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ABSTRACT

Niemann-Pick type C1 (NPC1) disease is a neurodegenerative lysosomal storage
disorder characterized by the accumulation of multiple lipids in the Ilate
endosome/lysosomal system and reduced acidic store calcium levels. Since the
lysosomal system is involved in regulating aspects of transition metal ion homeostasis
and its intracellular compartmentalization, we have investigated whether there are
metal ion metabolism defects and haematological abnormalities in NPC1 disease. We
have identified multiple haematological changes, including decreased haematocrit,
haemoglobin and mean corpuscular haemoglobin volume in Npcl” mice. Similar
haematological changes with low normal serum iron levels as well as low normal
haematocrit, haemoglobin, mean corpuscular volume and mean corpuscular
haemoglobin were observed in NPC1 patients, suggesting that NPC1 patients are at
risk of iron deficiency. Furthermore, decreased levels of serum iron, transferrin
saturation, elevated levels of serum copper and ceruloplasmin and up-regulated
expression of soluble transferrin receptor (s-TfR), ferritin levels in Npcl “ mice and
NPC1 patients were observed. Additionally, up-regulation of hepatic transferrin
receptor, down-regulation of hepatic hepcidin and altered expression of multiple
copper and zinc transporters were also found in Npcl “ mice. These data demonstrate
that systemic metal dyshomeostasis, intracellular metal compartmentalization defects
and impaired erythropoiesis occur in NPCI disease. As transition metal
dyshomeostasis may be involved in the pathogenesis of NPCI1 disease, we
hypothesized this may represent a novel therapeutic intervention point for adjunctive
therapy. To test this hypothesis, we have evaluated several metal manipulation
treatments, including metal supplementation, metal chelation and metal ionophore
treatments, in Npcl " mice. Our results revealed that (i) iron supplementation, (ii)
reduced copper absorption reagent (iii) and copper/zinc ionophore therapies
significantly either improved haematological abnormalities, neurological/motor
functions or survival in Npc/” mice. These data suggest that metal-targeted therapies

may be useful adjunctive therapies in NPC1 disease patients.
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Chapter 1: General Introduction
1.1 General Introduction
1.1.1 The lysosome

Lysosomes play a crucial role in intracellular catabolic pathways to degrade/
redistribute intracellular macromolecules (1, 2). However, there is growing evidence that they
also mediate plasma membrane repair, intracellular nutrient sensing, cellular signalling and

energy metabolism (2, 4).

Figure 1.1. The biological function of lysosomes. Lysosomes are involved in the
degradation and recycling of macromolecules. Lysosomes can fuse with
autophagosomes and with late endosomes. The lysosomal-mediated breakdown
products can be used to generate new cellular components and for energy production in
response to nutrient requirements. Lysosomes also undergo Ca>" regulated exocytosis
to secrete their contents into the extracellular space and to repair plasma membrane
damage. Upon plasma membrane injury, lysosomes can rapidly migrate to the
damaged site and fuse with the plasma membrane to allow efficient resealing. In
addition, lysosomes have been recently identified as signalling organelles that can
sense nutrient status and activate a lysosome-to-nucleus signalling pathway that
mediates the starvation response and regulates energy metabolism. This figure was
adapted from Saftig et al., 2009.

1.1.2 The function of lysosome-related organelles

Lysosome related organelles (LROs) are a group of heterogeneous cytosolic vesicles,
which share several common features with conventional lysosomes, including acidic pH,
specific lysosomes/LROs membrane proteins, and convergent biogenesis (5). Despite sharing
several features with lysosomes, LROs have further specialized and have distinct
morphologies, composition and contents (6). Lysosomes/LROs biogenesis and functional
defects have been identified in rare human genetic disorders, such as Hermansky-Pudlak
syndrome (HPS) and Chediak-Higashi syndrome (1), which suggests a close relationship
between lysosomes and LROs (7, 8). In addition, certain specialized cell types, such as
melanocytes and platelets, lysosomes and LROs co-exit, which suggested the presence of

distinct biogenesis and sorting pathways (6, 9) (Fig 1.2).

1?2



Figure 1.2. Comparison of the biogenesis of lysosomes and LROs (e.g.,

melanosomes and Weibel-Palade bodies). This figure presents the

differences, such as origin in the TGN versus origin in the EE for melanosomes

and Weibel-Palade bodies, and the similarities, such as continued receipt of

content after initial formation (tyrosinase versus CD63) and recruitment of

Rabs. Gold coating, AP-1; purple coating, AP-3; grey coating on stage I

melanosome, bilayered clathrin/Hrs coat. TGN, trans-Golgi network; EE, early

endosome; MVB, multivesicular body/late endosome; Tyr, tyrosinase; Tyrpl,

tyrosinase-related protein-1. This figure was adapted from Raposo et al., 2007.
1.1.2.1 The function of LROs in platelets

Platelets deliver pro-hemostatic proteins and other mediators to sites of vessel injury

(10). In addition to lysosomes, a- and d-granules are major platelet LROs, which release
mature secretory proteins and small molecules, such as ADP and serotonin upon stimulation
(9). a-granules are the most abundant vesicles in platelets, which store proteins that promote
platelet adhesiveness and wound healing (11, 12). d-granules number only three to eight per
platelet and store non-protein small molecules e.g. calcium, serotonin, ADP, ATP, and
polyphosphates (13); their membranes contain the lysosomal membrane proteins LAMP2 and
CD63/LAMP3, but not LAMPI. The high calcium content of d-granules gives them an
intrinsic electron density and their highly osmophilic properties cause them to appear dark on
transmission electron microscopy (13) (Fig 1.3). However, unlike other secretory cells,
circulating platelets do not form their own vesicles. Instead, bone marrow megakaryocytes
create the granules and transport them into developing pro-platelets via microtubule and actin
networks (14). During megakarocytopoiesis, a- and d-granules arise from the Golgi complex,
with Multivesicular bodies (MVBs) as intermediate structures (15). Immature
megakaryocytes contain numerous MVBs but few o- and d-granules (15). As the
development of megakaryopoiesis, the number of MVBs decreases, the number of a- and -
granules increases, a demarcating membrane system develops, and the granules enter nascent

pro-platelets (14). Pro-platelets released from the megakaryocyte fragments to form

individual platelets (16).
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Figure 1.3. Schematic diagram of a platelet. The platelet contains two
different types of LROs, including a-granules, 6-granules in addition to
conventional lysosomes. 8-granules containing ADP or ATP, Ca®" and
serotonin. a-granules containing several growth factors, platelet factor 4,
fibronectin, von Willebrand factor, fibrinogen and coagulation factors V
and XIII. Lysosomes contain multiple hydrolytic enzymes. The figure
was adapted from Flaumenhaft et al., 2013.

1.1.2.2 LROs and LRO-related disorders

In addition to melanosomes in pigmented cells and a- & 6-granules in platelets,
several other specialized types of LROs have been identified including; (i) lamellar-bodies in
pulmonary type II cells, (ii) azurophilic granules in neutrophils, (iii) basophil granules in
basophils, (iv) MHC class II compartment in B lymphocytes, dendritic cells and other antigen
presenting cells (v) and Weibel-Palade bodies in endothelial cells (5). LROs dysfunction
causes pathological features, including hypo-pigmentation, abnormal bleeding, immune
deficiency, lung dysfunction/fibrosis and osteopetrosis (7). However, limited LROs disorder
animal models are available (8, 17). Insights into LROs biogenesis and trafficking defects
could help elucidate the complex pathways involved and also identify therapeutic intervention

strategies for these LROs disorders (6).

1.1.3 Lysosomal Storage Disease (LSDs)

It is known that defects in genes encoding lysosomal proteins/enzymes can lead to
the accumulation of substrates that are not degraded in the lumen of the lysosome, leading to
storage of macromolecules that cause severe progressive disease (18).

These disorders are termed lysosomal storage diseases (LSDs) and are a relatively
large group of inherited diseases (>60 known) (19). They collectively affect 1:5000 live births
(18). The common feature of all LSDs is the initial accumulation of specific macromolecules,
such as lipids and carbohydrates, within the endosomal/lysosomal system (18). The age of
clinical symptom onset and clinical spectrum exhibited amongst different LSDs can be highly
variable depending on the severity of genetic mutations, the biochemical features of the stored

substrates and the specific cell types where storage occurs (19). The clinical features and
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storage substrates of several LSDs are summarized in Table 1.1 (19).

* This table was adapted from Platt et al., 2012.

1.1.4 Niemann-Pick type C (NPC) Disease

When compared with other LSDs, Niemann-Pick type C (NPC) disease is relatively
unique as it is caused by genetic mutations in either the NPC1 or NPC2 genes (20). Since the
similarity of clinical symptoms/phenotypes are identical, irrespective of whether NPC1 or
NPC2 dysfunction, it has been proposed that these NPC proteins may function in a common
cellular pathway (21). In addition to the neurodegenerative phenotypes, the other clinical
symptoms of NPC disease include learning difficulties, psychiatric problems, changes in
sleep patterns, epilepsy, loss of speech, vertical gaze palsy and respiratory dysfunction (20).
When compared with other LSDs, the biochemical features of NPC disease is also relatively
unique as the storage substrates within the endosomal/lysosomal system are highly complex,
including sphingosine, cholesterol, sphingomyelin and glycosphingolipids (20). In addition,
NPC disease is unique in having reduced acidic stored calcium levels (22).

Around 95% of cases of NPC disease are caused by mutations in the NPC1 gene
(23). NPCl1 is a 1278 amino acid integral membrane protein of the late endosome/lysosome
with a sterol-sensing domain (SSD) and belongs to the resistance-nodulation-cell division
(RND) permease superfamily (Figure 1.4) (24). The NPC1 protein has a cysteine-rich loop
with zinc binding activity (24). It has been suggested that the cysteine-rich loop is crucial for
the function of NPC1 protein for the transport of lysosomal cargos (24). Although the
biological functions of NPC1 remain controversial, NPC2 is generally accepted to function as

soluble lysosomal cholesterol binding protein (25).

Figure 1.4. Predicted topology of NPC1. NTD = N-termianl domain
and SSD — sterol sensing domain. This figure was adapted from Scott et
al., 2004.
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1.1.2 Systemic iron homeostasis

Iron is an essential trace element involved in multiple biological processes/reactions
and serves as a co-factor for the biosynthesis of iron-porphyria (heme) groups and iron-sulfur
[Fe-S] clusters for functional hemoglobin and cytochrome family molecules, such as
cytochrome ¢ and cytochrome P450s. For example, iron helps (i) maintain systemic oxygen
supply, (ii) regulate mitochondrial electron transport chain respiration (iii) and is involved in
the regulation of the biosynthesis of lipids, such as steroid hormones, and drug detoxification
reactions (26). In mammalian systems, systemic iron homeostasis is tightly regulated via
complex mechanisms and is involved at least four different cells types, including iron
absorption via duodenal enterocytes, iron storage in hepatocytes, iron utilization for
erythropoiesis by erythroid precursors and iron recycling through hepatic and splenic

reticuloendothelial macrophages (27, 28) (Fig 1.5).

Figure 1.5. Systemic iron regulation and its homeostasis. Dietary iron is
absorbed by enterocytes before being exported into plasma where it binds to
transferrin (Tf). Tf-bound iron is then delivered to tissues and cells (primarily
to reticulocytes) where it is incorporated into heme. Senescent erythrocytes
are phagocytosed by macrophages, which degrade hemoglobin and recycle
iron back into plasma where it again binds Tf. If iron is absorbed or released
into the plasma at a higher level than the iron-binding capacity of Tf, then the
excess, non-Tf-bound iron is deposited in parenchymal tissues. This figure
was adapted from Kaplan et al., 2008.

1.1.2.1 Iron absorption

Dietary iron uptake is mainly mediated by the divalent metal transporter 1 (DMT-1)
at the brush border of duodenal enterocytes (29). After uptake, iron is reduced by the
membrane-associated ferrireductase DcytB (30). Cytosolic iron can be exported into the
circulation by the basolateral iron exporter, ferroportin (30). In addition, enterocytic iron
export through ferroportin requires hephaestin, a multicopper oxidase homologous to
ceruloplasmin, which oxidases ferrious iron (Fe*") to ferric iron (Fe’") for loading onto Tf
(31) (Fig 1.6). Enterocyte mediated iron absorption can be up-regulated when physiological

demand increases, such as in pregnancy or when there is increased erythropoiesis (29).
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Figure 1.6. Enterocyte iron transporters mediate iron absorption. Fe’"
can be reduced to Fe’™ in the intestinal lumen by ferrireductase. Fe*" then
can be transported across the enterocytes by divalent metal transporter-1
(DMT-1). Fe*" is transported across the basolateral membrane of the
enterocyte by the iron exporter, ferroportin. The transported Fe" is oxidized
back to the Fe’* form by ferroxidase. Fe’* is then incorporated into
transferrin in the serum. Cytosolic iron can be stored as ferritin inside the
enterocytes. This figure was adapted from Scohen et al., 2011.

1.1.2.2 Iron recycling

Hepatic and splenic reticuloendothelial macrophages are responsible for the
phagocytosis of senescent erythrocytes and they catabolize heme using hemoxygenase to
facilitate iron recycling (32). Natural resistance-associated macrophages protein 1 (NRAMP-
1), a divalent metal transporter homologous to DMT-1, is expressed within phagolysosomal
membranes and participates in iron export from phagocytic vesicles (32). Export of ferrous
iron from macrophages occurs via iron exporter, ferroportin (26) (Fig 1.7). Reflecting its
central role in systemic iron homeostasis, ferroportin expression in macrophages is regulated
at multiple levels: ferroportin transcription is induced by erythrophagocytosis and heme iron,

its translation is regulated by the IRE/IRP system, and its protein stability by hepcidin (26).

Figure 1.7. Macrophage mediated iron recycling via
erythrophagocytosis Following erythrophagocytosis, hemoglobin derived
from senescent erythrocytes can be degraded and ferrous iron is released
from the heme upon oxidation of the organic ligand (porphyrin) by heme
oxygenase. The heme can then either be exported to the cytosol and
undergo degradation by heme oxgyenase, or can be degraded in the
phagolysosome followed by export of ferrous iron to the cytosolic
compartments through DMT-1 or NRAMP-1. Iron is then transported into
the plasma by ferroportin, oxidized by ceruloplasmin, bound to Tf, and
reutilized for hemoglobin synthesis. This figure was adapted from Hamza
etal., 2013.

1.1.3 Systemic iron homeostasis: the iron regulator hormone hepcidin
Recent studies have indicated that hepatic hepcidin is the main regulator of systemic

iron homeostasis (28). Hepcidin is a 25-amino acid peptide, which can modulate intestinal
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iron absorption and systemic iron distribution and utilization. Hepcidin is mainly synthesized
by the liver and secreted into plasma to regulate circulating iron levels and the cell surface
expression of the iron exporter, ferroportin, via binding and inducing ferroportin
internalization and degradation in lysosomes (28, 31, 33). Ferroportin is mainly expressed on
the surface of (i) duodenal enterocytes, which regulate iron absorption, (ii) hepatocytes,
which is the place for system iron storage (iii) and reticulendothelial macrophages, which
recycle iron from senescent erythrocytes (34). Dysregulation of hepcidin/ferroportin complex
could cause systemic iron dyshomeostasis and lead to the development of various iron related
diseases, such as iron deficiency anemia and iron overload disorders (28). Hepatic hepcidin
levels can be regulated by several pathophysiological factors, including system iron status,
systemic inflammation, hypoxic stress and erythropoiesis (35-37). These different regulatory

inputs are integrated transcriptionally (38) (Fig 1.8).

Figure 1.8. Hepcidin is a key regulator of systemic iron homeostasis.
Hepatic hepcidin levels can be regulated by different stimuli. Systemic iron
content and inflammation can stimulate hepatic hepcidin expression, whereas
increased erythropoietic activity inhibits hepatic hepcidin expression. In turn,
hepatic hepcidin can regulate cell surface ferroportin expression on iron-
exporting cells, including duodenal enterocyte, hepatic and splenic macrophages
and hepatocytes, and further modulate circulating iron concentrations. Figure
was adanted from Ganz & Nemeth. 2012.

1.1.3.1 Regulation by systemic iron availability

Iron bounded Tf complex can stimulate hepatic hepcidin expression via the bone
morphogenic protein-6 (BMP-6)/SMAD signalling pathway. This includes hemojuvelin
(HJV), the hemochromatosis protein (HFE) and transferrin receptor -2 (TfR-2), that regulate
hepatic iron mediated induction of hepatic hepcidin expression (37, 39). Conversely, iron
deficiency leads to low hepatic hepcidin levels (35). A liver transmembrane serine protease,
TMPRSS6 or matriptase-2, is required to suppress the hepatic hepcidin expression under such

conditions (39). This protease can cleave and solubilize HJV, down regulating the signaling
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of the BMP-6/SMAD pathway mentioned above (34).

1.1.3.2 Regulation by inflammatory and stress signals

The inflammatory cytokines, such as interleukin-6 (IL-6) and interleukin-1f (IL-1B),
can induce hepatic hepcidin expression and further regulate systemic iron homeostasis (38).
Several studies have indicated that the hepatic pro-inflammatory cytokine, IL-6, is the major
pro-inflammatory cytokine mediating increased hepatic hepcidin expression, which can
activate the JAK/STAT-3 signalling pathway, to activate hepcidin transcription (40). Other
studies also indicated that the BMP signalling pathway also contributes to the inflammatory

response via SMAD4 (40) (Fig 1.9).

Figure 1.9. Signaling pathways regulate hepatic hepcidin expression.
Expression of hepatic hepcidin in response to iron status is regulated by the
levels of Fe-bound Tf and BMP-6 and involves the membrane proteins
HFE, hemojuvelin (HJV) and transferrin receptor-2 (TfR-2). The increased
hepatic hepcidin expression under inflammatory conditions is triggered by
IL-6, which activates the JAK/STAT-3) signalling pathway. Figure was
adapted from Coyne, 2011.

1.1.3.3 Regulation by erythropoietic signals

Erythropoiesis requires considerable quantities of iron, and the inhibition of hepcidin
expression by erythropoietic signals is of great physiological importance. However, the
molecular mechanisms of how hepcidin levels are regulated by erythropoietic signalling are
still poorly understood (41). Hepcidin suppression in response to phlebotomy or hemolysis
depends on intact erythropoietic activity in mouse models: irradiation and cytotoxic inhibition
of erythropoiesis prevent hepcidin suppression, GDF15 and TWSG1 are both released by
erythroid precursors (26). High doses of GDF15 are detectable in the serum of patients with

ineffective erythropoiesis, such as -thalassemia (26).

1.2 Cellular iron regulation
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Cellular iron uptake is predominately mediated by the interaction of iron-bound
transferrin (Tf) and cell surface transferrin receptor-1 (TfR-1) via the cellular endocytosis
pathway. After receptor-mediated endocytosis, iron-bound Tf/TfR-1 complex is acidified in
endosomes to facilitate the release of bound-iron from the Tf/TfR-1 complex and export to
the cytosol (26). Cytosolic iron is then either transported to (i) nucleus to facilitate DNA
synthesis, (ii) mitochondria via mitoferrin to facilitate mitochondrial electron transport chain
respiration and to support other mitochondrial functions (iii) and excess intracellular iron is
stored into the cytosolic iron storage protein complex, ferritin (42).

Cellular iron homeostasis is regulated at transcriptional and post-transcriptional levels
to coordinate cellular iron metabolism-related gene expression to facilitate cellular iron
acquisition, distribution, utilization and storage (26). Although both the transcriptional and
post-transcriptional regulatory mechanisms have been suggested to be involved in the
regulation of cellular iron homeostasis, post-transcriptional regulation via the IRPs/iron
regulatory machinery is the predominant system to regulate cellular iron homeostasis (26).
The IRPs/iron regulatory machinery mainly consists of RNA biding proteins, IRP-1 & IRP-2,
and a numbers of iron-responsive element (IRE) containing proteins, such as TfR-1 and
ferritin (43). Under conditions of iron deficiency, IRPs can interact directly with the IREs
containing mRNA transcripts and modulate mRNAs translation. In iron-deficient cells, IRPs
bind to IREs found in the mRNAs of ferritin, TfR-1 and other iron metabolism transcripts,
enhancing iron uptake and decreasing iron sequestration (26) (Fig 1.10). In addition to
response to cellular iron levels, IRPs/IRE iron regulatory machinery have also been suggested
to be regulated by other physiological and pathophysiological factors, including, hypoxia,
oxidative stress, nitric oxide, hormone and xenobiotics, through distinct molecular

mechanisms (26).
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Figure 1.10. Regulation of cellular iron metabolism gene expression. In iron-
depletion condition, iron regulatory proteins (IRPs), either IRP-1 or IRP-2, can
bind to iron-responsive elements (IREs), which are present in the untranslated
regions of mRNAs encoding proteins involved in cellular iron metabolism. The
binding of IRPs to single IREs in the 5" UTRs of target mRNAs inhibits their
translation, whereas IRPs interaction with multiple 3" UTR IREs in the transferrin
receptor-1 (TfR-1) transcript increases its stability. As a consequence, TfR-1
mediated iron uptake increases whereas iron storage in ferritin and export via
ferroportin decrease, thereby increasing the labile iron pool (LIP). On the other
hand, in iron-replete condition, the FBXLS5 iron-sensing F-box protein interacts
with IRP-1 and IRP-2 and recruits the SKP1-CULI E3 ligase complex that
promotes IRP ubiquitination and degradation by the proteasome. IRP-1 is
primarily subject to regulation via the assembly of a [Fe-S] clusterS, which
triggers a conformational switch precluding IRE-binding and conferring aconitase
activity to the holoprotein. This figure was adapted from Camaschella et al., 2010.
1.2.1 Lysosome-mediated iron-related metabolism
Recently, several lines of evidence have highlighted the crucial functions of
lysosomes in maintaining systemic and cellular iron homeostasis, including iron acquisition,
intracellular distribution, storage, recycling and utilization (44, 45). For example, impaired
intracellular endocytic pathway and receptor recycling defects have been implicated in some
lysosomal storage diseases, such as NPC1 disease, and these defects could be involved in
intracellular iron uptake/acquisition and receptor recycling defects (46). Further, in terms of
intracellular iron storage and utilization, cellular iron storage protein complex, ferritin, can be
targeted to lysosomes to be degraded and ferritin-stored iron is released for further utilization
(47). It has been recently demonstrated that ferritin can be degraded via lysosomal
degradation when iron was scarce, and autophagy contributes to this process, which suggested
that lysosomal degradation of ferritin plays a crucial role in the utilization of ferritin-stored
iron (48) (Fig 1.11). Moreover, lysosomes are also the intracellular organelles where
hepcidin/ferroportin  complex and erythrophagocytosis mediated heme complex
degradation/recycling occurs (32). While lysosomes dysfunction, the lysosomal-mediated
ferritin iron release, hepcidin/ferropeotin complex degradation and heme complex recycling

could be affected and impair down-stream systemic and cellular iron utilization (2).

Lysosome could also be involved in intracellular iron re-distribution into other subcellular
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compartments (44). Indeed, it has been indicated that lysosomes can help facilitate
intracellular iron transport into mitochondria via a kiss and run model (49). Although the
precise molecular mechanisms of lysosome mediated intracellular iron metabolism remain to
be established, some lysosomal transporters, including MCOLN-1, DMT-1, have been

suggested to be involved in lysosome-mediated iron transport (50, 51).

Figure 1.11. The role of lysosomes in cellular iron metabolism. Circulating iron is
mainly bound in a Tf-iron complex that binds to cell surface TfR-1, which results in
receptor-mediated endocytosis inside clathrin-coated vesicles. In the lowered pH of
late endosomes, iron is released and transported to the cytosol, while the Tf/TfR-1
complexes are recycled to the plasma membrane. Cytosolic iron can be either
transported to the nucleus for DNA synthesis, mitochondria for electron chain protein
function or stored in ferritin complexes. Figure was adapted from Brunk et al., 2008.

1.2.2 Mitochondria-mediated subcellular iron homeostasis

Mitochondria are another crucial subcellular organelle involved in various aspects of
cellular iron metabolism (52). Mitochondria are the main site of biosynthesis of (i) heme
groups for hemoglobin and cytochrome production and (ii) cytosolic [Fe-S] clusters required
for mitochondrial, cytosolic and nuclear [Fe-S]-containing enzymes (52). When cytosolic iron
homeostasis is disrupted, it affects the content of mitochondrial iron and the function of the
heme biosynthetic pathway (53). Friedreich’s ataxia is caused by a genetic defects in the
mitochondrial protein frataxin and is characterized by progressive neurological/cardiological
symptoms and mitochondrial iron loading phenotypes (54). Although the biological function
of frataxin remains unclear, several studies have suggested that frataxin is involved in the
regulation of mitochondrial iron metabolism, especially mitochondrial iron-sulfur clusters
biosynthesis, heme metabolism and mitochondrial iron storage (52). Indeed, mitochondrial
frataxin deficiency led to (i) cytosolic iron deficiency with increased RNA-binding activity of
IRP-2, increased expression of TfR-1, decreased cytosolic ferritin expression, (ii) impaired
heme metabolism and [Fe-S] cluster biosynthesis gene expression (iii) and decreased

expression levels of mitochondrial storage protein, mitoferritin (Ftmt) in Friedreich’s ataxia
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disease mouse model. In addition, impaired mitochondrial respiratory chain complex I-III
activity and lower rates of ATP production have also been documented in Friedreich’s ataxia

(59).

1.3 Systemic and cellular copper regulation

Copper is another crucial trace element in biological system and is required as a co-
factor for many metalloproteins, which are involved in intestinal iron mobilization,
biosynthesis and release of neurotransmitters, neuron myelination, blood clotting, melanin
formation, mitochondrial function and protect against intracellular reactive oxygen species
production (56). Imbalanced copper homeostasis is considered a contributing factor to
neuropathology in several severe hepatic and neurodegenerative diseases, such as Wilson’s
syndrome, Menke’s disease and Alzheimer’s disease (57, 58). Therefore, systemic and
cellular copper homeostasis is maintained through delicate mechanisms, which regulate
extracellular copper uptake, intracellular distribution, subcellular compartmentalization and

export (59).

1.1.3.1 Regulation of copper transport via trafficking

Copper absorption is mainly regulated by a plasma membrane transporter, CTR-1,
which facilitates copper uptake and delivery/distribution to intracellular copper chaperones,
such as ATOX1, CCS, that facilitate copper delivering to trans-Golgi (TGN) P-type ATPase
transporters, MNK ATP7A and WND ATP7B, and help copper incorporate into apo-
cuproproteins for holo-cuproproteins, such as holo-ceruloplasmin or tyrosinase. Besides,
cytosolic copper can also be either (i) incorporated into Cu/Zn superoxide dismutases to help
against cellular superoxide damages, (ii) or delivered into mitochondrial cytochrome c
oxidase to help maintain mitochondrial functions (59) (Fig 1.12). However, the molecular
mechanisms of how intracellular copper trafficking and its subcellular compartmentalization
remain poorly understood (59). Due to lack of suitable molecular probes for in vitro studies of

intracellular copper trafficking, most of our current knowledge of systemic and cellular
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copper regulation mainly relies on (i) certain copper metabolism genetic knock-out animal
models or (ii) inborn errors of copper dysregulation metabolism in the human population,

such as MEDNIK syndrome (60).

Figure 1.12. Subcellular copper trafficking and distribution. Cellular copper
uptake is primarily mediated by cell surface copper transporter-1 (CTR-1), and
cytosolic copper chaperone proteins. COX17 and other mitochondrial copper
transporters can facilitate incorporation of subcellular copper into cytochrome ¢
oxidase for mitochondrial function. CCS can help deliver copper to cytosolic
Cu/Zn superoxide dismutases. Copper can also be transported to cytosolic
WND ATPBA or MNK ATP7A and delivered to cupro-enzymes or excess
cytosolic copper content exported. The figure was adapted from Dmitriev et al.,
2007. COX17, Copper chaperone for cytochrome c¢ oxidase; CCS, copper
chaperone for superoxide dismutase; ATOX1, antioxidant 1 copper chaperone;
SOD-1, superoxide dismutase-1.

1.3.2 Intestinal copper absorption

Most copper absorption appears to take place in the duodenum suggesting enterocytes
CTR-1 mediates the acquisition of dietary copper at the apical membrane (59). In addition,
DMT-1 has also been suggested as a candidate for copper uptake (59). However the
molecular pathways through which dietary copper is absorbed by the intestinal epithelium
remains poorly understood and controversial (61). After copper uptake, cytosolic copper is
delivered to cytosolic metallochaperones (59). The cytosolic copper transporter MNK ATP7A
accepts copper from ATOX1 and facilitates copper export from enterocytes to blood and to
other tissues (59) (Fig 1.13). Mutations of MNK ATP7A result in intestinal accumulation of
copper, impaired efflux of copper from enterocytes and pathologies resulting from diminished
activity of copper-dependent enzymes (62). Recently, the WND ATP7B was detected in
mouse intestine and in CaCo-2 cells; however, the exact physiological functions of WND

ATP7B in the intestine remain unclear (61, 63).
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Figure 1. 13. Enterocyte-mediated copper absorption. CTR-1 and a putative
metalloreductase can help dietary copper import and its mobilization into the
cytosol and endosomal compartments. Cytosolic copper is pumped into the
secretory compartments for either loading onto copper-dependent enzymes, or out
across the basolateral membrane by the P-type ATPase copper transporter MNK
ATP7A. In the bloodstream, copper is transported via the portal vein to the liver.
Copper can also be transported to peripheral tissues via the systemic circulation in a
complex with one or more ligands, which have not yet been identified. Meanwhile,
excess copper is excreted in the bile and eliminated from the body. In addition, in
the secretory compartment, copper is loaded onto hephaestin, a multi-copper
ferroxidase, which functions in concert with ferroportin at the basolateral membrane
in iron efflux into the portal circulation. Figure adapted from Thiele et al., 2008.

1.3.3 Hepatic copper storage and excretion

The major homeostatic control of copper takes place in the liver (59). Copper enters
the liver from the blood via CTR-1 (59). Copper is then used in the liver for many
physiological functions. For examples, hepatic copper can be used to synthesize holo-
ceruloplasmin, an abundant secreted copper ferroxidase. Excess hepatic copper contents can
be exported from hepatocytes by WND ATP7B (64). Copper ATPases sequester copper into
vesicles that subsequently fuse with the plasma membrane, and copper is extruded (61). In
Menke’s disease, MNK ATP7A is inactivated and copper export from the enterocytes is
greatly impaired (61). As a result, copper accumulates in intestinal cells and less copper is
delivered to the blood, resulting in restricted copper supply to other tissues (62). It has been
suggested that there is a close relationship between iron and copper. Under conditions of iron
deficiency in rats, DMT-1 expression is increased and could be responsible for the increase in
absorption of both iron and copper at the brush border (65). The expression of MNK ATP7A
in duodenum is also markedly elevated in iron deficiency, most likely contributing to the
overall increase of copper transport across intestinal epithelium (66). The majority of copper
that emerges form the intestinal epithelium into the blood is delivered to the liver and less to
kidney and other tissues. In Wilson’s disease, both WND ATP7B mediates cytosolic copper
transport to the secretory pathway and cytosolic copper release into the bile are greatly
impaired, resulting in marked accumulation of cooper in the liver, very low levels of copper

bound ceruplasmin in the serum, and low biliary copper (62). Copper, when delivered to
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various organs, is utilized to produce copper-dependent enzymes with general and tissue
specific regions (62). Some organs, though, express only one copper ATPases in hepatocytes,
and in these tissues one single copper ATPase appears to perform both biosynthetic and
copper export functions. Many other tissues, however, such as brain, developing kidney,
placenta, mammary gland, eye, and lung express both copper ATPase transporters, MNK
ATP7A and WND ATP7B (Fig. 1.14). The cell specificity of copper ATPase expression can
be associated with different functional characteristics of MNK ATP7A and WND ATP7B,
their distinct developmental regulation, or different targeting and trafficking behavior in

polarized epithelia (62).

Figure 1.14. Simplified scheme of systemic copper transporters MNK
ATP7A and WND ATP7B distribution in the body. The figure was
adapted from Dmitriev et al., 2007.

In addition to being regulated during development, recent studies also indicated that the
trafficking of MNK ATPA7 and WND ATP7B copper transporters could also be coupled to
hormone-mediated signaling, changes in Ca®" flux and kinase-mediated phosphorylation (62,
67). These findings suggest that systemic copper homoeostasis can also be regulated by

complicated physiological responses, such as neuronal activity and hypoxia (68).

1.4  Aim of this thesis

The aims of this thesis were to (i) investigate the underlying molecular mechanism of
metal dysregulation in the murine model of NPC1 disease due to the structural homology that
NPC1 shares with bacterial transporters the substrates of which include metals, (ii) identify
novel metal-related cerebrospinal fluid (CSF) and peripheral blood biomarkers for monitoring
disease progression and evaluating treatment effects in patients with NPC1 disease and (iii)
evaluate clinically approved metal manipulation therapies in a mouse model of NPC1 disease

as pre-clinical proof of concept.
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Chapter 2: Defective iron homeostasis and hematological abnormalities in

Niemann-Pick type C1 disease mice and their clinical implications
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Chapter 2: Defective iron homeostasis and hematological abnormalities in

Niemann-Pick type C1 disease mice and their clinical implications

2.1 Introduction.

2.1.1 Systemic iron regulation

Iron is an essential element, required as a cofactor for many metalloproteins,
including hemoglobin, myoglobin and cytochromes. Systemic iron levels are regulated by the
demand for erythropoiesis and by inflammation/infection (27, 69, 70). Dysregulation of
systemic iron homeostasis could impair erythropoiesis and systemic oxygen utilization (71),
therefore, mammals have evolved complex mechanisms to regulate systemic iron metabolism

at the levels of absorption, recycling, distribution and storage (26).

2.1.2 The role of the lysosome in cellular iron metabolism

The lysosome plays a crucial role in intracellular catabolic pathways by degrading and
redistributing/recycling intracellular macromolecules and metal ions (2). This is accomplished
in part by being the site where iron regulators, transporters and storage proteins are degraded,
including hepcidin, ferroportin, iron regulatory proteins-2 (IRP-2), ferritin and heme
complexes (31, 40, 72). Lysosomes have also been suggested to regulate intracellular iron

release and transport to other subcellular organelles, e.g., mitochondria (47, 48, 73-75).

2.1.3 The pathogenesis of NPC disease

NPC disease is a lysosomal storage disorder, caused by mutations in either the NPC1
(95% of cases) or NPC2 genes and occurs at a frequency of approximately 1:120,000 live
births (23). It is characterized by reduced acidic store calcium levels and the accumulation of
un-esterified cholesterol and sphingolipids within the late endosomal/lysosomal system (20,
22). Clinically, it presents as a lethal and progressive neurodegenerative disease of

infancy/childhood and also in adults with variable degrees of transient hepatosplenomegaly
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involvement (23). The exact biological functions and molecular interactions of NPC1 and

NPC2 proteins remain elusive and require further study (76, 77).

2.1.4 Inflammation, hypoxic stress and iron metabolism

Inflammation is involved in the pathogenesis of many hepatic and neurodegenerative
diseases, including Wilson's, Alzheimer's, Parkinson's and NPC1 disease (78, 79). Pro-
inflammatory cytokines, including TNF-a, IL-6 and IL-1B, have been reported to regulate
systemic iron homeostasis via activation of JAK/STAT-3 and related signaling pathways (34).
In response to inflammatory stimuli, systemic iron homeostasis could be linked with hypoxic
stress via the hypoxia-inducible factors (HIFs) regulatory pathways (36)(80). During hypoxic
stress, HIFs pathways would be activated and stimulate expression of genes involved in iron-

metabolism and erythropoiesis (36).

