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Abstract

Cholesterol is essential for many life processes, including correct development,
fluidity of cell membranes, production of steroid hormones and bile acids, and is a
major component of myelin. Smith-Lemli-Opitz Syndrome (SLOS) and Niemann-
Pick disease type C (NPC) are devastating diseases and both involve dysregulation
of cholesterol homeostasis. SLOS is caused by a defect in 7-dehydrocholesterol
reductase (DHCR?7), resulting in increased levels of 7-dehydrocholesterol (7DHC)
and decreased levels of cholesterol. On the other hand, NPC is caused by defects
in NPC1 or NPC2. These genes encode two lysosomal proteins that are
responsible for the transport of cholesterol and other lipids out of lysosomes.
Consequently, defects in these proteins results in accumulation of unesterified
cholesterol within late endosomes/lysosomes. The severity ranges of both

disorders are broad, and no or limited therapeutic options are available.

This thesis aimed to establish the incidence and mechanisms behind SLOS and
NPC in order to aid development of novel therapeutic interventions. Using a
bioinformatics approach, Chapter 2 showed that the estimated incidences of
classical SLOS and NPC were similar to clinical reports. However, the analysis
suggested that a late onset form of NPC1 could be more prevalent. Chapter 3

T93M/A3-5
7 /835 mouse model

investigated the behavioural phenotype of the SLOS Dhcr
and it was found that some parallels could be drawn to the behaviour observed in
SLOS patients. It also highlighted some defects in neuro-anatomy that could

potentially explain certain cognitive defects. Chapter 4 explored the suggestion

of oxidative stress in the Dhcr7™>™*3- mouse model. However, this study did

ii



not support a role for oxidative stress in this model. Genetic insights were
generated via an RNAseq study on SLOS and NPC patient fibroblasts, which
suggested that the WNT signalling pathway could play a role in the pathogenesis
of SLOS. This pathway was also highlighted when the cells were treated with
miglustat, the only approved therapy for NPC. However, the main pathway

apparently affected by this drug in both SLOS and NPC was cell proliferation.
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Investigation into the pathogenesis and behaviour of two disorders of cholesterol homeostasis Chapter 1

Chapter 1: Introduction

“Equipped with his five senses, man explores the universe around him and
calls the adventure Science.”

Edwin Powell Hubble

1.1 Cholesterol metabolism

Since the late 1940s, cholesterol has been associated with heart disease [1] and therefore
cholesterol, particularly low-density lipoprotein (LDL) cholesterol, has been considered
by many to be “bad” [2]. However, cholesterol is crucial for the proper functioning of
the body [3], being both an important component of cell membranes [4] and a precursor
in a number of biosynthetic pathways [3]. Consequently, errors at any point of its
biosynthesis or metabolism can have devastating consequences [5,6]. In healthy adults,
cholesterol is present at 150-200 mg/dL in blood [7] and this level is maintained both by
dietary intake and de novo synthesis [8], also known as cholesterogenesis. About two
thirds of the total body cholesterol is derived from de novo synthesis [9] and this

contributes around 500 - 1000 mg/day [9,10].
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1.1.i: The cholesterol biosynthesis pathway

Cholesterol is a 27-carbon molecule (Figure 1.1A) and its biosynthesis is a multi-step
process. The cholesterol biosynthetic pathway begins with the conversion of Acetyl-
CoA and Acetoacetyl-CoA to 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) via HMG-
CoA synthase (HMGS) [11] (Figure 1.1B). The next step converts HMG-CoA to
mevalonate via HMG-CoA reductase (HMGR), the rate-limiting step of cholesterol
biosynthesis [10]. HMGR is found in membranes of the endoplasmic reticulum (ER)
[12] and the N-terminal domain comprises alternating hydrophobic and hydrophilic
amino acids which transverse the membrane 7 or 8 times, depending on the model
[13,14] (Figure 1.1C). The C-terminal domain is responsible for the catalytic activity
of the enzyme [11]. This approximately 53kDa soluble fragment can be released from

the protein via proteolytic cleavage and retains all of the catalytic ability [15].



Investigation into the pathogenesis and behaviour of two disorders of cholesterol homeostasis Chapter 1

!- hydrocarbon tail B

% HMG-CoA

Mevalonate
N-terminal

Cytosol

hydroxyl
group 2

ER

Lumen

hydrocarbon rings

Thivlase
C Acetyl-CoA—> Acetoacetyl-CoA
HMG-Cod
Jynthase
3-hydroxy-3-methylglutaryl-CoA
HMG-CoA Redwrase
Mevalonate
éﬂcmfonmﬁmx
Mevalonate-5-phoshphate
Phosphomevalomate Kinase
Mevalonate-5-PP
!WI-PP Mevalonate-5PPdecarborplase
Dimethylallyl-PP +————Tsopentenyl-5-PP
Fameyl-PPymikase
Geranyl-PP
lfamw-PPomhu

Geranplgerapl- PP yynthase
Famesyl-PP —b%eranylgemnyl-PP

Squalens
thas
Heme A Squalem ‘ l

Dolichol

olic Squalew monsiygenase Protein
Ubiquinone 2,3 oxidosqualene Prenylation
Squalers epoyydase
Lanosterol

Figure 1.1: Cholesterol biosynthesis: pre-squalene pathway



Investigation into the pathogenesis and behaviour of two disorders of cholesterol homeostasis Chapter 1

Figure 1.1 (previous page): Cholesterol biosynthesis: pre-squalene pathway
A) Molecular structure of cholesterol
Cholesterol is a 27-carbon molecule comprising a hydroxyl group attached to
C-3. The middle section is composed of hydrocarbon rings and attached to
carbon 17 is a hydrophobic hydrocarbon tail.
B) Diagram showing HMG-CoA reductase.
This model shows the N-terminal domain, which comprises the sterol
sensing domain, transversing the membrane 8§ times. The catalytic domain,
which is responsible for the reduction of HMG-CoA to mevalonate, can be
seen at the C-terminal end in the cytosol.
0] The pre-squalene pathway of cholesterol biosynthesis [5].
Squalene represents the first committed step to cholesterol biosynthesis. In
the prior steps, other metabolites can be produced, such as Heme A, Dolichol
and Ubiquinone. Farnesyl-PP and Geranylgeranyl-PP can additionally be
used for protein prenylation, a process that is involved in localising proteins

to cell membranes.

The post-squalene pathway completes the conversion to cholesterol (Figure 1.2). This
can occur via two pathways - the Bloch [16] or the Kandutsch-Russell [17] pathway.
Both pathways involve the same catalytic steps but 24-dehydrocholesterol reductase
(DHCR24) reduces the C24 double bond at different stages. In the Kandutsch-Russell
pathway DHCR24 acts on lanosterol, whereas in the Bloch pathway the reduction

occurs in the final step, catalysing the conversion of desmosterol to cholesterol [18].
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Figure 1.2: The post-squalene pathway of cholesterol synthesis [18]

additionally be able to convert other intermediates of the Bloch pathway.

The pathway is split into the Bloch pathway (left, black arrows) or the Kandutsch-
Russell (right, red arrows). DHCR24 reduces the C24 of lanosterol to proceed
through the Kandutsch-Russell pathway. In contrast, the C24 is reduced in the final
step of the Bloch pathway, converting desmosterol to cholesterol. DHCR24 may
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1.1.ii: Regulation of cholesterol biosynthesis

Regulation of cholesterogenesis is key to keeping cholesterol levels in the body
consistent. This is achieved by feedback mechanisms, which detect both the cellular
requirement for cholesterol and the dietary intake and, subsequently, cause synthesis to
then be up- or down-regulated. It was discovered that if cells contained the full-length
HMGR protein and were exposed to sterols, HMGR activity was repressed and
degradation of HMGR increased [8,19]. On the other hand, if cells only contained the
catalytic domain, degradation of HMGR was reduced to one fifth of the rate of the full-
length protein and this did not increase in the presence of sterols [20]. This led to the
suggestion that the transmembrane domain is involved in the degradation process and
detection of sterols [20]. Several studies ([21-23]) have tested this by replacing or
removing the transmembrane domains of HMGR and incubating the cells with sterols.
These studies confirmed the sterol-sensing function of this region, particularly four

phenylalanine residues present in transmembrane domain 6 [23].

Other proteins involved in the regulation of cholesterol synthesis also contain sterol-
sensing domains (SSDs), for example, the N-terminal domain of SREBP cleavage-
activating protein (SCAP) [24]. SCAP is a membrane-bound glycoprotein which
complexes with sterol regulating element binding protein (SREBP). These two proteins
work together to regulate the transcription of genes involved in cholesterol synthesis
(Figure 1.3). If sterol levels are low, SCAP enables SREBP to translocate from the ER
to the Golgi [25,26]. This results in proteolytic cleavage at sites on SREBP, releasing
the active form of the protein [25]. The active SREBP can then enter the nucleus and

bind to the Sterol Regulating Element (SRE) in the promoter region of specific genes
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involved in cholesterol synthesis; LDL endocytosis, fatty acid and phospholipid
synthesis and glucose metabolism [25,27]. However, if cholesterol levels are high,

SREBP is prevented from binding to SCAP, impeding gene transcription.
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Figure 1.3: Model of the SREBP/SCAP pathway [28].

SCAP senses the presence of high sterol conditions via the SSD and SREBP is not
translocated to the Golgi. Under low sterol conditions this translocation can occur.
Once at the Golgi, SREBP is subjected to proteolytic cleavage by Site-1 Protease
(S1P), which releases the active form, the N-terminal bHLH-Zip domain. The
bHLH-Zip domain is further cleaved and released to the nucleus where it binds to
the Sterol Regulating Element to enable transcription of genes involved in

cholesterol synthesis.
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1.1.iii: Cholesterol in development

Regulation of cholesterol is essential for correct development [29]. Morphogens are
secreted signalling molecules, which determine cellular patterning via a concentration
gradient [30] and an example of a family of these secreted proteins are Hedgehog
proteins, which rely on cholesterol for correct function [31]. While Drosophila have
only one hedgehog protein, mice have three; Indian hedgehog, Desert hedgehog and, the
most common of the three, Sonic Hedgehog (SHH) [32]. The full-length hedgehog
proteins are ~45kDa and undergo an intracellular auto-proteolytic mechanism involving
cholesterol [33]. The cleavage reaction occurs in two steps; the first step produces a
thioester intermediate, which can then subsequently be attacked by cholesterol [33].
This forms an ester-linkage to the C-terminal end of the ~20kDa N-terminal fragment

(N-SHH), thereby releasing the ~ 25kDa C-terminal fragment (C-SHH) [34].

