryos. Based on Alcian Blue analysis, Losartan treatment rescued the
craniofacial phenotype of morphant embryos. Further analysis by in situ hybridization
showed that Losartan rescued the TGFf dependent gene Col2al. Interestingly, losartan
also rescued the BMP dependent gene, Coll0a in morphant embryos. Based on qPCR
analysis, losartan treatment also appears to rescue the TGFf effectors Smad2,3, which

have increased abundance in morphants. Based on our findings in zebrafish and studies
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on Marfan syndrome, Losartan is an effective TGF antagonist. Future experiments in

zebrafish should address Smad activation levels following Losartan treatment.

SEEL Applications and Future Studies in GNPTAB-null HeLa Cells

Using a GNPTAB knockout HeLa cell line, we profiled cell surface
sialoglycoproteins by selective exo-enzymatic labeling (SEEL). This one step process
combines recombinant glycosyltransferases with labeled sugar nucleotides in the
presence of a sialidase to provide terminal galactose acceptors [21]. In chapter three we
used the sialyltransferase ST6Gall, which transfers sialic acid to N-glycans by a 2,6
linkage [22]. SEEL has the added advantage of labeling proteins with slow turnover,
which can be missed when using metabolic labeling. Further, in metabolic labeling, azide
sugars compete with endogenous sugar precursors. SEEL is efficient and does not require
the synthesis of new glycoproteins or the biosynthetic machinery of the cell. Therefore,
SEEL provides an accurate real time profile of cell surface sialoglycoproteins.

In chapter three, SEEL followed by proteomic analysis identified decreased
abundance of uptake receptors and increased abundance of receptor tyrosine kinases
(RTKs) on the cell surface of GNPTAB-/- cells. The reduction of the uptake receptor
LRP1 was especially interesting because of its role in enzyme reuptake. LRP1 functions
to reuptake non-phosphorylated lysosomal enzymes from the cell surface [23]. The
reduction of LRP1 in GNPTAB-/- cells is functionally relevant as measured by reduced
uptake of the ligand AB-40. It is possible that this is a disease modifier in GNPTAB-/-

cells since misstargeted lysosomal hydrolases may not be taken up as efficiently.
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Proteomics also revealed reduced surface abundance of several RTKs in
GNPTAB-/- cells. Interestingly, this reduced surface abundance did not correlate to
reduced activation. Based on human phospho-RTK analyses, RTKs from GNPTAB-/-
cells were globally increased in phosphorylation status. This presents an intriguing
finding that suggests these RTKs are either not being turned over or their
dephosphorylation status is deregulated. Our findings support both of these mechanisms
with respect to the c-Met receptor. We show that it has increased expression within
lysosomes as evidenced by colocalization with the lysosomal marker LAMPI. Further,
the main protein-tyrosine phosphatase (PTP) that acts on phospho-Met (PTPRJ/Dep-1)
has reduced abundance on the cell surface of GNPTAB-/- cells based on proteomic
analysis. This is coupled to an increase in reactive oxygen species (ROS), which has been
shown to inactivate PTPs [24, 25]. We show that treatment with an antioxidant reduces
phospho-Met levels, tying activated Met to increases in ROS.

Multiple types of ROS (peroxides, superoxide, hydroxyl radical) can cause
oxidative stress, and in this study we used a pan-ROS indicator dye that does not
differentiate between species [26]. Future experiments using specific ROS indicators
would be useful to determine which species are increased in GNPTAB-/- cells. Based on
this, antioxidant treatment can be tailored to the specific ROS upregulated in GNPTAB-/-
cells. The cause of the global increase in phospho-RTKs in GNPTAB-/- cells is another
intriguing question. Is this global activation caused by increases in ROS, and if so can
activation be reduced through antioxidant treatment? Future experiments will address

these questions.
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Additional studies looking at PTP activity would be useful to determine their
activity level in GNPTAB-/- cells. Another way to look at the affects of PTP activity on
Met activation would be to reduce PTP activity or expression in HeLa parental cells. This
could be done through siRNA knockdown of Dep-1, which is known to act on Met [27].
We would expect knockdown of Dep-1 to show an increase in Met phosphorylation
similar to GNPTAB-/- levels. Reduction of storage is another way to potentially rescue
Met signaling, unfortunately previous studies using total enzyme replacement therapy in

GNPTAB-/- cells were unsuccessful.