2.1.5 Systemic regulation of hepcidin expression and its related iron homeostasis

Hepcidin, a small iron regulatory hormone, is mainly produced by hepatocytes and
secreted into the circulation to maintain systemic iron homeostasis (34). Hepatic hepcidin
levels are regulated by various factors, including cytosolic iron contents, inflammation,
erythropoiesis and hypoxia. In iron deficiency, low erythropoiesis and hypoxic stress
conditions, the hepatic hepcidin levels are supressed (34). Conversely, hepatic hepcidin levels
are induced by inflammation (34). Circulating hepcidin can regulate the expression of the
transmembrane iron transporter, ferroportin, at the post-translational level, which results in
the internalization and degradation of hepcidin/ferroportin complex within lysosomes (28).
Dysregulation of hepcidin/ferroportin complex has been suggested to be involved in the
pathogenesis of various diseases, such as hemochromatosis, anaemia of chronic disease and
B-thalassemia, which underlines the importance of the interaction of hepcidin and ferroportin

in the regulation of systemic iron homeostasis (28).
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2.1.6 Aims of this chapter

In this chapter, we aimed to investigate whether hematological changes and iron
metabolism defects occur in NPC1 disease. We have found hematological abnormalities and
iron metabolism defects in the murine model of NPC1 disease and in NPC1 patients. We
observed low levels of serum iron, transferrin saturation, hemoglobin and mean corpuscular
hemoglobin in NpcI” mice and low normal levels in NPCI patients. Further, we
demonstrated that the decreased serum iron levels in NpcI”™ mice may be linked with
abnormal systemic inflammation and contribute to hypoxic stress in Npcl” mice. These
observations were further confirmed via microarray analysis, which revealed age-dependent
up-regulation of hepatic transferrin receptor-1 (TfR-1) throughout the lifespan of Npcl'/'
mice. In addition, hepatic hepcidin (HAMP-1) mRNA levels were also significantly inhibited
from the pre-symptomatic stage to the late-symptomatic stage of NpcI”™ mice. Therefore, we
have evaluated the effects of iron supplementation therapy on Npcl™ mice, which partially
corrected hematological abnormalities, improved motor function and extended survival.
These studies suggested serum iron deficiency may induce multiple hematological changes in
NPC1 disease that impact the disease course. NPC1 patients appear to be at risk of iron
deficiency and should be closely monitored. Supplementation of iron in the setting of iron
deficiency anemia, has clear clinical benefit that impacts survival in Npc/”™ mice and may

merit clinical studies in NPC1 patients with anemia or bordering on anemia.
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2.2 Patients, materials and methods.

2.2.1 Patient blood analysis

NPCI1 patients in this study were enrolled in an ongoing longitudinal observational
study at the National Institutes of Health in Bethesda, Maryland, USA. This study and
collection of age-matched control samples were approved by the NICHD Institutional Review
Board. Informed consent was obtained for all subjects as well as assent, when appropriate.
The diagnosis was established by biochemical testing/mutation analysis. Twenty of the
patients (38%) were taking off-label miglustat (Zavesca). Eighteen of the NPCI1 patients
(34%) were taking a multi-vitamin containing iron. Exclusion of these subjects yielded
similar results to inclusion. The clinical samples and hematological analysis were provided by

Dr. Denny Porter (NIH, USA)

2.2.1.2 Clinical specimen collection

Serum samples were obtained from 59 of the NPC1 patients and from 39 age-matched,
healthy controls. Blood for iron analyte analysis was collected in serum separator tubes (SST)
and analyzed immediately in the NIH Clinical Center Department of Laboratory Medicine
(DLM). Control serum was collected in SST, frozen, and shipped to the NIH on dry ice.
Control samples were stored at -80°C prior to analysis. Iron, transferrin and percent saturation
were measured using in vitro diagnostic test for the quantitative measurement of iron in

human serum and plasma on the Dimension Vista® System in the NIH DLM.

2.2.1.3 Patients plasma soluble-transferrin receptor, C-reactive protein and ferritin levels
analysis

Plasma samples were obtained from 20 of the NPC1 patients and from 20 healthy
controls into EDTA-treated tubes and stored at -80°C before analysis. Plasma hepcidin levels
were quantified by competition ELISA using the human hepcidin-25 enzyme immunoassay
kit (Bachem, USA) according to the manufacturer's protocol. Plasma soluble-transferrin

receptor (s-TfR) levels were measured by using Human sTfR Quantikine IVD ELISA kit
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(R&D systems, UK). Plasma C-reactive protein (CRP) and ferritin levels were analyzed in the

Birmingham Heartlands hospital (Birmingham, UK).

2.2.2 Animals

Niemann-Pick type C1 mice (BALB/cNctr-NpcImIN/J, Npcl”™ mice) were from an
established colony (81). All mice were bred under sterile conditions, with food and water
available ad lib. All animal studies were conducted using protocols approved by the UK
Home Office for the conduct of regulated procedures under license (Animal scientific
Procedures Act, 1986). The Npc!”™ mice have a lifespan of 10-12 weeks (average 10.5 weeks)
with neurological symptoms presenting from 5-6 weeks of age. In this study, we examined
mice at three time points: early pre-symptomatic (3-week-old), pre-symptomatic (5-weeks-
old), early-symptomatic (7-week-old), late-symptomatic (9-weeks-old) stage and late end
stage (11-week-old). Pups were weaned 3 weeks after birth and subsequently had free access

to water and normal mouse chow.

2.2.3 Administration of iron supplementation therapy on Npcl” mice

Npel” mice were injected intraperitoneally with iron-dextran (50 mg/kg body weight,
twice per week) or vehicle (PBS solution) alone. Injections began at 3 weeks of age. The total
iron concentration in the commercial diet was 200 mg Fe/kg (Teklad global 16% protein

rodent diet - 2016, Harlan Laboratories, UK).

2.2.4.1 Mice hematological analysis

Blood samples were obtained by cardiac puncture using an EDTA rinsed —
needle/syringe, and collected into EDTA rinsed tubes. Multiple hematological parameters,
including erythrocyte related parameters (RBC, MCV, HCT), hemoglobin related parameters
(HGB, MCH, MCHC), were determined using automatic blood analyzer (ABX Pentro 60

system, HORIBA-ABX, UK).
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2.2.4.2 Mice blood smears preparation

Blood smears were prepared from fresh blood on glass slides and air dried at room
temperature. For blood cell morphology analysis, blood smears were stained with Wright-
Giemsa reagent (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s
instructions. Stained samples were mounted with DePex mounting medium (VWR
International Ltd, Poole, UK) and analyzed with a Zeiss Axioplan 2 fluorescence microscope.
Images were acquired using a Zeiss charge-coupled digital camera and edited using

Axiovision 2.0 software.

2.2.4.3 Mice serum samples preparation

Blood samples were collected by cardiac puncture, clotted for 1-2 hours at room
temperature spun at 3,000 rpm for 15 minutes at 4°C. The serum was collected and stored at -
20°C.
2.2.4.4 Mice serum/plasma iron levels and transferrin saturation levels analysis

Serum iron levels were quantified using Inductively Coupled Plasma Mass
Spectrometer (ICP-MS). Serum samples were diluted 200-fold with 1% nitric acid at 70°C
overnight. Samples were measure iron isotope (Fe-56) by Agilent 7500 Series ICP-MS
(Department of Chemistry, University of Sussex), and Ge-72 was used as internal standard.

Calibration solution for iron measurement was prepared between 0 and 1.0 ug/ml.

2.2.5.1 Neurological behavioral analysis - open field

Open field analysis was performed as previously described (82). In brief, the
spontaneous activity of each mouse was recorded individually. After at least 20~30 minutes
acclimatization in the room, the mouse was placed into the open field. Rearing was recorded
manually for 5 minutes (the number of times the mouse reared on its hind legs), either

without support (center rearing) or against the cage wall (rearing).
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2.2.5.2 Neurological behavioral analysis - tremor

Tremor analysis was performed as previously described (82). Briefly, tremor was
measured with a commercial tremor monitor (San Diego Instruments) according to the
manufacturer’s instructions. The tremor monitor was connected to a computer via a National
Instruments PCI card and the output (amplitude/time) was analyzed using LabView software,

to give a measurement of power at each frequency (0-64 Hz).

2.2.6.1 Antibodies for Western blotting/Immunoblotting

Primary antibodies, goat anti-mouse serum albumin (HRP-conjugated), rabbit anti-
mouse light chain ferritin (L-ferritin), rabbit anti-mouse EPO, were obtained from Abcam;
Rat anti-mouse soluble transferrin receptor (s-TfR) antibody was purchased from AbD
Serotec. All primary antibodies were diluted in PBS-Tween (1:1000).

Secondary antibodies, Peroxidase-AffiniPure goat anti-rabbit and goat anti-rat IgG
were purchased from Jackson ImmunoResearch Laboratories. Both secondary antibodies

were diluted in PBS-Tween solution (1:10000).

2.2.6.2 SDS-PAGE/immunoblotting analysis

Serum protein concentration was determined by bicinchoninic acid (BCA) assay
(Sigma-Aldrich, St. Louis, MO, USA) with bovine serum albumin (BSA) standard. Equal
amounts of reduced serum protein (20 ug/well) were loaded onto 10% sodium dodecyl sulfate
(SDS) polyacrylamide gels and separated using XCell SureLock™ mini-cell system
(Invitrogen, Paisley, UK) then transblotted using XCell blot module (Invitrogen, Paisley, UK)
onto Hybond-P polyvinylidene difluoride (PVDF) membranes (GE healthcare, Chalfont St.
Giles, UK). PVDF membranes were stained with 1% Ponceau S solution to demonstrate
equivalent protein loading. Primary antibodies were incubated overnight at 4°C, PVDF
membranes were washed with DPBS-Tween (0.02%) solution (3x15 minutes) then incubated
with horseradish peroxidase (HRP) conjugated secondary antibodies and visualized using

SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, USA).
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The optical density of immunoreactive bands was analysed and quantified using the
Molecular Imager ChemiDoc™ XRS with software Image Lab (version 3.0, Bio-Rad

Laboratories, UK).

2.2.7 Immunohistochemistry/Immunofluorescence analysis

Age-matched control (Npcl™) and Npcl™ mice (9 weeks of age) were deeply
anaesthetized with CO, and trans-cardially perfused with 4% paraformaldehyde. Tissues were
removed and fixed for at least another 48 hours then dehydrated in 30% sucrose-DPBS
solution. For immunofluorescence staining, 30 um thick lung sections were cut, and blocked
with 10% horse serum in DPBS for 1 hour. Sections were incubated with primary antibodies,
either rat anti-mouse CD68 mAb (1:3000, AbD Serotec, UK) or rabbit anti-mouse HIF-1la
pAb (1:1000, Novus, UK), in 10% horse serum in DPBS-Triton (0.3%) overnight at 4 °C.
Sections were washed with DPBS solution, then incubated with secondary antibodies either
Dylight-594 Red, rabbit anti-mouse (1:3000, Vector Laboratories, UK) or Dylight-488 Green,
donkey anti-rat secondary antibodies (1:2000, Invitrogen, UK) for 2 hours at room
temperature. Sections were counterstained with DAPI (100 ng/ml, 4’-6-diamidino-2-
phenylindole; Sigma-Aldrich, UK). Images were captured and processed with a Zeiss

Axioskop 2 Plus fluorescence microscope.

2.2.8 Flow cytometric analysis of spleen erythroid lineage cells
For analysis of erythrocytes in spleen, a single-cell suspension was generated from

+/+

9-week-old NpcI™ and age-matched control (Npc!™") mice, followed by washing with HBSS
solution with 1% FBS, filtered through a cell strainer to generate single-cell suspensions and
incubated on ice for 30 minutes with PE-conjugated anti-mouse TER-119, (BD Bioscience,
UK) and FITC-conjugated anti-mouse CD71 antibodies (Biolegend, UK) in HBSS-1% FBS
solution. Stained splenocytes were subsequently labelled using LIVE/DEAD cell viability

assay kit. (Invitrogen, Paisley, UK). Samples were washed and data were acquired on a

FACSCalibur flow cytometer (BD Biosciences, UK). FACS experiments shown are
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representative experiments in which littermate controls were directly compared to age-

matched Npcl” mice. Data were analysed using FlowJo v8.7.1 (TreeStar, OR).

2.2.9 Enzyme Linked Immunosorbent Assay (ELISA) for human serum TNF-a levels
Serum samples were obtained from 22 of the NPC1 patients participating in a Natural
History study (06-CH-0186) and 14 of the control individuals of similar age and gender
distribution. Mean age of patients and controls were 11.6 + 7.9 years old and 12.7 + 5.8 years
old respectively (p = 0.66). Phenotypic severity was determined using the severity scale
developed by Yanjanin et al. (83), and ranged from 1 to 35 (max severity on this scale is 50).
11 of the patients (55%) were being treated off-label with miglustat, an inhibitor of
glycosphingolipid synthesis. Human serum levels of TNF-a were measured in triplicate by
ELISA kit (Thermo Scientific), following the manufacturer’s instructions. Standards ranging
from 2 to 20,000 pg/mL were prepared following manufacturer’s instructions. A standard
curve was generated by linear regression. Serum TNF-o levels could not be precisely
determined for 2 patients and 1 control, as their luminescence values were below the limit of

detection.

2.2.10 Tissue isolation, RNA extraction, and Microarray hybridization and data analysis
Microarray analysis was performed by Cluzeau et al. as described (84). Female pups
were sacrificed at 1, 3, 5, 7, 9 and 11 weeks of age. Only female mice were used for
microarray analysis to avoid increasing variability due to potential gender effects on iron
related metabolism genes expression. Livers were collected from both mutant and control
animals, and immediately frozen on dry ice. Four livers were collected corresponding to each
age and genotype, for a total of 48 samples. Microarray experiments were performed using
standard Affymetrix protocols (Affymetrix, Inc.). Briefly, 200 ng of total RNA was reverse-
transcribed to obtain labeled cDNA as recommended by the manufacturer. The hybridization
cocktail containing the fragmented and labeled cDNAs was hybridized to Affymetrix Mouse

GeneChip 1.0 ST chips, and the chips were washed and stained using standard protocols for
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the Affymetrix Fluidics Station. Probe arrays were stained with the streptavidin phycoerythrin
solution (Molecular Probes) and enhanced using an antibody solution containing 0.5 mg/ml of
biotinylated anti-streptavidin (Vector Laboratories). Arrays were scanned using the
Affymetrix Gene Chip Scanner 3000, and gene expression intensities were calculated using
the Affymetrix GeneChip Command Console software. Affymetrix. CEL files were
normalized using the RMA (robust multi-array analysis) algorithm within the Partek
Genomics Suite software, version 6.5 (Partek, Inc.). Analysis of variance (ANOVA) and
linear contrasts were used to identify DEGs, using a larger set of samples, including
additional controls. Lists of genes differentially expressed between Npc/ ™~ and control mice
were generated at each time point, using a combination of thresholds for both uncorrected P-
value and FC (p-value < 0.05, and FC < —1.3 or >1.3). This gene selection method
combining P-value and FC cutoff was previously demonstrated to result in higher
concordance degree of DEGs between different platforms, when compared with genes

selected only on p-value ranking. The microarray data were provided by Dr. Denny Porter

(NTH, USA).

2.2.11 Statistical analysis

Data were expressed as the mean + SEM. Statistical analysis was performed using
the software package Prism 5 (GraphPad software). An unpaired 2-tailed Student’s ¢ test was
used to determine the significant differences. For microarray analysis, analysis of variance
(ANOVA) and linear contrasts were used to identify DEGs, using a larger set of samples,

including additional controls. P values less than 0.05 were considered statistically significant.
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2.3 Results.

2.3.1 Decreased hematocrit (HCT), mean corpuscular volume (MCYV), hemoglobin
(HGB) and mean corpuscular hemoglobin (MCH) in NpcI” mice.

To investigate the pathophysiological impact of lysosomal storage on hematopoiesis
in NPC1 disease, we first evaluated erythrocyte-related parameters in Npcl”™ mice. Mean
corpuscular volume (MCV) showed decreased and reached statistical significance by 7 weeks
of age (-15.2%, P = 0.0037, 9 weeks, -12.9%, P < 0.0001) (Fig. 2.1A) while, hematocrit
(HCT) followed a similar trend, reaching significance at 9 weeks of age (-15%, P = 0.0002)
(Fig. 2.1B). However, NpclI™ red blood cell counts (RBC) and red cell distribution width
(RDW) did not significantly differ between control (Npc1+/+) and Npcl " mice (F ig. 2.1C-D).
Levels of hemoglobin (HGB) in NpcI” mice showed a decreased trend while compared to
age-matched controls (Npcl “*) and reached statistical significance by 9 weeks of age in (-
15.5%, p = 0.0008) (Fig. 2.1E). Mean corpuscular hemoglobin (MCH) was also significantly
reduced from 5 weeks of age in NpcI™ mice (5 weeks, -5.6%, p = 0.0010, 7 weeks, -6.4%, p
<0.0001, 9 weeks, -12.6%, p < 0.0001) (Fig. 2.1F). However, mean corpuscular hemoglobin
concentration (MCHC) and circulating number of red blood cells (RBC) remained unchanged
(Fig. 2.1G). Furthermore, consistent with the hematological findings, Wright-Giemsa staining
revealed that NpcI™™ erythrocytes appear microcytic and irregularly shaped by 9 weeks of age

(Fig. 2.1H-I).
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Figure 2.1. Decreased hematocrit (HCT), mean corpuscular volume (MCYV),
hemoglobin (HGB) and mean corpuscular hemoglobin (MCH) in Npcl'/' mice.
(A-G) Whole Blood from 5, 7 & 9 week old control (NpcI™") and Npcl™™ mice were
analysed using an automated blood analyser as described in “Materials and Methods”,
which included erythrocyte and hemoglobin-related parameter analysis, red blood cell
count (RBC), hematocrit (HCT), mean corpuscular volume (MCV), red cell
distribution width (RDW), hemoglobin (HGB), mean corpuscular hemoglobin (MCH)
and mean corpuscular hemoglobin concentration (MCHC). Data shown are mean =+
SEM, n =5 ~ 7, per group. ** p <0.005, *** p <0.0005, **** p < 0.0001, calculated
by an unpaired ¢ test using GraphPad Prism v5. (H-I) Wright-Giemsa stain of
peripheral blood smears from control (Npc]+/+) and Npc]'/' mice. Peripheral blood
smears were prepared from 9-week-old control (NpcI™") and Npcl”™ mice. Bars
represent 5 um.

2.3.2 Decreased serum iron levels, altered serum iron regulators expression, down-
regulation of hepatic hepcidin and up-regulation of hepatic transferrin receptor-1 levels
in NpcI” mice.

To further characterize the underlying mechanistic defects responsible for the
hematological abnormalities in Npcl " mice, we evaluated circulating iron status, transferrin
saturation and measured serum ferritin and soluble-form transferrin receptor (s-TfR) levels in
Npel” mice. Compared with the age-matched control littermates, 9-week-old Npc!”™ mice
had significantly lower serum iron levels (reduced by approximately 25%) (9 weeks, -25%, p
= 0.047) (Fig. 2.2A). Serum ferritin and soluble-transferrin receptor (s-TfR), were examined
by immunoblotting analysis from 9-week-old Npcl”™ mice. Markedly increased levels of
serum s-TfR were found in 9-week-old Npc/” mice (Fig. 2.2B), together with slightly
elevated levels of serum L-ferritin (Fig. 2.2B). Considering the decreased serum iron status
and evidence of microcytic anemia, we examined hepatic iron metabolism-related gene
expression in NpcI” mice. Microarray experiments indicated that there was progressive and
significant up-regulation of hepatic transferrin receptor-1 (TfR-1) mRNA expression from 3-
weeks of age in Npc]'/' mice (3 weeks, 1.5 fold, p = 0.038, 5 weeks, 1.7 fold, p = 0.010, 7
weeks, 2.1 fold, p < 0.0005, 9 weeks, 2.1 fold, p < 0.0005; 11 weeks, 3.4 fold, p < 0.00005).
Furthermore, significant up-regulation of relative hepatic transferrin (Tf) expression from 5-
week-old Npcl " mice was also observed (5 weeks, 1.2 fold, p < 0.005, 7 weeks, 1.1 fold, p <
0.05, 9 weeks, 1.2 fold, p < 0.0005, 11 weeks, 1.1 fold, p < 0.05) (Fig. 2.2D). In addition,

there was a significant down-regulation of hepatic hepcidin mRNA expression at different
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stages of disease in Npcl'/' mice (3 weeks, -1.6 fold, p = 0.026, 5 weeks, -1.7 fold, p < 0.050,
9 weeks, -1.9 fold, p < 0.005) (Fig. 2.2E). However, it should be noted Npcl'/' hepatic
hepcidin mRNA levels did not show significant down-regulation at 7 & 9 weeks of age,
which could be associated with the initiation of systemic inflammation. The molecular target
of hepcidin, ferroportin, was also examined; however, there were no significantly altered
hepatic ferroportin mRNA expression throughout the lifespan of NpcI” mice, except for the
late end stage time point (11 weeks, 1.17 fold, p < 0.05) (Fig. 2F). The microarray data were
consistent with hepatic cytosolic iron deficiency in NpcI” mice. This hypothesis was further
supported by the significant down-regulation of hepatic hepcidin expression in Npc!” mice.
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Figure 2.2 Decreased serum iron levels, altered expression of hepatic iron
regulators in NpcI”™ mice. (A) For serum iron level analysis, equal volumes of
serum samples were analyzed using ICP-MS technique as described in “Materials
and Methods”. Compared with the 9-week-old controls, the levels of total serum
iron in NpcI”™ mice were significantly decreased by 25 %, n = 5 per group, * p <
0.05. (B) For serum soluble transferrin receptor and ferritin levels analysis, equal
amount of serum samples (protein contents) were analyzes using Western blotting
(C-F) For hepatic iron-related metabolism genes expression, hepatic microarray
examination were analyzed from Npcl” mice and age-matched controls. ANOVA
analysis was used to analyze microarray genes expression change. Data shown are
mean + SEM, n =4 ~ 6, per group.
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2.3.3 Abnormal hepatic iron metabolism-related pro-inflammatory cytokines in Npcl™
mice.

Systemic iron status, hematological changes and hepatic hepcidin expression levels
could be regulated by various pathophysiological factors, including systemic inflammation,
hypoxic stress and abnormal erythropoiesis (26). In order to further characterize the
underlying mechanisms, we investigated hepatic pro-inflammatory cytokines profile by
microarray examination. Strikingly, the microarray examination indicated that there was
significant down-regulation of NpcI™ hepatic IL-1p mRNA expression as early as the early
pre-symptomatic stage (1 week, -1.7 fold, p = 0.04, 7 weeks, -1.4 fold, p = 0.02, 9 weeks, -1.5
fold, p < 0.05) until late end-stage (11 weeks, -1.5 fold, p = 0.01) (Fig. 2.3A). Other Npcl™
hepatic pro-inflammatory cytokines, such as IL-lo, were markedly elevated in Npcl™ liver
with for example, elevations in IL-1a mRNA observed from 7 weeks (7 weeks, 1.9 fold, p <
0.0005, 9 weeks, 1.4 fold, p < 0.05, 11 weeks, 2.1 fold, p < 0.0005) (Fig. 2.3B). However,
there were no significant changes of NpcI” hepatic IL-6 mRNA expression from the early
pre-symptomatic stage (1-week-old) till the late end—stage (11-weeks-old) Npcl " mice (Fig.
2.3C). In addition, there were significantly elevated of hepatic TNF-a levels from 7-week-old
Npcl'/ “mice (unpublished observation, Platt et.al.,). These results, therefore, indicated that
there were atypical hepatic pro-inflammatory cytokines profiles, in NpcI” mice, especially
IL-1p-related ones that may impair Npcl” hepatic hepcidin expression and affect systemic
iron homeostasis in Npc/” mice.

A B C

Interleukin-1ct expression
(Liver)
* *

*
2.5 *

Interleukin-1f expression
(Liver)

Interleukin-6 expression
(Liver)

1.5

1.0

0.5 I

0.0 T

s I | l
-1.0

1.5

2.0

1 2 3 4 5 6
Weeks

*H®

2.0
15

10
0.5
0.0

Fold Change (NPC/Control)
Fold Change (NPC1/Control)
Fold Change (NPC1/Control)

Weeks

Figure 2.3 Atypical hepatic pro-inflammatory cytokines profile in NpcI
* mice. (A-C) For hepatic pro-inflammatory cytokines levels, hepatic
microarray examination were analyzed from Npcl “ mice and age-matched
controls. ANOVA analysis was performed to analyze microarray genes
expression change. Data shown are mean + SEM, n = 4, per group.
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2.3.4 Increased splenic red blood cell frequency and diminished splenic F4/80"
macrophage numbers in NpcI” mice.

To determine whether the abnormal hematological changes and hepatic iron
metabolism defects could be associated with abnormal erythropoiesis in NpcI™ mice, we
examined spleen morphology in NpcI™ mice and measured spleen weights. Striking, 9-week-
old NpcI™”" spleen exhibited splenomegaly compared with age-matched controls (Fig. 2.4Ai).
Further, NpcI” spleens weights were measured and revealed with an approximately 70%
increase in wet weight compared with age-matched controls (Fig. 2.4B). Similarly, an
enlarged pale liver was noted in 9-week-old NpclI” mice with a wet weight increase of
approximately 40% (Fig. 2.4Aii,C). The percentage of NpcI” erythroid lineage cells was
measured in spleen and maturation stages were examined (erythroid lineage-specific marker
Ter119 and with CD71 (transferrin receptor) by flow cytometry (Fig. 2.4D-F). By 9-weeks of
age, Npcl‘/' spleens displayed a significant increase in the total number of Ter119"
erythroblasts, suggesting enhanced erythropoiesis (Fig. 2.4D). Moreover, the levels of
Ter119" erythroblasts were increased by approximately 54% (Fig 2.4D). Further, flow
cytometric analysis indicated that 9-week-old NpcI™ spleen had a significantly greater
number of orthochromatic erythroblasts (Region IV). However, the maturation from splenic
proerythroblasts to chromatophilic erythroblasts (Region I-11I) was not significantly different
between 9-week-old NpcI™ and control mice (Fig. 2.4F). These results suggested that the
altered pattern of splenic erythroblasts maturation may reflect the response to erythropoietin
(EPO) or to changes induced by the splenic microenvironment. As altered splenic structure
and increased erythropoiesis was observed in Npcl” mice, the observations of impaired
systemic iron homeostasis and hematological abnormalities could be associated with Npcl”
splenic red pulp macrophages (F4/80")-mediated erythrocyte-derived iron recycling
(unpublished observation, Dr. Aruna Jeans). Therefore, these results suggested that the
abnormal diminished splenic red pulp F4/80" macrophages in Npc!” mice (from 5-week-old)
could impair splenic macrophages-mediated red cell clearance/iron recycling and affect

systemic iron homeostasis in Npc/” mice.
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Epo and its receptor (EpoR) are crucial for promoting cell survival, proliferation and
differentiation of mammalian erythroid progenitors (85). To evaluate whether NPCl1
deficiency induced iron deficiency and abnormal erythropoiesis could affect EPO/EPO-R
mediated signaling, Npcl " hepatic microarray analysis was examined and indicated that (i)
EPO-induced MAPK pathways, (ii) EPO-induced PI3K-AKT and calcium influx pathway
were significantly altered from the early pre-symptomatic (1-week-old) till the late end stage
(11-week-old) of NpcI” mice (Table 2.1). Furthermore, the microarray examination indicated
that EPO/EPO-R mediated PI3K-AKT and Ras/Raf/MEK/ERK pathway exhibited
significantly altered gene expression of down-streamed signaling molecules from 1-week-old
(P7) of Npcl” liver. In addition, we also found that EPO-mediated calcium influx signaling
pathways were markedly altered in Npcl™ liver, which could be associated with lysosomal
acidic store calcium efflux defects in NPC1 disease (22) (Fig. 2.5-6). These results, therefore,
suggested that hepatic EPO/EPO-R mediated signaling defects might be associated with the

abnormal erythropoiesis in NpcI” mice.
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Table 2.1 Activation of hepatic EPO/EPO receptor-induced MAPK pathway in NpcI”- mice

9-week-old

11-week-old

08049

44469 00
U DO

1-week-old 3-week-old 5-week-old 7-week-old
1 Btk
2 Rapgefl
3 Mapk3
4 Gnbl
5 Gnb4
6 Gngl3
7 Gng2
8 Gngt2
9 Itprl
10 Kras
11 Lyn
12 Lyn
13 Lyn
14 Kitl
15 Nras
16 Pakl 0670 44469
17 Cdknla g
18 Pik3cg
19 Pik3cg
20 Pik3cg
21 Pik3cg
22 Plcgl
23 Plcg2
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In addition, hypoxic stress and macrophage activation status were evaluated, our results
indicated a marked increase of HIF-1a levels and the macrophage activation marker CD68 in

9-week-old NpcI™ lung section (Fig. 2.7).
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Figure 2.7. Increased expression of macrophage activation marker (CD68)
and hypoxia-inducible factor-lo (HIF-la) in Npcl'/' mouse lung.
Representative images of immunofluorescence analysis on macrophage
activation marker (CD68, green) and hypoxia-inducible factor 1o (HIF-1a, red)
on lung sections of 9-week-old control (NpcI'"") and NpcI™ mice. Scale bar =
1 pm.

2.3.5 Improved hematological abnormalities, motor function and survival in NpcI” mice
in response to iron supplementation.

To test the hypothesis that iron supplementation may be of therapeutic benefit, we
treated NpcI” mice with iron supplementation initiated at 3 weeks of age, and continued
twice per week until the animals reached the humane endpoint (loss of 1g in body weight in
24 hours when feeding is compromised in late stage disease). Treatment of NpcI”™ mice with
iron-dextran (50 mg/kg/body weight, IP, twice per week) had a modest effect on weight
maintenance of Npcl™ relative to Npcl” mice treated with vehicle alone (Fig. 2.8A).
Interestingly, the survival of vehicle-treated NpcI”™ mice was significantly increased
compared with untreated littermates (14.3%, p < 0.005), probably due to partial correction of
dehydration in end stage NpcI”™ mice (Fig. 2.8B). Furthermore, vehicle-treated Npc/™ mice
had an average life span of 84 days whereas the iron-dextran treated Npc/”™ mice lived up to

95 days, with an average of 89 days, resulting in a significant increase in survival (8.3%, p <
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0.05) (Fig. 2.8C-D). No significant difference in fine tremor was observed between iron-
dextran or vehicle-treated Npcl”™ mice at 9 weeks of age (Fig. 2.8E). However, center
rearing, an indicator of muscle strength, motor coordination and motivation, showed a
significant and marked increase compared to vehicle-treated NpcI™™ mice at 6, 8 and 10 weeks
of age (6 weeks, 4.8 v.s. 19.8, p <0.05, 8 weeks, 3.6 v.s. 11.5, p <0.05, 10 weeks, 0.8 v.s. 8,
p < 0.05) (Fig. 2.8F). In addition, there were significantly elevated levels of serum ferritin
and s-TfR in iron-dextran treated Npcl”™ mice (9 weeks, p < 0.0005) while compared with

vehicle treated controls (Fig. 2.8G-H).
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Figure 2.8 Effects of iron supplementation therapy on body weight, survival and
neurological function of NpcI™™ mice. Mice were injected (I.P.) with iron-dextran (50
mg/kg), twice per week. Iron supplementation therapy was started at 3 weeks of age. Age-
matched control animals were injected with saline solution as a vehicle control group. (A)
Average body weight over time. (B) Average survival days, p < 0.05. (C) Kaplan-Meier
survival curve (%), p < 0.05. (D) Average survival days, p < 0.05. (E) Average tremor at 9
weeks. (F) Center rearing at 4, 6, 8 and 10 weeks. Data shown are mean £+ SEM, n = 6 ~
12, per group. * p < 0.05. (G-H) Representative image of Western blotting analysis of
serum ferritin and soluble-form transferrin receptor in vehicle and iron-dextran treated
Npel™™ mice. Quantitative analysis of serum levels of ferritin and s-TfR in vehicle and
iron-dextran treated NpcI”” mice. Data are representative of 2 independent experiments.

In addition, hematological abnormalities, including MCV, HGB and HCT, in NpcI”™ mice
were markedly improved after treatment with iron-dextran (Fig. 2.9A-F). Interestingly, the
circulating RBC showed a significant increase in iron-dextran treated NpcI”” mice compared
with vehicle (PBS)-treated animals, which could reflect the stimulatory effects of parental

iron supplementation on erythropoiesis.

2.3.6 Hematological abnormalities and decreased serum iron and transferrin saturation
levels in NPC1 patients.

Altered levels of erythrocyte-related parameters, including low normal range values for
HCT, MCV and MCH, were observed in NPC1 patient blood samples (Fig. 2.10A-D). There
were no significant differences in absolute lymphocyte, neutrophil, basophil, eosinophil or
monocyte counts in NPC1 patients compared with age-appropriate reference ranges (data not

shown).

Figure 2.9 Improved hematological abnormalities in NpcI” mice in response to
iron supplementation treatment. (A-F) Hematological parameters in vehicle or iron-
dextran treated Npcl'/' mice. RBC, red blood cell count; HCT, hematocrit; RDW, red
blood cell distribution width; MCV, mean corpuscular volume; HGB, hemoglobin;
MCH, mean corpuscular hemoglobin; and MCHC, mean corpuscular hemoglobin
concentration. Data shown are mean = SEM, n = 3 ~ 4, per group, ** p < 0.005, for the
comparison of age-matched vehicle-treated NpcI™™ mice and iron-dextran treated Npcl™
mice, calculated by an unpaired ¢ test using GraphPad Prism v5.

AQ



NPC1 patients had significantly lower levels of serum iron and transferrin saturation as
compared to control group (-22.2%, p = 0.0020 and -17.1%, p = 0.0446, n = 38~39 and n =
59, respectively) (Fig. 2.11A-B). However, serum transferrin levels remained unchanged
compared with controls (Fig. 2.11C). No significant correlation between serum iron levels
and disease severity were observed (data not shown). Levels of serum ferritin in NPC1
patients were significantly elevated (Fig. 2.11D), and again there was no statistically
significant correlation between serum ferritin levels and disease severity (data not shown). In
addition, despite the slightly elevated levels of serum TNF-a measured in NPC1 patients, no
significant difference was observed compared with controls (Fig. 2.11E). In addition, no
significant correlation was observed between serum TNF-o levels, or liver function
parameters (AST, ALT) and disease severity (data not shown). Finally, plasma CRP and sTfR

levels were not significantly changed compared to controls (Fig. 2.11F-G).

AQ



2.4 Discussion.
We have documented multiple abnormal hematological changes in Npcl”™ mice,
including altered erythrocyte and hemoglobin-related parameters, which are consistent with

anemia (Table. 2.3) (68).

Anemia could be caused by multiple pathophysiological factors, including
inflammatory processes and it is interesting that the profile in Npc/”™ mice includes elements
of both inflammatory and non-inflammatory anemia (Table. 2.3). For instance, the reduced
levels of serum iron, hemoglobin, elevated levels of hepatic transferrin receptor and hypoxic
stress suggest that all these factors may contribute to pathogenesis in NPC1 disease. This
hypothesis was supported by the improved hematological abnormalities, greatly improved
motor function and modest increase in survival in NpcI”™ mice receiving iron supplementation
therapy. Relative to NpcI”™ mice, NPC1 patients only exhibited mild symptoms of anemia and
hematological abnormalities with low serum iron and transferrin saturation levels presumably
because partially functional NPC1 protein may exist in NPC1 patients. However, these data
suggest that NPC1 patients are at risk of iron deficiency anemia and monitoring of both serum
iron and complete blood counts is important in NPC1 patients. Should iron deficiency anemia
become an issue, iron supplementation may be a useful adjunctive therapy for NPC1 patients
based on the studies conducted in mice showing neurological benefit of iron supplementation
therapy.