In the developing foetus, the differentiation of neural progenitor cells in the neural tube
is determined by the gradients of multiple molecules [35], including SHH (Figure 1.4).
SHH is expressed from the posterior ventral floor plate, with decreasing concentration
towards the anterior end. This concentration gradient determines if the cells
differentiate into one of four types of interneurons (VO — V3) or lower motor neurons
[36]. SHH is also expressed in the zone of polarizing activity (ZPA) in the posterior
section of the limb bud [37]. Higher doses of SHH close to the ZPA induces the
development of posterior digits whereas lower concentrations induce development of
anterior digits [38]. However, in this instance, it is not only the concentration of SHH

that determines the cell fate, but also length of exposure time [38]. Precise formation
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of the SHH gradient is critical and therefore the diffusion of SHH involves interactions
with multiple proteins to enable tight regulation. It has been shown that the attachment
of cholesterol to SHH enables the correct range and shape of the gradient but is not
required for signalling activity [31]. Palmitoylation of SHH at the N-terminus also is

important and is subsequently added to the fragment by an acyltransferase, Skinny

Hedgehog [31].
Anterior
Posterior
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Commissural axon
(v2)
(MN)
Shh

Ventral

Shh

© R&D Systems, Inc.

Figure 1.4: Expression of Sonic hedgehog in the neural tube [39].
Diagram showing the distribution of sonic hedgehog, BMP and WNT throughout the
neural tube [39].

Three other proteins, Dispatched (DIS), Smoothened (SMO) and Patched (PTC) are also
involved in the regulation of SHH [40]. DIS contains a SSD and aids the movement of
the active signalling domain of SHH across the cell membrane [31,41]. This domain

can then inhibit PTC, a transmembrane protein that constituently inhibits SMO, a
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second transmembrane protein [42]. However this inhibition is relieved when SHH
binds to PTC, allowing signal transduction to occur [43] (Figure 1.5). PTC is also a
transcriptional target of the SHH pathway therefore providing a feedback mechanism
[31]. The interaction of SHH with PTC may occur in an area known as lipid rafts,
which are lipid-rich microdomains in membranes that are thought to have the function

of concentrating signalling components to a specific area [31].

Palmitoylation— N‘—Cholesterol

<
Dispatched/

Patched Y Smoothened

N2

Signal

N‘—Cholesterol
Transduction

Cholesterol /
N c

Hedgehog secreting cell Hedgehog receiving cell

Figure 1.5: Model depicting the secretion of sonic hedgehog.

Cholesterol attacks the hedgehog protein in the hedgehog secreting cell to separate
the signaling and catalytic domains. The signaling domain moves out of the cell with
the help of Dispatched. Patched constitutively inhibits Smoothened, but when a
palmitoylated signaling hedgehog domain is present, Patched is inhibited. This
allows Smoothened to confer signal transduction to target genes in the nucleus

involved in cholesterol homeostasis.
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1.1.iv: Further roles of cholesterol in the cell

In addition to its role in development, cholesterol has important functions in cell
membrane structure and fluidity [44], gene transcription [8], enzyme function and
protein degradation [25]. Cholesterol is also particularly abundant in the central
nervous system (CNS), in particular in myelin, which contains 70-80% of the total CNS
cholesterol [45,46]. As cholesterol cannot pass through the blood-brain barrier (BBB),
cells in the CNS rely on de novo synthesis [25]. Not only is cholesterol itself used in
multiple ways but it also has many metabolites such as bile acids, oxysterols and steroid

hormones [25].

Oxysterols are oxygenated derivatives of cholesterol and can be formed through
Reactive Oxygen Species (ROS) or enzymatic reactions (via P450 enzymes) [47].
Oxysterols have important roles in cholesterol metabolism and regulation but although
there is evidence to suggest that oxysterols can repress cholesterol synthesis through
SCAP and HMGR, not all data agrees with this [48]. Oxysterols can also aid the flux of
cholesterol across membranes and excretion from the body [49]. For example,
cholesterol cannot easily pass through membranes or the BBB but the additional

hydroxyl groups in oxysterols can facilitate this transport [49].

Cholesterol exits the body largely as bile acids, which are converted from oxysterols by
the family of P450 enzymes [50]. This conversion takes place mainly in the liver where
the incorporation of the oxygen atom into cholesterol directs it towards degradation and

excretion [49].

11
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Cytochrome P450 enzymes contain a haem group and are named due to the
characteristic absorption band at 450nm when this group binds to carbon monoxide
[49]. Although a large family, certain enzymes have particular prominence in
cholesterol metabolism; four in cholesterol homeostasis (CYP46A1, CYP7A1,
CYP27A1 and CYP11A1) [51] and one in cholesterol biosynthesis (CYP51) [52]

(Figure 1.6).

The four enzymes involved in homeostasis have specific functions. CYP46A1 is
produced at low levels in the testis and liver, where it plays roles in signalling and
regulation, but its main function is in the CNS [49]. Cholesterol cannot cross the BBB,
therefore CYP46A1 converts CNS cholesterol to (24S)-hydroxycholesterol [51]. (24S)-
hydroxycholesterol is membrane-permeable and can freely move across the BBB to be
degraded in the liver or converted into bile acids [49]. The conversion into bile acids is
split into two pathways; neutral and acidic. CYP7A1 is responsible for the catalysis of
the first step of the neutral pathway, converting cholesterol to 7o0—hydroxycholesterol in
the liver. The acidic pathway can also result in the production of oxysterols and the first

step is the production of 27-hydroxycholesterol by CYP27A1 [51].

Unlike the other three P450 enyzmes involved in cholesterol metabolism, CYP11A1 is

not involved in bile acid production but is the facilitator into the steroidgenic pathway,

converting cholesterol into pregnenalone, the precursor to all steroid hormones [49].

12
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Pregnenalone

Lanosterol FF-MAS @ \

Steroid hormones

Cholesterol
CYP46A1 Acidic
Neutral
Pathway
24(S)-hydroxycholesterol 7a-hydroxycholesterol 27-hydroxycholesterol
Bile Acids

Figure 1.6: Diagram showing the 5 main P450 enzymes involved in cholesterol
metabolism and synthesis.

CYP51 converts Lanosterol to FF-MAS, which is subsequently converted to
cholesterol. CYPI11A catalyzes the reaction of cholesterol to pregnenolone, the first
step in steroid hormone synthesis. CYP46A1 converts cholesterol to 24(S)-
hydroxycholesterol, which is a key step in the efflux of cholesterol from the CNS.
24(S)-hydroxycholesterol is then directed to the liver and excretion from the body
in the form of Bile Acids. CYP7A1 and CYP27A1 catalyze the first step into the

neutral and acidic pathways to bile acid synthesis respectively.

13
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1.1.v: Cholesterol and disease

As cholesterol is such an important molecule, genetic errors in the cholesterogenesis
pathway can be catastrophic. Prior to birth, the foetus relies on both maternal transport
of molecules across the placenta and endogenous synthesis of cholesterol [5]. However,
there is a limit to the maternal protection due to the inability of small molecules to pass
through the placental and blood-brain barriers and therefore defects in cholesterol
biosynthesis can cause severe developmental abnormalities [5]. Since the discovery in
1993 that Smith-Lemli-Opitz Syndrome is caused by a defect in sterol metabolism [53],
many other disorders of sterol biosynthesis have been discovered, for example
desmosterolosis, lathosterolosis and CHILD syndrome [5,54] (Figure 1.7). Although
these disorders share some similar characteristics, each disorder has a distinct
pathophysiology [55]. This led to the conclusions that it is not only the decrease of
cholesterol that is important but also the production of the individual biochemical

metabolites, which are produced as a consequence of each genetic defect [5].

14
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Figure 1.7: Diagram depicting the disorders corresponding to genetic
deficiencies in the enzymes of the post-squalene pathway of cholesterol
biosynthesis. [5]

Blue; enzymes responsible for the catalysis at each step. Red; Disorders related to

the Kandutsch-Russell pathway. Green: Disorders related to the Bloch pathway.
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1.2 Smith-Lemli-Opitz Syndrome

Smith-Lemli-Opitz Syndrome (SLOS) is an inborn error of cholesterol biosynthesis
caused by inherited defects in 7-dehydrocholesterol reductase (DHCR7) and was first
described by Drs. Smith, Lemli and Opitz in 1964 [56]. DHCR7 reduces the 7-8
double bond of 7-dehydrocholesterol (7DHC) to form cholesterol in the final step of the
Kandutsch-Russell pathway of cholesterol biosynthesis [57]. Additionally, DHCR7
also reduces the 7-8 double bond of 7-dehydrodesmosterol to form desmosterol.

Consequently, desmosterol is generally absent in SLOS patients [58].

1.2.i: Biochemical findings in Smith-Lemli-Opitz Syndrome

Biochemically, this enzymatic defect causes a shift in sterol levels: an increase in 7DHC
and its isomer 8DHC, and a decrease in cholesterol [53]. Abnormal 7DHC levels are
considered to be anything greater than 2 pg/ml in plasma [56], although levels ranging
from 2.7 — 470 pg/ml (10 — 2000 fold above normal) have been found in SLOS patients
[59]. Diagnosis is primarily based on identification of these abnormal sterol levels,
which can be detected prenatally in amniotic fluid after the 14™ week of gestation [56].
Earlier sampling in the 10" - 12" weeks is possible from chorionic villus sample, but as

this method increases risk of abortion, it is not typically used at this stage [59].
It is widely agreed that the altered sterol levels are hallmarks of SLOS, but it is unclear

if it is the elevated 7DHC levels, decreased sterol levels or a mixture of the two, that

causes the pathogenic defects [60]. As mentioned previously, lipid rafts are important

16



Investigation into the pathogenesis and behaviour of two disorders of cholesterol homeostasis Chapter 1

components of cell membranes that have roles in signal transduction. These domains
are rich in lipids, including cholesterol, and alteration in the composition could affect
the signalling properties. Keller et al showed that 7DHC is able to incorporate into
lipid rafts in vitro with the consequence of altering the protein composition [61].
Changes in signalling have also been observed in a mouse model of SLOS where the
decreased stability of lipid rafts caused by the sterol change led to increased
degranulation of mast cells and an enhanced cytokine response [62]. Cholesterol is not
just important in lipid rafts but in cell membranes as a whole and it is known that
incorporation of 7DHC into cell membranes alters properties such as organisation and

dynamics [63].

The alteration of cell composition could explain why vitamin D levels are not
significantly increased in SLOS, which is surprising as 7DHC is the precursor to
vitamin D [64]. Cell membranes play a role in stabilizing pre-vitamin D into vitamin D.
The change in the lipid composition could affect the availability of biosynthesis-
enhancing sites in cell membranes therefore leading to a decreased or unchanged level
of vitamin D produced in SLOS patients [64]. Another suggestion is that as vitamin D
biosynthesis involves exposure to sunlight, the photosensitivity of many SLOS patients

prevents this from occurring [64].

17
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1.2.ii: Smith-Lemli-Opitz Syndrome phenotype

DHCRY7 is not always completely inactive as a result of different mutations, which
causes a broad phenotypic severity spectrum [65,66]. Where there is little or no residual
enzyme activity, severe malformations are present and the patients die in utero or very
soon after birth [66]. The mutations found in DHCR?7, and the resulting carrier
frequency and incidence of SLOS, will be discussed further in Chapter 2. As the
amount of residual enzyme activity increases, the phenotype becomes milder and
patients are able to live into adulthood with only minor physical anomalies (Figure
1.8A). Due to the variation in severity, physical anomalies tend to be variable but
easily recognisable [56]. The most common physical feature is 2,3-toe syndactyly.
Other characteristic physical features include postaxial polydactyly of the hands or feet
and facial features such as microcephaly, a short upturned nose, ptosis, epicanthus and
retrognathia [60] (Figure 1.8B). The CNS also shows malformations including septum
pellucidem abnormalities, agenesis of the corpus callosum and holoprosencephaly
[67,68]. Other phenotypic manifestations include photosensitivity and sleep-cycle

disturbance [60].