Receptor Function and Activity is Modified by Glycosylation

Lysosomal storage and enzyme secretion are hallmark features of MLII, but little
is know about the affects of secreted glycosidases. Further, how are cell surface
glycoproteins affected by secreted glycosidases? Research from Yang and colleagues
defines a mechanism whereby endogenous circulating glycosidases remove terminal
saccharides from secreted proteins, leading to their internalization and turnover [28]. As
proteins age and are in circulation they are exposed to endogenous extracellular
glycosidases leading to the sequential removal of sugar moieties. Removal of terminal
sugars generates ligands for lectin recognition and binding. This natural process could be
potentiated in GNPTAB-/- cells due to the increased secretion of glycosidases. To
support this idea, ST6Gal SEEL shows increased labeling of GNPTAB-/- cells in the
absence of neuraminidase, indicating exposed terminal galactose residues (Figure 3.1A).
Further the increased presence of exposed saccharides could increase lead to an increase

in protein internalization. Based on the storage burden of these cells, endocytosis and
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turnover and most likely affected. Future experiments treating GNPTAB-/- cells with a
sialidase inhibitor would be interesting to see how reducing glycan trimming affects
receptor internalization. Further, we could learn if glycan trimming affects RTK
phosphorylation status and signaling by looking at Met receptor phosphorylation.

Glycosylation status affects the function of many proteins by mediating their
recognition and binding ability. This is evidenced by the cooperative action of LRP1 and
heparan sulfate proteoglycan (HSPG) in amyloid-beta uptake [29]. Both LRP1 and HSPG
colocalize to amyloid plaques in Alzheimer’s disease (AD) and coimmunoprecipitate as a
complex from the cell surface. Further HSPG deficiency or heparin treatment decreases
amyloid-beta binding and uptake.

Based on experiments detailed in chapter three, we show a functional decrease in
LRPI dependent uptake of the ligand AB-40 in GNPTAB-/- cells. We believe this
decrease stems from reduced abundance of LRP1 at the surface. While we do not have
information regarding the glycosylation status of LRP1 in GNPTAB-/- cells, it could
affect its binding and uptake ability. Glycan analysis of LRP1 in GNPTAB-/- cells and

parental HeLa cells would be beneficial.
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Figure 4.1 TGFp reduction in ML-II embryos reduces CtsL transcript. (A) CtsLla
(B) CtsL1b, qPCR of 4dpf WT and ML-II embryos treated with three concentrations of
SB505124. n=15 embryos/sample, at least 3 experiments. RPL4 was used as a
normalizer. ** p <0.01, *** p <0.001.
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APPENDIX: SUPPLEMENTAL TABLE