The involvement of hypoxic stress has been implicated in the pathogenesis of multiple
diseases, including amyotrophic lateral sclerosis, cystic fibrosis, heart failure and chronic
obstructive pulmonary disease (86, 87). The connections between iron homeostasis and
hypoxia have been extensively studied and have revealed that hepcidin and hypoxia inducing
factors (HIFs) are regulated by both systemic iron homeostasis and oxygen supply (88) .

Chronic lung dysfunction has also been shown to occur in Npc/™ mice (89-91). Therefore, it
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is possible that systemic iron deficiency induces systemic hypoxic stress, including lung
hypoxia, resulting in macrophage activation, a systemic inflammatory responses and lung
dysfunction in NPC1 disease (92). Indeed, our microarray analysis revealed that hypoxic and
EPO-related pathways were significantly modified in Npc/™ liver (84). Furthermore, it also
raised the intriguing possibility that abnormal erythropoiesis may induce systemic hypoxic
stress in the early stages of development of Npc/™ mice, and it could possibly contribute to
the pathogenesis cascades in NPC1 disease, especially in NpcI™ brain and liver. Therefore, it
would be of interest to further determine the pathophysiological impacts of abnormal
erythropoiesis induced hypoxic stress and brain erythropoietin expressions in NpcI™™ mice.

In this study, we found significant changes in NpcI” mouse erythrocytes with
decreased MCV and HCT, suggesting that NpcI™" erythrocytes are microcytic. Interestingly,
microcytic erythrocytes are often observed in iron deficiency anemia, thalassemia and
anaemia of chronic diseases (93). Furthermore, we observed abnormal erythrocyte
morphology in NpcI” peripheral blood smears, which are consistent with our finding of low
MCV in hematological analysis of NpclI” mice. However, we still cannot exclude the
possibility that altered lipid compositions of erythrocyte plasma membranes, especially
cholesterol and sphingolipids-enriched domains (lipid rafts), could lead to the defects in
Npcl™ erythrocytes production, morphology changes and also impair the contents of HGB in
Npcl™” erythrocytes (94, 95).

Observations of low serum iron and low Tf saturation levels in Npcl™™ mice could be
related to the pathophysiological effects of systemic iron dysregulation and abnormal
systemic inflammatory signalling in NPC1 disease. This hypothesis was supported by the
microarray examination indicating that atypical hepatic IL-1B inflammatory signalling is a
major pathophysiological feature of the NPC1 disease (84). In addition, we also observed up-
regulation of hepatic TfR-1 in Npcl™ mice, suggesting that hepatic cytosolic iron deficiency
in Npcl™ mice. Another crucial regulator of systemic iron homeostasis, hepcidin, was
observed to be significantly down-regulation from the early pre-symptomatic (P21) stage in

Npcl " mice, despite no-significant difference in hepatic ferroportin mRNA levels. However,
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it should be noted that ferroportin expression is mainly regulated at the post-transcriptional
and post-translational levels by the iron regulatory proetein-1 (IRP-1) and hepcidin (31). The
dynamic changes of Npcl”™ hepatic hepcidin expression could be associated with different
factors, e.g., anemia, hypoxia, inflammation, involved in the underlying pathogenesis of
NPC1 disorder (34). For example, inflammation and hypoxic stress, which have been
demonstrated to be involved in the regulation of hepcidin expression, may only start to be
involved in NPC1 pathogenesis from the early symptomatic (6/7-week-old) stage.
Interestingly, an atypical hepatic pro-inflammatory cytokines profile has been observed in
Npcl” mice, which could be associated with lysosomal calcium dysregulation in Npc!”™ mice
(Platt et., al unpublished observation). Therefore, it would be crucial to investigate further the
underlying mechanisms of iron metabolism defects in NPCI disease to get a better

understanding of the underlying pathogenesis of NPC1 disease (Fig. 2.12).

The causes of the decreased serum iron levels and abnormal hematological changes
in NpcI”™ mice and patients could be linked to (i) defective iron absorption in the duodenum
(34), (i) the disturbance of the Tf uptake and TfR recycling (96, 97), (iii) systemic hypoxic
stress and unusual inflammatory responses (86) (iv) and/or altered distribution of
intracellular iron in subcellular compartments. Interestingly, mis-localization of intracellular
iron has been recently reported in the lysosomal storage disease, TRPMLI" type IV
mucolipidosis (MLIV) in human fibroblast (98). Therefore, it will be crucial to determine the
intracellular and tissue iron distribution in vitro and in vivo in NPC1 disease models. In
addition, GI tract iron absorption defects could be one of the causes of the abnormal iron-
related hematological changes in NPC1 disease. Interestingly, it has been suggested the there
are potentially mechanistic links between the inflammatory bowel disease, Crohn’s disease,
NPC1 disease and other related lysosomes or LROs dysfunctional diseases, such as Tangier

disease and Chediak-Higashi Syndrome (99-101). One of the common pathogenesis features
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of inflammatory bowel disease and Crohn’s disease is iron deficiency anemia with abnormal
low hemoglobin levels. The anemia related symptoms of inflammatory bowel disease (IBD)
and Crohn’s disease have been demonstrated to be ameliorated when patients were treated
with iron supplementation therapy (68). Although the underlying pathogenesis of iron
dysregulation phenotypes in NPCI1 disease remain to be further investigated and the
molecular mechanisms could be quite complicated, our current studies highlight the
importance of lysosome-mediated iron homeostasis and could provide some potential
mechanistic links of lysosome/LROs dysfunctional disorders and iron absorption defect-
related diseases.

This study also has practical implications as it has identified a number of potential
clinical biomarkers, including inflammatory and iron-related proteins. Serum ferritin and s-
TfR have been extensively measured as iron-related biomarkers to evaluate systemic iron
levels and erythropoietic activity in patients with various iron related disorders, such as iron
deficiency anaemia and iron overload disorders, e.g., hemaochromatosis (68, 102-104). The
levels of serum ferritin have been suggested to be regulated by various factors (age, gender)
and different pathological conditions, including inflammation, infection and chronic diseases
(105). Another common iron indicator that changes in NPC1 disease is the s-TfR. Unlike
other iron-related biomarkers, the levels of serum s-TfR are up-regulated in response to iron
deficiency anaemia, but are not affected by chronic inflammation and infection (102). In this
study, we screened both of these biomarkers and found that the levels of serum ferritin were
slightly elevated, but the levels of s-TfR were markedly up-regulated in NpcI”™ mice.
Moreover, after administrating of iron supplementation, the levels of serum ferritin and s-TfR
were both markedly increased, which could be the effects of iron supplementation treatment
on increasing tissue/circulating iron contents and stimulating erythropoiesis activity in iron-
dextran-treated Npcl " mice. These results, therefore, suggested that both serum s-TfR and
ferritin could serve as potentially useful biomarkers for clinical monitoring of iron deficiency,

erythropoiesis activity and evaluation of the effects of iron supplementation on NPC1 disease.
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In a previous study, we identified systemic iron dysregulation induced hematological
changes in another subgroup of lysosomal storage disorder, mouse models of the GM1 and
GM2 gangliosides (106). In these mice, there was progressive depletion of tissue iron,
including in the brain, and iron supplementation therapy was also of benefit (106).
Furthermore, our findings revealed that the hematological profiles of GMI1/GM2
gangliosidosis mice also included elements of iron deficiency as well as inflammatory
associated microcytic and macrocytic anemia with (i) progressive systemic iron deficiency,
(i1) elevated levels of pro-inflammatory cytokine, e.g., IL-6 (iii) and up-regulation of hepatic
hepcidin levels, while this seems not to be the case in Npcl”™ mice (106). While compared
with the GM1/GM2 gangliosidesis mice, our current findings indicated that NpcI™™ mice
showed much more severe hematological abnormalities, down-regulation of hepatic hepcidin
and abnormal hepatic pro-inflammatory cytokines profiles, including IL-1f3, TNF-a and IL-6.
In addition, it should also be noted that peripheral tissue ferritin (ferritin light & heavy chain
subunits) deficiency has been reported in a small number of clinical cases of NPC1 disease,
but not in patients with other lysosomal storage diseases, including Gaucher, Batten and GM2
gangliosidosis, which may suggest a specific role for NPC1 protein in systemic iron
homeostasis (107-109). Although the biological functions of the NPCI1 protein still remain
unclear, it has been suggested that NPC1 protein may be involved in the regulation of
intracellular metal transportation, such as copper (110). NPC1 belongs to a member of the
resistance-nodulation-cell division (RND) permease superfamily (24). In prokaryotic system,
RND proteins are generally proton symporters involved in coupled efflux from the cell of
substrates such as hydrophobic drugs, fatty acids, detergents, antibiotics and metals; however,
most eukaryotic RND proteins remains uncharacterized (111). Therefore, it would be of
interest to further investigate the biological functions of NPC1 protein on systemic iron
homeostasis. However, in our current study, it still cannot be excluded that the dysregulation
of systemic iron metabolism in Npc/” mice could be possible associated with lysosomal
dysfunction in NPC1 disorder as the lysosome is involved in many aspects of systemic and

cellular iron metabolism, including iron uptake, trafficking, storage, utilization and recycling
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(45). Since systemic iron homeostasis is tightly regulated, dysfunction of lysosomal NPC1
protein could either directly or indirectly interact other lysosomal iron metabolism related
proteins that impair systemic iron homeostasis and cause hematopoiesis defects (45). We are
currently investigating whether NpcI™” mice have similar tissue iron deficiency. Our current
findings suggest that iron dysregulation is involved in the pathogenesis of NPC1 disease and
may be a very tractable target for therapeutic intervention.

In conclusion, we have found that serum iron deficiency with elevated levels of
hepatic TfR-1 and down-regulated hepatic hepcidin occurs in NPCI disease and has
functional consequences in the mouse model of NPC1 disease. Similarly, NPC1 patients
have low normal serum iron and transferrin saturation levels and thus appear to be at risk of
anemia. The serum iron deficiency and hematological changes may contribute to
systemic/neurological hypoxic stress and may be influenced in part by systemic abnormal
inflammation in NPC1 disease. Although the underlying molecular mechanisms of iron
dysregulation in the pathogenesis of NPC1 disease remain to be further investigated, our
findings have the potential to provide insights into the biological functions of the NPC1
protein in terms of systemic iron homeostasis and highlight multiple potential peripheral
biomarkers for clinical monitoring. Finally, the functional improvement and hematological
correction in Npcl”™ mice achieved with iron supplementation therapy suggests serum iron
related parameters and hematological changes should be monitored carefully in NPCl1

patients and it may represent a new approach to clinical management of NPC1 disease.
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Chapter 3: Defective Systemic and Cellular Iron Homeostasis in Niemann-Pick

type C1 Disease
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Chapter 3: Defective Systemic and Cellular Iron Homeostasis in Niemann-Pick
type C1 Disease
3.1 Introduction.
3.1.1 The biological function of iron and its systemic homeostasis

Iron is an essential trace element in multiple biological systems. For example, it
serves as a co-factor in the biosynthesis of heme groups in hemoglobin and cytochrome
family molecules, including cytochrome ¢ and cytochrome P450s (CYPs), to help (i) maintain
systemic oxygen supply, (ii) regulate mitochondrial electron transport chain respiration (iii)
and is also involved in the regulation of the biosynthesis of lipids and steroid hormones and
drug detoxification reactions (27, 71). In mammalian systems, systemic iron homeostasis is
tightly regulated via complex mechanisms, including (i) iron absorption via duodenal
enterocytes, (ii) iron storage via hepatocyte, (iii) iron utilization for erythropoiesis via
erythroid precursors (iv) and iron recycling through splenic reticuloendothelial macrophages
(41). Imbalances in systemic iron homeostasis could result in the generation of intracellular
reactive oxygen species (ROS) and cause subcellular organelles dysfunction, increase lipid

peroxidation and cellular apoptosis (48, 112).

3.1.2 Cellular iron homeostasis and its regulation

Cellular iron uptake is primarily mediated by the interaction of iron bound Tf and cell
surface TfR-1 complex. Following receptor-mediated endocytosis, iron-bounded Tf and its
receptor complex become mildly acidified in endosomal compartments facilitating the release
of iron from the Tf/TfR-1 complex and is exported into the cytosol (79). Cytosolic iron is
either transported to the nucleus to facilitate DNA synthesis or to mitochondria via mitoferrin
to facilitate mitochondrial electron transport chain respiration (53). Excess cellular iron can
be stored by the cytosolic iron storage protein complex, ferritin (113). In response to low
cellular iron levels, cell surface TfR-1 is up-regulated to accelerate cellular iron uptake.
Conversely, high cellular iron contents cause a down-regulation of cell surface TfR-1

expression and reduce cellular iron uptake (114).
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3.1.3 The role of lysosomes in iron homeostasis

The lysosome plays a crucial role in catabolic pathways to redistribute and degrade
intracellular macromolecules to maintain the balance of intracellular substrates use and
storage (1, 2, 97). Several studies have suggested that lysosomes are involved in the synthesis
and degradation of ferritin, an intracellular iron storage protein complex, and also regulate
intracellular iron transport into other subcellular organelles, e.g., mitochondria via kiss and
run model (44, 48, 115, 116). Lysosomes are also the sites of degradation of various iron

regulators and transporters, such as hepcidin/ferroportin and heme complexes (28, 32, 72).

3.1.4 The biological function of mitochondria in iron regulation and its utilization
Mitochondria are crucial subcellular organelles involved in various aspects of cellular
iron metabolism (53). Mitochondria are the main sites for the biosynthesis of (i) heme groups
for hemoglobin and cytochrome production (ii) and cytosolic [Fe-S] clusters, which provide
[Fe-S] clusters for mitochondrial, cytosolic and nuclear [Fe-S]-containing enzymes and its
related cellular metabolic utilization (53). When cytosolic iron homeostasis is disrupted, it
could alter the mitochondrial iron contents and impair the biological function of
mitochondrial mediated (i) heme biosynthesis pathway, (ii) [Fe-S] clusters biogenesis and (iii)

mitochondria iron homeostasis and utilization (52).

3.1.5 Systemic and cellular regulation of hepcidin and ferroportin interaction

Hepcidin is mainly synthesized in the liver (hepatocytes) and secreted into the plasma
to regulate circulating iron levels and the cell surface expression of the iron exporter,
ferroportin, via binding and inducing ferroportin internalization and degradation into
lysosomes (40). Ferroportin is mainly expressed on the surface of (i) duodenal enterocytes,
which regulates system iron absorption, (ii) hepatocytes, which is the site of systemic iron
storage (iii) and reticulendothelial macrophages, which help iron recycle from senescent
erythrocytes (114). Dysregulation of hepcidin/ferroportin complex causes systemic iron

dyshomeostasis and leads to the development of various iron related disorders, such as iron
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deficiency anaemia and iron overload disorders (93, 117). Hepatic hepcidin levels could be
regulated by several pathophysiological factors, including (i) systemic iron status, (ii)
systemic inflammation (iii) and hypoxic stress (36, 69, 80, 86). Increased hepcidin expression
levels could be stimulated by systemic inflammatory responses, which result in duodenal
ferroportin degradation and cause intestinal iron absorption defects (33, 118, 119). The
expression of hepatic hepcidin-1 (Hampl) is regulated by several physiological factors, such
as erythropoiesis, inflammation, tissue iron contents, and requires the coordination of multiple
essential signalling components, including TfR-2, hereditary hemochromatosis (HFE),
TMPRS66, hemojuvelin (HJV) and bone morphogenic protein 6 (BMP-6), to maintain

systemic iron homeostasis (120).

3.1.6 Lysosomal storage diseases

LSDs belong to a group of inherited metabolic diseases caused by lysosomal
protein/enzyme defects leading to the intracellular storage of substrates, in the
endosomal/lysosomal system (2, 121). However, the impact of dysfunctional lysosomes on
systemic iron homeostasis remains largely unexplored. NPC disease is a lysosomal storage
disease caused by mutations in either the NPC1 or NPC2 genes, and characterized by
intracellular accumulation of un-esterified cholesterol and glycosphingolipid within the
endolysosomal system and reduced acidic store calcium levels (21, 22, 25, 122, 123). Around
95% of cases of NPC disease are caused by mutations in the NPCI1 gene. NPC1, a 1278
amino acid integral membrane protein of the late endosome/lysosome with a sterol-sensing
domain (SSD) and belongs to the RND permease superfamily (124). The NPC1 protein has a
cysteine-rich loop with zinc binding activity, which has been suggested to be crucial for the

function of NPC1 protein to transport lysosomal cargos (124).
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3.1.7 Aims of this chapter

Previously, we found evidence of iron dysregulation in a subgroup of lysosomal storage
diseases, the GM1 and GM2 gangliosidoses (106). Our previous findings demonstrated
system iron deficiency in the GM1 and GM2 gangliosidoses murine models, with evidence of
anemia with inflammatory and iron deficiency elements. We also studied its potential impact
on erythropoiesis, including altered serum iron-related parameters (TIBC/UIBC levels), and
severe hematological changes (106). Although the molecular mechanism remains unclear, our
previous study suggested that altered iron homeostasis may be a common element in the
pathogenic cascades of multiple lysosomal storage disorders. Therefore, in this chapter, we
extended the iron regulation studies to NPC1 disease and demonstrated the dysregulation of
systemic and cellular iron homeostasis occurs in vitro and in vivo in NPC1 disease models
and in NPC1 patients. In addition, systemic iron dysregulation could be linked to reactive
oxygen species generation, mitochondria dysfunction with [Fe-S] clusters biosynthesis and
heme metabolism defects, in Npc/” mice. Furthermore, iron supplementation of Npc/” mice
improved motor coordination and increased tissue iron levels suggesting that iron

supplementation therapy may be of potential clinical benefit.
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3.2 Materials and Methods.
3.2.1. Animals

Niemann-Pick type C1 mice (BALB/cNctr-NpcImIN/J, Npcl”™ mice) were from an
established colony. All mice were bred under sterile conditions, with food and water
available ad /ib as described in Chapter 2. All animal studies were conducted using protocols
approved by the UK Home Office for the conduct of regulated procedures under license

(Animal scientific Procedures Act, 1986).

3.2.2 Administration of iron supplementation therapy

Npcl”” mice were injected intraperitoneally with iron-dextran (50 mg/kg body weight,
twice per week) or vehicle (DPBS solution) alone from the beginning of 3 weeks of age
(P21). The total iron concentration in the commercial diet was 200 mg Fe/kg (Teklad global

16% protein rodent diet - 2016, Harlan Laboratories, UK) as described in Chapter 2.

3.2.3 Mice serum samples preparation

Blood samples were collected by cardiac puncture technique as described in Chapter 2.

3.2.4 Cell culture

Cells (human fibroblast and RAW 264.7 cells) were routinely passaged by
trypsinization and maintained either in Dulbecco’s modified Eagle’s (DMEM) or Dulbecco’s
modified Eagle’s-F12 (DMEM-F12) medium supplemented with 10% fetal bovine serum

(FBS), 10% L-glutamine and 1% of penicillin G and streptomycin (Lonza).

3.2.5 Immunofluorescence analysis

Cells were fixed with 4% paraformaldehyde in DPBS solution (pH = 7.4) for 15
minutes, at 37 °C then washed with PBS solution at least 2~3 times. To avoid antibody non-
specific binding, samples were incubated with 10 % horse serum in (3 uM) glycine/DPBS or

DPBS-Triton X-100 (0.3%) solution for 1 hour. Samples were then incubated with the
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appropriate primary antibodies in 10% horse serum in PBS/PBS-Triton X-100 solution at 4°C
for overnight reaction. After washing samples with either PBST or PBS (for surface antigen
detection only) several times, cells were incubated with secondary antibodies in 10% horse
serum in DPBS/DPBS-Triton X-100 solution for 1 hour, at room temperature in dark. Then,
cells were washed again with DPBST or DPBS solution for 3 times, each time at least 5
minutes. To counter stain nucleus, cells were incubated with 0.5 ug/ml DAPI solution for 30
minutes, and washed with PBS solution. Finally, the coverslips were mounted onto the slices
with mounting medium and then samples were observed with fluorescence microscopy with
suitable wavelength filters. Images were captured and processed with a Zeiss Axioskop 2 Plus

fluorescence/light microscope and software.

3.2.6 Antibodies

Primary antibodies, rabbit anti-mouse light chain, rabbit anti-mouse heavy chain
ferritin (L-& H- ferritin), antibodies were obtained from Abcam (anti-ferritin light chain pAb,
ab69090; anti-ferritin heavy chain pAb, ab81444); Rat anti-mouse native, denatured and
soluble-form transferrin receptor (TfR) antibody was purchased from AbD Serotec
(MCA2396EL mAbD). All primary antibodies were diluted in PBST (1:1000) as working
conditions. Secondary antibodies, Peroxidase-AffiniPure goat anti-rabbit and goat anti-rat
IgG (H+L chain, cat. No. 111-035-003 and 112-035-003, respectively) were purchased from
Jackson ImmunoResearch Laboratories. Both secondary antibodies were diluted in PBST

(1:10000) as working conditions.

3.2.7 Collection of CSF from NPCI patients

NPCI1 patients included in this study were enrolled in an ongoing longitudinal
observational trial at the National Institutes of Health in Bethesda, Maryland as described in
Chapter 2. The NICHD Institutional Review Board approved the study and the collection of
age-matched control samples. The diagnosis was established by biochemical testing and/or

mutation analysis. NPC1 diagnosis was established by fibroblast testing or molecular
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analysis. CSF samples were collected by lumbar puncture performed under anesthesia in the
L4/L5 interspace, after an age-appropriate overnight fast. CSF was collected in a polystyrene
tube, and immediately transported to an on-site laboratory where it was aliquoted into
polypropylene tubes. Samples were frozen on dry ice and stored at -80°C prior to being sent
to Medical Neurogenetics, LLC for assay. The CSF samples were kindly provided by Dr.

Denny Porter (NIH, USA).

3.2.8 CSF ferritin levels analysis

CSF ferritin levels were measured using a commercial ELISA kit (Human Ferritin
ELISA kit, Abnova, Taipei, Taiwan) according to the manufacture’s instructions with minor
modifications. Briefly, 20 pl of CSF samples were deposited on a microplate pre-coated with
monoclonal antibody specific for ferritin and incubated at 4°C overnight. After several washes
with washing reagent, polyclonal anti-ferritin antibody conjugated to horseradish peroxidase
was added and incubated for 2~3 hours at room temperature, followed by several wash and
then chromogen substrate was added for 1 hour at room temperature. Finally, the stop reagent
was added to stop the reaction. The optical density was measured at 450 nm using a FlurStar
microplate reader (BMG LabTec, UK). Standard curves were also plotted from series
concentration of ferritin standard reagent. All experimental results were calculated and
averaged from duplicated experiment. The analytical accuracy of the ELISA kit is between
2% and 4% for the within-batch coefficient of variation and averages at 5% for the between

batch CV.

3.2.9 Proteomic analysis (2D-Gels)

The protein pellet was resuspended in 375 pl IEF sample buffer. Carrier ampholytes
were added at 0.9 % v/v Servalytes 3-10, 0.45% V.V servalyte 2-4 and 9-11 (Biowhitaker) for
isoelectric focusing (IEF) on 3-10 non-linear pH gradient gels. Immobilised pH gradient
(IPG) strips (Amersham Pharmacia Biotech) were rehydrated in the sample overnight and

covered with mineral oil to prevent dehydration. IEF was carried out at 70kVh. Following
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focusing the IPG strips were immediately equilibrated for 10 min in 2D samples buffer. The
IPG strips were placed on top of the second dimension gels (Oxford GlycoScience) and
embedded with 0.5 % melted agarose. Proteins were separated in the second dimension on
SDS-PAGE gradient gels at run condition of 10°C, 20 mA per gel for 1 hr, followed by 40
mA per gel for 4 4hrs. After electrophoresis, gels were fixed in 40% v/v ethanol: 10 % acetic
acid and stained with the fluorescent dye OGT MP17 (Oxford GlycoScience). 16-bit
monochrome fluorescence images were obtained at 200 um resolution by scanning gels with
an Apollp II linear fluorescence scanner (Oxford Glycoscience). The 2D-proteomic analysis

was performed by Dr. Annie Speak.

3.2.10 Perl’s prussian blue iron histochemistry

Tissue iron distribution was analyzed using Perl’s Prussian blue staining. Briefly, 9-
week-old Npel™ and control (Npel™") mice were perfused with 4% paraformaldehyde in
DPBS solution, pH 7.2. Tissue samples were harvested, dehydrated in 30% sucrose-DPBS
solution for at least 24 hours at 4°C. 20 wm thick fixed tissue sections were cut and then
immersed in a potassium ferrocyanide mixture (Perl’s solution, containing 1 part 10%
aqueous, potassium ferrocyanide (Sigma, analytical grade) and 1 part of 10% hydrochloric
acid) for 60 minutes, followed by washing with DPBS solution 3 times for 5 minutes and
counterstained with 1% nuclear fast red (Sigma-Aldrich) for 5 minutes. Control sections were
incubated with potassium ferrocyanide solution, but with distilled water in place of the
hydrochloric acid. Images were captured and processed with a Zeiss Axioskop 2 Plus

fluorescence/light microscope and software.

3.2.11 Electron microscopy analysis

Human fibroblasts were cultured with standard medium supplemented with 50 uM
ferric ammonium citrate (FAC) for 72 hours. Followed by fixation with 4%
paraformaldehyde in 0.2 M PHEM buffer (120 mM PIPES, 50 mM HEPES, 4 mM MgCl,

and 20 mM EGTA) for 24 hours. Cells were washed twice with PBS+ (PBS containing 0.15
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M glycine) and incubated with 1% gelatin for 30 min at 37°C. After washing with PBS, cells
were stored in 0.1 M PHEM buffer containing 4% paraformaldehyde. For electron
microscopy, cells were re-fixed in PBS containing 2.5% glutaraldehyde, 2%
paraformaldehyde, and 4% sucrose for 2 hours followed by 1% osmium tetroxide for 1 hour.
After dehydrating in increasing concentrations of ethanol, cells were embedded in Epon 812

and examined using a JEOL 1200EX electron microscope.

3.2.12 Assessment of intracellular/tissue levels of lipid peroxidation
The tissue levels of lipid peroxidation products were determined using 4-
hydroxynoneal (4-HNE) antibody and combined with tissue/cellular immunofluorescence

techniques.

3.2.13 Quantification of tissue glutathione (GSH) levels

The total tissue GSH contents were analyzed using a commercial glutathione assay kit
(Sigma-Aldrich, UK) according to the manufacture’s instructions. Briefly, the protein
concentration of prepared tissue homogenate was quantified using the BCA assay reagent.
Equal amount of protein samples were de-proteinized using 5% 5-sulfosalicylic acid solution.
After 10 minutes incubation on ice and subsequent centrifugation, the clear supernatant was
collected and measured colormetrically at 405 nm using a FlurStar microplate reader (BMG
LabTec, UK) The assay used a standard curve of reduced glutathione to quantify glutathione

contents in the samples.

3.2.14 Double immunofluorescence anaysis.

8-week-old NpcI” mice and age-matched controls were deeply anaesthetized and
trans-cardially perfused with 4% paraformaldehyde in 0.1 M PBS buffer, pH 7.2. Tissues
(including brain, liver, spleen, kidney, lung and small intestine), were removed and further
fixed for at least 48 hours then dehydrated in 30% sucrose-PBS solution. For

immunofluorescence/immunohistochemistry staining, 10 um thick sections were cut, and
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blocked with 10% horse serum in DPBS for 1 hour. Brain sections were incubated overnight
with a Rat anti-mouse CD68 primary antibody (1:100, Serotec) and then 2 hours with
fluorescein-conjugated horse Anti-Rat IgG (1:200, Vector Labs) and counterstained with

DAPI (100 ng/ml, 4’-6-diamidino-2-phenylindole; Sigma-Aldrich, UK).

3.2.15 Image analysis

To measure the levels of microglial activation (CD68) in the cerebellum of the mice, a
series of images were taken using a Zeiss AXIO Imager Al fluorescence microscope
connected to a Zeiss AxioCamHRc digital camera. Images were taken from a minimum of 13
fields selected at random from several cerebellar sections per animal, including examples
from both vermal and hemispheric regions of cerebellar tissue. For each field, images of the
FITC channel and the DAPI channel were superimposed in Adobe Photoshop, then analysed
using ImageJ (NIH). As the cell density and CD68 expression were not uniform across the
cerebellum, each field was split into different zones, the deep cerebellar nuclei and
surrounding parenchyma (DCN), the lobular white matter and internal granular layer (WM
and IGL), and finally the molecular layer (ML). The area of these zones was calculated in
mm?, and the number of DAPI-labeled nuclei surrounded with a CD68" stain was counted in
each area. For every animal, the areas and cell counts were pooled together and the total
number of CD68" cells per mm” of molecular layer (ML) was calculated. The data set for
each treatment consisted of three separate animals (# = 3). In order to assess the effect of iron
supplementation on Purkinje cell survival, other sections from the same animals were stained
with an antibody against calbindin, which in the cerebellum is a specific marker for Purkinje
cells. As two of the cerebella in each data set were cut as transverse sections, (the other was
cut parasagittaly) the crus1 zone of the ansiform lobule was chosen as a common area present
in the remaining sections in which to count the surviving Purkinje cells. As this region is not
in lobule IX or X it will therefore allow an unbiased representation of NPC-Purkinje cell loss.
For each individual animal the number of Purkinje cells present in the crusl zone was

counted in multiple sections and the mean calculated.
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3.2.16 Tissue isolation, RNA extraction, and Microarray hybridization and data analysis

Microarray related analysis was performed by Cluzeau et al. as described (84).

3.2.17 In Vitro Erythrophagocytosis Assay by RAW 264.7 murine macrophage cell line
3.2.17.1 Cell culture

The murine macrophage cell line RAW 264.7 was cultured in Dulbecco's Modified
Eagle Medium F-12 (DMEM-F12, Sigma-Aldrich, UK) supplemented with 10% heat-
inactivated fetal bovine serum (Atlanta Biologicals, Norcross, GA), 100 U/mL penicillin, and
100 pg/mL streptomycin at 37°C in 5% CO,. For the erythrophagocytosis assay, the RAW
264.7 cells were pre-treated with U18666A (2 ug/mL) for 72 hours to induce Niemann-Pick
type C1 disease cellular phenotypes. The control cells were incubated with 0.1% DMSO as a

vehicle control groups.

3.2.17.2 Preparation of CFSE-labelled mouse erythrocytes.

9-week-old control (NpcI ™) mouse erythrocytes from were collected by cardiac puncture
and washed with Hank's Balanced Salt solution (HBSS) solution, followed by labeling with a
final concentration of 25 uM CFSE (Invitrogen, UK) for 30 minutes, according to the
manufacturer’s protocol. For opsonization of CFSE-labelled mouse erythrocytes, CFSE-
labeled mouse erythrocytes were opsonized by incubating 1x10° red blood cells with rabbit
anti-mouse red blood cell antibody, immunoglobulin G (IgG) fraction (1:50; Abcam, UK) for

30 minutes at room temperature and then washed twice with HBSS solution.

3.2.17.3 In vitro erythrophagocytosis assay.
Opsonized and CFSE-labelled mouse erythrocytes were added to the RAW 264.7

murine macrophage cell line monolayer and co-cultured for 2 hours at 37°C in 5% CO,
incubator. Non-ingested opsonized CFSE-labelled erythrocytes were removed by incubating

with mouse red blood cell lysing buffer (Sigma-Aldrich, UK) for 10 minutes, followed by
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another 2 washes with DPBS solution. After incubation for the indicated times after

erythrophagocytosis, RAW 264.7 cells were fixed with 4% paraformaldehyde.

3.2.17.4 Immunofluorescence microscopy.

After in vitro erythrophagocytosis assay, RAW 264.7 cells were fixed with 4%
paraformaldehyde for 10 minutes at 37°C, as described earlier, then washed twice with DPBS
solution and permeabilized with 0.2% Triton X-100 in DPBS+10% heat-inactivated goat
serum for 1 hour at room temperature. Cells were incubated overnight at 4°C with 1:1000
primary anti-antibody. Cells were washed 3 times with DPBS followed by incubation with
secondary antibody (either Dylight-594 Red, rabbit anti-mouse (1:3000, Vector Laboratories,
UK) or Dylight-488 Green, donkey anti-rat secondary antibodies (1:2000, Invitrogen, UK))
for 2 hours at room temperature. After several wash with DPBS solution, cells were
counterstained with DAPI (100 ng/ml, 4’-6-diamidino-2-phenylindole; Sigma-Aldrich, UK),

mounted with anti-fading mounting medium and processed for immunofluorescence analysis.

3.2.18 Statistics
Data represent as mean + SEM. Statistical analysis were performed by using
GraphPad Prism software. An unpaired 2-tailed Student’s ¢ test was used to determine the

significant differences. p values less than 0.05 were considered statistically significant.
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3.3 Results

3.3.1. Altered expression of iron regulators in Npcl™ peripheral organs

In Chapter 2, we found (i) up-regulation of hepatic TfR-1, (ii) down-regulation of
hepatic hepcidin (HAMP-1) and (iii) atypical hepatic pro-inflammatory cytokines profile in
Npcl”™ mice, which suggested hepatic cytosolic iron deficiency, inflammation and other
pathophysiologcial factors may be involved in the regulation of Npcl” hepatic hepcidin-1
(Hampl) expression. In order to further clarify the underlying mechanism of systemic iron
dysregulation and its related hepcidin-1 regulation in NpcI”™ mice, we firstly examined
microarray data and identified a number of genes with altered mRNA expression that are
involved in cellular signaling involved in hepatic hepcidin-1 regulation, including (i) the
BMPs-SMADs pathway, (ii) IL-6 mediated JAK-STAT3 pathway and (iii) HFE-T{R-2
mediated pathway, which modulates the expression of hepcidin levels in responses to
different signals to maintain hepatic iron homeostasis. As shown in Fig. 3.1A-B, there were
significant down-regulation of hepatic TfR-2 expressions from 1-week of age in Npcl™” mice
(1 week, -1.3 fold, p < 0.0001, 3 weeks, -1.2 fold, p <0.005, 5 weeks, -1.2 fold, p < 0.0001, 7
weeks, -1.5 fold, p < 0.0001, 9 weeks, -1.4 fold, p < 0.0001, 11 week, -1.7 fold, p < 0.0001).
Similar finding was observed with hepatic TMPRSS-6 expression, which showed significant
down-regulation at 1,3, 7, 9 and 11-week of age in Npcl'/' mice (1 week, -1.3 fold, p <
0.0001, 3 weeks, -1.2 fold, p = 0.0017, 7 weeks, -1.4 fold, p < 0.00001, 9 weeks, -1.2 fold, p
< 0.00001, 11 weeks, -1.5 fold, p < 0.00001). Furthermore, Npcl " hepatic hemochromatosis
mRNA levels were significantly decreased at 7-weeks of age (7 weeks, -1.2 fold, p = 0.01)
(Fig. 3.1C). However, no significant change in relative BMP-6 mRNA expression was
observed over the lifespan of NpcI” mice (Fig. 3.1D). Interestingly, our microarray analysis
also indicated that another murine hepcidin gene, hepcidin-2 (Hamp?2), was significantly
down-regulated from the early pre-symptomatic stage (3-week-old) of Npcl” mice (3 weeks,

-2.0 fold, p < 0.0001, 7 weeks, -1.8 fold, p < 0.005, 9 weeks, -2.8 fold, p < 0.0001, 11 weeks,
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-2.4 fold, p < 0.0001) (Fig. 3.1E). The hepatic mRNA expression patterns of hepcidin-2

(Hamp?2) were similar to hepcidin-1 (Hamp1) in Npcl " mice (Chapter 2).
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Figure 3.1. Altered genes expression of signaling molecules involved in the
regulation of hepatic hepcidin expression in Npc]'/ “mice. (A-E) For analysis
of signaling components involved in the regulation of hepatic hepcidin
expression, hepatic microarray examination were analyzed in NpcI” mice and
age-matched control animals. ANOVA analysis was used to analyze microarray
genes expression change. Data shown are mean + SEM, n = 4, per group. * p <
0.05, ** p <0.005, *** p <0.00005, **** p <0.00001.