Patients also have a characteristic behavioural phenotype including mild-moderate
intellectual disability, autism-spectrum disorder traits, anxiety, hyper-activity, and
increased aggression and self-injury related to the menstrual cycle [69]. These will be

discussed further in Chapter 3.
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A

Severe <€ Mild

B Bifid Uvula 2,3-toe syndactyly

Figure 1.8: Physical characteristics of SLOS [5]
A) Profile images of the phenotypic range in SLOS patients; severe (left
image), classical (middle image) and mild (right image).
B) Examples of the most common physical malformations; bifid uvula (left

image), postaxial polydactyly (middle image), 2,3-toe syndactyly (right image)
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1.2.iii: Altered development in Smith-Lemli-Opitz Syndrome

It is known that embryonic development relies heavily on cholesterol, for example, in
the hedgehog-signalling pathway [29], but currently it is not known how the increased
levels of 7DHC affect development. The majority of cholesterol is synthesised by the
developing foetus, but maternal-foetal cholesterol transport also occurs through the yolk
sac and placenta during development [70]. Although cholesterol cannot pass the BBB,

the maternally derived cholesterol may aid the development of an SLOS foetus [71].

As discussed earlier in the chapter, cholesterol is important for the correct functioning
of SHH during development. Two synthetic inhibitors of DHCR7, AY9944 [72] and
BM15766 [73,74], can cause similar defects in the SHH pathway to mutations in
DHCRY7. Additionally, cholesterol was synthetically lowered in chick embryos using
cyclodextrin, resulting in a phenotype similar to that seen in a mouse embryo
homozygous for mutations in SHH [75]. Interestingly it was observed that in mouse
embryonic fibroblasts, using synthetic inhibitors was more effecting than only depleting
cholesterol. This could be because autoprocessing of SHH can still be achieved via

addition of 7DHC, but the lack of cholesterol may affect the targeting via SSD [76].

Hormones are also critical in development and the adrenal glands produce three main
types of steroid hormones: mineralocorticoids, glucocorticoids and androgens. As
cholesterol is a precursor to these hormones, adrenal insufficiency has been studied in
patients with SLOS, but there are some discrepancies between reports. Andersson et al
reported a case of adrenal insufficiency [77] whereas Bianconi et al did not find

evidence of insufficiency, although it was noted that there was an increase in baseline
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adrenocorticotropic hormone (ACTH) values. These elevated baseline levels were
suggested to be a consequence of the alteration of cell membranes due to the
biochemical defect instead of adrenal insufficiency. [78]. The inconsistencies in reports
could be due to the severities of patients studied. The patient with adrenal insufficiency
died at a young age and therefore had a severe phenotype [77] whereas the patients
studied in the Bianconi study were of mild-moderate severity [78], and were on
cholesterol supplementation, which could have corrected any insufficiency present [78].
Additionally, DHC-derivatives of hormones, such as pregnenalone and
allopregnenalone, have been found in SLOS patients [79], although the biological

consequence of this is yet to be fully determined [56].

1.2.iv: Altered biosynthesis and metabolic pathways in Smith-Lemli-Opitz

Syndrome

7DHC is one of the most susceptible molecules to free-radical oxidation and DHC-
derived oxysterols, and the derived bile acids, have also been detected in SLOS patients
[80]. This will be discussed further in Chapter 4. As cholesterol levels are lower than
usual in SLOS patients, it could be expected that bile acid production would also be
lower. However, this is not seen in all patients, generally only being observed in severe
cases [59]. CYP7A1 and CYP27A1 are important enzymes in the synthesis of bile
acids and it has been shown that both 7- and 8-DHC are competitive inhibitors of these

enzymes, causing 7-and 8-DHC bile acid derivatives to be formed [81].
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Cell culture can also reveal insights into the mechanisms involved in SLOS. In control
fibroblasts, cholesterol is transported to lysosomes through LDL binding to LDL
receptors. Cholesterol esters are released from LDL in the lysosomes and LDL
apolipoproteins are degraded and released [82]. Fibroblast cell lines from SLOS
patients can be grown in lipo-deficient serum (LPDS) to force cholesterol synthesis and
therefore the accumulation of 7DHC [82]; biochemical analysis showed that 7DHC in
SLOS fibroblasts increased from 2.5 pg/ml at 5 days in LPDS to over 5 pg/ml at 7 days

in LPDS [82].

After 4 days in LPDS, SLOS fibroblasts showed an increase in filipin staining, a
polyene auto-fluorescing antibiotic that binds to unesterified sterols, compared to
controls [82] (Figure 1.9) . Increased 7DHC levels have been shown to cause abnormal
effects in membrane properties, but if the increased filipin staining was due to 7DHC
accumulation, it would be expected that the staining would continue to increase over
time. However, the opposite occurs and after 7 days the filipin staining is back to
control levels [82]. This suggests that it is unesterified cholesterol that accumulates.
Using electron microscopy it can be seen that these lysosomal inclusion bodies are
similar to those seen in Niemann-Pick type C disease (NPC) and it can be hypothesised
that NPC1 may be inhibited in SLOS due to dysregulation in the SSD of the protein
[82]. Additionally, SLOS cells showed decreased LDL degradation, possibly due to the

accumulation of 7DHC.
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A

Figure 1.9: Filipin staining of fibroblasts [82].
Fibroblasts were were grown in LPDS for four days and stained with filipin. The
filipin staining is increased in the SLOS cells compared to control and
heterozygotes.

A) Control fibroblasts

B) Heterozygous fibroblasts

C) A2SLOS fibroblasts

D) B3SLOS fibroblasts
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1.3 Niemann-Pick disease type C disease

A second disorder, Niemann-Pick type C (NPC), does not have defects in
cholesterogenesis but in the transport of cholesterol. Albert Niemann first described
NPC in 1914, when he identified a young child who had an enlarged liver and spleen, an
impaired nervous system and died by 3 years of age [83]. Ludwig Pick continued this
work by studying tissues of deceased affected infants and in the late 1920s, the

existence of a new disease, Niemann-Pick Disease (NP) was confirmed [84].

Although NP disease is characterised by the accumulation of lipids, in 1961 Crocker
and Farber classified the disease into four sub-types according to age of onset and
organs affected; Niemann-Pick type A (NPA), Niemann-Pick type B (NPB), Niemann-
Pick type C (NPC) and Niemann-Pick type D (NPD) [85]. These classifications were
further refined by the discovery that both NPA and NPB, but not NPC or NPD, had a
deficiency in acid sphingomyelinase activity [86]. On the other hand, NPC and NPD
were characterised by defects in the transport of LDL, leading to accumulation of un-
esterified (free) cholesterol. NPD is derived from patients with Nova-Scotia ancestry but

allelic to type C therefore the two sub-types were combined to NPC [84,87].

Free cholesterol is produced when LDL is endocytosed and hydrolysed in the late
endosomes/lysosomes. In healthy cells, cholesterol is then transported out of the
endosomes to the plasma membrane and endoplasmic reticulum (ER). However, this
efflux is impaired in NPC cells causing cholesterol to accumulate in the lysosomes [84].
Cholesterol cannot cross the BBB but is synthesized by oligodendroglial cells,

astrocytes and glia [88]. Therefore the pathogenesis of brain defects is more complex.
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1.3.i: Structures of NPC1 and NPC2

Cholesterol movement from the lysosome to ER requires two proteins, NPC1 and
NPC2. Mutations in NPC1 are responsible for approximately 95% of clinical cases,
while the remaining 5% of cases are caused by mutations in NPC2 [89]. The mutations
and incidence of NPC will be discussed further in Chapter 2. The same phenotype can
be observed from homozygous loss-of-function mutations of NPC1I or NPC2, which
suggests that both proteins have important roles in the egress of cholesterol from the
lysosomes [90]. One model of how cholesterol is passed between NPC1 and NPC2 is

shown in Figure 1.10.

NPCl1 is a large transmembrane protein and comprises 1252 amino acids, 13
transmembrane domains [91] and several functional domains [92,93] (Figure 1.11A):
* A cleaved N-terminal signal sequence, which targets the protein for
insertion into the membranes (amino acids 1 — 24)
* Luminal loop-1 (amino acids 25 — 264)
* Luminal loop-2 (amino acids 371 — 615)
* A SSD in transmembrane helices 3 — 7, with homology to the SSDs in
HMGR, SCAP and PTC. (amino acids 616 — 791)
* Luminal loop-3 (amino acids 855 — 1098)
* A C-terminal sequence which targets the protein to the lysosomes (amino

acids 1225 — 1278)
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Figure 1.10: Proposed model for the role of NPC1 and NPC2 in de-
esterification and trafficking cycle of cholesterol in lysosomes (modified from
[94].

In the model proposed above, NPC2 binds to cholesterol and holds it while acid
lipase cleaves lipids bound to the 3-beta hydroxyl of cholesterol. NPC2 then
transfers the free cholesterol to the N-terminal domain of NPC1. However, the
directionality of cholesterol transfer between these two proteins has not been

determined experimentally. The cholesterol is then transported out of the

lysosomes to the ER.

The sterol binding domain of NPC1 was discovered when Infante ef al. were searching
for a membrane-bound protein that bound oxysterols [92]. They found a sterol binding
site on the luminal loop-1 of human NPC1, which could also bind cholesterol but only
in low detergent conditions [92]. Recently, the majority of the full-length protein has
been crystallised, incorporating 12 of the 13 transmembrane domains and a large
extension, comprising the luminal loops and C-terminal domain [93] (Figure 1.11B).
This study found that the transmembrane domains 3 — 5 define a large hydrophobic

cavity, large enough for 1 molecule of cholesterol, which is accessible from both the
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lipid bilayer and lysosome lumen. Although the exact role for the SSD of NPC1 has not
been fully elucidated [91], the accessibility of the SSD suggests that this allows it to

sense the cholesterol concentration of the lysosome lipid bilayer [93].