Replicate 1 Replicate 2
Average
Gene | Hela | GNPTAB| IO Gene Heta | GnpTaB | PO | TRgd
change Change
Change
ABCC1 25 46 1.84  ABCCI 31 29 0.94 1.39
ADAMI15 10 12 1.20 ADAMI5 14 10 0.71 0.96
AGRN 6 14 233  AGRN 15 3 0.20 1.27
ALCAM 97 187 1.93 ALCAM 122 168 1.38 1.65
AMIGO2 8 23 2.88  AMIGO2 14 14 1.00 1.94
ANXA2 7 13 1.86  ANXA2 11 7 0.64 1.25
ATP1Al 35 123 351  ATP1Al 126 123 0.98 2.25
ATP1BI 13 30 231  ATPIBI 48 43 0.90 1.60
ATP1B3 29 73 2.52  ATPIB3 43 45 1.05 1.78
AXL 24 73 3.04 AXL 28 49 1.75 2.40
BCAM 26 18 0.69 BCAM 22 14 0.64 0.66
BSG 138 242 1.75 BSG 185 241 1.30 1.53
BST2 23 27 1.17  BST2 28 34 1.21 1.19
BTN2A1 11 17 1.55 BTN2Al 11 13 1.18 1.36
CACNA2DI1 45 23 0.51 CACNA2DI1 32 31 0.97 0.74
CD109 79 145 1.84  CDI109 86 107 1.24 1.54
CD276 92 90 098 CD276 89 90 1.01 0.99
CD44 120 143 1.19 CD44 110 158 1.44 1.31
CD46 30 66 220 CD46 60 68 1.13 1.67
CD55 41 59 144  CDS55 48 74 1.54 1.49
CDS§2 8 10 1.25 CD82 14 14 1.00 1.13
CD97 83 103 1.24  CD97 91 113 1.24 1.24
CDCP1 64 88 1.38  CDCP1 56 92 1.64 1.51
CDH2 115 108 094 CDH2 111 87 0.78 0.86
CELSRI1 11 30 2.73  CELSRI 18 15 0.83 1.78
CLU 8 12 1.50 CLU 17 12 0.71 1.10
CNNM3 22 30 1.36 CNNM3 34 23 0.68 1.02
CNNM4 8 18 2.25 CNNM4 17 11 0.65 1.45
CSPG4 174 227 1.30 CSPG4 171 197 1.15 1.23
CTNNBI1 136 94 0.69 CTNNBI 130 79 0.61 0.65
CXADR 22 37 1.68 CXADR 38 33 0.87 1.28
DAGI1 75 91 1.21  DAGI 126 139 1.10 1.16
DCBLD1 18 12 0.67 DCBLDI 21 18 0.86 0.76
DSG2 74 160 2.16 DSG2 122 167 1.37 1.77
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ECEl
EDIL3
EGFR
ENG
EPHA2
EPHA7
EPHB4
ERBB2
FAP
FAS
FATI1
FAT4
GPC1
GPR56
ICAM1
IGF1R
IGF2R
IGSF3
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ITGB1
ITGB4
ITGBS
JUP
KIAA1161
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LAMBI
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LDLR
LNPEP
LRP1
LRRCS8A
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50
16

93
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64
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10
23
69
28
43
50
54
201
33
45
13

26
51
27
170
79
220
175
331
209
40
112
19
46
293
25
32
37
29
72
91
103
18

1.11
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1.33
1.60
1.26
0.22
1.46
1.10
2.88
0.71
3.83
1.01
0.72
1.54
1.25
0.95
0.93
0.44
1.80
0.81
0.90
1.37
0.63
3.86
1.44
0.68
1.61
1.31
1.05
5.81
1.38
0.98
0.61
1.44
1.68
0.66
1.60
1.76
2.42
1.06
0.49
2.06
1.13
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34
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13
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52
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34
33
41
58
51
160
31
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71
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151
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14
20
21
52
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68

0.89
0.23
1.64
0.75
2.24
0.12
1.63
1.12
0.85
0.69
0.91
0.47
0.63
1.03
1.29
0.96
0.83
0.46
1.68
0.60
0.40
0.80
0.88
3.00
1.84
0.62
1.93
1.25
1.16
4.04
1.53
1.00
0.50
0.70
1.72
0.35
1.08
0.69
1.17
0.79
0.29
1.10
0.38

1.00
0.45
1.48
1.18
1.75
0.17
1.55
1.11
1.86
0.70
2.37
0.74
0.68
1.28
1.27
0.95
0.88
0.45
1.74
0.71
0.65
1.08
0.75
343
1.64
0.65
1.77
1.28
1.11
4.93
1.46
0.99
0.56
1.07
1.70
0.51
1.34
1.23
1.79
0.92
0.39
1.58
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NPTN
NRP1
PCDH7
PDCD6IP
PIEZO1
PLXDC2
PLXNAI1
PLXNA2
PLXNB2
PLXNDI1
PODXL
PTGFRN
PTK7
PTPRA
PTPRD
PTPRF
PTPRJ
PTPRK
PTPRS
PVR
PVRL3
ROBO1
ROR2
SCARBI1
SEMA3C
SERPINE1
SLC12A2
SLC1AS
SLC2A1
SLC39A10
SLC39A14
SLC39A6