In addition, our previous studies found atypical hepatic inflammation with down-regulated
IL-1B, up-regulated TNF-o. and unchanged IL-6 levels in Npc/” mice. Consistent with these
findings, there were no significant changes in mRNA expressions of hepatic IL-6-related
signalling molecules, including IL-6 receptor and STAT-3, in Npc/” mice (data not shown).

We then characterized systemic iron dysregulation phenotypes in liver from age-
matched control and NpcI” mice using Perl’s Prussian blue staining to detect hepatic ferric
iron. As shown in Fig. 3.2A, ferric iron was readily detected in liver sections from 9-week-

+/+

old control (Npcl ™) mice; however, there was little detectable ferric iron in age-matched
Npcl” liver sections (Fig. 3.2F). This observation suggested hepatic iron deficiency in Npel™
mice, which was consistent with hepatic TfR-1 levels progressively increasing in Npcl™”
mice. Besides, tissue ferric iron distributions from other peripheral organs were also analyzed.
As illustrated in Fig. 3.2 B-H, there were markedly diminished of Prussian’s blue stained
ferric iron in 9-week-old Npcl” spleen, kidney and lung sections. These findings suggested

that Npc!” mice have disrupted systemic iron homeostasis, which could be associated with

the pathogenesis of NPC1 disorder.
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Figure 3.2. Peripheral iron deficiency in NpcI” mice. (A-H) Representative
images of peripheral tissues iron distribution in control (Npc!™") and Npcl™
mice. 9-week-old control and Npcl” mice liver, spleen, kidney and lung
sections were collected and prepared as described in “Materials & Methods”.
Tissue iron distribution was detected by Perl’s Prussian blue staining. The
nucleus was counterstained with nuclear fast red reagent (red). Representative
images were taken from three individual animals. Scale bar = 100 pm.

To further confirm the observation of peripheral iron deficiency phenotypes in Npc! ”
mice, peripheral tissues were collected and analyzed protein levels of several key iron
metabolism regulators, including TfR-1 and ferritin. Consistent with microarray data,
immunofluorescence and native-PAGE analysis indicated that there were markedly
up-regulated hepatic TfR-1, down-regulated L-chain ferritin and native-form ferritin
expressions in 9-week-old Npcl”™ mice (Fig 3.3A-L). These observations were
consistent with the Perl’s Prussian blue tissue staining, which indicated Npc/ - hepatic
cytosolic iron deficiency. Similar results were also observed in Npcl™ spleen and
kidney and revealed up-regulation of TfR-1 and down-regulation of L-ferritin and
native form ferritin. (Fig 3.3M). Interestingly, the immunofluorescence and Perl’s
Prussian blue analysis indicated reduced ferric iron particles and L-ferritin positive
signals in 9-week-old Npcl” spleen sections, which could be associated with the
glycosphingolipids (GSLs) storage induced changes in splenic F4/80" macrophage

population in Npc/” mice (Platt et., al, unpublished observations).
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Figure 3.3. Up-regulation of TfR-1 and down-regulation of ferritin in Npcl'/'
peripheral tissues. (A-H) Representative images of peripheral tissue TfR-1 and
ferritin expressions in control and NpcI” mice. 9-week-old control and Npcl™ mice
liver, spleen, kidney and lung sections were prepared and analyzed as described in
“Material & Methods”. Tissues TfR-1 (green) and ferritin (red) expression were
detected using immunofluorescence as described in “Material & Methods”. (M)
Native-PAGE/immunoblotting analysis of ferritin expression in control (Npcl ™)
and Npcl " peripheral tissues. Representative images were taken from three
individual animals. Original Magnification, x 100.



3.3.2 Down-regulation of hepatic mitochondrial iron transporters, heme metabolism and
[Fe-S] clusters biosynthesis gene expressions in Npcl”™ mice.

Since iron is an essential co-factor for cytosolic and mitochondrial [Fe-S] clusters
biosynthesis, NpcI” hepatic cytosolic iron deficiency could cause hepatic mitochondrial iron
utilization defects in NpcI” mice. To evaluate the potential impact of Npcl” hepatic
cytosolic iron deficiency on hepatic [Fe-S] clusters metabolism, the microarray data were
examined. As shown in Fig. 3.4 A-E, there were significant down-regulation in mRNA levels
of a number of [Fe-S] clusters biosynthesis, assembly and scaffolding proteins, including
Iscu, Isca-1, Nfs-1 and Nfu-1 from the early pre-symptomatic (1-week-old) until late end
stage (11-week-old) NpcI™ mice. These results suggested that defects in the [Fe-S] clusters

biogenesis pathway occur in NpcI™”" liver.
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Figure 3.4 Impaired hepatic mitochondrial and cytosolic [Fe-S] clusters
biosynthesis, transportation and metabolism genes in Npcl'/' mice. (A-E)
Hepatic samples from age-matched of control (Npc!™") and Npcl” mice were
collected and analyzed through microarray analysis. ANOVA analysis was used to
analyze microarray genes expression change. n = 4, per group, * p < 0.05, ** p <
0.005, *** p < 0.00005. **** p <(.00001.

7A



Next, since iron is also an essential co-factor for the biosynthesis of heme, dysregulation of
systemic iron homeostasis in NpcI™ mice could also cause systemic heme metabolism defects
and impair heme-containing enzyme activities. Indeed, our microarray examination indicated
that there were significantly altered mRNA levels of a number of cytosolic and mitochondrial
heme transporters, including heme transporter-1, heme oxygenase-2, heme binding protein
and delta-aminolevulinate synthase 2 (ALAS-2), in Npcl” mice (Fig. 3.5). Besides, we also
observed that there were significant down-regulation of a series of genes involved in the
regulation of hepatic heme biosynthesis, transport, metabolism and catabolism, including
hemo-coproporphyrinogen oxidase (Cpox), hydroxyl-methylbilane synthase (Hmbs), 5-
aminolevulinate dehydratase (4/ad), uroporphyrinogen Il synthase (Uros), and ferrochelatase
(Fech) (Fig 3.6). Therefore, these results suggested that impaired hepatic heme metabolism in

Npcl” mice.
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Figure 3.5. Impaired expression of genes involved in hepatic mitochondrial
and cytosolic [Fe-S] clusters biosynthesis, transport and metabolism in
Npcl” mice. (A-F) Hepatic samples from age-matched of control (Npc! ") and
Npcl” mice were collected and analyzed through microarray analysis. ANOVA
analysis was used to analyze microarray genes expression change. n = 4, per
group. * p <0.05, ** p <0.005, *** p <0.00005. **** p <(0.00001.
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3.3.3 Up-regulated mRNA levels of endosomal/lysosomal divalent metal transporter-1
(DMT-1) and mucoln-1 (MCOLN-1), in Npcl™ liver.

Our studies so far have demonstrated the down-regulation of hepatic heme
biosynthesis and impaired [Fe-S] clusters biosynthesis in NpcI” mice. These findings
suggested mitochondria iron utilization defects in Npc/” mice. It has been suggested that
lysosomal iron could be regulated by the (i) endosomal/lysosomal divalent metal transporter-
1 (DMT-1) and (ii) Mucolin-1 (MCOLN-1), which modulate lysosomal iron uptake and
release within the intracellular endosomal/lysosomal system (51, 125). Interestingly, our
microarray analysis indicated that there were significantly progressive up-regulation of
hepatic DMT-1 mRNA expressions from the early pre-symptomatic stage (3-week-old) until
late stage disease (9-week-old) NpcI™ mice (3 weeks, 1.2 fold, p = 0.03, 5 weeks, 1.3 fold, p
< 0.007, 7 weeks, 1.4 fold, p < 0.0005, 9 weeks, 1.3 fold, p < 0.005) (Fig. 3.7A). However,
another potential lysosomal iron transporter, MCOLN-1, only showed significant increases at
1, 3 and 7-week-old Npcl'/' mice (1 week, 1.2 fold, p = 0.017, 3 weeks, 1.2 fold, p < 0.005, 7

weeks, 1.2 fold, p < 0.0005) (Fig. 3.7B).
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Figure 3.7 Increased hepatic DMT-1 and MCOLN-1 expressions in
Npcl” mice. (A-B) Microarray data were analysed as described in
“Materials & Methods”. ANOVA analysis was used to analyze
microarray genes expression change. Data shown are mean + SEM, n =
4, per group.

3.3.4 Altered iron metabolism and up-regulation of iron regulatory protein-1 (IRP-1) in
Npel™ brain.

To investigate whether peripheral iron metabolism defects and hematological

abnormalities could affect the CNS iron metabolism in Npcl " mice, 2D-proteomic analysis

was performed on 6-week-old Npcl™” brain compared with age-matched controls (Npcl™™).

As shown in Fig. 3.8A-B, the protein expression levels of IRP-1, which mainly functions to
regulate iron metabolism related genes at the post-transcriptional and post-translational levels,
were markedly up-regulated by 6-weeks of age in the NpcI”” mouse brain compared with age-
matched controls. In addition, the mitochondrial specific [Fe-S] clusters containing proteins,
such as cytochrome c oxidase and other metal related proteins had altered expression levels in

the brain by 6 weeks of age in NpcI”" mice (Table. 3.1).

Figure 3.8A-B. Proteomic analysis of 6-week-old control (NpcI™) and NpcI” brain
aqueous fractions. Spots which were increased on the Npc]'/' relative to the controls
(Npcl™") are marked on the NpcI™” gel with an O. Spots which were decreased on the Npcl”
" relative to the control (NpcI*'") are marked on the NpcI™" with an O. These differences
were validated by differential analysis before the spots were excised and sequenced via mass
spectrometry. The proteomic analysis identified several iron-related regulators, such as the
IRP-1, ALAS, [Fe-S] containing proteins (cytochrome c, ATP synthase a- and B-chain
precursor) and other metalloproteins, altered expressions in Npcl " brain aqueous fraction.
Npel” means only present in Npcl” gels; Control * means present in both Npcl” and
control (Npcl™*) gels, but to a higher extent in Control (fold is shown). The 2D-proteomic
data were kindly provided by Dr. Annie Speak (unpublished observation).
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Category Examples Expression (Fold)

Iron resprgpesisjlzr;gr_\z )blndlng NPC17 only
Iron Metabolism 2
Delta aminolevulinic acid dehydratase NPC1+ only
. . . Cytochrome ¢ NPC1-- only
Mitochondrial specific -
(FelS containing proteins) ATP synthase alpha and beta chain NPC17- only
precursor

Metal ion binding LIM and SH3 domain protein-1 NPC1--only

Neuronal specific - . . .
(metal ion binding) Calbindin (Pukinje cell specific) WT* (-2.11)

Table 3.1. Summary of the 2-D proteomic analysis results from NpcI™ mice
brain aqueous fraction. The proteomic analysis identified that several iron
related regulators, such as the IRP-1, ALAS, [Fe-S] clusters containing proteins
(cytochrome ¢, ATP synthase o- and [-chain precursor) and other
metalloproteins, altered expression in Npcl”™ brain aqueous fraction. Npcl™
means only present in NpclI” gels; WT* means present in both Npcl”™ and
control (Npcl i WT) gels, but to a higher extent in control (WT) (fold is
shown). The 2D-proteomic data were provided by Dr. Annie Speak (unpublished
observation).

3.3.5 Impaired erythrophagocytosis and heme metabolism in U18666A treated RAW 264.7
cells.

Since systemic heme/iron recycling is mainly regulated through splenic macrophage-
mediated erythrophagocytosis, ineffective erythrophagocytosis or impaired phagolysosome
formation could lead to systemic iron metabolism defects in Npc]'/' mice. Therefore, we
hypothesized that defects in erythrophagocytosis by macrophages could be one of the
potential mechanisms leading to the systemic iron metabolism defects that occur in Npcl™
mice. In order to test this hypothesis, in vitro erythrophagocytosis assays were performed
using a pharmacologically induced in vifro model of NPC1 disease (U18666A treated RAW
mouse macrophage cell line). The in vitro erythrophagocytosis efficiency was evaluated by
analyzing the protein expressions of a number of heme-metabolism genes.
Immunofluorescence analysis indicated that L-chain ferritin and heme oxygenease-1
expressions were greatly increased in vehicle (DMSO)-treated RAW cells compared with
U18666A-treated RAW cells. Therefore, these results suggest that U18666A-treated RAW

264.7 cells have less effective erythrophagocytosis and this defect could impair down-
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streamed heme metabolism gene expression, such as heme oxygenase-1 and iron-storage

protein, ferritin (Fig 3.9C-I).

DMSO U18666A

e |

L-Ferritin

H-Ferritin

Heme Oxygenase-1

Figure 3.9 Impaired in vitro erythrophagocytosis and down-regulated
heme metabolism gene expression in U18666A-treated RAW 264.7 cells.
Adherent RAW 264.7 cells were treated either with U18666A or DMSO
(vehicle control) for 72 hours and assayed for phagocytic responses to mouse
IgG-opsonized CFSE-labeled RBCs from control (Npc!™") donor mice. The
phagocytic rate was determined after incubation of cells for 2 hours at 37°C.
(A-F). Immunofluorescence staining of iron/heme metabolism genes (ferritin
and heme-oxygenase-1) in U18666A or DMSO-treated RAW cells after
erythrophagocytosis for 2 hours. Scale bar = 10 um.

3.3.6 Abnormal gastrointestinal bleeding in late end stage Npcl” mice.
Since systemic iron homeostasis is regulated at the levels of absorption, storage,

utilization and recycling, abnormal iron absorption and bleeding could also affect systemic
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iron regulation in NPC1 disease. Interestingly, gastrointestinal bleeding is commonly (75%)
observed in late end stage disease (10.5~11 weeks of age) NpcI” mice. In addition, enhanced
vascularity at the ileo-colonic junction was also observed in 10.5~11-week-old NpcI” mice
(Fig 3.11 & 12A-F). The observation of Crohn's-like pathology in NpcI” mice suggested that
abnormal gastrointestinal mediated nutrient absorption defects and abnormal bleeding could
be another pathophysiological factors exacerbating iron dyshomeostasis phenotypes in late

stage disease in Npcl™ mice.

Figure 3. 11. Abnormal gastrointestinal bleeding in late end stage
Npcl” mice. Representative image of gastrointestinal morphology from
11-week-old NpcI” mice.

Figure 3. 12. Abnormal gastrointestinal bleeding in late end stage NpcI
“ mice. (A-F) Representative images of different parts of gastrointestinal
morphology from 11-week-old Npc!” mice.

3.3.7 Iron dysregulation induced tissue reactive oxygen species production, decreased
intracellular glutathione (GSH) levels and elevated lipid peroxidation in Npcl™ mice.

Iron dysregulation has been suggested to be involved in the generation of intracellular
reactive oxygen species (ROS) via the Fenton reaction, which could cause cellular apoptosis
and cell death. In order to assess the effects of iron dysregulation on NpcI™ peripheral organs
and CNS, we examined Npcl” tissue glutathione levels, which serve as an indicator of
intracellular oxidative stress. As presented in Fig 3.13A-C, there were markedly decreased
total glutathione (GSH) contents in Npc]'/' peripheral tissues, including liver, spleen and
kidney, as well as brain. Furthermore, this finding was supported by the microarray data,
which showed significant up-regulation of hepatic glutathione peroxidase-3 (Gpx3) (1 week,

1.31 fold, p < 0.025, 3 weeks, 1.63 fold, p < 0.0005, 5 weeks, 1.74 fold, p < 0.0001, 7 weeks,
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2.64 fold, p < 0.0001, 9 weeks, 2.10 fold, p < 0.0001, 11 weeks, 4.40 fold, p < 0.0001) and
glutathione peroxidase-4 (Gpx4) (1 week, 1.43 fold, p < 0.0001, 3 weeks, 1.39 fold, p < 5
weeks, 1.35 fold, p < 0.0001, 7 weeks, 1.42 fold, p < 0.0001, 9 weeks, 1.54 fold, p < 0.0001,
11 weeks, 1.79 fold, p < 0.0001) (Fig 3.13D-E). In addition, the toxic effects of iron
dysregulation were measured by analyzing the lipid peroxidation product, 4-HNE, in Npcl™
mice. Immnuofluorescence analysis indicated that there was a marked increased of 4-HNE
fluorescence intensity in Npcl” liver and kidney sections (Fig. 3.13F-K). These results
suggested that systemic iron dysregulation could be one of the causes of oxidative stress and

lipid peroxidation in NpcI™ mice.
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Figure 3.13 Systemic iron dysregulation induced tissue oxidative stress
and lipid peroxidation in NpcI” mice. (A-C) 9-week old control and Npcl™
tissue homogenates were prepared and tissue GSH levels analysed as
described in “Material & Methods”. (D-E) Hepatic samples were collected
from Npcl” and age-matched control animals and analysed using microarray
analysis as described in “Materials & Methods”. (F-K) 9-week-old control
(Npel™) and Npcel™ liver, spleen kidney sections were prepared and stained
using anti-4-hydroxy-2-nonenal (4-HNE), lipid peroxidation product,

antibody to detect tissue lipid peroxidation levels. Scale bar = 100 um.
3.3.8 Increased circulating and tissue iron contents in iron-dextran treated Npcl™ mice.

In our previous studies, the hematological abnormalities with low hemoglobin and
microcytic erythrocytes were identified in Npc/” mice and these hematological defects have
been suggested to be associated with impaired erythropoiesis and hypoxic stress in Npcl™
mice. Consistent with our earlier findings in Chapter 2, our current studies further indicated
systemic iron dyshomeostasis in Npcl” mice and these defects could cause progressive
peripheral iron deficiency, impair hepatic mitochondria [Fe-S] clusters biosynthesis and heme
metabolism in NpcI” mice. In order to evaluate the potential impact of iron supplementation
on Npcl” peripheral tissues and CNS, Npcl”™ mice were treated with parental iron
supplementation using iron-dextran (i.p injection 50 mg/kg, twice per week) and started the

treatment from 3-week-old (P21) Npcl'/' mice. Circulating iron levels and tissue iron



distribution were determined using inductively coupled plasma mass spectrometry (ICP-
MS) and Perl’s Prussian blue staining. After 6 weeks of iron supplementation treatment, ICP-
MS analysis indicated that there were significant increase in serum iron contents (5.3 fold p =
0.002) in iron-dextran treated NpcI” mice compared with 9-week-old vehicle (PBS)-treated
Npcl” mice (Fig 3.14A). Intriguingly, the ICP-MS analysis revealed that serum manganese
levels were also significantly increased (2.1 fold p = 0.047) in iron-dextran treated Npcl™”
mice. However, no significant difference of serum copper and zinc level between vehicle
(PBS) and iron-dextran-treated NpcI” mice were observed (Fig 3.14B-C). In addition,
consistent with the ICP-MS analysis, Perl’s Prussian blue iron staining also demonstrated that
there were marked increases in peripheral tissue ferric iron contents, especially in the liver

and spleen, of Npc!”” mice administered parental iron (Fig 3.15A-H).
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Figure 3.14 Increased serum iron levels in iron-dextran treated Npcl”
mice. (A-D) Mice were injected (I.P.) with iron-dextran (50 mg/kg), twice
per week. Iron supplementation started at 3 weeks of age. Blood samples
were collected from 9-week-old vehicle-treated and iron-dextran-treated
Npel”™ mice. Serum metal contents were measured using ICP-MS as
described in “Materials & Methods”. Data shown are mean = SEM, n = 3,
per group. * p < 0.05, ** p < 0.005, calculated by an unpaired ¢ test using
GraphPad Prism v5.

Figure 3.15. Peripheral tissue iron distribution after treatment with iron
supplementation in NpcI”™ mice. (A-H) Mice were injected (I.P.) with iron-
dextran (50 mg/kg), twice per week. Iron supplementation treatment was started at
3 weeks of age. Age-matched control animals were injected with saline solution
as a vehicle control group. Sections of peripheral organs (liver, spleen, kidney and
lung) from vehicle-treated Npc/”™ and iron-dextran treated NpcI”™ mice (9-week
old) stained for ferric iron with Perl’s Prussian blue reagents. Images were viewed
and captured as described in “Materials and Methods”. Scale bar = 100 pm.

3.3.9 Iron supplementation improved motor function and activity in NpcI™” mice.

The potential therapeutic effect of iron supplementation on motor function in iron-
dextran treated-NpcI” mice was also examined. Automated activity measurements indicated
that iron supplementation treated-NpcI™ mice exhibited higher levels of activity parameters
relative to age-matched vehicle treated NpcI” mice. When compared with vehicle-treated
Npcl” mice, iron supplementation did not show any significant functional improvements in
terms of exploratory activity or movement and mobility. However, the supported rearing
counts were significantly improved in 6 and 7-week-old iron-dextran treated NpcI” mice
compared with age matched vehicle-treated Npc” mice (6 weeks, 120.30 = 27.41 v.s 236.70
+37.31, p=0.03, 7 weeks, 103.70 + 16.04 v.s. 219.80 £ 21.74, p = 0.0019). The unsupported
rearing counts were also significantly increased in 7 and 8-week-old iron-dextran treated
Npcl™” mice (7 weeks, 13.73 £ 4.464 v.s. 31.75 + 2.810, p = 0.0367, 8 weeks, 4.125 + 1.619

v.s. 25.63 £ 8.870, p = 0.0318).
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Figure 3.16A-1. Iron supplementation treatment improved motor function in
treated Npc]'/' mice. Mice were injected (I.P.) with iron-dextran (50 mg/kg),
twice per week. Iron supplementation therapy was started at 3 weeks of age. Age-
matched control animals were injected with saline solution as a vehicle control
group. The evaluations of motor function were measured weekly using the
AmLogger as described in “Materials & Methods”. Data represent mean + SEM,
n =4 ~ 6, per group. * p < 0.05, ** p < 0.005, calculated by an unpaired ¢ test

using GraphPad Prism v5.
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3.3.10 Iron supplementation does not protect against neuro-inflammation or Purkinje cell
loss in Npcl” mice.

The potential effect of iron supplementation on Purkinje cells survival and neuro-
inflammation was examined in iron-dextran treated 8-week-old NpcI” mice. The
inflammatory marker CD68 was used to detect activated microglia/infiltrating macrophages,
whilst Purkinje cells were identified by calbindin staining to asses patterns of
neurodegeneration. Within the cerebellum, patterned neurodegeneration of Purkinje cells
starts in lobules I and II and progresses to other lobules whereas lobule X is spared. Lobule III
is a site of Purkinje cells loss early on in NPC1 disease progression and was therefore studied.
Iron supplementation did not promote Purkinje cells survival (4.54 + 0.08 av. PC/mm IGL

v.s. 4.23 + 1.39 av. PC/mm IGL) or protect against neuroinflammation (Fig 3.17A-D).
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Figure 3.17. Lack of benefit of iron supplementation on Npcl™ cerebellar
microglial activation and Purkinje cell survival. (A-B) Cerebellar sections
(20 pm) were immunostained with anti-CD68 antibody and revealed with a FITC-
conjugated secondary to label activated microglia (green). The tissues were
counterstained with DAPI to outline cerebellar structure. Layers of dense blue
staining correspond to the internal granular layer, while the arrows indicate the
lobular white matter tracts. The cerebellum of untreated Npcl " mice (A-B) was
compared to iron-dextran and vehicle (PBS) treated animals,n =3 for each
treatment group. The images illustrated the microglial activation in the deep
cerebellar nucleus and surrounding parenchyma the lobular white matter and
internal granular layer and the molecular layer. The number of CD68" cells was
calculated per mm” of each cerebellar zone. The data is presented in (C-D) with
each cerebellar zone colour-coded as before (all bars + SEM). In other sections,
the number of calbindin-labeled Purkinje cells in the crusl zone was counted to
assess the impact of iron supplementation on Purkinje cell survival. NS = not
significant calculated by an unpaired ¢ test using GraphPad Prism v5. Scale
bar =200 mm. These data were analyzed by Dr. Ian Williams (NIH, USA).

a1



3.3.11 Abnormal celluler ferritin synthesis and storage in NPC1 human fibroblasts.

We evaluated the iron loading response of human skin fibroblasts derived from NPC1
patients. Human fibroblasts were grown in the medium supplemented with 50 pM FAC for 72
hours and the cellular responses were examined by electron microscopy. As illustrated in
Figure 3.18A-D, electron microscopy (EM) examination indicated that several electron-dense
ferritin-like structures (e.g., hemosiderin) were clearly observed within lysosome-like
subcellular organelles in control human fibroblasts. However, in NPC cells, several cellular
storage bodies were observed as anticipated but only relatively few electron dense ferritin-like
structures were observed in the cytoplasm and subcellular organelle compartments in iron-

loaded NPCI1 fibroblasts (Fig 3.19-23A-D).
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Figure 3.19 Abnormal intracellular ferritin synthesis and storage in iron-loaded
NPC1 human fibroblasts. (A-D) Human fibroblasts derived from NPCI1 patients
were cultured with standard medium supplemented with 50 uM ferric ammonium
citrate (FAC) for 72 hours. Followed by processed electron microscopy analysis as
described in Material & Methods. < indicated electron dense ferritin-like complexes
(hemosiderin) stored into intracellular membrane bound structure. < indicate
lysosomal storage bodies distributed over the cytosol. Scale bar = 1 pm.

Figure 3.20 Abnormal intracellular ferritin synthesis and storage in iron-loaded
NPC1 human fibroblasts. (A-B) Human fibroblasts derived from healthy individual
and NPC1 patients were cultured with standard medium supplemented with 50 pM
ferric ammonium citrate (FAC) for 72 hours. Followed by processed electron
microscopy analysis as described in “Materials & Methods”. < indicated electron
dense ferritin-like complexes (hemosiderin) stored into intracellular membrane bound
structure in fibroblasts derived from healthy individual. < indicated electron dense
cytosolic ferritin-like molecules distributed around the lysosomal storage bodies.
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3.3.12 Abnormalities in CSF concentrations of ferritin in NPC1 patients.

Our in vitro and in vivo studies so far have demonstrated disruption of cellular and
systemic iron homeostasis in peripheral organs and CNS of Npcl” mice. In this thesis
Chapter 2, we found decreased circulating iron levels and hematological abnormalities with
low haemoglobin and microcytic erythrocytes in NPC1 patients. In order to further evaluate
whether our current observations of systemic iron dysregulation in Npc/” mice could be
relevant to the clinic, cerebrospinal fluid (CSF) samples from patients with NPC1 disease
were collected and CSF transferrin levels analysed. No significant differences in CSF
transferrin levels were found between control individuals and NPC1 patients (1.127 + 0.128
v.s. 1.354 £ 0.069, p = 0.089, n = 30 and n = 58, respectively) (Fig 3.21A). Next, CSF ferritin
levels from NPC1 patients were measured. The detection limit of the ELISA was 5 ng/ml.
Intriguingly, the ferritin ELISA analysis indicated that the CSF ferritin levels from these 5
unrelated NPC1 patients were all in the undetectable range (n = 5, per group, detection limit =
5 ng/ml); however the CSF ferritin levels from control individuals were approximately 10.29
+ 2.748 ng/ml (n = 5, per group, detection limit = 5 ng/ml) (Fig 3.21B). Therefore, these

results suggested that CNS iron metabolism defects may occur in NPCI patients.

Figure 3.21 CSF ferritin deficiency in NPC1 patients. (A) CSF transferrin
levels were analysed using commercial anti-human Tf kit (n =30, and n = 58, for
control group and NPC1 patients, respectively). (B) CSF ferritin levels were
measured using anti-human ferritin kit (n = 5 of each, for control group and NPC1
patients). The dashed line indicates the detection limit (5 ng/mL) of the
commercial anti-ferritin ELISA kit. CSF samples from NPC1 patients and control
individuals were collected and analysed as described in “Materials & Methods”.
Data shown are mean + SEM, calculated by an unpaired ¢ test using GraphPad
Prism v5.

3.4 Discussion

We have found systemic iron dysregulation in Npc!” mice including modified gene
expression of a number of signaling molecules involved in the regulation of hepatic hepcidin
expression, such as TMPRSS-6, TfR-2. Furthermore, Prussian blue iron staining indicated

peripheral iron deficiency in Npcl™ mice. This finding was supported by the observation of
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up-regulation of peripheral TfR-1 and down-regulation of ferritin levels in NpcI” mice.
Microarray analysis suggested that systemic iron dyshomeostasis could have pleiotropic
effects including (i) impair mitochondrial and lysosomal iron trafficking, (ii) decreased
mitochondrial iron utilization with impaired mitochondrial/cytosolic heme metabolism and
[Fe-S] cluster biosynthesis (iii) and stimulate tissue reactive oxygen species generation and
lipid peroxidation in NpcI™ mice (Fig. 3.22). Proteomic analysis also indicated that brain iron
metabolism defects with up-regulation of IRP-1 and transferrin was detected in NpcI” mice.
Defective cellular ferritin synthesis and storage were also observed in NPC1 disease cell line
model. In addition, CSF ferritin deficiency was observed in NPCI1 patients. The potential
therapeutic effects of iron supplementation to correct iron deficiency were evaluated in Npcl
” mice. Iron supplementation treatment was of benefit in terms of survival and function, with

correction of peripheral tissue iron levels.

Figure 3.22. Proposed model of iron dysregulation induced oxidative stress,
mitochondrial dysfunction, lipid peroxidation and DNA damage in Niemann—
Pick type C1 disease. The schematic presents a model of iron dyshomeostasis
related NPC1 pathogenesis based on evidence obtained in the murine and in vitro
models of NPC1 disease. Lysosomal dysfunction due to mutations in NPC1 protein
would cause impair endosomal/lysosomal pathway mediated Tf-iron uptake and
TfR-1 recycling defect. This defect could further affect intracellular iron storage
protein, ferritin, synthesis, trafficking and storage within lysosomes. Due to the
lysosomal dysfunction in NPC1 disease, it could cause cellular iron dyshomeostasis
and generate intracellular free radical via the Fenton reaction. The increased cellular
oxidative stress could affect cellular anti-oxidative enzymes genes expression,
activities, which would lead to increasing intracellular free radical levels, causing
lipid peroxidation and DNA damage. The NPC1 lysosomal dysfunction could also
affect mitochondrial iron uptake, transport and utilization and affect mitochondrial
functions.

The microarray data indicated that the iron dysregulation in NPCI1 disease could be
associated with the defective regulation of subcellular iron trafficking and its
compartmentalization. These findings were supported by the observation of impaired
mitochondria-mediated heme metabolism, [Fe-S] clusters biosynthesis and cause
mitochondrial dysfunction in Npc/” mice. Interestingly, we have very recently found hepatic

CYPs functional defects in NPC1 disease animal models and NPCI1 patients (Platt et.,
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unpublished observations). Since iron is an essential cofactor for heme-containing enzymes,
including hemoglobin, cytochromes, hepatic iron/heme metabolism defects in NPC1 disease
could impair heme containing enzymes activities further as the disease progresses (52).
Although the underlying mechanisms of hepatic CYPs defects in NPC1 disease remains to be
explored, the observations of impaired hepatic heme biosynthesis and mitochondrial
dysfunction could contribute to the functional defects of hepatic CYPs in NPC1 disease.

We also found that the postulated hepatic endosomal/lysosomal cation and iron
transporters, DMT1-1 and MCOLN-1, were significantly increased from the early pre-
symptomatic stage (3-week-old) Npc]'/ " mice. Since DMT-1 and TRML-1 have both been
suggested to be involved not only in the regulation of lysosomal iron transportation but also
control lysosomal calcium flux, these observations therefore raised the possibilities whether
the hepatic iron metabolism defects in NPC1 disease could be either directly or indirectly
related to (i) lysosomal calcium flux defects, or (ii) the abnormal increase in the number and
size of lysosomes in NPC1 disease (98, 125, 126). Since our previous studies have
demonstrated that NPC1 disease is mainly characterized by lysosomal calcium flux defects,
defective lysosomal calcium signalling would impair intracellular vesicles fusion and fission
events and cause the abnormal increase of lysosome numbers and volume (22). Indeed, this
hypothesis was supported by our microarray examination indicating significantly elevated
levels of endosomal/lysosomal markers, LAMP-1 and LAMP-2, and the postulated
endo/lysosomal two pore calcium channel, TPC-2, in NpcI” mice (Platt et al., unpublished
observation) (127). These findings also suggested that the lysosomal calcium signaling
defect is involved in the regulation of abnormal hepatic pro-inflammatory cytokines (IL-1p,
IL6 and TNF-a), hepcidin expression and iron metabolism defects in Npcl” mice. This
proposed model would need to be further investigated and it could potentially highlight the
importance of lysosomal calcium-mediated signaling in the regulation of systemic
inflammatory responses and iron homeostasis.

Cellular iron homeostasis is maintained by the coordinated regulation of cytosolic,

mitochondria and lysosomal iron pools (47). Dysregulation in subcellular iron trafficking and
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its compartmentalization could lead to imbalanced cellular iron distribution in all three
compartments (49). Based on our microarray analysis, it is reasonable to assume lysosomal
iron metabolism defects occur in NPC1 disease. However, although there is growing evidence
that lysosomes might play a crucial role on maintaining systemic and cellular iron
homeostasis, in terms of iron uptake, trafficking, subcellular compartmentalization, recycling
and ferritin iron release, the biological function of lysosomes on systemic and cellular iron
homeostasis still remains incompletely understood(45, 47). Most of our current knowledge on
subcellular iron trafficking and compartmentalization relies on rare mitochondrial or
lysosomal diseases, such as Friedreich's ataxia, siderocytic anemia and transient receptor
potential cation channel mucolipin-1 disorder (75, 98). Friedreich’s ataxia and Mucoln-1-
deficienct human fibroblasts exhibited cytosolic iron deficiency as well as subcellular iron
compartments accumulation phenotypes, which suggest a defect in intracellular iron
transportation  across either the cytosolic/mitochondrial compartment or the
endsosomal/lysosomal system. The Friedreich’s ataxia and Mucolnl-deficienct human
fibroblasts exhibit either mitochondrial or lysosomal iron overload and concurrent cytosolic
iron deficiency phenotypes (98, 128). This could lead to the misregulation of the cellular IRE-
IRP regulatory system and cause systemic iron dysregulation and the development of hepatic
dysfunction and neurodegenerative symptoms. Considering the potential therapeutic
approaches for the subcellular iron compartmentalization defects in Friedreich’s ataxia and
Mucolnl disorders, it has been proposed that therapies should either (i) replenish cytosolic
iron levels or (ii) chelate subcellular compartmentalized iron (129). Indeed, in vitro studies
have previously demonstrated that the iron chelator (DFO) has certain beneficial effects and
rescues Friedreich’s ataxia fibroblasts from oxidative stress (128). Furthermore, in vivo
studies on muscle creatine kinase conditional frataxin knockout mouse model have recently
demonstrated that either (i) iron chelating treatment with combination of iron chelators,
pyridoxal isonicotinoyl hydrazone (130) and (DFO), can decrease cardiac iron accumulation
and limits cardiac hypertrophy in mutant mice (55) and (ii) dietary iron supplementation can

delay weight lost and limit cardiac hypertrophy (131). Interestedly, our previous and current
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studies (described in this thesis Chapter 2 and Chapter 3) have also evaluated (i) parental
iron supplementation with iron dextrin and (ii) iron chelating treatment using iron chelator,
(deferoxamine, DFO), in Npcl'/' mice (data not shown). Our results indicated that iron
supplementation treatment could (i) improve hematological abnormalities, (ii) correct
peripheral tissue iron deficiency phenotypes (iii) and modestly prolong lifespan in treated
Npcl " mice. However, our studies also indicated that the iron chelator defecroxamine did not
show any functional improvements, in terms of survival and locomotor activity, on treated
Npcl " mice (data not shown). However, it should be noted that there are several possibilities
to explain the limited therapeutic effects of deferoxamine on treated NpcI” mice. One
possibility is that the iron chelator deferoxamine treatment may worse functional iron
deficiency anaemia and peripheral iron deficiency phenotypes in Npcl” mice. Other
possibilities should also be considered including (i) DFO may have limited BBB permeability
(20, 132), (ii) whether DFO specifically chelates lysosomal iron pools and (iii) whether iron is
efficiently chelated in vivo in mice fed a mouse chow that is rich in iron. Therefore, on the
basis of our current findings, it might be of interest to evaluate the potential therapeutic
effects of novel iron-modulating reagents or iron ionophores in Npc/ " mice and Npcl " cells
and determine whether these iron-related treatments could correct hematological
abnormalities and systemic/cellular iron dysregulation phenotypes in NPC1 disease. In
addition, further studies on the combination therapy with substrate reduction therapy using
miglustat and iron-dextran would be informative. Although the therapeutic dosage, efficiency,
iron formulation and administration routes of iron supplementation remains to be optimized,
our current findings suggested the potential beneficial effects of the iron supplementation
treatment in NpcI™”™ mice that could be rapidly translated into the clinic.