In contrast, the NPC2 protein is a small soluble protein of 132 amino acids and is
transported to the lysosomes via the mannose-6-phosphate receptor. NPC2 binds
cholesterol and likely transfers it from inner lysosomal vesicles to the limiting
membrane of the lysosome [95]. The crystal structure of NPC2 has been evaluated,
both bound to cholesterol-3-O-sulphate [96] (Figure 1.11C) and in its unbound form
[96,97]. NPC2 is comprised almost exclusively from B-strands [97] with a deep
hydrophobic binding pocket. This pocket is too small for cholesterol in the unbound
state, but expands to incorporate the hydrocarbon section of cholesterol [96].
Cholesterol-3-O-sulphate was used in this study as NPC2 had a higher affinity for this
substrate over cholesterol. Cholesterol-3-O-suphate binds to NPC2 with the isooctyl
chain buried deep in the pocket and the sulphate group positioned at the mouth of the
tunnel. As the sulphate moiety does not interact with the NPC2 protein structure, the
reason for the preference for NPC2 to bind this substrate over cholesterol is uncertain
[96]. A suggestion is that cholesterol-3-O-sulphate has greater solubility and
consequently, more substrate is available to the protein. However, it is presumed

cholesterol binds in an analogous manner [96].
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Figure 1.11: Schematic of NPC1 and NPC2 protein structures
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Figure 1.11 (previous page): Schematic of NPC1 and NPC2 protein structures

NPC1
A) Predicted topology of the full-length NPC1 protein [modified from 86]
B) Overall structure of NPC1 showing the N-terminal transmembrane
domains (2-7, blue), the C-terminal transmembrane domains (8-13,
green), the middle luminal domain (MLD, magenta) and C-terminal
domain (CTD, light blue). Numbered helices of the luminal domains are
involved in interactions and the distances of MLD (luminal loop-2) and
CTD from the lysosomal membrane are marked. [modified from 87]

NPC2 [modified from 89]
C) A ribbon representation (blue) of the 7 B-strand fold NPC2 structure,
stabilised by three disulphide bonds (yellow). Cholesterol-3-O-sulphate is
bound (sulphur: yellow, oxygen: red, carbon: gold) between strands D and
E. The bovine form of NPC2 is glycosylated, which were cleaved by
EndoHs for crystallisation. This leaves the innermost N-
acetylglucosamine (GlcNAc) sugar attached, shown by the stick and ball

structure at Asn-39 (carbon: black, oxygen: red, nitrogen: blue).
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1.3.iii: Niemann-Pick type C disease phenotype and diagnosis

Onset of NPC can range from the perinatal period to well into adulthood. This is a
continuum but is often subdivided into 5 stages; perinatal, early infantile (2 months — 2
years), late infantile (2 — 6 years), juvenile (6 — 15 years) and adult (>15 years)
(Figure 1.12). Correspondingly, patient lifespan varies from a few days to over 60

years old, although the majority die between 10 and 25 years of age [84].

Each stage is split into two forms; systemic onset and neurological onset. The
exception to this is during the perinatal period where only the systemic symptoms are
presented. However it has been reported that patients who die from a severe perinatal
form have siblings with an early onset (infantile or juvenile) neurological form [84].
Overall the most common symptoms are hepatosplenomegaly, vertical supranuclear
gaze palsy (VSGP), cataplexy and neurological degeneration, which includes cerebellar
ataxia, dysphagia and dysarthria [84]. Systemic disease generally precedes onset of
neurological symptoms but it is the progressive degeneration that causes fatality in most

casces.

The varied age of onset and clinical phenotype of NPC can complicate diagnosis [98].
When classical symptoms, such as hepatosplenomegaly, ataxia and supranuclear gaze
palsy, are present, suspecting a diagnosis of NPC is relatively easy. However, although
peripheral symptoms are generally presented before the neurological symptoms, where

this is absent a delay in diagnosis can occur [84].
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Figure 1.12: Age of onset of symptoms: [84]

Diagram showing the age of onset of NPC1, along with the age of presentation of
first neurological symptoms. NPC1 has a complex pathological cascade including
neuroinflammation, oxidative stress, and neuronal apoptosis, all of which contribute
to the varied phenotype presented. Symptoms include progressive

neurodegeneration, hepatosplenomegaly, ataxia, dysphagia, dysarthria, tremor and

Vertical Supranuclear Gaze Palsy.
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Diagnosis can be through behaviour or biochemical identification. Behavioural
diagnosis relies on assessing muscle tone, movement, reflexes, hearing and swallowing
[98]. Biochemical identification of the cholesterol storage and impaired trafficking is
currently the most reliable form of diagnosis. Skin fibroblast samples are biopsied from
suspected patients and are stained using filipin, an autofluorescing antibiotic that binds
to unesterified cholesterol [100]. Examination of the cells using fluorescence
microscopy reveals that NPC patients typically show strongly fluorescent vesicles in
approximately 80% of cases. In the remaining cases, less staining is present and
indicates a variant phenotype [101] (Figure 1.13). For diagnosis of these cases
mutation analysis is often implemented [84]. Currently, there is an average diagnostic
delay of around 5 years [102] but the development of biomarkers specific for NPC1 that
are less invasive, such as oxysterols [5] and bile acids [103], will facilitate faster

diagnosis in the future.

control variant NPC-phenotype classic NPC-phenotype

-

filipin

neg. ctrl 1

Figure 1.13: Filipin staining of NPC fibroblasts [99].

The left image shows control fibroblasts with very little staining. The right image
shows the classical NPC phenotype with strong peri-nuclear staining indicating
accumulation of unesterified cholesterol. The middle image shows the variant

phenotype with less staining.
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1.3.iv: Altered metabolism in Niemann-Pick type C disease

It has been shown that, although an important biomarker, free cholesterol accumulation
may not be the primary offending metabolite in NPC. Glycosphingolipids (GSLs),
sphingosine, sphingomyelin and phospholipids are also among the accumulating
metabolites but the levels of each metabolite vary in individual organs [84]. High levels
of glycosphingolipids accumulate in the brain, while sphingomyelin and cholesterol
accumulate to a lesser extent, and there is more pronounced metabolite storage in the

spleen compared to the liver [84].

A feature of other primary lysosomal sphingolipid storage disorders is abnormal
endoplasmic reticulum (ER) calcium homeostasis [104]. Studies in NPC1 mutant cells
show abnormal calcium homeostasis, with lower levels of calcium in the acidic
compartment. In contrast, ER and mitochondrial calcium levels were normal,
suggesting that the trafficking defect occurs before lipid storage in NPC1 pathogenesis
[104]. This proposed the hypothesis that the defective trafficking and fusion in the
endocytic pathway is caused by insufficient calcium release. Additionally, studies have
shown that sphingosine rapidly accumulates when the NPC1 protein is inactivated, and
that the low calcium concentrations in the acidic compartment can be caused by
sphingosine [104]. Sphingosine can therefore be considered a candidate for being the
primary offending metabolite in NPC and indeed NPC1 may function as a sphingosine

transporter.
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1.3.iv: Neurological defects in Niemann-Pick type C disease

Some areas of the brain are affected more than others in NPC disease, for example the
cerebral neocortex and hippocampus are the least severely affected whereas the corpus
callosum and cerebellum are the most affected [105]. The major neuronal cells in the
cerebellum are Purkinje cells (PCs) and it was observed that these cells have a
distinctive degeneration pattern in NPC1 murine models [106] Up to P40 there was no
difference between the numbers of PCs in NPC1 versus wild-type mice. However, at
P60 there was a dramatic decrease in the number of PCs in the NPC1 brains [107]. The
cerebellum is organised into 10 lobes and degeneration starts at lobe I, continuing
through to lobe IX, although limited loss occurs in lobe IX [106,107] (Figure 1.14).
This suggests that the PCs in lobes IX and X appear to have some protection and do not

degenerate to the same extent, though the mechanism of why this occurs is not known.

6 week NPC -/- 9 week NPC -/-
late

degenerating
Purkinje cells lobule X
Purkinje
cells
apparently
resistant to
cell death

early
VIl degenerating

N

Figure 14: Degeneration of Purkinje Cells in the cerebellum (unpublished data;
Dr. 1. Williams, Platt Laboratory, 2010).

These immunofluorescence images depict the sagittal view of the cerebellum,
staining Calbindin (CaBP) (red). Blue DAPI staining on the 9-week mutant shows
the lobular structure. The anterior lobes degenerated first, with subsequent loss in the
central and posterior lobes. Lobe IX showed little PC degeneration and lobe X
showed no degeneration at all. Therefore the extent of PC loss correlates with disease

progression.
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1.4 Animal Models

Although patient case studies and cell culture are valuable methods of gaining

information about the disorders, animal models allow the biochemical aspects to be

further investigated. There are multiple animal models for both SLOS (Table 1.1) and

NPC1 (Table 1.2).

1.4.i Smith-Lemli-Opitz Syndrome animal models

Animal Model Phenotype
R AY 9944, Low plasma cholesterol, high
at
teratogenic model plasma 7DHC, holoprosencephaly
R BM15766, Low plasma cholesterol, high
at
teratogenic model plasma 7DHC, holoprosencephaly
Dihey 723-5/035 Low tissue/serum cholesterol, high
Mouse . tissue/serum 7DHC, craniofacial
genetic model -
abnormalities, death by P1
Low tissue cholesterol, high tissue
Dihey TS 7DHC, sterol levels normalise over
Mouse _ time but remain different to normal,
genetic model ‘
2,3-toe syndactyly, neurological
structure abnormalities

Table 1.1: Summary table of SLOS animal models
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Rat models of SLOS have been created using chemical inhibitors of DHCR7, AY9944
(trans-1,4-bis(2-chlorobenzyl-amino-methyl)cyclohexane dihydrochloride) and
BM15766. When these compounds are fed to pregnant rats at the beginning of
gestation, the pups present an SLOS phenotype, with lower plasma cholesterol,
increased plasma 7DHC and holoprosencephaly [59]. Although these compounds can
be used in mice, a 10-20 times higher dose is required [29]. Therefore genetic-knockout

murine models are preferable.

Two murine models exist for SLOS. One model is homozygous for a null mutation
(Dher7*3%37%) . This model was developed by targeted homologous recombination in
mouse embryonic stem cells to disrupt the Dhcr7 gene [108]. This disruption involved
insertion of a neomycin phosphotransferase gene and deletion of coding exons III, IV
and part of V (A3-5). The heterozygous mice (Dhcr7"*) appear phenotypically
normal and so crossing heterozygous mice produces the null homozygous mice [108].
Biochemically, Dhcr7°*"*3 newborn pups have decreased cholesterol and increased
7DHC in tissues and serum compared to age-matched heterozygous or control pups. 7-
dehydrodesmosterol was also reduced in the cortex and mid-brain of mutant pups.
Phenotypically, the mutant pups were smaller in size (Figure 1.15), had craniofacial
malformations, decreased movement and failed to feed, resulting in death soon after

birth (P1). Cleft palate was also a rare finding [108].
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A S

Figure 1.15: Characterisation of Dher7V™ mice [108].
New-born Dhcr7*3* mice (two on the left) were significantly smaller
than age-matched wild type mice (right). The middle pup lacked nasal

openings and cyanotic episodes.

Although tissues from these mice can be used for analysis, they are not suited for
extended studies and so a milder model was developed. A commonly seen mutation in
SLOS patients is the T93M point mutation, which generally relates to a classical clinical
presentation [109]. Site-directed mutagenesis was implemented to create a dinucleotide
change at codon 89 (T = M) in the mouse, which relates to codon 93 in humans. These
Dher7™™ mice are phenotypically normal, viable and fertile [110]. Therefore these
mice were inter-crossed (to establish Dhcr7™*™ M mice) and mated with Dher77*
mice (to establish Dhcr7™™*3 mice). As Dher7™™ ™M are also phenotypically
normal, viable and fertile, these mice were also mated with Dhcr7"**3 to achieve the
Dher7™™MA35 genotype. However, approximately a quarter of the expected

Dher7™ ™83 mice appeared to be lost early in embryonic development, possibly due
to maternal placental abnormalities caused by the T93M homozygous mutation [110].