14
93
91
43

55

31
89
42
50

19
45
12
19
20

135
29
44
25
43
12
11

106

9

24
232
195
14
11
19
12
50
73
75
61
22
40
71
29
40
17
22
15
197
51
86
12
40
32
20
140
66
11
30
37
15
70
23
44
31
15
32
41
36
16
55
15

1.71
2.49
2.14
0.33
1.57
0.35
1.33
1.61
0.82
1.79
1.22
2.44
2.11
1.58
2.42
2.11
0.85
2.75
3.00
1.46
1.76
1.95
0.48
0.93
2.67
1.82
1.32
0.80
0.30
1.43
0.97
1.50
1.21
1.77
1.42
1.82
1.50
1.39
1.28
3.00
1.60
1.57
1.67

LRRC8D
MCAM
MET
MRC2
MSLN
MUCI16
MYOF
NCSTN
NOTCH2
NPR1
NPR3
NPTN
NRP1
PCDH7
PDCD6IP
PIEZO1
PLXDC2
PLXNAI1
PLXNA2
PLXNB2
PLXNDI1
PODXL
PTGFRN
PTK7
PTPRA
PTPRD
PTPRF
PTPRJ
PTPRK
PTPRS
PVR
PVRL3
ROBO1
ROR2
SCARBI1
SEMA3C
SERPINE1
SLC12A2
SLC1AS
SLC2A1
SLC39A10
SLC39A14
SLC39A6
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25
120
75
25
11
33
14
26
72
41
58
20
15
54
14
20
26

11
151

11

25
249
176

12
17
39
60
64
54
18
35
133
31
21
13
16
14
175
37
104
14
25
19

107
57
67
23
36
10
52
20
38
20
11
22
33
22
20
46

1.00
2.08
2.35
0.16
0.55
0.36
1.21
1.50
0.83
1.56
0.93
0.90
2.33
2.46
2.21
1.05
0.50
1.78
1.27
1.16
2.47
3.35
0.64
0.78
2.38
0.30
1.39
0.79
1.56
0.96
0.88
0.53
1.16
0.65
1.12
0.95
0.69
0.81
0.85
1.00
1.82
1.44
0.70

1.36
2.28
2.24
0.24
1.06
0.35
1.27
1.56
0.83
1.67
1.08
1.67
2.22
2.02
2.32
1.58
0.68
2.26
2.14
1.31
2.11
2.65
0.56
0.86
2.52
1.06
1.36
0.79
0.93
1.19
0.93
1.01
1.18
1.21
1.27
1.39
1.09
1.10
1.06
2.00
1.71
1.50
1.18



SLC3A2
SLC44A2
SLC7AS
SLITRK4
ST6GALI1
TFRC
THBS1
TMEMI132A
TMEM2
TPBG
VASN

909

16

137

15
22

417

42
20
48
15
30

1030
23
154
17
26
660
32
28
54

13
77

1.13
1.44
1.12
1.13
1.18
1.58
0.76
1.40
1.13
0.87
2.57

SLC3A2
SLC44A2
SLC7AS
SLITRK4
ST6GALI1
TFRC
THBS1
TMEMI132A
TMEM2
TPBG
VASN

1113

14

172

25
33

428

35
21
36
14
62

1123
32
188
15
79
622

17
15
43
16
66

1.01
2.29
1.09
0.60
2.39
1.45
0.49
0.71
1.19
1.14
1.06

1.07
1.86
1.11
0.87
1.79
1.52
0.62
1.06
1.16
1.00
1.82

Supplemental Table 1: Spectral counts and fold change of GNPTAB-/- to HeLa. Data

represents proteins detected after ST6Gall SEEL and biotin immunoprecipitation by

MS/MS. Proteins listed were detected in two biological replicates and have spectral counts

above 10.
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