Our current studies described in this thesis (Chapter 2 & 3) mainly focused on the
identification of the mechanistic defects of peripheral iron homeostasis and related
hematological defects in NpcI” mice. However, our proteomic analysis indicated that the
dysregulation of brain iron homeostasis with up-regulation of transferrin and IRP-1 was

observed from 1-week-of age in Npc/” mice. There is also growing evidence to suggest that
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the brain iron dysregulation may be involved in the underlying pathogenesis of several
common neurodegenerative disorders, such as Pakinson’s and Alzehimer’s diseases and other
rare neurodegenerative diseases with brain iron accumulation (NBIA), such as Pantothenate
kinase-associated neurodegeneration (PKAN), neuroferritinopathy, aceruloplasminemia,
Kufor Rakeb syndromes and fatty acid hydroxylase associated neurodegeneration (FAHN)
(79, 133, 134). Therefore, it would be of interest to further investigate the brain iron
dysregulation phenotypes in Npc]'/' mice. In addition, there is also growing evidence to
indicate that NPC1 disease and Alzheimer’s disease may share several similar neuro-
pathological features, including the formation of neurofibrillary tangles and the accumulation
of beta-amyloid, which suggested these two diseases share common biochemical mechanisms
involved in their pathogenesis. It has been demonstrated that amyloid precursor protein
expression is response to intracellular iron levels and is regulated by the IRP-1 via binding its
iron responsive 5’-untranslated region (135). Intriguingly, our current proteomic results
indicated that the IRP-1 levels were markedly up-regulated in Npcl”brain. Therefore, our
current studies may bring new insights into the mechanistic links between Alzheimer’s and
NPC1 disease (136). In addition to lipid dyshomeostasis phenotypes, impaired lysosomal
function/activity causing cellular iron homeostasis defects in NPC1 pathogenesis may provide
a novel model to study the association of lysosomal dysfunction and amyloid precursor
protein processing (137). However, it should be noted that the distribution of iron is uneven in
the brain and defects in its metabolism could be restricted to certain brain regions (e.g.,
globus pallidus, substantia nigra), specific cellular types (e.g., astroglia, oligodendrocytes), or
subcellular organelles levels (e.g., mitochondria, lysosomes). Furthermore, due to the distinct
architectural features and potential metabolic differences in astrocytes, microglia, neurons and
oligodendrocytes, cellular iron metabolism may vary regionally which could be another
challenge to investigate defects in iron metabolism in the NPC1 disease brain. In addition, the
possibility of iron transportation defects across the BBB. Due to the technical issue of
obtaining CSF from NpcI™” mice, we only analysed CSF from NPC1 patients and the results

indicated that there were undetectable levels of ferritin in the CSF of NPC1 patients. Hence,
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there may be CSF iron/ferritin transport defects across the BBB or the brain—cerebrospinal
fluid barrier in NPC1 disease. Interestingly, impaired BBB integrity has been demonstrated in
another sub-group of lysosomal storage disease, mouse models of the GM1 and GM2 (138).
Therefore, it would be of interest to determine the BBB integrity and the efficiency of brain
iron/transferrin and CSF ferritin transport across the BBB in NpcI™ mice.

Several lines of evidence have recently demonstrated that (i) lysosomal protease
activities and (ii) lysosomal acidification are crucial for the degradation of ferritin complex
and utilization of iron from ferritin (73, 74). However, the molecular mechanisms of how iron
incorporate into ferritin and how iron export from lysosomes remain poorly understood.
Recent studies have suggested that certain candidate metal transporters may be involved in
mediating iron transport from lysosomes to the cytosol (51, 73). Intriguingly, peripheral
ferritin deficiency has been reported in a small number of NPC1 patients, but did not in
patients with other lysosomal storage diseases, including Gaucher, Batten and GM2
gangliosidosis (107, 108). Therefore, these observations suggest that the NPC1 protein may
be involved in the regulation of subcellular iron trafficking and ferritin synthesis. NPCI
belongs to a member of RND permease superfamily, a wide range of substrates, including
fatty acid, lipophilic drugs, detergents and metal ions, have been suggested to be able to be
transported by the NPC1 protein (24). Therefore, it would be of interest to investigate further
the potential role of NPC1 on intracellular iron and other metal trafficking in the near future.
However, it should be noted that our current studies still cannot rule out other possibilities
including (i) impaired systemic and cytosolic iron transport (130), (ii) impaired
trafficking/mis-localized of intracellular iron transporters, such as TfR-1, hepcidin/ferroportin
complex (139), (iii) defects in lysosomal protease activity and acidification for the extraction
of ferritin iron (47). Also, the NPC1 protein could either directly or indirectly interact with
other unidentified lysosomal iron transporters. To our knowledge, there are very limited
studies regarding the biological function of lysosomes and lysosomal proteins on the
regulation of systemic and cellular iron homeostasis. Further studies using novel iron

detection probes will be needed to determine subcellular iron levels/distribution, including
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cytosolic, mitochondrial and lysosomal compartments The use of biophysical techniques,
such as Mdssbauer spectroscopy and transmission electron microscopy—energy-dispersive X-
ray, will be necessary to get a better understanding of the underlying mechanisms of iron
dysregulation in NPC1 disease (73, 131).

In conclusion, we have found systemic and cellular iron dysregulation in vitro and in
vivo in NPC1 disease models. Besides, our results also suggested that systemic iron
dyshomeostasis could impair mitochondrial/lysosomal iron trafficking and mitochondrial iron
utilization, including impaired heme metabolism and [Fe-S] cluster biosynthesis, in Npcl™”
mice. Furthermore, 2-D proteomic analysis also indicated brain iron metabolism defects occur
in NpcI”" mice. CSF ferritin deficiency was also observed in NPC1 patients. The potential
therapeutic effects of iron supplementation were evaluated in NpcI” mice. Our studies using
genetic, biochemical and pharmacological methods demonstrated the cellular and systemic
iron dyshomeostasis in NPC1 disease models and indicated that iron supplementation
treatment was of benefit, which could correct peripheral organs iron contents and improve

motor functions in Npc!” mice.
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Chapter 4: Defective Copper and Zinc Homeostasis in Niemann-Pick C1 Disease

4.1 Introduction

4.1.1 Copper/zinc dyshomeostasis and its related diseases

Copper and zinc are crucial trace elements in biological system that are co-factors
for many metalloproteins involved in intestinal iron mobilization, biosynthesis and release of
neurotransmitters, neuron myelination, melanin formation, blood clotting, mitochondria
functions and many other physiologic processes (56, 140). Defective copper and zinc
homeostasis is a contributing factor of hepatic and neurotoxicity in several severe hepatic and
neurodegenerative diseases, such as Wilson’s disease, Menke’s disease, amyotrophic lateral
sclerosis (ALS), acerulomplasminemia, Alzheimer’s disease and Parkinson’s disease (141,
142). Dysregulation of systemic copper and zinc homeostasis is a contributing factor to the
production of intracellular reactive oxygen species (ROS), which leads to lipid peroxidation,
subcellular organelles dysfunction and cellular apoptosis (143). Therefore, intracellular
copper and zinc homeostasis is tightly regulated at the level of uptake, intracellular

trafficking, subcellular compartmentalization and export.

4.1.2 Systemic and cellular copper homeostasis

Copper absorption is regulated by the plasma membrane transporter, CTR-1, which
facilitates cellular copper uptake and delivery to intracellular copper chaperones, (e.g. Atoxl1,
CCS and Cox17) to help copper (i) delivery to trans-Golgi (TGN) P-type ATPase
transporters, MNK ATP7A and WND ATP7B, to help copper incorporate apo-cuproproteins
for holo-cuproproteins, (ii) incorporate into Cu/Zn superoxide dismutases, to help against
intracellular/extracellular superoxide damage (iii) and delivery to mitochondrial cytochrome ¢
oxidase, to maintains mitochondrial copper homeostasis (56). However, the mechanisms of
how intracellular copper distributes and incorporates into apo-cuproproteins, including the

synthesis of ceruloplasmin, remain poorly understood (59).
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4.1.3 Systemic and cellular zinc homeostasis

Zinc plays important roles in neurotransmitter biosynthesis/release and may
function as an intracellular second messenger (140). The intracellular and extracellular zinc
concentration and its distribution is controlled by metallothioneins (MTs) and zinc
transporters (140). In general, zinc transporters transport zinc in/out of the cytosol, leading to
export or intracellular sequestration, e.g., into zincosomes, which are vesicles that can
accumulate high levels of free zinc (140). It has been known that there is considerable cell-
specific expression of some of the transporters, which are dynamically regulated in response
to zinc status and endocrine and cytokine signaling and expression of these transporters can

regulate signal transduction in response to levels of intracellular zinc (144, 145).

4.1.4 Metallothioneins and copper, zinc homeostasis

Metallothionines (MTs) are cysteine-rich, low molecular weight proteins, which have a
high affinity for intracellular transition metals, such as copper and zinc (146). MT-1 and MT-
2 are expressed in most mammalian tissues, and MT-3 is mainly restricted expression in the
central nervous system, which is particularly abundant in zinc-rich neurons (147). MTs are
not only involved in the detoxification of tissues heavy metal contaminants, but also help
protect against metal dysregulation induced oxidative stress (146, 148). In addition to
modulation by transition metal ions, MTs can also be transcriptionally regulated by a number
of different molecules, such as corticosteroids, interleukins, interferons and serum growth
factors (146). Metallothionines have been suggested to be involved in the regulation of

mitochondrial function (146).

4.1.5 Copper and zinc dyshomeostasis disorders

Defects in intracellular copper and zinc homeostasis have been suggested to be
associated with several psychiatric and neurological disorders, including Menke’s disease,
Wilson’s disease, amyotrophic lateral sclerosis, Prion diseases and Parkinson’s disease (149,

150). Most of our current knowledge of systemic and sub-cellular copper and zinc regulation
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mainly relies on (i) certain copper and zinc metabolism genetic knock-out animal models and

(i1) rare inborn errors of inherited genetic/metabolic disorders in human patients (141).

4.1.6 The biological function of lysosomes and metal homeostasis

The lysosome plays a crucial role in intracellular catabolic pathways to degrade and
redistribute intracellular macromolecules and transition metal ions into cytosolic
compartments (1). Lysosomes have been suggested to be involved in the regulation of
intracellular copper release into bile or plasma by exocytosis (151). Lysosomes also regulate
subcellular zinc distribution, e.g., zinc compartmentalisation, and intracellular zinc signaling
(152). Impaired lysosomal function and lysosomal copper accumulation have been observed
in LEC rat model for Wilson’s disease (151). DMT-1 is one of the postulated divalent metal
transporters, which has been suggested to be involved in the regulation of iron, copper, zinc
and magnesium transportation within the endosomal/lysosomal system (50, 125). In addition,
another postulated bivalent meal transporter, TRPMLI1, has been recently also suggested to
regulate endosomal/lysosomal iron, zinc and calcium homeostasis. Defects in TRPMLI
would lead to subcellular iron and zinc compartmentalization and lysosomal calcium flux

defects (98, 153).

4.1.7 Acid sphingomyelinase and NPC1 disease

Acid sphingomyelinase (ASM) is a lysosomal phosphodiesterase, which catalyzes the
hydrolysis of sphingomyelin to generate phosphorylcholine and ceramide (154). Deficiency
of acid sphingomyelinase (ASM) activity results in Niemann Pick type A and B diseases
(NPA/B), lysosomal storage diseases characterized by sphingomyelin accumulation (155). It
has been demonstrated that copper and zinc are essential co-factors for acid sphingomyelinase
(ASM) dimerization and for its enzyme activity (156). Reduced acid sphigomyelinase (ASM)
activity has been reported in NPC1 patients fibroblasts and NPC1-null CHO cells (157). It

has been suggested that the post-translational modification defects could impair acid
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sphingomyelinase in NPC1 disease cells (139, 157); however, the underlying mechanisms of

impaired acid sphingomyelinase in NPC1 disease fibroblast remains incompletely understood.

4.1.8 NPC1 disease

The NPCI1 protein, is an integral late endosome/lysosome membrane protein that is a
member of RND permease superfamily (24). RND proteins in prokaryotic system have been
suggested to function as proton sym-porters with a wide range of substrates, including fatty
acid, lipophilic drugs and metal ions (111). The role of NPC1 in mediating metal ion

movement in eukaryotic cells remains unclear.

4.1.9 Aim of this chapter

In this chapter, we collaborated with Dr. Roman Polishchuk (TIGEM, Italy) and
extended our metal ion studies (Chapter 2 &3) to copper and zinc ions on the murine model
of NPC1 disease. We characterized the systematic/cellular copper and zinc metabolism
defects in in vitro and in vivo NPCI1 disease models. Our results indicated that systemic
copper and zinc dysregulation could contribute to the pathogenesis cascades in NPC1 disease.
These observations also suggested several potential therapeutic strategies for manipulating
systemic copper and zinc homeostasis for the developments of potential therapies of NPC1
disease. Furthermore, we have evaluated several copper/zinc manipulation therapies,
including (i) copper chelator (D-Penicillamine), (ii) copper/zinc ionophore (clioquinol) and

(iii) reduced intestinal copper absorption (zinc acetate), in NpcI” mice.
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4.2 Material & Methods
4.2.1 Animals

Niemann-Pick type C1 mice (BALB/cNctr-NpcImIN/J, Npcl”™ mice) were from an
established colony. All mice were bred under sterile conditions, with food and water
available ad /ib. All animal studies were conducted using protocols approved by the UK
Home Office for the conduct of regulated procedures under license (Animal scientific

Procedures Act, 1986).

4.2.2 Administration of copper/zinc manipulation therapies on Npcl”” mice

Npcl”™ mice treated with (i) the copper chelating reagent, using D-Penicillamie
(100 mg/kg/day, Sigma); (ii) copper/zinc metal ionophore, using clioquinol (30 mg/kg/day) or
(ii1) reduced copper absorption therapy, using zinc acetate (300 mg/kg/day), supplemented as
dry admix to powdered RM1 mouse chow (SDS, UK). These therapies were administered
from 3 weeks of age (P21). The untreated Npc!” mice were fed on powdered chow as a

control group.

4.2.3 Mouse serum samples preparation
Mouse blood samples were collected by cardiac puncture technique as described in

Chapter 2.

4.2.4 ICP-MS metal analysis for tissue and serum copper and zinc levels
Mouse serum copper and zinc levels were quantified using Inductively Coupled

Plasma Mass Spectrometer (ICP-MS) as described in Chapter 2.

4.2.5.1 Behavioural analysis - open field

Open field analysis was performed as previously described in Chapter 2.

4.2.5.2 Neurological behavioural analysis - tremor
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Tremor analysis was performed as previously described in Chapter 2.

4.2.5.3 Locomotor Activity: AmLogger and Open Field Rearing
Spontaneous activity of each mouse was recorded weekly using both an automated
activity monitor (AmLogger, Linton Instrument, UK) and manual counting as described in

Chapter 3.

4.2.5.4 Gait Analysis

The CatWalk™ system (Noldus Information Technology, the Netherlands) was used
for monitoring changes in movement patters as indicative of any motor complications and to
assess any gait improvement patters as indicative of any motor complications and to assess
any gait improvement in response to treatment. NpcI”" mice were subjected to CatWalk™
analysis at 9 weeks of age, where a minimum of three “runs” were collected per animal. The
data collected were subsequently examined by CatWalk™ XT 10.0 software to produce of

177 inter —paw and intra-paw comparison parameters.

4.2.6 Tissue copper staining (Rhodanine staining)

") and Npcl " mice were deeply anaesthetized with CO, and

9-week-old control (Npc!
trans-cardially perfused with 4% paraformaldehyde. Tissues were removed and fixed for at
least another 48 hours then dehydrated in 30% sucrose-DPBS solution. For tissue copper
rhodanine staining, 20 wm thick tissue sections were cut and incubated at 37°C for 24 hours in
rhodanine solution containing 0.2% (w/v) 5-(4-dimethylaminobenzylidene)-2-thioxo-4-
thiazolidinone (Wako Pure Chemical Industries), absolute ethanol, and 10% (w/v) sodium
acetate trihydrate (Kanto Chemical). Counterstaining was performed with hematoxylin
staining. The sections were washed in deionized water, air-dried completely at room

temperature, immersed in xylene, and mounted. Images were captured and processed with a

Zeiss Axioskop 2 Plus light/fluorescence microscope.

1NQ



4.2.7 Tissue isolation, RNA extraction, and Microarray hybridization and data analysis

Microarray analysis was performed by Cluzeau et al. as described (84).

4.2.8 Cell culture

Human fibroblasts, CHO and astroglial cells were cultured in DMEM medium. RAW
264.7 and HepG2 cells were maintained in RPMI or DMEM-F12, respectively. The culture
medium was supplemented with 10% (v/v) fetal bovine serum, 1% penicillin/ streptomycin,

and 0.3 pg/mL glutamine in a humidified atmosphere at 37 °C and 5% CO,.

4.2.9 Immunocytochemistry analysis — Cytosolic copper transporters, MNK ATP7A and
WND ATP7B, subcellular localization analysis

Cells were sub-cultured in standard culture medium for 24 hours, then washed with
DPBS and treated either with 200 uM copper chloride (CuCl,) or 200 uM D-penicillamine
(D-Pen), for 2 hours. Cells were then fixed with 4% paraformaldehyde, washed and blocked
with 10% goat serum in DPBS for 1 hour, followed by incubation with the primary antibody
in 10% goat serum in DPBS-Triton (0.2%) solution at 4°C overnight. Primary antibodies
against MNK ATP7A (1:1000; Abcam, UK) and WND ATP7B (1:1000; Abcam, UK) were
used in immunofluorescence assays. Chamber slides were then washed and incubated with
either Dylight-594 Red, rabbit anti-mouse (1:3000, Vector Laboratories, UK) or Dylight-488
Green, donkey anti-rat secondary antibodies (1:2000, Invitrogen, UK) for 2 hours at room
temperature. Cell nuclei were stained with DAPI (Sigma, UK). Images were captured and

processed with a Zeiss Axioskop 2 Plus fluorescence microscope.

4.2.10 Fluorescence Imaging and Flow Cytometric analysis of Free Intracellular Zinc by
FluoZin-3 AM Staining.

FluoZin-3 AM is a high affinity, Zn-specific fluorophore which reacts with labile Zn.
FluoZin-3 fluorescence was used to visualize labile Zn vesicularization and detection of labile

Zn pools in NPC1 human fibroblast, NPC1-null CHO, RAW 264.7 and primary mouse Npcl~
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" astroglia cells. Cells were seeded onto glass-cover slips. After indicated treatment times,
cells were washed with DPBS and incubated with 2.5 pM FluoZin-3 AM (Molecular Probes,
Eugene, OR) with 0.02% Pluronic F-127 (Invitrogen, Carlsbad, CA) in serum-free DMEM or
DMEM-F12 medium for 30 minutes at room temperature. Subsequently, cells were washed
twice with DPBS and immediately imaged to analyse intracellular zinc distribution. Cytosolic
zinc labile pool distribution was imaged and processed with a Zeiss Axioskop 2 Plus
light/fluorescence microscope. FluoZin-3 was excited at 488 nm, and emission was detected

using a 505-550-nm bandpass filter.

4.2.11 Statistics

Data were expressed as the mean + SEM. Statistical analysis and graph plotting were
performed by using GraphPad Prism software. An unpaired two-tailed Student’s ¢ test was
used to determine the significant differences. A p value less than 0.05 was considered

statistically significant.



4.3 Results:
4.3.1 Defective systemic copper regulation in Npcl” mice.

Several studies have previously demonstrated that (i) multi-copper ferroxidase,
ceruloplasmin and hephaextin, are crucial to mediate intestinal iron transport and uptake, (ii)
copper could substitute for iron in certain mitochondrial iron-containing enzymes, such as
mitochondrial cytochromes, when iron deficiency occurs (59, 158, 159). To ascertain whether
systemic iron dysregulation in Npc]'/ " mice could impair homeostasis of other transition
metals, such as copper and zinc, NpcI™" peripheral tissues were collected and analysed using
the inductively coupled plasma mass spectrometry (ICP-MS). As shown in Fig. 4.1A, there
was a significant increase in serum copper levels by approximately 1.5 fold in 9-week-old
Npcl” mice, (p < 0.0001) compared with age-matched controls, which suggested systemic

copper dysregulation in Npc!”" mice.
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Figure 4.1 System copper dysregulation and increased serum
ceruloplasmin in NpcI” mice. (A) Serum copper levels were anlayzed using
ICP-MS technique as described in “Material and Methods”. (B)
Representative image of immunoblotting of serum ceruloplasmin levels. (C)
Quantitative analysis of serum ceruloplasmin levels in control (Npc! “*) and
Npcl” mice. (D) Rhodanine tissue copper staining on tissues sections from 9-
week-old control and NpcI” mice. Data represent mean SEM, n = 3, per
group, * p <0.05, *** p <0.0005. Scale bar = 100 pm.

Expression levels of the serum copper transporter, ceruloplamsin, were measured by Western
blotting. 9-week-old NpcI™ serum ceruloplasmin levels were markedly increased compared
with controls (Fig. 4.1B-C). Rhodamine histological copper staining was performed on 9-
week-old Npcl™ tissue sections to visualize tissue copper distribution. As shown in Fig.
4.1D, tissue copper accumulation (red-brown deposits) were observed in Npcl™ liver and

kidney.

4.3.2 Altered hepatic copper metabolism gene expression in Npcl” mice.

Microarray examination indicated that there were significant down-regulation of
hepatic ceruloplasmin mRNA levels in 1-week-old Npcl " mice compared with age-matched
controls then significantly elevated in 5, 9 and 11-week-old of Npc/” mice (1 week, -1.19
fold, p = 0.0029, 5 week, 1.19 fold, p = 0.0029, 9 week, 1.25 fold, p = 0.00018, 11 week, 1.17
fold, p = 0.0064), which suggested hepatic copper dysregulation in NpcI” mice (Fig. 4.2A).
We also examined another multi-copper containing ferroxidase, hepaestin, which is also
involved in the regulation of iron and copper metabolism. However, there were no significant
changes of relative hepatic hephaestin mRNA levels in NpcI” mice at any age compared with

age-matched controls (Fig. 4.2B).
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Figure 4.2. Changes in hepatic ceruloplasmin mRNA expressions in
Npcl~- mice. (A-B) Hepatic samples from age-matched of control and

Npcl-/- mice were collected and analyzed through microarray analysis.
ANOVA analysis was used to analyze microarray genes expression
change. * p < 0.05; ** p < 0.005; *** p < 0.0005; **** p < (0.0001. Data
represent mean = SEM, n = 4, per group.

In addition, microarray analysis also indicated that the hepatic plasma copper
importer, CTR-1, which mainly facilitates copper uptake across the plasma membrane to
intracellular vesicles, was significantly down-regulated from the early pre-symptomatic stage
(1-week-old) till the late end stage (11-week-old) of Npcl " mice relatively to control
littermates (1 week, -1.21 fold, p = 0.00058, 3 weeks, -1.12 fold, p = 0.03344, 7 weeks, -1.32
fold, p < 0.00001, 9 week, -1.28 fold, p < 0.00001, 11 weeks, -1.84 fold, p < 0.00001) (Fig.
4.3A). The observation of down-regulation of hepatic plasma copper importer, CTRI1,
supported the finding of hepatic copper accumulation phenotypes in Npcl” mice. Hepatic
mRNA levels of another postulated copper transporter, CTR-2, which has been suggested to
be involved in the regulation of cellular copper transportation within intracellular
vesicles/endosomes and lysosomes, was also examined. There was a significant increase in
mRNA expression at 7 & 9 —weeks of age (7 weeks, 1.23 fold, p = 0.0106, 11 weeks, 1.51
fold, p < 0.00001) (Fig. 4.3B). Therefore, these observations supported our findings and

suggested hepatic copper dyshomeostasis in Npc/” mice.
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Figure 4.3. Altered hepatic copper metabolism-related gene expression
in Npcl”/- mice. (A-F) Hepatic samples from age-matched of control

(Npcl™) and Npcl-- mice were collected and microarray analysis
performed. ANOVA analysis was used to analyze microarray genes
expression change. * p < 0.05; ** p < 0.005; *** p < 0.0005; **** p <
0.0001. Data represent mean + SEM, n = 4, per group.

4.3.3 Impaired hepatic cytosolic copper trafficking in NpcI” mice.

To explore whether NPCI1 deficiency could impair hepatic subcellular copper
trafficking, the gene expressions of multiple proteins associated with hepatic copper
metabolism were examined in NpcI” mice. Microarray analysis indicated that the expression
of the hepatic copper chaperone for Cu/Zn superoxide dismutase (CCS) was significantly
reduced from 7-weeks of age in Npc]'/' mice (7 week, -1.31 fold, p = 0.00063, 9 week, -1.19
fold, p = 0.0195, 11 week, -1.68 fold, p < 0.00001) (Figure 4.3C). ATOX1, which
predominantly mobilises transfers copper to cytosolic copper ATPase transporter, ATP7B,
was almost markedly elevated from 1-week of age up to 11-weeks of age in NpcI” mice (1
week, 1.19 fold, p = 0.0015, 3 weeks, 1.21 fold, p = 0.00090, 7 weeks, 1.24 fold, p <0.00015,
9 weeks, 1.12 fold, p = 0.00317, 11 weeks, 1.18 fold, p = 0.00255) (Figure 4.3D). These

findings suggested impaired hepatic copper trafficking in Npc/” mice and this defect could



impair the cupro-enzymes activities of Npcl”, such as Cu/Zn superoxie distumatases. The
major hepatic cytosolic Cu ATPase Wilson ATP7B transporter, which mainly functions to
efflux excess hepatic copper to bile for elimination, only showed a significant increase in
mRNA expression in 3-week-old Npcl " mice (3 week, 1.23 fold, p =0.0086) (Figure. 4.3E).
We also found that the mRNA expressions of another hepatic copper ATPase transporter
MNK ATP7A, which has been recently suggested to be involved in systemic copper
signalling and possibly functions to mobilize hepatic copper to other peripheral organs (160),
were significantly up-regulated from 5-week-old till 11-week-old Npc!” mice compared with
control littermates (5 weeks, 1.32 fold, p = 0.0023, 7 weeks, 1.74 fold, p < 0.00001, 9 weeks,

2.3 fold, p <0.00001, 11 weeks, 2.4 fold, p <0.00001) (Fig. 4.3F).

4.3.4 Hepatic subcellular copper metabolism defects in Npcl” mice.

Copper is also required for the activation of the mitochondrial complex IV Cu-
dependent enzyme, cytochrome ¢ oxidase (59). Several postulated mitochondrial copper
chaperones and mediators, including Cox 23, PET191, CMC1-3, Coxl11, Cox17, Cox 19,
Scol and Sco2, have been suggested to be involved in the mobilization of cytosolic copper
into mitochondria and facilitate copper incorporation into mitochondrial cytochrome c
oxidase (53). Our microarray examination indicated that there was an age-dependent and
significant decrease in mitochondrial Scol mRNA expression from 3-weeks of age until late
11-week old Npc]'/' mice (3 weeks, -1.17 fold, p = 0.0019, 5 weeks, -1.18 fold, p = 0.01052, 7
weeks, -1.20 fold, p = 0.00561, 9 weeks, -1.41 fold, p < 0.00001, 11 weeks, -1.55 fold, p <
0.0001) (Figure 4.4B). Other potential mitochondrial copper chaperones and mediators,
including Cox11, Cox17, Cox 19 and Cox1, were significantly down-regulated at different
time points of Npc/” mice suggesting that copper dysregulation could impair mitochondrial

copper trafficking and cause mitochondrial dysfunction in Npc/”” mice (Fig. 4.4 A, C-E).
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Figure 4.4. Altered hepatic copper metabolism-related gene expression

in Npcl-/- mice. (A-F) Liver samples from age-matched control (Npcl™™)

and Npcl-/- mice were collected and analyzed by microarray analysis.
ANOVA analysis was used to analyze microarray genes expression change. *
p < 0.05; ** p < 0.005; *** p < 0.0005; **** p < 0.00001. Data represent
mean + SEM, n = 4, per group.

4.3.5 Mislocalization of endogenous WND ATP7B copper transporters in Ul8666A-treated
HepG?2 cells.

The intracellular distribution of endogenous hepatic cooper ATPase transporter, WND
ATP7B, was firstly examined in Ul8666A-treated HepG2 cells to induce NPC1 disease
cellular phenotypes. As shown in Fig. 4.6, under basal conditions, the endogenous Cu
transporter, WND ATP7B, was localized within the perinuclear region and partially co-
localized with the trans-Golgi network (Golgin97) in vehicle (DMSO)-treated HepG2 cells.
However, in U18666A-treated cells, WND ATP7B was only found partially co-localized with
Golgin97, was mainly distributed within numerous intracellular vesicles and abnormally large
subcellular structures/vesicles. Next, HepG2 cells were incubated with the copper chelator,
bathocuproine-disulphonate (BPS), overnight. Under cellular copper depletion condition,
little endogenous WND ATP7B was detected co-localized with the trans-Golgi marker,

Golgin97, in vehicle (DMSO)-treated HepG2 cells. On the other hand, under low cellular



copper condition, the distribution of endogenous WND ATP7B resided predominately in
perinuclear region and trans-Golgi compartments in U18666A-treated HepG2 cells. Some
endogenous WND ATP7B localized to some abnormal intracellular giant organelles in
U18666A-treated HepG2 cell (Fig. 4.6). In addition, in response to elevated cellular copper
content, the endogenous WND ATP7B reversibly re-localized to several cytoplasmic vesicles
and distributed widely into other subcellular compartments, including early and late
endosomes and plasma membrane in vehicle (DMSO)-treated HepG2 cells (Fig. 4.6). This
observation was consistent with the function of WND ATP7B to facilitate uptake of cellular
copper and its delivery into cellular secretory networks to facilitate copper incorporation into
cupro-enzymes. However, in contrast, in response to elevated cellular copper levels, the
WND ATP7B only partially re-localized to the plasma membrane of HepG2 cells and other
WND ATP7B transporters were partially co-localized with trans-Golgi networks, early
endosomes and also intracellular giant granules in U18666A-treated HepG2 cells (Fig. 4.6).
Therefore, these observations suggest a potential link between subcellular copper trafficking
defects and mis-localization of copper transporters WND ATP7B in pharmacological induced

NPC disease phenotypes in HepG2 cells.
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Figure 4.6. Endogenous hepatic copper transporter WND ATP7B mis-
localized in U18666A-treated HepG2 cells. Immunofluorescence analysis
indicated that endogenous WND ATP7B copper transporters mis-localized into
intracellular vesicles in U18666A-treated HepG2 cells. Cells were treated with
DMSO (vehicle control) or U18666A for 24 hours and were treated with either
the copper chelator (200 uM BCS) or copper supplementation (200 uM CuS0O4)
for 2 hours at 37 °C, prior to fixing and staining for the endogenous WND ATP7B
copper transporter. Golgi marker, Golgin 97 (red); endogenous WND ATP7B
(green). The immunofluorescence analysis was performed by our collaborator Dr.
Roman Polishchuk (TIGEM, Italy).

4.3.6 Mislocalization of exogenous GFP-tagged WND ATP7B copper transporter in NPCI-
null CHO-M12 cells.

To further investigate the underlying mechanisms of copper dysregulation in NPCI
disease, NPC1-null CHO-M12 cells were utilized. Chinese hamster ovary (CHO) cells were
chosen since CHO cells only express endogenous MNK ATP7A copper transporter, but not
the WND ATP7B copper transporter. The CHO cells were transiently transfected with the
GFP-tagged cytosolic copper ATPase transporter, Wilson ATP7B protein (GFP-tagged WND
ATP7B), to examine its subcellular localization and distribution in response to altered
intracellular copper levels. As shown in Fig. 4.7, under basal conditions, the subcellular
distribution of exogenous GFP-tagged WND ATP7B was mainly localized within the
perinuclear region and trans-Golgi networks in control CHO-H1 (Npcl “*). This sub-cellular
localization is consistent with the function of WND ATP7B to pump copper into cellular
secretory networks for help copper incorporate into cupro-enzymes and help maintain their
enzymatic activities. However, in NPC1-null CHO-M12 cells, in addition to localizing within
the perinuclear region and frans-Golgi network, the exogenous GFP-tagged WND ATP7B
was retained within the endoplasmic reticulum (ER) and partially co-localized with the early
endosomal marker, EEA1 (Fig. 4.7). In addition, when CHO cells were treated with 100 uM
of copper chloride, in response to the raised cellular copper contents, the exogenous GFP-
tagged WND ATP7B reversible re-localized to subcellular vesicle compartments, including
early endosomes, late endosomes, and plasma membrane in control (Npc/ ") CHO-HI1 cells.
However, in response to elevated copper levels, the exogenous GFP-tagged WND ATP7B

redistributed to numerous subcellular cytoplasmic organelles and partially co-localized with



early endosomal marker, EEA1, and was retained close to the plasma membrane in NPC1-
null CHO-M12 cells. Next, when the cells were incubated with the copper chelator,
bathocuproinedisulfoinc acid (BCS), exogenous GFP-tagged WND ATP7B transporters was
found to be mainly restricted to perinuclear regions and #rans-Golgi network in control CHO-
HI cells (Figure 4.7). However, GFP-tagged WND ATP7B was additionally found within the
endoplasmic reticulum (ER) in NPC1-null CHO-M12 cells (Figure 4.7). These observations
suggested that mislocalization of exogenous WND ATP7B copper transporters could be
associated with the impaired subcellular copper trafficking and impact cellular copper

metabolism in NPC1-null CHO-M12 cells.



Figure 4.7. Exogenous GFP-tagged WND ATP7B mislocalized in
subcellular compartments in NPC1-null CHO cells. Cultured control
(Npcl ” ") CHO-HI and NPCl-null CHO-M12 cells were transiently
transfected with GFP-tagged WND ATP7B for 16 hours and then where
appropriate were treated with either the copper chelator (200 pM BCS) or
copper supplementation (200 uM CuSO4) for 2 hours at 37 °C, prior to
fixing and staining with subcellular organelles marker antibodies. Early
endosomal marker, EEA1 (red); trans-Golgi marker, GM130; GFP-tagged
ATP7B (green). The immunofluorescence analysis was performed by our
collaborator Dr. Roman Polishchuk (TIGEM, Italy).