T93M/A3-5
79 /

Although smaller in size (Figure 1.16A), survival of Dhcr mice was

T93M/A3-5
7

comparable to control mice [110]. Approximately two thirds of Dhcr mice are
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born with 2-3 toe syndactyly (Figure 1.16B) and ventricular dilatation has been noted in
one third of mice as early as three months of age (Figure 1.16C). Partial agenesis of
the corpus callosum was also a rare finding. Biochemically, CNS and peripheral DHC
levels in one day-old Dhcr7"*™*37 are higher than both Dhcr7"* and Dher7™*M™3M

A3-5/A3-5

and are found at similar levels to Dhcr7 mice [110]. Cholesterol levels are also

decreased. However, by 6 weeks of age kidney and liver DHC levels in Dhcr7"3MWASS
mice decreased, although CNS levels remained elevated. Cholesterol levels had also
normalised in all tissues by this time [110]. As residual cholesterol synthesis in the
mice was similar to that seen in genetically equivalent human fibroblasts, it was
hypothesised that this could be explained in part by the mice having a higher Dhcr7

expression and a higher level of cholesterol synthesis (50 mg/kg/day compared to 10

mg/kg/day) [110].
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Figure 1.16: Characterisation of the Dher7™*™3 mice (modified from [110]).
A) Dher7™3MWTB3M mice (middle) are smaller than Dhcr7"* mice (left).
Dher7"™A5 mice (right) are smaller than both other genotypes. B) Image showing

7138 mice (right) compared to a normal paw in

2,3-toe syndactyly in Dhcr
Dher7"*7 mice. C) Histochemical analysis of the cortex of Dhcr7™*™* (left),

Dher7™MT3M (middle) and Dher7"*43 (right) mice. Ventricular dilatation can

be seen to increase from the left to right images.
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1.4.ii Niemann-Pick type C disease animal models

NPC1
Animal Model or Phenotype
NPC2?
BALB/c-npcl™ Severe infantile form, develops
Mouse Spontaneous NPC1 | neurological symptoms at 6 weeks,
mutation death occurs 10-12 weeks
C57BL/Ksl- . .
Severe infantile form, develops
npc ™" '
Mouse NPC1 neurological symptoms at 7 weeks,
Spontaneous
) death occurs 12-14 weeks
mutation
C57BL/6J
npcmed Juvenile form, develops
Mouse Ethyl- NPC1 neurological symptoms at ~ 11
nitrosourea weeks, death occurs 16-17 weeks
mutation
) Develops neurological symptoms at
Genetic
Mouse . NPC2 7-8 weeks, death occurs 13-18
mutation
weeks
Juvenile form, develops
Spontaneous )
Feline ) NPC1 neurological symptoms at 8-12
mutation
weeks, death occurs 8-12 months
Canine Spontaneous NPC1 | Develops neurological symptoms at
mutation 2 months, put down at 9 months

Table 1.2: Summary table of NPC animal models

40

Chapter 1




Investigation into the pathogenesis and behaviour of two disorders of cholesterol homeostasis Chapter 1

Feline [111,112], canine [113] and three murine (BALB/c-npc1™® [114], npc™ % [115]
and C57BL/KsJ-npc ™™ [116] models of NPC1 exist, with the BALB/c-npcI™ model

nmfl64

being the most commonly used (Figure 1.17). All except the npc murine model

are caused by spontaneous mutations.

The spontaneous mutation in the npc/™ murine model results in truncation of the Npcl
protein before the SSD, eliminating 11 of the 13 transmembrane domains. This model
corresponds to the severe infantile form of the human disease [117] and the mice are
born phenotypically normal, developing neurological symptoms approximately by 6
weeks of age. Ataxia and tremor are the common hallmarks of disease progression,
likely caused by the characteristic neurodegeneration of the cerebellum. Mice reach a
terminal end stage of disease by 10 — 12 weeks without therapeutic intervention [118].

spm

The second spontaneous murine model, C57BL/KsJ-npcI™", was observed by
Miyawaki and colleagues in 1975 and also corresponds to a severe infantile disease
form [119]. This model presents with hepatosplenomegaly, foamy cells, degeneration
of Purkinje cells and storage of free cholesterol and sphingomyelin. As with the npcnih
model, the characteristic neurological symptoms of ataxia and tremor are present, but
onset is about a week later, around 7 weeks of age [119]. Growth and weight also
decrease and death follows at 12 — 14 weeks of age [119].

Unlike the other two mouse models, the npc™"**

mouse model was created via ethyl-
nitrosourea mutagenesis [115]. This resulted in a point mutation in the Npc/ gene,

causing an amino acid change in the large cysteine-rich luminal loop of Npc1 between

the 8" and 9™ transmembrane domains, p.D1005G. This mutation confers only a partial
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loss of function of Npc1 and therefore corresponds to a late-onset milder form of NPC
than the other mouse models. The mice still present with the classical pathology
associated with NPC1; increased storage of unesterified cholesterol, glycolipids and
sphingomyelin, foamy macrophages, progressive neurodegeneration of the cerebellum
and increased neuroinflammation [115]. However, the onset of ataxia and tremor does
not occur until around 11 weeks of age [115]. Correspondingly, there was increased
survival and onset and progression of weight loss was delayed. The increased survival
of npc™™'** homozygotes allows mating of homozygous pairs, which is a huge

advantage as this enables generation of litters comprised of only homozygotes [115].

A knock-out NPC2 mouse model is also available, which presents with a phenotype

similar to NPC1. This corresponds to the human form of the disease, where mutations

in NPC1 or NPC2 result in similar phenotypes [120].
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Figure 1.17: NPC1 mice [115].

A) Survival plot of npc™ and npc™™ mice. It can be easily observed that the npc™™
mice live substantially longer. B) Diagram of the NPC1 protein with locations of
the mutations of the three mouse models indicated. Npc™; amino acid 580 in loop

C. npc™™; amino acid 971 in loop 1. npc™'; amino acid 1005 in loop 1
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The feline model of NPC originated from a spontaneous mutation in the affected
domestic kitten, which presented with the neurological symptoms indicative of NPC,
namely ataxia and tremor [112]. Further study showed that, similar to patients, cats
initially presented with low birth weight, hepatomegaly, and subsequently neurological
symptoms. Tremor appeared at 8 — 12 weeks of age, which progressed to ataxia and
death by 8 — 10 months. Biochemically, the mutant cats show storage of glycolipids,
unesterified cholesterol and sphingomyelin [112]. Fibroblasts cultured from NPC cats
showed increased perinuclear filipin staining, confirming storage of unesterified
cholesterol and mimicking the phenotype seen in patients. Histology of the brain
showed the presence of axonal spheroids, ectopic dendritic growth and the characteristic

degeneration of PCs in the cerebellum [112]. Similar to the npcnmfl64

murine model, the
feline model presents with a less-severe form of NPC1, representative of the juvenile

neurological human form [121].

A spontaneous canine model has also been seen, although this model is not easily
available [113]. At 2 months of age, a boxer dog showed signs of decreased motor
ability. Further neurological symptoms progressed and the dog was euthanized at 8
months of age due to inability to stand. Post mortem analysis showed that although the
majority of organs were normal, there was mild atrophy of the cerebellum caused by
degeneration of PCs and granular cells. Elevated levels of unesterified cholesterol and

GSLs were also present [113].
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1.5 Therapeutic Intervention

1.5.i: Smith-Lemli-Opitz Syndrome

SLOS is likely caused by a combination of fixed developmental defects and functional
defects due to the abnormal sterol levels [122]. Drug treatments mainly focus on the
functional defects, although it is currently unclear whether the defects result from the

increase in 7DHC or decrease in cholesterol.

To correct the cholesterol deficit, it has become standard of care to provide SLOS
patients with cholesterol supplementation [56]. During infancy this is 30-40 mg/kg/day
but this can be increased up to 300 mg/kg/day [59]. Cholesterol can be delivered in
multiple ways; in a natural form, for example via eggs or cream, or as purified food
grade cholesterol sprinkled on food or diluted in oil [56]. Cholesterol supplementation
can provide the tissues with cholesterol but can also down-regulate cholesterol
biosynthesis via HMGR, therefore reducing 7DHC. Dietary cholesterol can also down-
regulate the LDL receptor, therefore increasing plasma LDL and total cholesterol
concentrations. However, the efficacy is not consistent between trials [59]. Some
studies reported a reduction in plasma 7DHC and increased plasma cholesterol [76], and
although Nwokoro and Mulvihill reported elevated plasma cholesterol in children, this
did not follow with the older patients [123], potentially due to the source of cholesterol
and trial duration. Additionally, cholesterol supplementation has also been reported to
improve growth, decrease photosensitivity and possibly improve behaviour, but these

results are subjective [124].
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Although cholesterol supplementation has the ability to increase the plasma cholesterol,
dietary cholesterol does not pass through the BBB and therefore will have limited, if
any, effect on neurological manifestations [59]. Simvastatin is an inhibitor of HMGR
[125] that is able to cross the BBB [126] and therefore has the potential to improve
cognition. On the other hand, decreasing cholesterol synthesis has the possibility of
reducing the already low cholesterol levels in SLOS. An option is to give statins in

combination with cholesterol supplementation [127].

One study found that in mildly affected patients, the combination of simvastatin and
cholesterol supplementation had a similar positive effect to cholesterol supplementation
alone. In both cases, the plasma 7+8DHC/cholesterol ratio decreased but via different
mechanisms; the 7+8DHC levels decreased in the combination therapy, whereas the
cholesterol levels increased with cholesterol supplementation alone [127]. However,
simvastatin provided no significant benefit in more severe patients. In agreement with
this, simvastatin proved toxic in two clinically severe cell lines homozygous for a null
mutation [128]. This study also showed that simvastatin increased DHCR7 expression
in both control and SLOS fibroblasts. Other components of the cholesterol synthesis
pathway, such as HMGR, LDLR and SQS, were also up-regulated. It is hypothesised
that Simvastatin causes increased expression of the allele with residual DHCR?7 activity

[128].

Many of the phenotypic features of SLOS are fixed developmental problems. Therefore
in order to correct these, in utero therapy would likely have to be used. Lindegaard et al
provided a proof-of-principle study focusing on up-regulating Abcal transcription

[129]. Abcal is involved with the transport of cholesterol across the placenta from the
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maternal to foetal circulation. This study showed that liver X receptor (LXR)-agonists,
such as T0901317, increase Abcal transcription in placental tissue and treating Dhcr7”
mouse embryos with this compound increased cholesterol [129]. Although this is a
promising therapeutic strategy, there are differences in mouse and human placental
function and structure. The yolk sac in mice persists throughout gestation but is only
important in the first 2-3 weeks of human gestation. Secondly, the anatomical
structures of human and murine placentas differ, potentially affecting the transfer of

nutrients [129].

1.5.ii: Niemann-Pick type C disease

Enzyme replacement therapy (ERT) is a common therapeutic approach for disorders
caused by defective enzymes. Although lysosomal storage disorders, such as type 1
Gaucher disease and Fabry disease, have benefited from ERT, many lysosomal enzymes
do not cross the BBB and consequently, ERT cannot be used to treat neurological
manifestations [130]. A second approved method for type 1 Gaucher disease is oral
administration of a small molecule, called miglustat. This approach is known as
substrate reduction therapy (SRT). Gaucher disease is caused by defects in
glucosylceramide synthase, which results in storage of sphingolipids [130]. Miglustat,
an inhibitor of glucosylceramide synthase, affects glycosphingolipid (GSL) biosynthesis

and thus reduces storage of GSLs in the lysosomes [131].

One of the hallmarks of NPC is the accumulation of GSLs, including GM2 and GM3
[132]. Therefore it was hypothesised that miglustat may also be beneficial in NPC.

Miglustat has the advantage of being able to cross the BBB and therefore is likely to be
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able to affect the cognitive aspects of NPC [133]. Zervas et al tested miglustat in both
the murine npc™™ and cat models of NPC1 and both models showed a delayed onset and
progression of the clinical symptoms, such as ataxia and tremor [134]. Survival was
also improved and, biochemically, high performance lipid chromatography (HPLC)
showed that miglustat lowered the GSL storage in the cerebral cortex of both mice and
cats. After success in animal models, miglustat was then trialled in patients. It was
shown that miglustat could improve symptoms, such as the ability to swallow, reduce
lipid storage and normalise trafficking [133]. To date, miglustat is the only approved

therapy for NPC [130].

Other monotherapies have also been tested in NPC, including ibuprofen and curcumin.
Curcumin is a weak sarcoendoplasmic reticulum calcium transport ATPase (SERCA)
antagonist and elevates cytosolic calcium. Curcumin treated mice had improved coat
condition, weight gain, increased activity and survival and decreased tremor [104].
Williams et al also investigated monotherapy treatment of curcumin, ibuprofen and
miglustat in NPC1 mice, but furthered the study by looking at combinations of these
drugs [135]. The untreated mice die at a mean age of 10.5 weeks but survival was
increased by all the monotherapies. The combination of curcumin and miglustat had the
greatest survival, 83% above untreated. Onset of weight loss was delayed and motor
function improved in all combinations containing miglustat. However, the triple
therapy combination was the most effective [135]. This was also shown in histological
analysis of the NPC1 mouse brain where the triple combination gave the best protection

against microglial recruitment and activation and for PC survival [135] (Figure 1.18).
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Untreated NPC17/- Ibuprofen

Curcumin Curcumin & Ibuprofen

Curcumin & Miglustat

Triple Combination

Figure 1.18: Therapeutic effect of monotherapies and combinations [135].

These images show the cerebellum of 7.5 week old npc™”

mice. Purkinje cells are
in red, microglia in green and a nuclear stain in blue.

A) untreated; B) Ibuprofen monotherapy; C) Curcumin monotherapy; E) miglustat
monotherapy; D) Curcumin + Ibuprofen double combination F) Curcumin +

miglustat double combination; G): triple combination. H) Quantification of results
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Cholesterol is the precursor for steroids and as NPC mice are hyperandrogenic and have
underdeveloped reproductive organs, this is indicative of defective steroid biosynthesis
[136] Neurosteroids are formed in the brain from cholesterol and it has been shown that
both pregnenolone, the first steroid produced from cholesterol, and allopregnenolone are
present at decreased levels in NPC mice [136]. Studies showed that neurosteroidgenesis
was not decreased in foetal mouse development but steadily diminished after birth,
particularly the activity of 3 a-hydroxysteroid dehydrogenase (3 aHSD), which is an
allopregnenolone-synthetic enzyme [136]. Therefore, allopregnenolone was
administered to NPC1 mice and it was found that there were improvements in lifespan,
increased PC survival and a decrease in the rate of decline of locomotor function and
motor co-ordination. Drug efficacy was greater when allopregnenolone was

administered earlier [136]

The vehicle for administering allopregnenolone was cyclodextrin (CD). Combination
studies suggested that it might have been CD and not allopregnenolone that was causing
the beneficial effects [137] and it was found that mice treated with CD lived
significantly longer, had delayed weight loss, decreased cholesterol and ganglioside
storage and rescue of PCs [137]. Treated mice also had improved behavioural
characteristics, such as delayed ataxic gait and tremor [137]. However, some in vivo
studies have reported that CD cannot cross the blood brain barrier and therefore it is
unclear how CD is improving the neurological deficits in NPC. There is a suggestion
that CD interacts with 24-hydroxycholesterol facilitating its movement across the blood

brain barrier [138]. CD is also beneficial in NPC2 models [139].
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Although these novel therapies are beneficial in animal models, translating these
therapies to human trials is an on-going and challenging task. Bone marrow
transplantation has been successful in other lysosomal storage diseases but had no
efficacy in alleviating the neurological symptoms in either animal models or in a human
patient [140]. Similarly, liver transplantation caused no improvement in neurological

symptoms [141]
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1.6 Aims of Thesis

The clinical sides of both SLOS and NPC have been relatively well studied. However,
therapeutic options for both disorders are limited, partly due to uncertainty in what
metabolite or pathway are causal. Throughout this thesis, I aim to help elucidate the

mechanisms behind these disorders.

As described in this introduction, there are multiple animal models of both SLOS and
NPC. Animal models generally have a dual purpose in clinical research; to gain insight
into the biochemical and physical aspects of the disorder and to test therapies for safety
and efficacy before proceeding to clinical trials. Efficacy can be tested via invasive
methods, such as dissection and histological analysis, or non-invasive methods, for

example, normalisation of behaviour.

The model I will use in this thesis is the Dicr7"*™*** murine model of SLOS.
Although the biochemistry of this model has been well characterised, the behavioural
phenotype has not. Therefore I aim to begin to characterise the behavioural profile of
the Dher7 M3 mouse model, with the future potential for testing novel therapies.
Limited neurological structural analysis has been carried out in this model and therefore
I will study this in the mice that have undergone behavioural analysis. In this way, I
aim to discover if there are any links between behaviour and neurological structure,

which could provide potential therapeutic targets.

Miglustat is the only approved therapy for NPC and the NPC-like phenotype in SLOS

suggests that miglustat may also be a potential therapy. The therapeutic mechanism of
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miglustat is unknown and I aim to investigate this via RNAseq in control, SLOS and
NPC patient fibroblast lines. This will reveal gene expression changes that could be
used to discover through which pathway miglustat acts, if the pathways are the same in

SLOS and NPC and provide potential new drug targets.

Once therapies have been developed they need to be administered within an optimum
time window. As SLOS and NPC have broad severity spectrums or can present with
atypical phenotypes, there may be discrepancies between the observed clinical
incidence and the actual disease incidence. I aim to estimate the actual incidence via a
bioinformatics approach using massively parallel exome sequencing data sets. This has
the potential to identify groups of patients that may otherwise be missed and therefore

enable the best possible treatment.
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Chapter 2: Determining allelic frequency of Smith-
Lemli-Opitz Syndrome and Niemann-Pick disease type

C via use of massively parallel sequencing data sets

2.1 Introduction

Disease incidence is designated as the number of new cases within a specified time
window in a given population [142]. For monogenic disorders, incidence can be
estimated using allelic frequency (the incidence of a particular gene variant in a
population) via the Hardy-Weinberg equation. Although deep sequencing can be
expensive, multiple massively parallel sequencing data sets already exist and these can
be used to identify allelic frequencies. Subsequently, an estimated incidence of

monogenic disorders can be determined.

2.1.i: Smith-Lemli-Opitz Syndrome

The current incidence of SLOS is reported to be between 1:10,000 and 1:70,000
depending on the population studied [2]. The higher incidence is generally thought to
be caused by founder effects in Eastern Europe [143]. DHCR7 has a length of around
14 kb, constituting 9 exons, and is located in chromosome 11q12-13 [144,145]. The

translated protein has a molecular weight of 54.4 kDa and comprises 475 amino acids
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[146]. Over 164 mutations in DHCR?7 have been reported [143,147—151] but not all are

present at the same frequency in every population.

Although ¢.964-1G>C is considered the most common mutation, comprising
approximately one third of all SLOS alleles, this is not true for every population and this
variant has decreasing prevalence moving eastward across Northern Europe [152].
There is currently a reported carrier frequency of 1% in North American populations [5]
but this may vary in different geographical locations. For example, this frequency is
increased (1.4% - 2%) in European Caucasians, which results in an estimated incidence
of 1:20,000 — 1:40,000 [57,153]. The variants p.W151X (c.452G>A) and p.V326L
(c.976G>T) are most prevalent in North East Europe and p.T93M (c.278C>T) in
Mediterranean populations [154]. Interestingly, SLOS appears to be less common in

individuals of African and Asian heritage [66].

The abnormal sterol levels present in SLOS, reported in 1993 [155], allowed both
confirmation of clinically suspected cases and exclusion of misdiagnosis. This enabled
incidence to be more reliably estimated and since the availability of the test the
incidence of SLOS has been predicted to be 1:50,000 [156], 1:60,000 [157] and
1:70,000 live births [158]. However, in agreement with the distribution of SLOS
alleles, these estimates are much higher in some European populations; for example

1:10,000 in the Czech Republic [156].
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2.1.ii: Niemann-Pick type C disease

NPC is caused by mutations in NPC/ and NPC?2 and the combined minimal incidence
has previously been reported as 1:104,000 [84]. It is possible that this is an under
ascertainment due to variation in presentation and limitations of diagnostic testing.
Initially NPC was diagnosed via histopathological analysis of organs, such as the
spleen, liver and brain [159] but, after the identification of NPC as a lipid-storage
disorder in the 1980s [160], the filipin test started to be utilised [161,162]. Filipin is an
auto-fluorescing polyene antibiotic that binds to unesterified cholesterol and has an
excitation wavelength of 360nm and emission wavelength of 480nm [100]. As such,
filipin staining of > 80% of patient fibroblasts presents with bright punctate staining,
representing the storage of unesterified cholesterol in the lysosomes. Despite this,
diagnosis via this method is not always straightforward. A subset of patients present
with a classical NPC clinical phenotype but have a variant biochemical phenotype with
intermediate to normal cholesterol esterification rates [101,163]. The NPCI gene was

characterised in 1997 [164] allowing genetic analysis.

As technology has improved genetic testing has become more prevalent and has
allowed pre-natal testing and genetic counselling [98]. Additionally, the incidence of
NPC may be an underestimate due to the variability in clinical symptoms and
biochemical phenotypes. Genetic profiling has enabled earlier detection of NPC but, as
in SLOS, distribution of mutations is not equal across populations. As stated in the
Introduction, NPCI is a 1252 amino acid membrane protein with 13 transmembrane
domains, 3 luminal loops, a SSD, a cleaved N-terminal signal sequence and a C-

terminal sequence [92,93]. In contrast, NPC2 is a small soluble protein of 132 amino
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acids [84]. The most common mutation in NPC1 patients of Western European descent
is p.I1061T (c.3182T>C), accounting for approximately 20% of all recorded NPC1
alleles in the UK and France [165]. It is usually associated with classical low
cholesterol-esterification rates and a juvenile age of onset [166]. On the other hand,
p.P1007A (c.3019C>QG) is the second most common mutation in Europeans but is
associated with a ‘variant’ phenotype [167]. The most common mutation reported in

NPC?2 is p.E20X [168].