4.3.7 Transfected exogenous GFP-tagged WND ATP7B copper transporter is not co-
localized with LAMP-1 in NPCI-unll CHO-M12 cells.

Next, to explore the possibility whether WND ATP7B copper transporter mediate
subcellular copper trafficking into lysosomes, the subcellular localization of GFP-tagged
WND ATP7B were double-labeled with lysosomal marker, LAMP-1, in CHO cells. As
illustrated in Figure 4.8, either in basal conditions, copper depletion or copper
supplementation conditions, there were no significant co-localized patterns of exogenous
GFP-tagged WND ATP7B and LAMP-1 either in control CHO-H1 or NPC1-null CHO-M12

cells.

127N



Figure 4.8. Exogenous GFP-tagged WND ATP7B is not co-localized with
LAMP-1 in NPCl-null CHO-M12 cells. Cultured CHO-H1 and NPCl1-null
CHO-M12 cells were transiently transfected with GFP-tagged WND ATP7B for
16 hours, and then were incubated either copper supplementation (200 uM
CuS04) or copper chelator (200 uM BCS) for another 2 hours prior to fixing and
staining with late endosomal/lysosomal marker, LAMP-1. No significant co-
localization of exogenous GFP-tagged WND ATP7B copper transporter and
LAMP-1 was observed in control CHO-H1 and NPC1-null CHO-M12 cells. GFP-
tagged ATP7B (green); LAMP-1 (red). The immunofluorescence analysis was
performed by our collaborator Dr. Roman Polishchuk (TIGEM, Italy).
4.3.8 Cytosolic copper accumulation in NPCI1-null CHO-M12 cells
To investigate whether the mislocalization of cytosolic copper transporters, such as
WND ATP7B and MNK ATP7A, could impair subcellular copper trafficking and affect
cellular copper contents in NPCl-null CHO-M12 cells, an established 4 x MREs (metal
response elements) luciferase-based copper biosensor assay was utilized. The assay is based
on the transactivation of the metallothionein-1 (MT-1) promoter in response to cytosolic
copper content changes. We utilized the 4 x MRE containing luciferase based assay and
exogenous GFP-tagged wild type (WT) WND ATP7B copper transporter overexpressing
technique to measure bioavailable cytosolic copper content and WND ATP7B-mediated
copper transport activity in CHO cells. CHO cells were transiently co-transfected with 4 x
MRE containing a luciferase reporter and GFP-tagged WND ATP7B copper transporter,
followed by incubation with copper supplementation conditions to induce luciferase-based
copper sensor expression. As illustrated in Fig. 4.9, when compared with control CHO-H1
cells, the 4 x MREs containing luciferase reporter activity in NPC1-null CHO-M12 cells was
increased by 21 %, suggesting cytosolic copper accumulation in NPC1-null CHO-M12 cells.
Furthermore, while GFP-tagged WND ATP7B copper transporter was overexpressed, both 4
x MRE luciferase activity in CHO-H1 and NPCl-null CHO-M12 cells were markedly
decreased. However, when compared with control groups (ATP7B overexpressing CHO-H1
cells), the 4 x MRE luciferase activity revealed a slight increase (7%) in GFP-tagged WT

ATP7B overexpressing NPCl-null CHO-M12 cells, which supported our findings of

impaired copper trafficking in NPCl-null CHO-M12 cells. Consistent with our earlier
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findings, these results suggested that cytosolic copper accumulation in NPC1-null CHO-M12
cells could be associated with the aberrant subcellular localization of copper transporters and

impaired cellular copper trafficking in NPC1 disease.

Figure 4.9. Cytosolic copper accumulation and impaired GFP-tagged WND
ATP7B mediated copper export in NPCl-null CHO-M12 cells. CHO cells
were transiently transfected with the 4 x MRE containing luciferase copper
reporter together with either empty vector (EV) or wild-type GFP-tagged ATP7B
constructs. After 16 hours of transfection, cells were incubated with indicated
concentration of CuSO4.4 x MRE containing luciferase copper reporter activities
were measured and normalized for Renilla luciferase activity as transfection
efficiency controls. MRE-luciferase copper reporter activities were expressed as
fold induction relative to CHO-H1 EV group. The luciferase cytosolic copper
biosensor assay was performed by our collaborator Dr. Roman Polishchuk
(TIGEM, Italy).

To confirm the observations of subcellular copper trafficking defects electron
microscopy (EM) examination was performed to analyze sub-cellular WND ATP7B
distribution in WND ATP7B-overexpressing CHO cells. As shown in Figure 4.10, in copper
depletion condition (BCS treatment), the subcellular distributions of WND ATP7B was
mainly observed within the rans-Golgi network in control CHO-HI (Npcl™") cells;
however, in response to low cellular copper contents, over-expression of WND ATP7B was
detected (i) along the plasma membrane, (ii) intracellular vesicles, (iii) endosomes (iv) and
endoplasmic reticulum in NPCl-null CHO-MI12 cells. In addition, large lysosome-like
structures were observed in NPCl-null CHO-M12 cells. However, electron microscopy
examination did not reveal significant over-expression of ATP7B localized within the giant
lysosome-like structures in CHO-M12 cells. Therefore, these results were consistent with our
immunofluorescence studies on NPCl-null CHO-M12 cells and further supported the

mislocalization of exogenous copper transporter, WND ATP7B, in NPCI-null CHO-M12

cells.
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Figure 4.10. Mis-localization of subcellular distributions of copper
transporter WND ATP7B in NPC1-null CHO-M12 cells. CHO-H1 and
NPC1-null CHO-M12 cells were transiently transfected with WND ATP7B
for 16 hours and then incubated with the copper chelator (BCS) for overnight
reaction to reduce cellular copper contents. Subcellular distribution of copper
transporter WND ATP7B in CHO-H1 and NPCl-null CHO-M12 cells were
examined by electron microscopy. In control CHO-H1 cell, intracellular
copper transporter ATP7B mainly resided in the trans-Golgi membrane
(upper; black arrow); however, in response to low copper levels, intracellular
copper transporter ATP7B was detected along the plasma membrane (empty
arrowheads), and intracellular vesicles (arrowheads) along with the early
endosomes and the ER profiles (arrows) in NPC1-null CHO-M12 cells. The
electron microscopy analysis was performed by our collaborator Dr. Roman
Polishchuk (TIGEM, Italy).

4.3.9 Mislocalization of the MNK ATP7A copper transporter in UlI8666A-treated RAW
cells and NPC1 human fibroblasts.

Subcellular copper trafficking is mainly dependent on the cytosolic copper
transporters, WND ATP7B and MNK ATP7A, which mediate cellular copper export and help
incorporate copper into cupo-enzymes (62). So far, our studies have demonstrated impaired
WND ATP7B-mediated subcellular copper trafficking in U18666A-treated HepG2 cells and
exogenous GFP-tagged WND ATP7B overexpressing NPC1-null CHO-M12 cells. However,
it is still unclear whether the copper metabolism defects in NPC1 disease is cell-type specific
or specific to WND ATP7B-mdeiated copper trafficking. To further investigate this
hypothesis, we therefore studied another copper transporter, MNK ATPA7A, mediating
subcellular copper trafficking. Firstly, we utilized the endogenous MNK ATP7A expressing
RAW 264.7 cells (mouse monocyte cell line) to look for potential intracellular copper
trafficking defects. As illustrated in Fig. 4.11, under basal conditions, the intracellular copper
transporter, MNK ATP7A, was mainly localized within perinuclear region and partially
localized with early endosomes (EEA-1) in vehicle (DMSO)-treated RAW 264.7 cells.

However, in U18666A-treated RAW 264.7 cells, MNK ATP7A was distributed all over the
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cytoplasm and there was extensive co-localization with the early endosomal marker, EEA-1.
When RAW 264.7 cells were incubated with 100 uM copper chloride (CuCl,) for 2 hours, the
MNK ATP7A re-localized to other subcellular compartments and the plasma membrane in
both vehicle (DMSO) and U18666A-treated RAW 264.7 cells. However, in copper depletion
condition, when the cells were treated with 100 uM copper chelator, D-Penicillamine, MNK
ATP7A was mainly localized within the perinuclear region in vehicle (DMSO)-treated RAW
264.7 cells. However, relatively diffuse partial perinuclear staining was observed along with
co-localization with the early endosomal marker, EEA-1 in U18666A-treated RAW 264.7
cells. These findings suggested that the mis-localization of the cytosolic MNK ATP7A copper
transporter could be associated with subcellular copper trafficking defects in U18666A-

treated RAW 264.7 cells
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Figure 4.11. Mis-localization of endogenous MNK ATP7A copper
transporter in U18666A-treaed RAW 264.7 cells. RAW 264.7 cells were
treated either with DMSO (vehicle control) or UI8666A (2 pg/mL) for 72
hours to induce NPC1 disease cellular phenotypes. The DMSO and U18666A-
treated RAW 264.7 cells were then incubated either with 200 pM CuCl, or 200
uM D-Penicillamine for 2 hours before fixing and staining with anti-MNK
ATP7A (red) and early endosomal marker, EEA1 (green), antibodies. Cell
nuclei were counterstained with DAPI. Images were viewed and captured as
described in “Materials and Methods”. Scale bar = 5 pum. Data are
representative of two independent experiments.

In addition, the subcellular localization of endogenous MNK ATP7A copper transporters in
control and NPC1 human fibroblasts were also examined. As illustrated in Fig. 4.12, the
endogenous MNK ATP7A was mainly localized within perinuclear and trans-Golgi networks
in control and NPC1 human fibroblasts (WF and PH) that were of mild severity. However,
mis-localization of MNK ATP7A to subcellular compartments, such as early endosomes
(EEA-1), was observed in the severe NPC1 human fibroblast (161) (Fig. 4.12). Therefore,
these observations were consistent with our earlier findings and suggested subcellular
trafficking defects in NPC1 disease could impair subcellular copper trafficking and cause

mis-localization of copper transporters.
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Figure 4.12. Mis-localization of endogenous MNK ATP7A copper transporter in
severe NPC1 human fibroblasts. Control and NPC1 human fibroblasts were cultured
in basal conditions. Immunofluorescence staining of endogenous MNK ATP7A
copper transporter and early endosomal marker, EEA-1, were performed in control
and NPC1 disease human fibroblasts (PH, WF, JP). The cells were treated either with
100 uM CuCl, or 100 uM D-Penicillamine for 2 hours before fixed and staining as
described in “Materials & Methods”. Menke ATP7A (red), early endosomal marker,
EEA1 (green), DAPI. Scale bar = 10 pum. Represent data of one independent
experiment. Disease severity score: JP>WF>PH.
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4.3.10 Up-regulation of hepatic metallothioneins (MT-1 & MT-2) in NpclI™” mice.

To determine the effects of impaired hepatic copper homeostasis in NpcI™”™ mice, we
firstly examined expression of hepatic metallothioneins in Npcl” mice. MT-1 mRNA
expression was significantly increased in 7 and 11-week-old Npc/” mice compared with age-
matched control littermates (7 weeks, 2.50 fold, p = 0.00038, 11 weeks, 1.71 fold, p = 0.031)
(Fig. 4.13A). Similarly, NpcI™" hepatic metallothionein-2 (MT-2) mRNA expression was only
significantly elevated at 7-weeks of age Npcl” mice (7 weeks, 2.94 fold, p = 0.0030) (Fig.
4.13B). Since metallothioneins are also stress-induced proteins, the up-regulation of MTs at

7-week-old NpcI” mice could be associated with the initiation of systemic inflammation in

Npcl” mice.
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Figure 4.13. Increased hepatic metallothioneins mRNA expressions
in Npcl” mice. (A-B) Hepatic samples from age-matched of control
and Npcl” mice were collected and analyzed through microarray
analysis. ANOVA analysis was used to analyze microarray genes
expression change. * p < 0.05; ** p < 0.005; *** p < 0.0005; **** p <
0.0001. Data represent mean + SEM, n = 4, per group.
4.3.11 Subcellular zinc compartmentalization defects in vitro in NPCI disease cells.
Several recent studies have indicated that lysosomes and mitochondria play crucial roles
in subcellular zinc compartmentalization (145). In order to test whether subcellular zinc

compartmentalization defects occurs in NPC1 disease, the membrane—permeable cytosolic

zinc specific fluorescent probe, FluoZin 3-AM, was used to investigate intracellular labile
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zinc pool distribution and its subcellular levels in NPC1 disease cells. A punctate distribution
was observed in NPC1-null CHO-M12 cells, which suggesting that the intracellular free zinc
labile pool was found in membrane—bound organelles not in the cytosol of Npcl” cells
(Figure 4.15A, D). To explore this possibility, cells were co-stained with FluoZin-3 AM and
subcellular organelles-specific fluorescence dyes for lysosomes (LysoTracker-Red),
mitochondria (MitoTracker-Red). As shown in Figure 4.15-16, fluorescence microscopy
analysis revealed that FluoZin-3-labeled subcellular vesicles were highly co-localized with
LysoTracker-Red positive structures, but not with MitoTracker-Red labeled subcellular
compartments in NPCl-null CHO-M12 cells. Similar observations were found in Npcl”
mouse astroglial cells and human fibroblasts derived from NPC1 patients (Figure 4.17-18).
Therefore, these in vitro studies suggested that there were subcellular zinc mis-localization

defects in NPC1 disease cell models.
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Figure 4.15. Lysosomal zinc accumulation in NPC1-null CHO-M12
cells. Fluorescence images analysis of control (Npcl™") and NPC1-null
CHO-M12 cells co-stained with FluoZin-3 (green), LysoTracker (red).
Cells nuclei were labeled with DAPI. Images were viewed and captured
as described in “Materials and Methods”. Scale bar = 10 um. Represent
data of three independent experiments
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Figure 4.16. Lysosomal zinc accumulation in NPC1-null CHO-M12
cells. Fluorescence images analysis of control (NpcI™") and NPC1-null
CHO-M12 cells co-stained with FluoZin-3 (green), MitoTracker (red).
Cells nuclei were labeled with DAPI. Images were viewed and captured as
described in “Materials and Methods”. Scale bar = 10 um. Represent data
of three independent experiments.
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Figure 4.17 Lysosomal zinc accumulation in primary Npc]'/ " mouse
astroglial cells. Fluorescence images analysis of control and Npcl”
mouse primary astroglia cells co-stained with FluoZin-3 (green)
LysoTracker (red). Cells nuclei were labeled with DAPI. Scale bar = 10
um. Represent data of three independent experiments.
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Figure 4.18. Lysosomal zinc accumulation in NPC1 human fibroblasts.
Fluorescence images of control and NPC1 human fibroblasts co-stained with
FluoZin-3 (green) and LysoTracker (red). One control individual (WT) and
five different NPC1 human fibroblasts were used for labile zinc pool
analysis. Cell nuclei were labeled with DAPI. Scale bar = 10 um. Represent
data of one independent experiment. Disease severity score: ES>
JP>WF>PH>350.
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4.3.12 Downregulation of cellular metallothioneins in primary Npcl” mouse astroglial
cells.

Further, to explore whether in vitro cellular copper and zinc dysregulation in NPC1
disease cells could impair cytosolic copper/zinc-dependent enzymes, cellular metallothioneins
(MT-1 and MT-2) expression levels were examined. Relatively low fluorescence intensity of
cellular metallothioneins was observed in primary Npcl'/' mouse astroglia cells, which

suggested cytosolic zinc deficiency in Npcl” astroglia cells (Figure 4.19).

Control (NpcI*™™) astroglial cells Npcl” astroglial cells

B

Figure 4.19. Downregulation of cellular metallothioneins (MT-1/MT-2)
expression in primary Npc]'/ " mouse astroglial cells. (A-B)
Immunofluorescence analysis of cellular metallothioneins in primary
control (Npc1™") and Npcl” mouse astroglial cells. Cells were cultured in
basal conditions and immunostained with anti-metallothioneins (MT1/MT2)
antibody. Nuclei were counter-stained with DAPI. Scale bar = 10 pum.
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4.3.13 The copper chelator D-Penicillamine, has limited therapeutic effects in NpcI” mice.
To further confirm our findings that copper and zinc dyshomeostasis is involved in
the pathogenesis of NPC1 disease and to explore whether metal dysregulation could be a
potential therapeutic target, we evaluated clinically approved copper-manipulation therapies
in NpcI” mice. Since NPC1 disease shares several common features with copper overload
diseases, such as Wilson’s disease, we decided to evaluate the potential therapeutic effects of
the copper chelator, D-Penicillamine, in Npc/” mice. To evaluate the potential toxic effects
of D-Penicillamine during the course of treatment, the weekly growth rates of D-
Penicillamine-treated Npcl " mice were monitored. There was no significant change in rate of
body weight lost on D-Penicillamine-treated NpcI” mice relative to untreated Npc!™ control
littermates (data not shown). The effects of treatment on rearing of treated Npcl " mice were
evaluated. Compared with age-matched untreated Npc/ " littermates, D-Penicillamine-treated
Npcl” mice showed significant improvements on side rearing and center rearing counts in the
open-field measurement before 6-week-old of age (data not shown included). Locomotor
activity was measured by AmLogger measurements. There was no significant improvement
on locomotor activity in D-Penicillamine-treated Npcl  mice (Fig. 4.20A-F). The effects of
D-Pencillamine on gait changes were also measured in 9-week-old NpcI” mice. As
illustrated in Fig. 4.21A-F, no significant improvements on gait changes were found in D-
Penicillamine treated 9-week-old NpcI” mice. In addition, no significant effect of the D-
Penicillamine on survival was observed (data not shown). Therefore, these results suggested

D-Pencillamine, has no significant therapeutic benefits in treated NpcI” mice.
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Figure 4.20. A-F. Copper chelating reagent, D-Penicillamine, revealed limited
therapeutic effects on locomotor and exploring activities in treated NpcI” mice.
(A-F) D-Penicillamine treatment started at 3 weeks of age (P21). Age-matched Npcl "
mice were fed with normal powdered diet as a control group. Data shown mean +
SEM, n =4 ~ §, per group, calculated by an unpaired # test using GraphPad Prism v5.
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Figure 4.21. D-Penicillamine treatment revealed no significant effects on gait
change in treated NpcI” mice. Intra—paw and inter-paw measurements, including
(A) max contact area (cm?) mean, (B) print length (cm) mean, (C) print area (cm?)
mean, (D) swing speed (cm/s) mean, (E) single stance (s) mean as well as (F) body
speed (cm/s) mean were measured from control diet and D-Penicillamine treated 9-
week-old NpcI” mice. Data represent mean = SEM, n = 4 ~ 6, per group.
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4.3.14 Copper/Zinc metal ionophore, clioquinol, treatment significantly improved gait
changes and extended life expectancy in treated NpcI” mice.

Next, we evaluated another copper-manipulation therapy using a copper/zinc metal
ionophore, clioquinol, which could redistribute subcellular copper and zinc distribution and
can correct metal homeostasis (162). To evaluate clioquinol treatment in Npc]'/ " mice, the
clioquinol dosing (30 mg/kg/day) was initiated at the pre-symptomatic stage (P21). Growth
rates, locomotory activity and tremor were monitored until the animals reached their humane
end point. As shown in Figure 4.22A-B, clioquinol treatment did not show significant
improvements on side rearing and center rearing counts in treated NpcI”™ mice. However,
clioquinol treatment significantly extended the lifespan of NpcI™ mice from 76.34 + 1.7 days
to 88.71 + 2.2 days, representing an increase of 16.2 %, compared with un-treated Npcl™”
littermates (Figure 4.22C-D). No significant changes in open field activity parameters were
found in clioquinol-treated Npcl  mice (Figure 4.23A-H). However, clioqunionl treatment
revealed significantly improvements on several inter-limb and individual paw parameters by
CatWalk gait analysis system. As illustrated in Figure 4.24A-F, while compared with normal
diet treated Npcl " mice, clioquinol treatment markedly improved (i) max contact area (cm?)
mean (RF, 0.028 v.s. 0.109, p = 0.0009, RH, 0.019 v.s. 0.054, p = 0.0302, LF, 0.038 v.s.
0.105, p = 0.017); (i1) print length (cm) mean (RF, 0.077 v.s. 0.322, p < 0.0001, RH, 0.0703
v.s. 0.2293, p = 0.0016, LF, 0.090 v.s 0.322, p = 0.0003, LH, 0.106 v.s. 0.240, p = 0.0118);
(iil) print area (sz) mean (RF, 0.032 v.s. 0.128, p = 0.0013, LF, 0.044 v.s. 0.124, p =
0.0180); (iv) swing speed (cm/s) mean (RF, 10.91 v.s. 25.39, p <0.0001, RH, 9.30 v.s. 16.98,
p = 0.041, LF, 14.23 v.s. 25.60, p = 0.0012); (v) stride length (cm) mean (RF, 1.059 v.s.
2.218, p <0.0001, LF, 1.174 v.s. 2.276, p = 0.0001, LH, 1.150 v.s. 3.050, p = 0.0217); single
stance (s) mean (RF, 0.059 v.s. 0.088, p = 0.0168) and (vi) body speed (cm/s) mean (RF, 3.0
v.s. 8.7, p<0.0001, RH, 2.9 v.s. 8.1, p=0.0006, LF, 3.1 v.s 8.6, p <0.0001, LH, 2.8 v.s. 8.3,
p = 0.0003), in 9-week-old Npcl” mice. Therefore, these findings indicated that the
copper/zinc metal ionophore, clioquinol, was of significant benefit in terms of improved gait

and life span in NpcI™” mice.



Figure 4.22. The copper/zinc metal ionophore, clioquinol, prolonged the lifespan of
treated Npcl” mice. Mice were treated with copper/zinc metal ionophore, clioquinol (30
mg/kg/day) with normal powdered diet. Clioquinol treatment was started at 3 weeks of age
(P21). Age-matched Npcl " mice were fed with normal powder diet as a control group. (A-
B) Side and center rearing counts within an open field were measured as described in
“Material and Methods”. Data are expressed as mean £ SEM, n = 4 ~ §, per group (C)
Survival analysis of control powdered diet and clioquinol treated NpcI” mice. Kaplan-
Meier survival curve (%), survival curves were compared using log-rank test. (D) Bar
diagram showing average survival in days, ** p < 0.005.
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Figure 4.23. Copper/zinc metal ionophore, clioquinol, treatment did not
improve locomotor and exploring activities in treated NpcI” mice. Mice were
treated with clioquinol supplementation (30 mg/kg/day) with powdered diet.
Clioquinol treatment was started at 3 weeks of age (P21). Age-matched Npcl™”
mice were fed with normal powdered diet as a control group. (A-F) Locomotor
and exploring activities were measured using AmLogger system as described in
“Materials and Methods”. Data shown mean = SEM, n = 4 ~ 8, per group,
calculated by an unpaired ¢ test using GraphPad Prism v5.



Figure 4.24. Copper/zinc metal ionophore, clioquinol, treatment significantly
improved gait changes in treated NpcI” mice. The copper/zinc metal ionophore,
clioquinol, significantly improved the gait of 9-week-old Npc/” mice. (A-F) The gait
analysis were measured as described in “ Materials and Methods” Data represent mean
+ SEM, n =4 ~ §, per group. * p <0.05, ** p <0.005, *** p <0.0005.

4.3.15 Reduced intestinal copper absorption therapy (zinc acetate) significantly improved
motor coordination, gait and extended survival in Npcl™ mice.

Finally, we evaluated the therapeutic effects of zinc acetate on Npc/” mice. The
pharmacological mechanisms of zinc acetate is to induce intestinal/systemic metallothioneins
(MTs) expressions and reduce intestinal copper absorption to avoid copper overloaded
toxicity (163). The zinc acetate treatment (300 mg/kg/day) was initiated at the beginning of
early pre-symptomatic stage (3-week-old, P21) in Npcl  mice. As illustrated in Fig. 4.25A-
B, zinc acetate-treated NpcI”™ mice maintained center rearing count and exploring activity
from 5-9 week-old NpcI” mice compared with age-matched normal powdered diet treated
Npcl'/' mice (5 weeks, 6.4 v.s. 17.6, p < 0.0001, 6 weeks, 11.8 v.s. 21.0, p < 0.005, 7 weeks,
7.4 v.s. 21.3, p < 0.0005, 8 weeks, 4.3 v.s. 13.4, p < 0.0005, 9 week, 1.8 v.s. 10.0, p <
0.0001). Zinc acetate treatment also significantly prolonged the lifespan of treated-Npcl”
mice till 13.5 weeks old, representing an increase by 23.6 %, compared with normal
powdered diet treated Npcl” mice (76.34 v.s. 94.38 days, p < 0.0005) (Fig. 4.25C-D).
However, there were limited improvements on locomotor activities in zinc acetate treated
Npel” mice (Fig. 4.26A-I). In addition, CatWalk™ gait analysis revealed that zinc acetate
treatment markedly improved several aspects of gait in 9-week-old NpcI”™ mice. These
improvements in gait included (i) max contact At (%) mean (RF, 34.5 v.s. 47.7, p < 0.05); (ii)
max contact area (sz) mean (RF, 0.028 v.s. 0.058, p < 0.05; LF, 0.038 v.s. 0.070, p < 0.05);

(ii1) print length (cm) mean (RF, 0.077 v.s. 0.12, p < 0.05; LF, 0.090 v.s. 0.134, p < 0.05); (iv)



print area (cm) mean (RF, 0.032 v.s. 0.067, p <0.041 LF, 0.044 v.s. 0.083, p < 0.026) and (v)
single stance mean (RF, 0.059 v.s. 0.077, p = 0.0357), in 9-week-old Npcl'/' mice (Fig.
4.27A-E). Therefore, these findings indicated that zinc acetate treatment significantly

improved motor coordination, gait and extended survival in NpcI” mice.

Figure 4.25. Zinc acetate treatment prolonged the lifespan of Npcl™
mice. Mice were treated with zinc acetate (300 mg/kg/day) in powdered diet
starting at 3 weeks of age (P21). Age-matched NpclI™ mice were fed with
normal powdered diet as a control group. (A-B) Side and center rearing
counts within an open field were measured weekly for a 5 minutes period.
Data shown are mean + SEM, * p < 0.05, ** p <0.005, *** p <0.0005,n=4
~ 8, per group. (C) Survival analysis of control and zinc acetate treated Npcl
" mice. Kaplan-Meier survival curves were compared using log-rank test. (D)
Bar diagram showing average survival, **** p <0.0001.
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Figure 4.26. Zinc acetate treatment revealed limited improvements on locomotor
and exploring activities in treated Npcl'/' mice. Mice were treated with zinc acetate
supplementation (300 mg/kg/day) in powdered diet. Zinc acetate treatment was started
at 3 weeks of age (P21). Age-matched NpcI™ mice were fed with powdered diet as a
control group. (A-F) The locomotor activity was measured using AmLogger system
as described in “Materials and Methods”. Data shown are mean =+ SEM, n = 4 ~ 10,
per group, calculated by an unpaired ¢ test using GraphPad Prism v5.



Figure 4.27. Zinc acetate treatment significantly improved gait parameters in
treated Npcl” mice. Reduced copper absorption therapy improved the gait changes
of 9-week-old NpcI™ mice. Intra—paw and inter-paw measurements, including (A)
max contact At (%) mean, (B) max contact area (cm?) mean, (C) print length (cm)
mean, (D) print area (cm®) mean as well as (E) single stance (s) mean were
measured from control diet and zinc acetated treated — Npcl” mice. The gait
changes analysis was measured and quantified using the CatWalk™ system as
described in “Material and Methods”. Data represent mean + SEM, n = 4 ~ 6, per
group. * p <0.05.

4.4 Discussion
In the current study, we have found evidence of altered systemic and cellular copper
and zinc homeostasis in NPC1 disease models and investigated the underling mechanistic
defects. Our current findings suggested that the systemic copper and zinc homeostasis defects
could initiate as early 1 week of age Npcl” mice. Moreover, our studies indicated that
impaired subcellular copper trafficking, mis-localization of cytosolic copper ATPase
transporters, MNK ATP7A and WND ATP7B, and sub-cellular zinc compartmentalization
defects, in primary mouse Npc]'/' astroglia cells, NPC1-null CHO cells, NPC1 patients—
derived human fibroblasts and pharmacologically induced (U18666A) NPC1 disease HepG2
and RAW 264.7 cell lines. Since all these findings suggested that systemic and cellular
copper and zinc homeostasis defects could be associated with the underlying pathogenesis of
NPCI1 disease, the development of metal-manipulation therapies may play a role in the future
management of NPC1 disease. Therefore, we evaluated several clinically approved
compounds with distinct mechanisms of action, including (i) copper chelation with D-
penicillamine, (ii) copper/zinc metal ionophore, clioquinol, (iii) and reduced intestinal copper
absorption therapy using zinc acetate, in NpcI” mice. Our results indicated that copper/zinc
manipulation therapies can improve exploring activities, gait changes, and prolong survival in
treated Npcl™™ mice.
Recently, several studies reported abnormal systemic lipid metabolism, especially
triglycerides and cholesterol, with significant low levels of TGs and HDL and VLDL-

cholesterol, in the Atp7b'/' Wilson’s disease mouse model and in Wilson’s disease patients



(64, 164). These observations suggest that there are mechanistic links between systemic
copper dysregulation and abnormal cholesterol metabolism. Furthermore, these studies
indicated that abnormal hepatic copper accumulation in Azp7h” mice could (i) cause the up-
regulation of SREBP-2, the major transcription factor involved in regulating expression of
genes involved in cholesterol and lipid metabolism (ii) and dysregulate downstream
cholesterol metabolism related gene expression, including HMG-CoA reductase (165).
Similar findings were made in patients with Wilson’s disorder (165). Therefore, these
observations highlight the importance of systemic copper homeostasis in the regulation of
cellular cholesterol and lipid metabolism more generally. Another enzyme involved in hepatic
and hematological pathogenesis of Wilson’s disease, is acid sphingomyelinase activity and its
relationship to ceramide-mediated signaling in liver cirrhosis and anemia in Wilson’s disease
(156). This study demonstrated that copper dysregulation in Wilson’s disease can up-regulate
hepatic acid sphingomyelinase activity and affect ceramide-mediated cellular apoptosis in
liver cirrhoss and erythrocytes. These findings therefore emphasize the importance of copper
in the regulation of acid sphingomyelinase activity and this could be a novel therapeutic target
for the development of treatment for Wilson’s disease. Of interest, impaired acid
sphingomyelinase (ASM) activity has been documented in human fibroblasts derived from
NPC1 patient and in NPC1-null CHO cells (157). Furthermore, it has been suggested that acid
sphingomyelinase (ASM) activity defects could be associated with post-translational
modification of acid sphingomyelinase in NPC1 cell models (157). Copper and zinc ions have
been previously demonstrated to be crucial co-factors to facilitate, in vitro, human acid
sphingomyelinase dimerization and enzymatic activity (156). Therefore, one would expect if
systemic and cellular copper and zinc dysregulation occurs in NPC1 disease, it could affect
cellular and systemic acid sphingomyelinase activity. Although the mechanisms of reduced
acid sphingomyelinase activity in NPC1 fibroblasts and NpcI™ mice could be complex, our
current findings suggested that impaired copper trafficking with mis-localization of cytosolic
copper transporters, WND ATP7B and MNK ATPA, and subcellular compartmentalized

defects of zinc ions could be associated with acid sphingomyelinase activity defects in NPC1
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disease. Our current findings may highlight the importance of copper and zinc ions in the
regulation of acid sphinogmyelinase activity in NPC1 disease. Therefore, these observations
could provide a new link between metal dysregulation and impaired acid sphingomyelinase
activity in NPC1 disease.

Of interest, it has been recently reported that there are a few reported cases of NPC1
patients presenting with systemic copper dyshomeostasis phenotypes with abnormal serum
ceruloplasmin levels and hepatic and the CNS copper content (166, 167). Indeed, one of the
NPCI1 patients was originally mis-diagnosed with Wilson’s diseases and was treated with the
copper chelator, D-penicillamine, to reduce excess hepatic copper accumulation (167).
Similar findings were observed in our current studies in Npc/” mice, as we also noticed that
D-Penicillamine treatment showed modest motor function improvement, in Npcl'/' mice.
These observations could be explained by either (i) the copper chelation treatment may over-
chelate the accumulation of peripheral tissue copper and then cause copper deficiency
phenotypes in Npcl “ mice, (ii) or lack of therapeutic efficiency of D-Pencillamine treatment
within the endosomal/lysosomal pathway in NPC1 disease. Since most metal chelators only
function effectively at neutral pH, it could be possible that the D-Penicillamine, cannot
effectively remove excess copper ions from the endo/lysosomal compartment and therefore
only have limited therapeutic benefit in -Npc/” mice.

Our current studies also indicated that the copper/zinc metal ionophore, clioquinol,
treatment can significantly prolong the lifespan and revealed modestly motor improvements,
such as gait, in Npc]'/' mice. Although the clioquinol treatment only achieved modest
therapeutic effects, it could be possible that the clioquinol treatment may only correct certain
brain regions and certain cellular types in NpcI”™ mice. Another possibility should also be
kept in mind is the limited blood-brain barrier permeability of clioquinol and this could limit
the therapeutic effects of clioquinol in NpcI” mice. Intriguingly, the potentially clinical
application of clioquinol has been evaluated in patients with common neurodegenerative
disorders, such as Alzheimer’s disease and Parkinson’s disease (162). However, due to the

potential neurotoxic effects of clioquinol treatment, clioquinol has been withdrawn from



clinical trial (168). Therefore, the potentially future application of clioquinol treatment in
patients with NPC1 disease will be limited. In addition, it should be noted that clioquinol has
also been suggested to be able to function as a zinc ionophore by targeting zinc into lysosome
and cytosolic compartments (169). Therefore, it would be expected that clioquinol treatment
could worsen lysosomal zinc accumulation in NPC1 disease cells. Indeed, when we evaluated
clioquinol treatment in vitro clioquinol had less toxicity when used as a single agent
monotherapy. However, when cells were treated with clioquinol in combination with either
copper chloride or zinc acetate, toxicity was significantly increased (data not shown).
Furthermore, when cells were incubated with zinc acetate and clioquinol, FluoZin-3-AM
labelled subcellular lysosomal zinc compartments were elevated as compared to untreated
cells. Therefore, our current findings support the hypothesis that clioquinol may function as a
copper/zinc ionophore and can target zinc into the lysosomal compartment.

Reduced intestinal copper absorption treatment using zinc acetate has been
successfully applied to patients with Wilson’s disease or other related copper-overload
conditions (153, 170). The advantage of zinc acetate treatment is that it is relatively safe, has
low toxicity, and could be used for long-term treatment as a maintenance therapy (163). The
pharmacological mechanism of zinc acetate treatment is primarily to induce intestinal and
systemic metallothioneins and reduced intestinal copper absorption, prevent free copper and
other transition metal ion-mediated tissue/cellular toxicity and prevent copper re-absorption
(148, 163). The metallothioneins have been suggested to be able to regulate intracellular
copper and zinc distribution and copper/zinc related intracellular signaling (146). Intriguingly,
our studies found down-regulation of metallothioneins in NpcI” astroglia cells. Although the
molecule mechanisms of this observation is still unclear, it could be associated with cytosolic
zinc deficiency or cellular metallothionein biosynthesis defects in Npcl” astroglial cells.
Therefore, the observations of the functional improvements of zinc acetate-treated Npcl™”
mice could be attributable to reduced copper absorption but also by supplementing cytosolic

zinc levels and maintaining intracellular zinc mediated signalling in NPC1 disease.