Despite improvements in diagnosis methodology, it often is necessary to use a variety of
techniques (histology, clinical symptomatology, biochemical and molecular analysis) in
order to achieve a correct diagnosis. This can lead to a delay of greater than 5 years

between symptom onset and diagnosis [159].

As increasing numbers of potential therapeutic interventions are being developed for
both SLOS and NPC, it is becoming more critical for accurate incidence to be
determined in order to most effectively treat all patients. Therapeutic intervention has
the greatest effect if administered within an optimum time window, which requires early
identification of a disorder, usually before symptoms have started to appear. SLOS and
NPC have broad severity spectrums and, sometimes, atypical presentations.
Consequently, there may be under ascertainment of the actual incidence and
determination of this incidence will enable “at risk” populations to be identified. This
will condense the number of individuals to genetically council and screen, therefore
reducing costs, and will potentially enable misdiagnosed or missed individuals to attain

the best possible treatment.

56



Investigation into the pathogenesis and behaviour of two disorders of cholesterol homeostasis Chapter 2

2.1.iii: Aims of Chapter 2

. To establish an estimated incidence of SLOS and NPC using available
massively parallel sequencing data sets

. Ascertain if there is potential under ascertainment of patients
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2.2 Materials and Methods

2.2.i Data sets

Four large massively parallel sequencing data sets were used; version 3 release of the
1000 genome project [169], National Heart, Lung and Blood Institute GO Exome
Sequencing Project (ESP) [170], ClinSeq [171] and a database from an National
Institutes of Health (NIH) inter-institute collaboration on autism (primary investigators:
F.D.P., J.LE.B.-W., E Tierney, and A Thurm). Patients of NPC and SLOS were

excluded, leading to different numbers of total alleles analysed.

For SLOS, the 1000 genome project contributed a maximum of 2,184 alleles, ESP
contributed 12,988 alleles, ClinSeq contributed 1902 alleles and the inter-institute
Autism project contributed 762 alleles. A maximum total of 17,836 alleles were

analysed.

For NPC1 and NPC2, the 1000 genome project contributed a maximum of 2,184 alleles,
ESP contributed 13,006 alleles, ClinSeq contributed 1902 alleles and the inter-institute
Autism project contributed 662 alleles. A maximum total of 17,754 alleles were

analysed.
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2.2.ii Variant calls and annotation

Variant call data was generated by Perl script for areas overlapping the defined gene;
DHCR7, NPCI or NPC2. Each call was evaluated for each allele at every base of the
coding exons or occurring within 5 base pairs of an exon. Annotation of mutations was

performed using SNPnexus [172] with Refseq annonations [127].

2.2.iii Determination of pathogenicity

Multiple processes were used to determine pathogenicity of each variant call, using both
manual and bioinformatics approaches. Using the Human Gene Mutation Database
(HGMD) [151] and the NIH NPC patient cohort database, variants that had previously
been identified were determined. However, inclusion in HGMD does not always
indicate pathogenicity in a patient, therefore primary literature was also consulted.
Tertiary structures of NPC1 and NPC2 were modelled using I-TASSER [173] and
variants were mapped onto these structures in order to identify conserved residues and

possible interactions.

Multiple types of variant were discovered when probing the datasets; coding single
nucleotide base variants (CSNBs), splice variants, insertions, deletions and indels.
Three in silico programmes were used to predict the pathogenicity of CSNBs —
PolyPhen-2 [174], SIFT [175] and Mutation assessor [176]. SIFT and Polyphen-2
designates each variant as “Benign”, “Possibly Damaging” or “Probably Damaging”.
Variants that were predicted “Possibly Damaging” or “Probably Damaging” were

considered pathogenic. Mutation assessor predicts the variants to be “Non-functional

59



Investigation into the pathogenesis and behaviour of two disorders of cholesterol homeostasis Chapter 2

low”, “Non-functional neutral”, “Functional (medium)” or “Functional (high)”.
Variants that were predicted “Functional (medium)” or “Functional (high)” were
considered pathogenic. In cases where the software did not agree on predicted
pathogenicity, the prediction of two out of the three was accepted. Pathogenicity of
splice variants was predicted by MaxEntScan [177]. This software predicted variants as
“Neutral”, ‘Negative” or “Strongly Negative”, with pathogenicity accepted when the

prediction was “Negative” or “Strongly Negative”.

2.2.iv Molecular analysis

Some determinations of pathogenicity required identification of cell lines heterozygous
for the required variant. Lymphoblast and fibroblasts were grown in T75 flasks at an
approximate density of 5 million and 3 million cells respectively. Lymphoblasts were
grown in Roswell Park Memorial Media (RPMI, cat.# 11875-093, ThermoFisher
Scientific) with 15% fetal bovine serum (cat.# FB-12, Omega Scientific Inc.), 1X
(2mM) L-glutamine (cat.# 25030-081, Life Technologies), 1X Penicillin (100 Units/ml)
/Streptomycin (100pg/ml) (cat# 15140-122, Life Technologies) in a 5% CO;
environment at 37°C. Fibroblasts were grown in Dulbecco’s Modified Eagle Medium
(DMEM, cat.# 11995-065, ThermoFisher Scientific) with 10% fetal bovine serum (cat.#
FB-12, Omega Scientific Inc.), 1X (2mM) L-glutamine (cat.# 25030-081, Life
Technologies), 1X Penicillin (100 Units/ml) /Streptomycin (100pg/ml) (cat.# 15140-

122, Life Technologies) in a 5% CO, environment at 37°C.

Cell pellets were collected from the cell lines and mRNA was isolated (RNeasy mini

kit, cat.# 74106, Qiagen) and reverse transcribed (SuperScript III One-step RT-PCR
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System, cat.# 10928-034, Life Technologies). The primers for the reverse transcription

are listed below.

Primers for DHCR7:
o Forward (HSP1D) — 5> AGGTGTGCGCAGGACTTTA 3.

. Reverse (HSP13) — 5> GCTGGGCTCTCTCCAGTTTA 3’

Primers for NPC2:
o Forward (NPC2 F3) — 5 GGTGGAGTGGCAACTTCAGG 3’

. Reverse (NPC2 R2) — 5 CACTGGATACCATTGGAGAGC 3°

A 1.5% agarose gel (Ultra-Pure Agarose, cat.# 15510-027, Life Technologies) was used
to visualise the cDNA. Required bands were cut from the gel, purified and cloned
(TOPO TA Cloning Kit for Sequencing, cat.# 45-0030, Life Technologies). Colonies
were grown overnight in LB-ampicillin (cat.# BPL-2580, KD Medical) and plasmid
DNA isolated (QiaSpin MiniPrep Kit, cat# 27106, Qiagen). Sequencing was then
performed using the BigDye Terminator v3.1 Cycle sequencing Kit (cat.# 4336917, Life

Technologies) and a 3500xL Genetic Analyser (Applied Biosystems).

2.2.v Determination of predicted disease incidence

To estimate a carrier frequency, the total number of variants that were predicted or
shown to be pathogenic was divided by the total number of variants. The predicted
incidence was then calculated using the Hardy-Weinberg equation. The Hardy-

Weinberg equation relies on five assumptions [178]:
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1) No genetic drift

2) A closed population (there is no genetic transfer between populations,
from migration or transfer of gametes)

3) Mutations are negligible

4) Individuals are mating randomly

5) Natural selection is not operating on the population

The population sampled in this study is relatively large and therefore it can be assumed
that there is limited genetic drift. We made the assumption that allelic frequencies were
consistent across the different ethnic groups represented in the data sets. Two of the
data sets incorporate two or more ethnic groups: the 1000 genomes project and ESP.
The number of alleles represented by each group in the 1000 genomes project is
negligible in comparison to the number of alleles analysed in total. However, the
greatest potential error in this assumption would arise from ESP where there are a large

number of individuals from either European or African descent.

NPCI1 could potentially have a selective pressure, as it has association with filovirus’

such as the Ebola virus [179]. However, Al-Daghri et al. determined that selective

pressure on NPC1 was weak to neutral [180].
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2.3 Results

2.3.i Smith-Lemli-Opitz Syndrome

A total of 17,836 chromosomes were analysed for DHCR7 and from the four datasets,
515 nonsynonomous sequence variants were present (Summary Table of DHCR?7 in
Appendices). As none of the chromosomes analysed were from patients, this resulted
in an initial carrier frequency of 2.89%. These 515 nonsynonomous sequence variants
comprised 74 distinct changes; 71 coding single nucleotide base variants (CSNBs), 2
splice mutations and 1 insertion. 43 of these distinct changes were unique, appearing
only once in all four datasets. However, 9 of the 74 variants appeared 10 or more times,

accounting for 408 of the total 515 alleles (79%).

The potential pathogenicity of the variants was established using a combination of
literature searching and the HGMD®. From this, the variants that had been previously
identified in patients were found. 25 variants had been previously identified in
patients; 23 CSNBs and 2 splice mutations. PolyPhen-2 predicted 18 of the CSNBs to
be Probably Damaging, 4 to be Possibly Damaging and 1 to be Benign. However, as
the predicted benign variant (c.400G>T, p.V134L) was reported by Waterham [143] in
an SLOS patient, we considered it to be pathogenic. The remaining unpublished 48
CSNBs had predictions of 17 Probably Damaging, 7 Possibly Damaging and 24 Benign.

This gave a total of 47 out of 71 CSNBs that were considered pathogenic (66.2%).
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Of the 2 splice variants MaxEntScan predicted ¢.99-4G>A as Neutral (non-pathogenic)
and ¢.964-1G>C as Negative (pathogenic). ¢.964-1G>C is the most common mutation
seen in SLOS patients with a previously reported carrier frequency of around 1% in
Northern European populations. However, the carrier frequencies of this variant in each
of the four data sets are as follows: 0.46% in 1000 Genome, 0.54% in ESP, 0.97% in

ClinSeq and 0.66% in the Autism collaboration.

Although the ClinSeq frequency is in good concordance with the reported carrier
frequency, the other results are approximately half what would be expected. The 1000
Genome project separates out the variants by population and therefore it is possible to
restrict analysis to only Northern European populations. If this restriction is taken into
account, the frequency increases to 0.81%, significantly closer to the reported frequency
(Table 2.2). ClinSeq mainly comprises a North American cohort, also potentially
explaining the higher frequency. ESP is comprised of two groups; European Americans
(EA) and African Americans (AA). Although the number of alleles contributed by each
population is not defined for this particular variant, the total alleles contributed are 8588
for EA and 4400 for AA. Using these numbers results in carrier frequencies of 0.63%
for EA and 0.36% for AA. The EA frequency is still below expected, but as the
frequency of ¢.964-1G>C varies across Europe and there is no further population
segregation, this is not surprising. The interesting point to note is that the frequency is

higher in EA than AA.
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1000 Genome | NE populations* ESP ClinSeq Autism
¢.964-1G>C variant 10 8 70 9 5
Total alleles analyzed 2184 988 12864 926 762
Rate 0.46% 0.81% 0.54% 0.97% 0.66%

Table 2.2: Table of ¢.964-1G>C variant for SLOS.