Another potential mechanism to explain the metal ion dysregulation in vitro and in
vivo in NPC1 disease models is that NPCI1 protein may function as an intracellular metal
transporter/carrier (110). The NPC1 protein is highly homologous to prokaryotic RND
permease family proteins(24). In prokaryotic system, RND permease family proteins have
been suggested to be involved in the transport of multiple substrates, including metal ions,
lipids and amplicatic compounds (111). Therefore, the NPC1 protein may be directly or
indirectly involved in the regulation of metal ion transport into or from the
endosomal/lysosomal system. Intriguingly, Harada et. al published a series of studies, which
reported that copper does not stimulate intracellular redistribution of endogenous WND
ATP7B copper transporter in Hu7 hepatocytes or GFP-tagged WND ATP7B in several cell
types (171). Harada et. al also postulated a biological function of NPC1 protein to be on
intracellular copper trafficking, either directly regulating the biosynthesis of ceruloplasmin or
co-operating with lysosomal WND ATP7B to eliminate excess copper into bile and prevent
hepatic copper accumulation (110, 172). However, our current findings do not support the
Haradda et al findings. Instead, our in vitro studies indicated that WND ATP7B and MNK
ATP7A were mainly localized within perinuclear and tran-Golgi regions and do not co-
localize with the late endosomal/lysosomal marker, LAMP-1, in U18666A-treated HepG2
cells, NPC1-null CHO-M12 cells and NpcI™ astroglia cells when intracellular copper content
was modulated. Furthermore, our studies suggested that the impaired intracellular copper
trafficking and mis-localization of cytosolic copper transporters, MNK ATP7A and WND
ATP7B, could be associated with lysosomal trafficking defects in NPC1 disease. The reason
for these contradictory results from Harada et. al is unknown. One possibility is that Harada
et. al studies used the GFP-tagged WND ATP7B and Flag-tagged NPC1 transfected in Hep3b
cells and the protein modifications and overexpression may affect subcellular distribution of
protein complexes (110).

It should be noted that our current studies cannot exclude the possibility that other
metal dysregulation related pathophysiological factors may be involved in the regulation of

NPC1 hepatic and neurodegenerative phenotypes. One intriguing possibility is the potential
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interaction of copper and zinc ions and amyloid precursor protein (APP) and the link to
neuropathogenesis in NPC1 disease (149). Since the clioquinol and zinc supplementation
have been demonstrated to be able to alter amyloid precursor protein metabolism and
significantly reduces plaque burden in transgenic Alzheimer’s disease mouse model, it might
be of interest to determine whether clioquinol and zinc supplementation treatments could alter
amyloid precursor protein metabolism and its related signalling in Npcl” mice (173).
Therefore, further studies specifically focussed on neuropathogenesis combined with
biophysical techniques to screen whole brain metal distribution, would be valuable to gain a
better understanding of copper and zinc dyshomeostasis in relation to neuropathology in
NPCI1 disease.

Since our microarray examination indicated that several hepatic cytosolic copper and
zinc transporters altered mRNA expressions in Npcl” mice, it is a possibility that hyper-
accumulation of cellular copper and zinc ions into lysosomal compartments and cytosolic zinc
deficiency occurs in Npcl” mice. If this hypothesis is correct, the beneficial effects of zinc
acetate treatment what we found in this studies may not only be due to reduced intestinal
copper absorption but also correction of the cytosolic zinc deficiency phenotypes in Npcl”
mice. Furthermore, if this hypothesis is correct, one would expect that subcellular organelle
isolation and metal analysis would be possible to validate this hypothesis. However, it might
not be practical to analyze subcellular organelles/fractions of metal distribution in NPC1
disease and other lysosomal storage diseases. Since several cellular substrates mislocalize and
accumulate into the endosomal/lysosomal compartments, it would not be practical to use
gradient techniques to isolate subcellular organelle fractions from these diseases cells and
tissues. Besides, during the samples preparation, it would be highly likely that significant
quantities of subcellular metal content would be lost during sample preparation. Another
method could be considered is to use metal-specific molecular probes to quantify subcellular
organelles metal content. However, it is unclear whether these mole probes could function

properly in acidic compartments, such as lysosomes. Therefore, due to these technical issues,
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it would be difficult to address metal trafficking and subcellular compartmentalization defects
phenotypes in NPC1 and other lysosomal storage diseases.

A potential metal absorption defect in Npel” mice should also be considered since
it has been suggested that there are certain pathological associations between NPC and
Crohn’s disease and inflammatory bowel disease (101). Several lines of evidence have
indicated that copper, zinc and iron are inter-regulated, one of these transition metal ions
dyshomeostasis could affect the others systemic and cellular homeostasis (174). Although the
underlying mechanisms of metal absorption defects in NPC1 disease are still under
investigation, it seems likely that the altered systemic copper and zinc levels during peripheral
iron deficiency in NpcI” mice was to compensate for decrease tissue iron levels and would be
possible a primary physiological response. Therefore, it would be of interest to investigate
further the impact of systemic and regional inflammation, such as duodenum inflammation,
on systemic metal homeostasis and nutrient absorption in Npcl  mice.

In conclusion, our current studies identified systemic and cellular copper and zinc
dyshomeostasis in vitro and in vivo in NPC1 disease models. Furthermore, in vitro studies
indicated that impaired subcellular copper trafficking, mis-localization of cytosolic copper
transporters, MNK ATP7A and WND APT7B, and subcellular zinc compartmentalization
defects occur in NPC1 disease models. Therefore, several distinct pharmacological
mechanisms of copper and zinc manipulation therapy, including copper chelator treatment
(D-Penicillamine), copper/zinc ionophore (clioquinol) and reduced intestinal copper
absorption therapy (zinc acetate), were evaluated on Npcl” mice. Our studies indicated that
copper/zinc ionophore and zinc acetate treatments can significantly improve motor function,
improve gait and prolong the lifespan of Npc/” mice. These findings, therefore, suggested
that systemic copper and zinc dysregulation is involved in the underlying pathogenesis of
NPC1 disease and that copper/zinc manipulation therapies may represent useful adjunctive

therapies for the treatment of NPC1 disease.
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Chapter 5. Investigating the function of lysosome-related organelles in

megakaryocytes and platelets in NPC1 disease.
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Chapter 5. Investigating the function of lysosome-related organelles in

megakaryocytes and platelets in NPC1 disease.

5.1 Introduction.
5.1.1 The biological functions of lysosomes and lysosome-related organelles

Lysosomes are membrane bound, cytosolic, acidic, subcellular organelles, mainly
responsible for the catabolism of various intracellular substrates, including lipid,
carbohydrates, and proteins (discussed in detail in Chapter 1). There is growing evidence
that lysosomes not only regulate intracellular substrates degradation but also are involved in
the regulation of other cellular events, including membrane repair/fusion, lipid homeostasis,
metal distribution, cell death and intracellular signaling (2). LROs belong to a group of
tissue/cell type-specific subcellular organelles, which share common features with
conventional lysosomes, including acidic pH and lysosomal membrane protein/enzyme

contents (5).

5.1.2 The development and function of LROs in megakaryocytes and platelets

Platelets are anucleated cellular bodies derived from the fragmentation of
megakaryocytes (175). During megakaryopoiesis, lysosomes and LROs arise from the Golgi
apparatus, which form multivesicular bodies (MVB) as intermediate organelles. The early
development stages of megarkaryocytes contain numerous MVB but only small numbers of
a-granules, d-granules and lysosomes. Pro-platelets are generated from the fragmentation of
the megakaryocytes cytoplasm and released into the circulatory system. There are three
different subcellular types of LROs in platelets, including a-, 6-granules and lysosomes (11).
Recent studies on the biogenesis of LROs has provided some insights into the molecular
mechanisms of LROs biogenesis and suggested that these subcellular organelles may be
derived from a common pathway (11). However, platelet LROs have numerous distinctive
features from each others, including (i) molecular composition, (ii) ultra-structural

morphology (iii) and kinetics of exocytosis and secretory responses to different stimuli (9).
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Platelet lysosomes contain a variety of hydrolytic enzymes, such as hexosaminidase [, and
were postulated to function in elimination of circulating platelet aggregates. In addition to
lysosomes, platelets a- and d-granules are mainly responsible for the storage and secretion of
clotting mediators, such as von Willebrand factor (vWF), fibrinogen and non-
protein/inorganic small molecules, including calcium, serotonin, poly/pyrophosphate,
ADP/ATP, to accelerate platelet adhesion, aggregation upon stimulation (discussed detail in
Chapter I) (13, 15). In addition, platelet cytosolic compartments also contain different lipid
mediators, such as sphingosine-1-phosphate (S1P), which regulates platelet activation and
thrombus formation (176). Once activated, platelets secrete cytosolic mediators and release
LROs contents to regulate platelet adhesion, recruitment and aggregation. Therefore, platelet
LROs not only serve as degradation compartments but also function as secretory
compartments (7). However, our knowledge of the cell biology of platelet lysosome/LROs
biogenesis, secretion and their potential associations with intracellular lysosomal-mediated

signaling in megakaryocytes and platelets remains incompletely understood.

5.1.3 The biological functions of sphingolipids during megakaryopoiesis and
thrombopoiesis

S1P plays a role in multiple biological processes, including cell proliferation,
migration, apoptosis, morphogenesis and differentiation by binding S1P-specific receptors,
mainly G-protein coupled S1P;~S1Ps receptors (177). In addition to regulating various
cellular events, S1P has also been demonstrated to play a crucial role in intracellular calcium
mobilization and signaling (20). S1P is primarily synthesized by the action of sphingosine
kinases that convert sphingosine into S1P. S1P is irreversibly degraded by S1P lyase or
reversibly dephosphorylated by S1P phosphatases (177). It has also been demonstrated that
S1P gradients drive immune cells trafficking (178). Platelets have highly activated
intracellular SPHKSs and lack the S1P-degrading enzyme S1P lysase, so they can generate and
store high levels of intracellular S1P contents, which is released on stimulation/activation

(176). Recent studies have highlighted the novel functions of sphingolipid-mediated signaling



during megakaryopoiesis and thrombopoiesis, which suggested that extracellular S1P
gradients, intracellular SI1P signaling and its interaction with its multi-functional receptors,
S1P, and S1Py, are crucial for (i) the directional growth of pro-platelets from megarkaryocytes
(i1)) and pro-platelet formation, extension and release (14, 175). In addition, SPHK?2 has
recently been identified as a crucial factor in the regulation of platelet biogenesis and its
deficiency would lead to the inhibition of megakaryocyte SPHK activity affecting the final
stage of thrombopoiesis i.e. pro-platelet shedding (16). However, the details of the
physiological functions of S1P and SPHKs on megakaryopoiesis and thrombopoiesis remain

largely unknown.

5.1.4 The role of cholesterol in megakaryopoiesis and thrombopoiesis

Cholesterol is a cellular lipid, a major component of lipid rafts and the immediate
precursor of steroid hormones and bile acids (179). Intermediates in the cholesterol
biosynthetic pathways play essential roles in various cellular functions (180). Pre-squanlene
biosynthesis, the isoprenoid intermediates serve as precursors for dolichol, ubiquinone,
fanesyl and geranylgeranyl moieties all of which are important in cellular electron transport
chain function and prenylation (180). Cholesterol also plays an essential role in development
via its addition to Hedgehog signaling proteins that are required for the Hedgehog morphogen
gradient (181). Recent studies have revealed that defects in intracellular cholesterol
transporters, such as Abcg4, Abcgl, lead to intracellular cholesterol redistribution and
accumulation in subcellular compartments and impaired downstream cholesterol-mediated
signaling that affects megakaryocyte production and platelet functions in Abcg!” and Abcg4”

mice (182, 183).

5.1.5 Acidic compartments calcium signaling in megakaryocytes and platelets
Intracellular calcium homeostasis is crucial for several cellular events, including
intracellular vesicles trafficking, fusion and fission (184). Since platelet activation,

aggregation, adhesion as well as platelet granules release are dependent on intracellular
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calcium signaling, impaired intracellular calcium-mediated platelet functions could lead to the
development of myocardial infraction, stroke and hemorrhage (185). Nicotinic acid-adenine
dinucleotide phosphate (NAADP) is the most potent intracellular calcium mobilizing
messenger and targets acidic compartments, e.g., late endosomes and lysosomes and LROs,
(184, 186). Recent studies have indicated the importance of NAADP-mediated acidic
compartments calcium signaling in human and mouse platelets and its defect would impair
platelet spreading, granules release, potent agonists (e.g., thrombin and CRP)-induced platelet
aggregation (187). In addition, the postulated NAADP-targeted lysosomal two-pore segment
calcium channels, TPC-1 and TPC-2, have recently demonstrated their expressions in human
megakaryoblastic MEG-01 cells (188). When expression of TPC-1/TPC-2 is silencing,
NAADP-induced acidic compartment calcium release is impaired in MEG-01 cells (188).
However, although several calcium-mediated intracellular signaling pathways involved in
platelet activation and aggregation have been identified, the links between intracellular
calcium signaling and ensosomal/lysosomal trafficking and granule secretion in the platelet

field remain poorly understood.

5.1.6 Niemann-Pick type CI disease

NPC disease is a lysosomal storage disease, is caused by mutations in either the
NPC1 (95% of cases) or NPC2 genes and occurs at a frequency of approximately 1:120,000
live births (189). NPC1 disease cells have reduced acidic compartments calcium levels and
accumulate sphingolipids and un-esterified cholesterol in the endosomal/lysosomal system
(22). Clinically, NPC1 disease presents as a lethal neurodegenerative disease of
infancy/childhood/adult with variable degrees of transient hepatosplenomegaly involvement
(189). In addition to hepatic and neuropathological symptoms, NPC1 patients also present
peripheral organs symptoms, including anemia, thrombocytopenia (190, 191) (discussed in

detail in Chapter 1).
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5.1.7 Aim of this chapter

To investigate whether loss of NPC1 expression and the resulting acidic store calcium
defect affects LROs function in megakaryocytes and platelets in a mouse model of NPC1
disease. Our current results suggest that acidic compartment calcium flux defects in Npcl™”

megakaryocytes and platelets may cause Npc!” platelet functional defects.
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5.2 Patients, Materials and Methods

5.2.1 Patients for hematological analysis

NPC1 patients were enrolled in an ongoing longitudinal observational study at the
National Institutes of Health in Bethesda, Maryland. The NICHD Institutional Review Board
approved the study and collection of age-matched control samples as described in Chapter 2.

The clinical samples and data were kindly provided by Dr. Denny Porter (NIH, USA).

5.2.2 Animals

Niemann-Pick type C1 mice (BALB/cNctr-NpcImIN/J, Npcl”™ mice) were from an
established colony. All mice were bred under sterile conditions, with food and water
available ad [ib as described in Chapter 2. All animal studies were conducted using protocols
approved by the UK Home Office for the conduct of regulated procedures under license

(Animal scientific Procedures Act, 1986).

5.2.3 Administration of substrate reduction therapy using miglustat on NpcI” mice

Npcl” mice treated with substrate reduction therapy using miglustat (1,200 mg/kg/day,
Oxford GlycoSciences/Celltech, UK) were supplemented as dry admix to powdered RM1
mouse chow (SDS, UK). The miglustat treatment was administered from 3 weeks of age

(P21). The untreated Npcl” mice were fed on powdered chow as a control group.

5.2.4 Mice hematological analysis
Mouse blood samples were obtained by cardiac puncture technique and analyzed as

described in Chapter 2.

5.2.5 Isolation of murine platelets
Mouse platelets were obtained from indicated time points of Npc!” and age-matched
control littermates. For preparation of washed platelets, the mice were anesthetized with CO,

and blood were obtained by cardiac puncture technique. A total of 400 uL of blood per mouse
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was collected in a tube containing 100 ul acid citrate dextrose solution. Platelet-rich plasma
(PRP) was obtained by centrifugation at 300g for 10 minutes at room temperature. For
preparation of washed platelets, PRP was washed at 1000g for 8 minutes at room temperature,
and the pellet was re-suspended in modified Tyrode-HEPES buffer (134 mM NaCl, 0.34 mM
Na2HPO4, 2.9 mM KCL, 12mM NaHCO;, 5 mM HEPES, 5 mM glucose, and 0.35% bovine
serum albumin [BSA; pH 7.4]) in the presence of prostacyclin (0.1 ug/mL). Isolated mouse
platelets were re-suspended in the same buffer without prostacyclin and incubated at 37°C for

30 minutes before use.

5.2.6 Flow cytometry analysis of granules release

Surface integrin ollbB3 levels were assessed with anti-allb (CD61) antibody and
fibrinogen binding was measured using FITC-labeled fibrinogen. Surface exposure of P-
selectin was observed as a measure of a-granules secretion using a PE-conjugated anti-
CD62P (P-selectin) antibody. Flow cytometry was carried (FACScan) and analyzed using

CellQuest software (Becton Dickinson, Oxford, United Kingdom).

5.2.7 Bleeding assay

Mice were anesthetized with isoflurane and placed onto a heated mat. The tail
bleeding time was determined by removing 3 millimeter of the distal tail tip and immersed the
tail into sterile DPBS solution. The time to cessation of bleeding was measured up to 5

minutes, after which the assay was terminated.

5.2.8 Platelet Aggregation

Platelet-rich plasma (PRP) was prepared by centrifugation at 250 ug for 10 min at
room temperature. The platelet count was adjusted with autologous plasma. Aggregation from
PRP platelets was monitored by assessing light transmission in a microplate reader (BMG

LabeTec, UK) with continuous stirring at 1100 rpm at 37 °C.



5.2.9 Ferric chloride carotid injury model

Mice were anesthetized with ketamine 100 mg/kg (Vetalar V; Pfizer) and 10 mg/kg
xylazine (Rompun; Bayer). Platelets were labeled by intravenous administration of 100 mg/kg
Dylight-488 conjugated anti-GPIb antibody (Emfret Analytics Gmbh). Right carotid arteries
were exposed and 2x1 mm, 15% ferric chloride-soaked filter paper sections were placed on
the arterial adventitia for 3 minutes. Time-lapse microscopy of the injury site was performed
for 20 minutes and the images were processed using ImagelJ. Background fluorescence values
were measured upstream of the injury site and subtracted from thrombus-specific

fluorescence. The data were expressed as integrated fluorescence density values.

5.2.10 Cell culture
The human megakaryoblastic leukemia MEG-01 cells were obtained from ATCC and
cultured in RPMI-1640 supplemented with 10% (v/v) fetal bovine serum, 1% penicillin/

streptomycin, and 0.3 pg/mL glutamine in a humidified atmosphere at 37°C and 5% COs,.

5.2.11 Immunofluorescence analysis of human megakaryoblastic MEG-01 cell line.
Adherent human MEG-01 cells were fixed with 4% paraformaldehyde, washed and
blocked with 10% goat serum in DPBS for 1 hour, followed by incubation with the primary
antibody in 10% goat serum in DPBS-Triton (0.2%) solution at 4°C overnight. Primary
antibodies against NPC1 (1:1000; Novus, UK), CD63/LAMP-3 (1:1000; Abcam, UK) and P-
selectin (CD-62P; 1:1000; Abcam, UK) were used in immunofluorescence assays. Chamber
slides were then washed and incubated with either Dylight-594 Red, rabbit anti-mouse
(1:3000, Vector Laboratories, UK) or Dylight-488 Green, donkey anti-rat secondary
antibodies (1:2000, Invitrogen, UK) for 2 hours at room temperature. Cell nuclei were stained
with DAPI (Sigma, UK). Images were captured and processed with a Zeiss Axioskop 2 Plus

fluorescence microscope.



5.2.12 Flow cytometric analysis for the measurements of the numbers and volume of

platelet acidic compartments.

Washed murine platelets were diluted to 2.5 x 107 platelets/ml into modified Tyrode’s
buffer; MEG-01 cells were re-suspended in HBSS solution. Mouse platelets and MEG-01
cells were incubated with LysoTracker Green DND-26 for 15 minutes at room temperature.
Cells were then washed with HBSS solution and flow cytometer analysis was then

immediately carried out.

5.2.13 Isolation and culture murine megakaryocytes

For the isolation of murine Npcl” and Npel™" megakaryocytes, bone marrow cells
were harvested by flushing the femurs with PBS. The obtained cells were cultured in IMDM
medium containing 20 ng/ml thrombopoietin. After 5 to 7 days differentiation into mature
megakaryocytes had taken place and the cells were purified using a discontinuous bovine
serum albumin (BSA) density gradient (0~3% BSA) and analysed by microscopy and flow

cytometry.

5.2.14 Megakaryocyte pro-platelet formation assay

Megakaryocytes were enriched from bone marrow aspirates by culturing for 5 days in
complete media with 20ng/mL thrombopoietin (PeproTech EC, UK) and 10 units/mL heparin
(Sigma Aldrich, UK). Megakaryocytes were harvested and purified through a discontinuous
3/1.5% BSA gradient. Megakaryocytes were seeded onto coverslips coated with 100pg/mL
fibrinogen (Sigma Aldrich, UK) and incubated for 5 hours at 37°C and 5% CO..
Megakaryocytes were fixed with 4% paraformaldehyde and labeled with FITC-conjugated
anti-CD41 antibody (AbD Serotec, UK). Pro-platelet-forming cells were manually
enumerated in the total adhered, labeled population and were classed as any labeled cell with

one or more branched extension.



5.2.15 Statistics

Data were expressed as the mean + SEM. Statistical analysis and graph plot were
performed by using GraphPad Prism software. An unpaired two-tailed Student’s ¢ test was
used to determine the significant differences. A p value less than 0.05 was considered

statistically significant.



5.3 Results
5.3.1 Increased number of platelets (PLT), plateletcrit (PCT) in NpcI” mice.

As shown in Fig. 5.1A-C, there was a significant increase in the circulating platelets
count (PLT) and plateletcrit (percentage volume of platelets, PCT) in Npcl " mice; the Npcl -
platelet count (PLT) and plateletcrit (PCT) increased markedly by 40 ~ 42.7 % (7 weeks,
42.7%, p = 0.0082, 9 weeks, 40%, P = 0.0028) and 46.8 ~ 48.3 % (7 weeks, 46.8%, p =
0.0034, 9 weeks, 48.3%, p = 0.0026) from 7 weeks of age, respectively). However, there was
no significant change in mean platelet volume (MPV) in Npc]'/' platelets while compared

+/+

with control (Npcl ") platelets.

Figure 5.1 Increased number of platelets (PLT), plateletcrit (PCT) in
Npcl” mice. (A-C) Platelet-related parameter analysis, platelet number
(PLT), mean platelet volume (MPV) and plateletcrit (PCT), were determined
using an automatic blood analyzer. Data shown are mean + SEM, n =5~ 7,
per group. * p <0.05, ** p < 0.005, *** p < 0.0005, calculated by an unpaired
t test using GraphPad Prism v5.

The surface expression of platelet collagen activation receptor GPVI and the all
subunit of the collagen integrin allpl were examined and no significant difference between

Npcl” platelets and controls observed (data not shown).

5.3.2 Impaired Npcl™ platelets aggregation in response to thrombin stimulation.

To further explore the functional consequences of the markedly increased of circulating
platelet count and the mean platelets volume in Npc/” mice, we investigated whether there
were aggregation defects in Npcl " platelets stimulated with different agonists. There was a
significant decrease of Npcl ” platelets aggregation by 40.7% in response to thrombin

+/+

stimulation (1 U/mL) while compared with control (NpcI ") mouse platelets (Figure 5.2A-

D).
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Figure 5.2. Impaired Npcl™ platelets aggregation in response to thrombin (1
unit/ml) stimulation. Mouse platelets were isolated from 10-week-old control
(Npel™) and Npcl” mice. The aggregation assays were performed with mouse
platelets stimulated with thrombin (1 U/ml). (A-B) Average maximal NpcI” mouse
platelet aggregation was at 40.7% of the average maximal response relative to control
mouse platelets (n = 6). Data presented as mean £ SEM, p < 0.05. (C-D) Light
microscopy analysis of the aggregation response of 10-week-old control (Npel ™) and
Npcl” mouse platelets. Scale bar, 10 pm.

However, there were no significant differences in Npc!” platelets aggregation in response to
while the calcium ionophore A23187 while compared with controls (Figure 5.3A-B). These
data suggested that the impaired thrombin-induced NpcI™” platelet aggregation could be either
associated with (i) the abnormal surface platelet integrin receptors expression; or (ii) impaired

intracellular thrombin-induced platelet activation signaling.

1AR



60
601
- iy E
Control (NpcI**) ‘g @ Control (NpcI**)
c 40 - Npcl” g =
S 4 o/
g o 404 Npel
° jo2d
Y o
2 ©
T a_: 20
E
bs
©
=
o 10 20 30
Cycle Platelet suspension

Figure 5.3. Npcl” platelets do not present any significant difference in
aggregation in response to calcium ionophore A23187 stimulation
compared with control platelets. Isolated 10-week-old control and Npcl™
platelets were stimulated with the calcium ionophore A23187 (60 uM) in the
presence of CaCl, (1 mM). The platelet aggregation assay was performed as
described in “Material & Methods”. (A) The time-course of the aggregation
response. (B) The maximal aggregation responses compared to the average
platelet aggregation in response to A23187 (60 uM) was 44.2% for control
mouse platelets and 36.2% for NpcI” mouse platelets, respectively. This
difference was not statistically significant, n = 4 ~ 5, per group, Data presented
as mean + SEM.

5.3.3. Impaired a-granules release in Npcl™ platelets in response to thrombin stimulation.
Since recent studies have indicated that sphingolipids-mediated signal is crucial for
megakaryopoiesis and thrombopoiesis, the impaired intracellular sphingolipids trafficking
and its metabolism defects in NpcI”™ megakaryocytes and platelets could be a potential
explanation for the abnormally high level of circulating platelets in NpcI” mice. To address
this possibility, an in vitro pro-platelet formation assay was performed on isolated control
(Npel™) and Npcl” megakaryocytes. However, there were no significant difference in pro-

+/+

platelet formation between control (Npc! ") and Npcl” megakaryocytes (Figure 5.4A). Next,

we examined a-granules release by measuring platelet surface P-selectin (CD-62P) exposure.

+/+

For control (Npcl ") platelets, the mean fluorescence intensity of staining for surface P-
selectin exposure increased upon stimulation with thrombin. While stimulated with high

concentration of thrombin, the P-selectin exposure levels were significantly decreased in

Npcl " platelets while compared with control (Npcf”) ones. When quantified (Figure 5.4B),



P-selectin staining on NpcI” platelets was less than 30% of control platelets (Npcl ™). These
data suggested that thrombin induced a-granules secretion was impaired in Npcl™ platelets.
To further investigate whether NPC1 deficiency could also impair 6-dense granules and
lysosomes secretion in Npcl™” platelets, the -granules and lysosomes secretion were
measured using levels of ATP secretion and [-hexosaminidase (Hex-f) release by
fluorescence analysis. As illustrated in Figure 5.4C-D, similar levels of secreted ATP and B-

+/+

hexosaminidase (Hex-f3) were detected in control (NpcI™) and Npcl” platelets, which
suggested that thrombin stimulation induced normal levels &-granules and lysosomes

secretion in Npcl™” platelets. Taken together, these findings suggested a specific effect on o-

granules release in NpcI™” platelets in response to thrombin.

Figure 5.4 Impaired a-granules release in Npcl” platelets in response to
thrombin stimulation. (A) In vitro pro-platelet formation assay was performed on
megakaryocytes isolated from 9-week-old control (Npcl “*) and Npcl'/' mice. (B-D)
Mouse platelets from control (Npc!™") and Npcl” mice were stimulated with
thrombin. After 30 minutes incubation, reactions were stopped and the extent of
secretion from a-granules (panel B), d-granules (panel C) and lysosomes (panel D)
were analyzed and percent secretion was calculated. Data represent the mean £ SEM,
n = 3 ~ 4, per group. The assays were performed by our collaborators Dr. Chris
Williams and Prof. Alastair Poole (Bristol University, UK).

5.3.4 Increased tail bleeding time in NpcI” mice.

As there is an abnormal circulating platelets count, impaired thrombin induced-platelet
aggregation and platelet activation defects in Npc/” mice, we next investigated whether this
would lead to bleeding abnormalities. To assess this possibility, tail-bleeding assay were
performed in 10.5-week-old NpcI”™ mice. As shown in Figure 5.5, there was a markedly
hemostatic defect observed in NpcI”™ mice. Whereas bleeding stopped after approximately 2
minutes in control age-matched (Npc/™") mice, tail-bleeding time was markedly increased in

10.5-week-old Npcl”™ mice, indeed bleeding did not stop within the observation period of 5

minutes.
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Figure 5.5 Increased tail bleeding time in NpcI” mice. Tail bleeding
assays were performed as described in “Material & Methods” on 10.5-week-
old control (Npcl “*) and Npcl " mice. The time from incision to cessation
of bleeding was recorded. Data represent mean + SEM, n = 3 ~ 4, per group.
The bleeding assay was stopped at 5 minutes (300 seconds). The data are
expressed as mean = SEM, n = 3 ~ 4, per group

5.3.5 In vivo thrombus formation defects in Npcl” mouse.

Next, the in vivo thrombus formation assay was performed to further evaluate Npcl "
platelets functional defects. As shown in Figure 5.6A-D, the size and rate of in vivo thrombus
formation were significantly reduced in 9-week-old NpcI” mouse compared with age-
matched controls. Collectively, these findings demonstrated that deficiency of NPCI in
platelets results in a bleeding diathesis and a significant reduction in vivo thrombus formation
in Npcl” mice. Agonist-induced platelet activation, aggregation and thrombus formation are
all directly dependent on intracellular calcium-mediated signaling. Therefore our data suggest
that calcium signaling defects in Npcl” platelets could be associated with Npcl™ platelet

dysfunction, but in an agonist specific manner.

Figure 5.6 In vivo thrombus formation defect in NpcI”” mouse. (A-D) FeCl;-
induced injury was performed in 9-week-old control (NpcI™") and NpclI™ mice
and the in vivo thrombus formation size was video recorded as described in
“Material & Methods”. Time courses of the embolus surface area measured by
the fluorescence passing through the region of interest downstream of the
thrombus. Date represent mean = SEM. n = 15, p < 0.05. The assays were
performed by our collaborators Dr. Chris Williams and Prof. Alastair Poole
(Bristol University, UK)



5.3.6 Abnormal ultra-structure in NpcI”" platelets.

Since the NPC1 protein is involved in the regulation of intracellular lipid trafficking,
it could be possible that the in vifro and in vivo platelets functional defects could be
associated with lipid storage-induced trafficking defects in Npcl” platelets. To test this
hypothesis, Npcl” platelets ultra-structure was examined by transmission electron
microscopy (52) (52). The TEM examination indicated that there were numerous abnormal
electron-dense granules-like storage bodies and increased cytosolic vacuoles in Npcl”

platelets (Figure 5.7).

Figure 5.7 Abnormal ultra-structure in Npcl” platelets. (A-D) Representative
electron microscopy images of platelets collected from 9-week-old control
(Npcl "y and Npcl'/' mice. Normal ultrastructure in platelets derived from 9-
week-old control (Npcl™") mice. (C-D) Altered granules ultrastructure in
platelets derived from 9-week-old NpcI” mice. The mouse platelets were isolated
and processed for electron microscopy analysis as described in “ Materials &
Methods”. Representative images obtained from one experiment.

5.3.7 Increased LysoTracker-Green fluorescence intensity in Npcl™ platelets.

In addition, to measure acidic compartments changes, Npcl'/' platelets were also
collected and incubated with LysoTracker-Green reagent, followed by flow cytometric
analysis. The flow cytometric analysis indicated abnormal increase fluorescence intensity
peak in 9-week-old Npcl” platelets while compared with control (Npcl™") mouse platelets.
Therefore, consistent with the TEM examination, this result suggested either an increased

number or volume of acidic organelles in Npcl " platelets (Figure 5.8A-E).
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Figure 5.8 Increased LysoTracker-Green fluorescence intensity in
Npcl'/' platelets. (A-E) Representative images of flow cytometric
analysis of the numbers and the volume change of acidic compartments in
9-week-old control (Npel™") and Npel” mouse platelets. Isolated mouse
platelets were incubated with LysoTracker-Green reagent and analyzed by
flow cytometry as described in “ Material and Methods”. * p < 0.05. Data
shown are mean = SEM, n = 3, per group. Data were calculated and
plotted using GraphPad Prism v5.

5.3.8 Increased LysoTracker-Green fluorescence intensity in Ul8666A-treated human
megakaryoblastic MEG-01 cell line.

Next, to further investigate the underlying mechanisms of Npcl” platelet
dysfunction, we utilized the pharmacological compound (U18666A) to induce NPC1 disease
cellular phenotypes in human megakaryoblastic MEG-01 cell line, The number and the
volume of the intracellular acidic compartments in MEG-01 cells were then measured using
LysoTracker-Green staining, followed by flow cytometric analysis. As illustrated in Figure

5.9A-C, there was a significant increase in LysosTracker-Green signal intensity in U18666A-



treated MEG-01 cells as predicted compared with vehicle-treated (DMSO) cells.
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Figure 5.9 Increased LysoTracker-Green fluorescence intensity in
U18666A-treated human megakaryoblastic MEG-01 cell line.
Representative images of flow cytometric analysis of the numbers or the
volume change of acidic compartments in vehicle (DMSO) (panel A) or
U18666A-treated MEG-01 cells (panel B). Data were quantified from 3
independent animals (panel C). *** p < 0.0005. Data are presented as mean +
SEM, calculated and plotted using GraphPad Prism v5.

5.3.9 Abnormal intracellular storage bodies in U18666A-treated MEG-01 cells.

TEM ultrastructural analysis indicated that numerous enlarged electron dense

bodies presented in U18666A-treated MEG-01 cells (Figure 5.10).

Figure 5.10.1 Abnormal intracellular storage bodies in U18666A-
treated MEG-01 cells. (A-D) Representative images of transmission
electron microscopy analysis from vehicle (DMSO) and U18666A treated
human megakaryoblastic MEG-01 cell lines. Scale bar = 2 um.
Representative images obtained from one experiment.
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Figure 5.10.2 Abnormal subcellular storage bodies in U18666A-
treated MEG-01 cells. (A-B) Representative images of transmission
electron microscopy analysis from Ul8666A-treated human
megakaryoblastic MEG-01 cell line. Arrows indicated the abnormal
morphology of storage bodies presented in U18666A-treated MEG-01
cells. Scale bar = 1 pum. Representative images obtained from one
experiment.

5.3.10 NPC1 is co-localized with a-granules marker, P-selectin (CD-62P) and o- and late
endosome/lysosome marker, CD63 (LAMP-3), in U18666A treated MEG-01 cells.

In order to further characterize the subcellular distribution of NPC1 in human
megakaryoblasts, U18666A and vehicle (DMSO)-treated MEG-01 cells were co-
immunostained with anti-NPC1 and platelet granules markers, including CD62P for a-
granules, CD63 for o-granules and lysosomes. As illustrated in Figure 5.11.1-2,
immunofluorescence analysis revealed that NPC1 is predominately co-localized with 6-
granule and lysosomes marker, CD63/LAMP-3, and partially co-localized with the a-granules
marker, CD62P/P-selectin, in U18666A-treated MEG-01 cells, which suggested that NPC1 is
potentially involved in the regulation of intracellular cargos transport between granules. Of
interest, it has been noted that U18666A-treated MEG-01 cells have abnormal/enlarged
CD62P" a-granules morphology compared with DMSO (vehicle)-treated MEG-01 cells.

Theses results suggested that NPC1 may be crucial for granules functions in MEG-01 cells.



Figure 5.11.1 NPC1 is co-localized with o- and Ilate
endosome/lysosome marker, CD63 (LAMP-3), in U18666A treated
MEG-01 cells. (A-F) Representative images of immunofluorescence
analysis of NPC1 subcellular localization in MEG-01 cells. Nuclei were
counterstained with DAPI. Images were viewed and captured as
described in “Materials & Methods”. Scale bar, 10 pm.

Figure 5.11.2 NPC1 is co-localized with a-granules marker, P-selectin
(CD-62P), in U18666A treated MEG-01 cells. (A-F) Representative
images of immunofluorescence analysis of NPC1 subcellular localization
in MEG-01 cells. Nuclei were counterstained with DAPI. Scale bar, 10
pm.

5.3.11 Defects in acidic compartments calcium flux in Ul8666A-treated MEG-01 cells in
response to GPN stimulation.

To investigate whether U18666A-treated MEG-01 cells exhibited reduced acidic
store calcium levels as we previously reported in U18666A-treated RAW cells and NPC1
patients-derived human fibroblasts, single cell calcium imaging/mobilization assay was
measured in MEG-01 cells (22). Acidic compartments Ca** release was monitored indirectly
by treating Fura-2—loaded MEG-01 cells with Gly—Phe—p-naphtylamide (GPN), a tripeptide
causing osmotic lysis of cathepsin C—positive lysosomes. In agreement with our previous
studies on NPCI1 patients-derived human fibroblasts and RAW 264.7 cells (22), GPN
treatment induced a steep increase in the cytosolic Ca* levels in vehicle (DMSO)-treated
MEG-01 cells; whereas GPN-induced acidic compartment Ca®’release was significantly
reduced by 30~40% in Fura-2—loaded U18666A-treated MEG-01 cells (Figure 5.12). This
result indicated that U18666A-induced NPC1 disease cellular phenotype MEG-01 cells

exhibited acidic store calcium efflux defects as predicted.



Figure 5.12 Defects in acidic compartments calcium flux in U18666A-treated
MEG-01 cells in response to GPN stimulation. (A-C) Human megakaryoblastic cell
line (MEG-01) cells were incubated either with DMSO (vehicle control) or U18666A
(2 pg/mL) for 72 hours at to induce NPC1 disease cellular phenotypes. The cells were
loaded with Fura-2 AM reagent and then treated with 200 pM GPN to induce acidic
compartment calcium release. Single cells calcium images were performed and
monitored. The calcium assay was performed and analyzed by Dr. Lianne Davis
(Dept. Pharmacology, University of Oxford).

5.3.12 Miglustat (NB-DNJ) treatment improved abnormal circulating platelet count in
treated Npcl”” mice.

Miglustat, a EU-clinically approved substrate reduction therapy for the treatment of
NPC1 disease, inhibits intracellular glucoceramide synthase activity and reduces
glycosphingolipids accumulation in the endosomal/lysosomal compartments in NPC1 disease
(192). However, the potentially therapeutic effects of miglustat treatment on the abnormal
megakaryopoiesis and thrombopoiesis phenotypes in NpcI” mice remain unknown. We
therefore evaluated the therapeutic effects of miglustat on platelet related phenotypes in Npcl”
" mice. Miglustat treatment (1,200 mg/kg/ day) was started at 3-weeks of age (P21) and
continued the treatment for 6 weeks. Hematological analysis revealed that miglustat treatment
significantly reduced by 20% the elevated platelet count in Npc/ " mice compared with age-
matched control diet-treated Npcl” littermates (Figure 5.13A). However, no significant
changes in mean platelet volume (MPV), and platletcrit (PCT) were noted (Figure 5.13B-C).
Therefore, our in vivo studies suggested that the miglustat treatment could partially correct

abnormal thrombopoiesis phenotype in Npel™ mice.
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storage bodies and acidic compartments calcium efflux defects. However, it remains unclear
whether the observations of NpcI” mouse platelet dysfunctional phenotypes reflect similar
phenomena in NPCI1 patients. Therefore, platelet-related hematological changes were
examined in NPC1 patients. As illustrated in Fig 5.14, our results revealed that NPC1 patients
tend to have low normal range of circulating platelets counts, which suggested
thrombocytopenia in NPC1 patients; however, the mean platelet volume (MPV) from NPC1

patients fall within the normal range.

Figure 5.14 NPC1 patients present with mild thrombocytopenia. (A-B)
Platelet count (PLT) and mean platelet volume (MPV) were determined
using an automated blood analyser. (n = 38 ~ 39, and n = 59, for NPC1
patients and control groups, respectively). Dashed lines indicate the normal
range of the platelet related parameters (PLT and MPV) in different groups.
Data shown are mean + SEM, calculated by using GraphPad Prism v5. The
data was kindly provided by our collaborator Dr. Denny Porter (NIH,
USA).

5.4 Discussion

In the current study, we have found (i) elevated number of circulating platelets, (ii)
platelet activation/aggregation defects (iii) and prolonged bleeding times in NPC1 disease
murine model. Electron microscopy examination indicated abnormal ultrastructure of cellular
storage bodies, evidence of lipid storage, in U18666A-treated MEG-01 cell line and Npcl”
platelets. We also found a-granule secretion defect and impaired in vivo thrombus formation
in Npcl” platelets. In addition, in vitro studies also identified impaired acidic compartment
calcium flux defects in U18666A-treated MEG-01 cells. Taken together, these data suggested
that NpcI” megakaryocytes/platelets LROs have functional defects.

Intriguingly, one recent study indicated that three unrelated NPC1 patients presented
with reduced platelet aggregation, P-selectin expression and ATP secretion, which are

compatible with the observation of abnormal o- and reduced &-granules by electron



microscopy and CD63 (LAMP-3) staining after platelet spreading (191). Furthermore, the
study indicated that in vitro differentiated megakaryocytes from NPCI1 patients exhibited
hyper-proliferation of immature megakaryocytes (191). However, these observations were not
consistent with our current studies on NPC1 disease murine model. The reasons for these
differences are unclear at this stage. One possibility is that different platelet activation
agonists may stimulate different signaling pathways in NPC1 platelets. Therefore, further
studies to test different agonists stimulation on Npcl™ platelets would be crucial to resolve
these issues. However, our current studies also cannot exclude the possibility that different
molecular mechanisms occur in human and mouse NPC1 deficient platelets.

There could also be a platelet clearance defect and altered physiological distribution
of platelets in NPC1 disease, since enlarged and fibrotic spleen can be observed in NPCl1
patients and NpcI” mice. Platelets may be trapped in the spleen and then affect circulating
platelets numbers. Therefore, in vivo platelet clearance assays will be crucial to help clarify
these platelet dysregulation phenotypes. Furthermore, if this hypothesis is correct, it may help
explain our observation, which indicated that miglustat-treated Npc/” mice exhibit normal
circulating platelet numbers. However, our studies still cannot exclude a potential platelet
production defect in NPC1 disease. Sphingosine-1-phosphate and its associated receptors,
especially S1P; and S1P4 receptors, have been recently suggested to be involved in the
regulation of megakaryopoiesis, pro-platelet formation and shedding in vivo and in vitro
models (14). Furthermore, S1P4 receptor-null megakaryocytes exhibited abnormal cellular
morphology, which was characterized by cytoplasmic vacuolation and nuclear ploidy changes
(193). Interestingly, abnormal platelet formation and megakaryopoieses defects have been
recently reported in a few cases of NPC1 and it has been suggested that this could be
associated with abnormal lysosomal cholesterol storage in NPC1 disease (191). Since the
platelet lipid compositions and its granule contents were mainly determined during
megakaryopoiesis and platelet shedding, the abnormal NpcI™" platelet phenotypes could be at

least partially associated with abnormal intracellular lipid trafficking and storage phenotypes



observed during megakaryopoiesis and these defects could impair down-stream lipid-
mediated intracellular signaling (175).

The main features of platelet storage pool disorders is abnormal numbers or altered
morphology of platelet granules, which could be associated with impaired granules formation,
packaging, maintenance and secretion (7, 8). Intriguingly, our electron microscopy
examination indicated that abnormal electron-dense granules-like structures presented in
Npcl” platelets. One of the possible explanations for these Npcl™ platelet functional
phenotypes is that the NPC1 protein is a crucial element for transport intracellular lipid
substrates during LROs biogenesis to regulate granules packing, maintaining and secretion.
Our current studies demonstrated that the NpcI” platelets exhibited functional defects, when
simulated with thrombin. Of interest, it has been suggested that the platelets lysosomes
secretion is only activated by potent agonists, such as thrombin (194, 195). It should also be
noted that our previous studies have demonstrated that NPC1 disease is mainly characterized
by a lysosomal calcium flux defect that in turn causes LE/lysosome lipid storage (22).
Therefore, these findings suggested that Npcl” platelets functional defects could be
associated with acidic compartment calcium signaling in Npcl™ platelet. Although the
physiological functions and activation mechanisms of platelets LROs remain unclear in the
platelet biology field, our current studies highlight the importance of acidic compartments
calcium signaling in the regulation of platelet functions. NAADP is a novel calcium-
mobilizing second messenger, which targets acidic (186). Churchill and colleagues recently
demonstrated that thrombin and collage-related-peptides (CRP) simulated human platelet
aggregation, activation, including fibrinogen binding and granules release, is highly
dependent on NAADP-mediated calcium signaling, which suggest a crucial role of NAADP
and acidic store calcium release during platelet activation (187). Therefore, we could
hypothesize that Npcl” platelet functional defects could be associated with impaired
NAADP-mediated acidic store calcium signaling in NpcI” platelets. So far, this hypothesis is
supported by the following evidence: (i) when Npcl” platelets were activated with thrombin

aggregation was significantly reduced by 30 ~ 50 % compared with age-matched controls. (ii)
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However, when Npcl " platelets were stimulated with calcium ionophore (A23187), Npcl "
platelets did not present aggregation defects. This proposed model would be required further
evaluation by using the NAADP-AM and lysosomal two-pore channel antagonist, Ned-19, to
measure intracellular calcium responses and determine whether there were NAADP-mediated
acidic compartments calcium flux defects in primary Npcl” megakaryocytes and in vitro in
U18666A-treated MEG-01 cells (127). In addition, a-granules release defects in thrombin
stimulated Npcl” platelets may raise the question of whether there is any specificity to
stimulation with different agonists and this merits future evaluation.

The molecular mechanisms of abnormal granules number and ultra-structure in
U18666A-treated MEG-01 cells and in NpcI™” platelets are unclear at this stage. Interestingly,
similar observations of abnormal platelet granules morphology and platelet functional defects
have been reported in other lysosomes/LROs dysfunctional diseases, such as Tangier disease,
Chediak-Higashi syndrome (99) and Hermansky-Pudlak syndrome (HPS) (5, 8, 182). One of
the common features of these four disorders is they have intracellular calcium homeostasis
defects, either in ER or LE/Lys calcium stores (22, 182, 196). Since intracellular calcium-
mediated signaling is crucial for intracellular vesicles fussion and fission events, acidic
compartment-mediated calcium homeostasis defects could lead to abnormal intracellular
vesicles trafficking and storage in these diseases. Therefore, it would be reasonable to
hypothesize that the acidic stores calcium homeostasis defects in NPC1 disease could impair
the subcellular trafficking system, affect granules secretion and lead to activation/aggregation
defects in Npcl”” megakaryocytes/platelets.

Several studies have addressed the potential biological functions of NPC1 and NPC2
proteins and their presence in LROs in retinal pigment epithelial cells and lamellar-bodies in
lung type II cells (91, 197-199). One recent study reported that NPC proteins deficiency leads
to abnormal size of lamellar-bodies in lung type II cells in NpcI” and Npc2” mice. Also,
abnormal cholesterol and phospholipid storage were observed in these specialized LRO
containing type II cells in Npc]'/' and Nch'/' mice (91). Furthermore, the enlarged and

smaller sizes of lamellar-bodies in lung type II cells were noted in NpcI™ and Npe2” mice,



respectively, which suggested that NPC1 and NPC2 proteins may coordinate each other to
regulate the maturation of lamer-bodies in lung type II cells (91). In addition, we recently
found defects in cytotoxic granules release from Npcl” NK cells as a result of reduced
lysosome calcium content of (Speak et al, Blood under revision). Consistent with this
observation, our current studies suggested that a-granules secretion defects in Npel™ platelets
could be associated with the acidic compartment calcium flux defects in NPC1 disease.
Furthermore, these observations led to the suggestion that the acidic compartment calcium
flux defects may affect secretion of other LROs in Npc/” mice. If this assumption is correct,
it would be of interest to investigate further the potential secretion defects of other LROs,
especially Weibel-Palade bodies (WPBs), in Npcl” mice. For example, while we considered
the potential mechanistic links of LROs dysfunction and the reduced thrombus size in Npcl™”
mice, one potential mechanism is that Npc!” platelets acidic compartments calcium signaling
defect could affect a-granules secretion and impair thrombus formation in Npcl”™ mice.
However, another possibility should also be considered is that endothelial cells WPBs
secretion could also be affected, which could reduce platelet adhesion to endothelial cells in
Npcl " mice. WPBs are the unique LROs in endothelial cells and harbor a range of bioactive
substances that participate in hemostasis, vasomotion, inflammation and fibrinolysis (3). The
main constituent protein of WPBs is the haemostatic protein von Willebrand Factor (vWF)
and P-selectin, which are involved in haemostasis and inflammation in the development of
cardiovascular diseases (200). Intriguingly, it has been reported that trafficking defects of P-
selectin and CD63/LAMP-3 and failure to reach WPBs occur in U18666A-treated HUVEC
cells (3). Therefore, it would be of interest to investigate potential secretion defects and

molecular mechanisms of WPBs secretion in vitro and in vivo in NPC1 disease models.



Figure 5.17. Working model of impaired thrombus formation in NpcI” mice.

When vascular injury occurs, endothelial cells secrete Weibel-Palade
bodies (WPBs) leading to the surface expression of P-selectin and von
Willebrand factor (vWF). Platelets can adhere to the site of injury when GP
Ib/IX/V complex expressed on the platelet surface binds to the sub-endothelial
vWE. This event can trigger the synthesis and release of TXA,, serotonin, and
ADP and cause activation of several platelet receptors. These events also cause a
conformational change in GP IIb/Illa, enabling the high-affinity binding of
fibrinogen resulting in thrombus formation.

@ However, the acidic store calcium signaling defect in Npcl™” platelet
affects a-granule and potentially endothelial cell Weibel-Palade bodies
secretion impairing platelets-endothelial cell interactions and reducing
thrombus size and formation in Npc!  mice.

€ [n vitro studies show that both P-selectin and CD63/LAMP-3
accumulate in late endosomes and fail to reach Weibel-Palade bodies

efficiently in U18666A-treated HUVEC cells (3). This figure was
adapted from Wagner et al., 2004.

In addition, NAADP is also involved in histamine-induced Ca”' release via the HIR
in human endothelial cells (201). Furthermore, this study highlighted a novel pathway for H1
receptor signaling whereby receptor activation leads to intracellular Ca”" release directly and
specifically stimulated by NAADP, which in turn regulates the exocytosis of vVWF from
WPBs (201). Therefore, it would be of interest to investigate any endothelial cells LRO
secretion defects in Npcl” mice. These studies may also help provide a mechanistic link
between LROs secretion defects and acidic compartment signaling in NPC1 disease.

Taken together, our current studies have demonstrated that Npcl'/' platelets have
functional defects, including abnormal circulating platelets counts, platelets activation and in
vivo thrombus formation defects in the murine model of NPC1 disease. Furthermore, our
studies indicated that these NpcI™ platelets functional defects could be associated with the

impaired acidic stores calcium signaling in NPC1 disease model.
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Chapter 6: General Discussion, Future Prospects and Concluding Remarks

6.1 General discussion

In this thesis, we have investigated whether metal dysregulation is involved in the
underlying pathogenic cascades in NPC1 disease. In our previous studies, we found
progressive systemic iron deficiency in murine models of the GM1 and GM2 gangliosidoses
and demonstrated that iron supplementation therapy was of benefit (106). In chapter 2 of this
thesis, we extended our studies to a mouse model of NPC1 disease. We identified a number of
hematological abnormalities, including low HGB levels, microcytic erythrocytes and
increased circulating platelet counts in Npc/” mice. Furthermore, our studies indicated that
the hematological abnormalities could be related to iron deficiency in Npcl'/' mice. Iron
homeostasis is affected by many pathophysiological factors, including (i) systemic
inflammation, (ii) tissue hypoxia, (iii) anemia, (iv) and abnormal erythropoiesis. The
observations of abnormal iron homeostasis in Npcl'/' mice could relate to one or more of
these pathophysiological factors (26). In our previous studies, we found systemic iron
dysregulation induced hematological changes in GM1 (f-gal”) and GM2 gangliosidoses
(Hexb™) mice (106). In these two gangliosidoses murine models, there was progressive tissue
iron deficiency and iron supplementation therapy was of benefit (106). However, when we
compared the functional iron deficiency phenotypes in NpcI”™ mice with GM1 and GM2
gangliosidoses mice, we found some similarities but also significant differences between
these three related LSDs. As summarized in Table 6.1, we previously identified (i)
progressively systemic iron deficiency, (ii) inflammatory associated microcytic and
macrocytic anemia, (iii) elevated levels of hepatic pro-inflammatory cytokines, such as IL-6
and (iv) up-regulated hepatic hepcidin levels in GM1 and GM2 gangliosidoses mice (106).
Similarly, progressive peripheral iron deficiency and more severe microcytic anemia were
identified in Npcl” mice. However, we found that hepatic IL-1p and hepcidin levels were
significantly down-regulated in NpcI” mice, in contrast to upregulation in the GM1 and GM2

gangliosidosis mouse models and this may be the result of dysregulation of the
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inflammasome (Platt et al unpublished observation) (106). These findings suggest that there
are mechanistic differences in the iron deficiency phenotypes between Npcl” mice and
GM1/GM2 gangliosidosis mice. Since our previous studies found that NPCI1 disease is
characterized by a unique lysosomal calcium store filling defect and abnormal hepatic
expression of two-pore channels (TPC-1 & TPC-2) were observed in NpcI” mice, these
observations suggested that the lysosomal calcium signaling defect characteristic of NPCl1
disease is likely involved in the regulation of abnormal hepatic pro-inflammatory cytokines
and hepcidin expressions in NpcI” mice (127, 184, 202). These hypotheses need to further
investigate in the future and could potentially reveal the importance of lysosomal calcium-
mediated intracellular signaling in the regulation of systemic inflammatory responses and iron

homeostasis.

Table 6.1 Comparison of of functional iron deficiency phenotypes in GM1/
GM2 gangliosidoses (f-gal”- and Hexb”") mice and NpcI~~ mice.

Laboratory measures Anemia in NPC1 disease Anemia in GM1/GM2

mice gangliosidoses mice

Serum ferritin ) 7

Serum/hepatic iron v v

Transferrin Normal -

Transferrin saturation ¥ +

Mean corpuscular ¥ v
volume

Hemoglobin & b

s - TR Py 'S

:
_contents

)

In Chapter 2 & 3 of the thesis, we further investigated the systemic iron dysregulation

phenotypes and explored the potential mechanistic links between iron dyshomeostasis and
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lysosomal dysfunction in Npcl " mice. In addition, the potential therapeutic effects of iron
supplementation were evaluated in Npc/” mice. We found peripheral iron deficiency in Npcl”
” mice. This observation suggested that iron dysregulation could be associated with defective
regulation of subcellular iron compartmentalization. Since cellular iron content can be
regulated by different subcellular compartments, including cytosolic, mitochondrial and
lysosomal compartments, our microarray data suggested that NPC1 iron dysregulation
phenotypes could affect all of these subcellular compartments (44, 52, 98). However, the
detailed mechanisms of systemic iron dysregulation remain to be further explored. It will be
of interest to investigate lysosomal iron content and bioimaging of metal distribution in Npcl
" cells and Npcl™” tissue samples using novel lysosomal iron probes and biophysical
techniques, such as laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS) to screen whole brain metal distribution imaging (203-205). We also need to evaluate the
potential therapeutic effects of novel intracellular iron-modulating agents on the NPCl1
disease murine model and determine whether these compounds could correct the
hematological abnormalities and systemic/cellular iron dysregulation phenotypes that we
have defined in NPC1 disease models.

Interestingly, subcellular iron compartmentalization defects have been recently
reported in certain mitochondrial and lysosomal iron metabolism defect disorders, including
Friedreich’s ataxia, siderocytic anemia and transient receptor potential cation channel
Mucolipinl (TRPML1) disorders (52, 98, 206). Since subcellular iron compartmentalization
defects have been identified in these human genetic disorders, further studies on these
diseases could provide new therapeutic strategies to treat multiple disorders. The first
potential iron-targeting therapeutic strategy is to supply cytosolic iron with the aim of
ameliorating the cytosolic iron deficiency in these disorders. The second strategy is to remove
excess iron from organelles, for example, using mitochondrial targeting iron chelators, e.g.
pyridoxal isonicotinoyl hydrazine (130) and salicylaldehyde isonicotinoyl hydrazone (SIH)
(128, 207, 208). Finally, iron ionophores could also be considered, which aim to redistribute

subcellular iron contents from different subcellular compartments to achieve a more
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physiologically balanced distribution of iron (209). However, one potential difficulty is that
delivering exogenous iron through supplementation may worsen the hepatic disease and
neuropathology if it is not targeted to the appropriate molecular machinery. Hence, a delicate
balance using combined therapies that replenish the iron-deficient cytosol and chelate
subcellular-compartment iron pools could theoretically be the optimal therapeutic strategy.
However, in terms of systemic and cellular iron metabolism, it might be a very complicated
issue in LSDs or non-LSDs iron metabolism disorders as the lysosome is involved in many
different aspects of iron homeostasis. These defects could affect enterocyte mediated iron
absorption, hepatocyte-mediated iron storage, bone marrow and splenic reticuloendothelial
system-mediated iron utilization and recycling and further impair systemic iron homeostasis

(Figure 6.1) (26, 117).

Figure 6.1. Proposed working model of systemic and cellular lysosomal
dysfunction causing defects in iron metabolism, including iron uptake,
storage, utilization and recycling in LSDs. In LSDs, systemic lysosomal
dysfunction and inflammatory cytokines could impair enterocytes and
macrophage mediated iron absorption and recycling. In addition, T uptake/TfR-1
recycling defects and impaired cellular ferritin synthesis could also affect iron
metabolism at the cellular level.

Although in Chapter 2 & 3 we mainly focused on the hematological abnormalities and
peripheral iron dysregulation phenotypes in NPCI1 disease, our preliminary results from
proteomic analysis indicated that iron dysregulation phenotypes also occurs in the CNS of
Npcl”” mice and NPCI patients. In the CNS, dysregulation of trace metal homeostasis has
been considered to be one of the major contributing factors of neurotoxicity in several severe
neurodegenerative diseases, such as Menke’s, Wilson’s, Alzheimer’s, Parkinson’s,
Friedreich's ataxia and prion diseases (79, 142, 210, 211). Furthermore, systemic metal
dysregulation has been suggested to be involved in the production of intracellular reactive
oxygen species (ROS), which leads to lipid peroxidation, mitochondrial, lysosomal

dysfunction and DNA damage (Figure 6.2) (113).
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Figure 6.2. Proposed working model of iron dyshomeostasis in LSDs. In
LSDs, lysosomal dysfunction could affect intracellular iron homeostasis,
including cellular iron uptake, subcellular iron distribution, storage and
utilization. These cellular iron dyshomeostasis could lead to intracellular free
radical production via the Fenton reaction, which could further increase
cellular oxidative stress, cause mitochondrial dysfunction, lipid peroxidation
and DNA damage.

However, it should be noted that several studies have suggested that there are separated iron
regulatory systems in peripheral organs versus the CNS. Therefore, further studies would be
needed to investigate the metal dysregulation phenotypes in the CNS in NPC1 disease, which
could provide important mechanistic insights into metal dysregulation in NPC1 and other
neurodegenerative LSDs (149).

There is increasing evidence that systemic iron metabolism is closely linked to copper
and zinc regulation, so in Chapter 4 we extended our studies to other transition metal ions in
Npcl” mice (146). We found altered cellular and systemic copper and zinc homeostasis in
vitro and in vivo in NPCI1 disease cellular/murine models. Furthermore, mis-trafficking of
cytosolic copper ATPase transporters, MNK ATP7A and WND ATP7B, were observed along
with subcellular compartmentalization defects of intracellular zinc, in NPC1 disease cell line
models (Table 6.2). Therefore, several different copper/zinc manipulation therapies,
including (i) copper chelator with D-penicillamine, (ii) copper/zinc ionophore with clioquinol
(iii) and reduced intestinal copper absorption treatment using zinc acetate were evaluated in
Npcl”™ mice and demonstrated that these metal-related treatments differentially improved

function and/or survival in NpcI”™ mice.

When we compared the copper dysregulation phenotypes of Wilson’s disease and NPClI
disease, it was unclear what the subcellular copper distribution was in Npcl” disease cells
(165). Interestingly, lysosomal dysfunction associated copper metabolism defects have been

reported in a mouse model of one of the LRO diseases, Chediak-Higashi syndrome (Beige
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mouse) (212). In the beige mouse, it has been suggested that lysosomal dysfunction and
phagocytic defects restricted the ability of hepatocytes to store excess amounts of copper in
the lysosomal system when beige mice were given a copper supplement (i.p) (212).
Furthermore, the studies also suggested that the endosomal/lysosomal functional defects
could cause hepatic subcellular copper distribution changes in Beige mice (212). Therefore,
on the basis of our current findings and other previous studies from other groups, these
observations may raise an intriguing possibility that (i) impaired subcellular copper
trafficking (ii) and mis-localization of MNK ATP7A and WND ATP7B transporters may
belong to one of the unidentified common pathogenesis cascades in most LSDs. If this
hypothesis is correct, it may provide some novel therapeutic targets and several potential
copper-related therapeutic strategies to modulate disease progression of lysosome and LROs
dysfunctional diseases.

In Chapter 5, we investigated the molecular mechanisms leading to platelet
dysfunction in NPC1 disease. The NPCI1 protein appears to be crucial for
megakaryocytes/platelets LROs function and its deficiency would impair platelet aggregation
and activation when stimulated with thrombin. Since our previous studies have shown that
NPC1 dysfunction would lead to disrupt acidic store calcium content, which accounts for the
failure of late endosomes/lysosomes fusion and the complex pattern of downstream, lipid
storage observed in this disease (22). Therefore, these findings suggested that acidic
compartment calcium flux defects from Npcl” megakaryocytes/platelets and U18666A
induced NPC1 disease phenotypes in MEG-01 cells could provide the potential mechanistic
link with the platelet dysfunctional phenotypes observed in NPC1 disease (196). Since
platelet activation and aggregation are highly dependent of intracellular calcium-mediated
signaling, the thrombin-induced platelets aggregation and granules release defects in Npcl”
mice could result from intracellular calcium signaling defects (213). NAADP is a novel
calcium-mobilizing second messenger, which targets intracellular acidic stores (127). Since
Churchill and colleagues recently demonstrated that thrombin and collagen-related-peptide

(CRP) mediate human platelet aggregation, activation are highly dependent on NAADP-
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mediated calcium signaling, it would be of interest to further investigate the potential role of
NAADP-mediated signaling in NpcI”” megakaryocytes/platelets (187).

It should also be noted that several recent studies have made some interesting
observations about the potential biological functions of NPC1 and NPC2 proteins and their
presence in LROs of certain specialized cellular types, such as lamellar-bodies in lung type II
cells (197). Consistent with this hypothesis and other findings, our current studies suggest that
the NPC1 protein may play a crucial role in granule secretion in megakaryocytes and
platelets, although the exact molecular mechanisms remain to be elucidated (91). So far, our
findings indicated that NPC1 deficiency would lead to the development of abnormal granules
morphology and increased intracellular vacuolation in NpcI” platelets. Interestingly, when
we compared the Npcl” platelet dysfunctional phenotypes with other LSDs or LRO
dysfunctional disorders, such as Tangier disease, Hermansky—Pudlak syndrome (HPS) and
Chediak—Higashi Syndrome (99) (99), we found certain similarities and differences among
these three disorders (8, 182, 196). One of the common features is that these disorders all
have intracellular calcium homeostasis defects, either ER or LE/Lys (196). Since intracellular
calcium-mediated signaling is crucial for intracellular vesicles fusion and fission events,
defects in acidic compartments calcium homeostasis could lead to abnormal intracellular
vesicles trafficking, storage and impair the cellular trafficking system (196). In addition, we
also found that melanin/melanosomes formation defect occur in U18666A-treated murine
melanocytes, which suggested that NPC1 might be crucial for melanin/melanosome
formation (data not shown) (198). This observation is supported by a recent study, which
indicated the in retinal pigment epithelial cells melanin formation defects occur in Npcl”
mice (199). However, another intriguing possibility should also be considered that the
impaired subcellular copper trafficking in U18666A-treated melanocytes could cause copper
ion incorporation defects into tyrosinase. Interestingly, mis-localization of MNK ATP7A
copper transporter into early endosomes and hypo-pigmentation have been recently reported
in one of the LROs dysfunctional diseases, Hermansky-Pudlak syndrome (HPS) BLOC-1"

cells (6). Therefore, these observations may again indicate that disruption of intracellular
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copper and other metal ions trafficking may be affected in other LSDs or LROs dysfunctional
disorders. If our hypothesis is correct, intracellular copper trafficking efficiency should be
studied in other LSDs. In addition, we also plan to study TPC-2 human skin melanocytes or
Ned-19-treated melanocytes (Ned-19 is a drug that inhibits TPCs function blocking acidic
store calcium release (187)) since hypo-pigmentation has been reported in humans with TPC-
2 mutations and also these disease cells have impaired intracellular substrates trafficking and
lysosomal calcium flux defects shared with NPC1 disease (214). Therefore, on the basis of
our current findings and studies from other groups, these observations suggest that the NPC1
protein may not only be involved in the regulation of lysosome functions but is also involved

in LROs functions in certain specialized cell types (Figure 6.3).

Figure 6.3. Summarized of LROs dysfunction in NPC1 disease. This figure
summarized the LROs functional defects identified in NPC1 disease murine model.
The intracellular substrates trafficking defects and impaired acidic compartment
calcium signaling could affect LROs secretion, such as melanosomes, lamellar
bodies, lytic granules and platelet a-, 6- granules, in NPC1 disease.

We will therefore investigate whether NPC1 deficiency results in functional defects in (i)
mast cell basophilic granules, (ii)) Weibel Palade bodies of endothelial cells, (iii) azurophilic
granules of neutrophils and eosinophils, (iv) osteoclast granules (v) and renin granules of
juxtaglomerular cells (Table 6.3) (6). These investigations may help gain further insight into
the regulation of LROs and provide a better understanding of the underlying molecular
mechanisms that drive pathogenesis in NPC1 disease and in other LROs dysfunctional

disorders.

6.2. Future work and implications

Future work: Lysosomal Storage Diseases and Iron Metabolism
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A key question is whether metal dysregulation is a common feature of LSDs and LROs
dysfunctional disorders (Table 6.4) (98, 106, 168, 212, 215-217). Since LSDs are mainly
characterized by (i) impaired autophagy, (ii) intracellular signaling/trafficking defects, (iii)
altered lysosomal number, volume and lysosomal membrane permeability, all these lysosome
dysfunctional defects could be involved in the regulation of systemic and cellular iron and
other transition metal ions homeostasis (18, 97). Therefore, broader studies of systemic and

cellular transition metal metabolism would be needed in the LSDs field.

Table 6.4 Summary of metal dysregulation identified in LSDs and LRO dysfunctional diseases

Lysosomal Sotrgae Diseases Fe Cu Zn Mn
Kufor-Rakeb disease, PARK9  PARKY" + +
GM1 gangliosidosis B-gal” + ? ?
GM2 ganglisidosis Hexb™” + ? ?
Fucosidosis +
Mucolipidosis type IV Mucoln™” +
Niemann-Pick type C 1 Npcl” + + +
CLNG6 Neuronal Ceroid CLNG6" + +
lipofuscinosis
Chediak—Higashi syndrome ChsI” +

Copper manipulation therapies in NPC1 disease

In Chapter 4, we demonstrated the potential therapeutic value of copper-manipulation
therapies in NPC1 disease murine model, which could be trialed in patients with NPCl1
disease. So far, we have evaluated three different clinically approved copper manipulation
therapies in Npc!” mice, including copper chelator (D-Penicillamine), copper/zinc ionophore
(clioquinol) and reducing intestinal copper absorption therapy using zinc acetate (163, 169,
218). Since the in vivo animal studies were encouraging, it would be worth evaluating other

clinically approved copper chelating reagents, such as Trientine and Teterthiomolybdate, in
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Npcl” mice and testing different administration routes/therapeutic dosages to determine

which copper manipulation therapy could provide the greatest potential clinical benefit

(Table 6.5).
Drug Dosage Age started Pharmacological Note
(mg/kg/day) Mechanism
Trientine 0.8~1.0 w/w, 3 weeks Cu2+ chelator and Chelate free Cu?*

mix with diet urinary excretion - Clinically approved treatment
for Wilson’s disease (copper
overload disease)

Teterthiomolybdate 5 mg/kg, i.p 3 weeks Blocking the intestinal | -  Clinically approved treatment

(7 times/per absorption of copper for Wilson’s disease

week) and a copper chelator
Galzin (Zinc acetate) | 30 ~ 150 mg/ 3 weeks Inhibition intestinal Induce intestinal metallothioneins
kg/day, mix copper absorption (MTs) expression to bind free Cu?*
with diet - Clinically approved treatment
for Wilson’s disease
- Optimized the therapeutic
dosage for combination
treatment with miglustat

In addition, it would also be an attractive option to combine these metal-related treatments
with other existing clinically approved therapies, such as substrate reduction therapy with

miglustat, to determine if this combination provides synergistic benefit (Figure 6.4).
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Figure 6.4. Proposed working model of the underlying pathogenesis of
NPC1 disease and its related potential therapies. (i) Substrate reduction
therapy (e.g., miglustat), (ii) Ca’" modulator (e.g., curcumin), (iii) metal
manipulation therapies (e.g., iron supplementation, copper/zinc metal
ionophore), (iv) anti-oxidants (e.g., N-acetylcysteine), (v) anti-inflammatory
reagents (e.g., ibuprofen, anti-TNF-a antibodies) could be potential therapies
or adjunctive therapies for the treatments of NPC1 disease.

6.3 Concluding Remarks

In this thesis, we have demonstrated that metal dysregulation is involved in the
pathogenesis of NPC1 disease in in vitro and in vivo models. Similar findings were also
observed in NPC1 patients, especially the iron dysregulation and hematological
abnormalities. We have investigated the mechanisms leading to these defects and uncovered a
highly complex set of factors that may contribute to these disease phenotypes. These studies
also identified several metal-related peripheral blood and CSF biomarkers, which could have
practical utility for monitoring disease progression and response to therapies. In addition, we
have also evaluated several metal manipulation and combination therapies in Npcl'/' mice.
Several of these therapies revealed functional improvements and improved survival in treated

animals paving the way for clinical studies in the future (Table 6.6).
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In addition, we also demonstrated the importance of the NPC1 protein in the regulation of
LROs functions in megakaryocytes and platelets. Moreover, our findings indicated that
impaired acidic compartment calcium release may affect platelet aggregation, activation and
a-granules release in NpcI” mice. However, there are still several crucial questions that need

to be answered including

* Is metal dysregulation involved in other LSDs?

* Do NAADP-mediated acid compartment calcium flux defects occur in primary
Npcl”” megakaryocytes and Npcl” platelets?

* Could the NPCI1 disease murine model provide a system to study the regulated
secretion of LROs contents and provide new insights into the molecular mechanisms

of LROs biogenesis?
This knowledge will be critical to better understand fundamental cell biological

processes, the molecular basis for pathogenesis in LSDs and lead to the development of novel

therapeutic strategies for this group of devastating disorders.
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