The first row designates the number of variants seen in each dataset. The second row
shows the total number of alleles analyzed and the third row shows the carrier rate. It
can be clearly seen when only the North Eastern populations are analysed in the 1000

genome project, the carrier frequency increases from 0.46% to 0.81%.

*Denoted Northern European populations or those with Northern European Ancestry
as follows:

. CEU: Utah Residents (CEPH) with Northern and Western European ancestry
. CLM: Colombians from Medellin, Colombia

. FIN: Finnish in Finland

. GBR: British in England and Scotland

. IBS: Iberian population in Spain

. PUR: Puerto Ricans from Puerto Rico

. TSI: Toscani in Italia

The second splice variant, ¢.99-4G>A, is present at a frequency of 0.17%. Although
MaxEntScan predicted this variant to be Neutral, as it was previously published as a
disease causing mutation [143] it was initially considered to be pathogenic. However,
the relatively high frequency rate (second only to ¢.964-1G>C) combined with only
being reported in 1 patient, questioned this conclusion. mRNA was isolated from a cell

line heterozygous for ¢.99-4G>A (NIMH 32), a control cell line and CWSLO (a patient
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cell line containing the ¢.964-1G>C and p.T93M variants). The mRNA was then
reverse transcribed and sequenced. No alternative splicing and two distinct normal
alleles were observed (Figure 2.1) and therefore it was concluded that the ¢.99-4G>A
variant was non-pathogenic. The insertion, ¢.849 856CTTCT, was considered to be

pathogenic as it causes a frame shift (p.F284S*10) and early termination of the protein.

66



Investigation into the pathogenesis and behaviour of two disorders of cholesterol homeostasis Chapter 2

A f— Perform RT-PCR of the full length transcript <4==

T 3 C T
291 292 293 294 295 296 297 298 299 300 301 302 303 304 305 306 307 308 309 30 31 3z 313 314 315 316

Figure 2.1: Analysis of the ¢.99-4G>A variant
A) Reverse transcription was performed on the full length transcript
B) ~1.7kb band is expected for the control cell line (WT1). CWSLO
has an insert of ~130bp and as such, a doublet is expected.
However, from this gel, it is difficult to determine small changes in
molecular weight.
C) The full length sequencing of NIMH 32 showed two distinct normal

alleles with naturally occurring polymorphisms, G/A.
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Using an in silico modelling program, Protter, CSNBs can be visualised on the structure
of DHCR?7 (Figure 2.2). This can show if the variants are clustered or spread
throughout the protein. For DHCR?7, the variants are relatively evenly dispersed,

suggesting the absence of a particular location that causes the enzymatic defect.

Taking into consideration all the analyses, this resulted in a total of 191 pathogenic
alleles and a carrier frequency of 1.07%. PolyPhen-2 includes a False Discovery Rate
(FDR) for all CSNBs. For all three prediction categories, the FDR was 12% but if only
Probably Damaging and Possibly Damaging were included the FDR was 5%. After
including the FDR, this resulted in a final total of 181 pathogenic alleles and a carrier
frequency of 1.01%. Using the Hardy-Weinberg equation a disease incidence of
between 1/34,937 and 1/39,215 was calculated. This is in good concordance with the
previously reported estimate of 1/40,000 [153,158], especially if in utero fatalities are

taken into consideration.
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Figure 2.2: Model of DHCR7 protein using the program “Protter” [248]
This figure shows the position of published variants (red), variants that are
predicted pathogenic (yellow) and those that are predicted to be benign (green).
This demonstrates that the pathogenic mutations are spread relatively evenly

across the entire length of the protein.
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2.3.ii Niemann-Pick type C1 disease and Niemann-Pick type C2 disease

A total of 17,754 chromosomes were analysed for NPCI and NPC2 sequence variants,
with 16,455 and 271 variants found respectively. Of the variants found in NPC1, this
was split into 147 distinct changes; 129 CSNBs, 9 splice variants and 9
insertions/deletions. The 271 variants found in NPC2 were split into 14 distinct
changes; 12 CSNB and 2 splice variants (Summary Tables of NPCI and NPC2 in

Appendices).

Due to the increased number of variants and the added complexity compared to SLOS,
two additional in silico prediction software have been used to ascertain pathogenicity of
CSNBs; SIFT and Mutation assessor. Where the software differed in prediction of
pathogenicity, the prediction of two out of the three was used. With respect to NPC1,
30 distinct CSNB changes and 2 out of 9 splice variants were predicted to be
pathogenic. Out of the total 129 CSNBs found in NPC1, 58 were initially ascertained to
be pathogenic; 28 previously published, 30 predicted via in silico analysis. 4 CSNBs
were known polymorphisms and 1 CSNB had been published as a Benign variant. 4
insertions/deletions had been previously published. NPC2 had 8 CSNBs (6 not reported
in HGMD) and 1 out of 2 splice variants that were predicted pathogenic. The FDR for
NPC1 and NPC2 respectively were 0.04% and 0.03%. This effect is negligible and
therefore was not included in the calculations for incidence. Additionally, one novel

NPC] variant was found in the NIH cohort (¢.2524T>C, p.F842L).

In NPC1, one indel (c.2020 2021del) was present 319 times but only in the ESP

dataset. As it was unique to one dataset and present in such high numbers, this variant
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was considered a technical artefact and removed from the calculations. 8 other indels
were found in NPCI. These caused frame-shifts and were considered pathogenic. No

indels were identified in NPC2.

NPCI

Based on these predictions, NPC! was initially designated to have 68 pathogenic
changes; 58 CSNBs, 2 splice variants and 8 indels. Overall this totalled 371 pathogenic
alleles, resulting in an estimated carrier rate of 2.09% and an estimated incidence of
1/9160. If these findings are superimposed onto a model of NPC1 along with all
previously published variants (Figure 2.3) it can be seen that, although variants are
found throughout the protein, the majority of pathogenic variants are found in
transmembrane domains 3-13 and the third luminal loop. These regions contain the
SSD and is in agreement with the previous report, which stated that a third of mutations

are found between residues 855 and 1098 [84].

NPCI1 has a previously reported incidence of 1/104,000 and there is a large discrepancy
between this value and the incidence estimated from the datasets. Therefore manual

curation was applied in order to discover the cause of the difference.

Of the 371 predicted pathogenic alleles, 254 (68%) resulted from 4 distinct variants.
. c.665A>G, p.N222S (0.400%)
. c.1532C>T, p.TS11M (0.287%)
. c.2882A>G, p.N961S (0.389%)

. c.3598A>@, p.S1200G (0.355%)
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The most commonly seen mutation in NPC/ is p.I1061T (¢.3182T>C), which has a
frequency of 0.028% in the four datasets. The four high frequency variants are present
at over 10 times this value and therefore it is not likely that these variants are associated
with the classical form of NPC1. If these variants are excluded an estimated incidence
of 1/92,104 (estimated carrier rate: 0.659%) is found, which is significantly closer to the
previously reported incidence. Therefore the pathogenicity of these variants was

investigated further.

Both p.N222S (c.665A>G) and p.N961S (c.2882A>G) have been seen in patients.
p.N2228S (c.665A>@G) was found in two cases:
. A 35 year old patient with adult onset NPC1 in combination with the
common p.I1061T (c.3182T>C) variant. The patient presented with variant
filipin staining, hepatosplenomegaly and later manifested ataxia [99].
. In two teenage sisters, from the NIH cohort, who were diagnosed based
on splenomegaly, and were noted as visceral-only cases. The variant was found
in combination with p.C468G (c.1402T>G), which is predicted by PolyPhen-2

to be Probably Damaging.

p-NI961S (c.2882A>G) has been reported in an adult-onset case in a compound
heterozygous state with p.S666N (c.1997G>A) [181]. p.S666N (c.1997G>A) has a
predicted pathogenicity of Probably Damaging. The patient had subclinical
hepatosplenomegaly and lymphadenopathy. Death was caused by acute pulmonary

embolism and myocardial infarction.
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From these case studies, it is possible that p.N222S (c.665A>G) and p.N961S
(c.2882A>@) are associated with a late-onset or atypical form of NPC1. If they are
pathogenic and fully penetrant, the estimated incidence would range from 1/19,077 to

1/36,420.

The remaining two high frequency variants, p.T511M (¢.1532C>T) and p.S1200G
(c.3598A>Q@) are predicted by in silico analysis to be pathogenic; p.T511M
(c.1532C>T) is predicted to be Probably Damaging by PolyPhen-2 and p.S1200G
(c.3598A>Q) is predicted to be Probably Damaging by PolyPhen-2 and SIFT and
Functional (medium) by Mutation Assessor. However, although previously published,
neither variant has been reported in a classical NPC1 patient:

4 p.T511M (c.1532C>T) was reported by Millat et al. [166] as a novel

non-pathological CSNB.

. p-S1200G (c.3598A>@G) was reported in the ZOOM study in an “NPC

uncertain” patient. It was found in a compound heterozygous state with

p.V664M (c.1990G>A), a known NPCI mutation [182]. However, plasma

cholestane-3f, Sa, 6B-triol, a biomarker for NPC [183], testing was negative.

73



Investigation into the pathogenesis and behaviour of two disorders of cholesterol homeostasis Chapter 2

@ Published Pathogenic
@ Published Benign
QO Predicted Pathogenic
@ Predicted Benign

g Q
9969999999990909 o)
® H

E g

Figure 2.3: Model of the NPC1 protein using the program “Protter”

This figure shows the position of published pathogenic variants (red), published
benign variants (blue), variants that are predicted pathogenic (yellow) and those that
are predicted to be benign (green). The majority of the pathogenic variants are

located within transmembrane domains 3-13 and the 3" luminal loop.
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NPC2

In NPC2, 151 pathogenic alleles were found, out of a total of 17,754 alleles. This
resulted in a carrier rate of 0.85% and an estimated incidence of 1/55,297. As the
fraction of NPC2 cases has been reported to be between 3-5% of total cases (resulting in
an incidence of approximately 1/2,000,000), this estimated incidence is too high and

therefore manual curation was applied to discover why this was the case.

As with NPC1, particular variants stood out with significantly higher frequencies:
. c.441+1G>A
. c.88G>A, p.V3OM

Both of these variants were reported in HGMD.

c.441+1G>A

c.441+1G>A was predicted to be Strongly Negative (strong pathogenic potential) by
MaxEntScan. Wild-type cell lines along with cell lines heterozygous for this variant
(NIMH 42 and NIMH 77) were identified. RNA was extracted and reverse transcribed
to cDNA. When the cDNA was run out on a gel, only one band was seen for the wild-
type cell line. In contrast, several bands were seen in NIMH 42 and NIMH 77 (Figure
2.4A). It was predicted that this was the result of multiple splicing events, which caused
the insertion of additional amino acids. The most prominent of these involved an
insertion of 16 bases, resulting in a frame shift that caused changes in the 4 terminal
amino acids and addition of 86 amino acids onto the C-terminal (Figures 2.4B and 4C).
However, there were several lines of evidence that suggested that this would result in a

non-pathogenic protein:
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4 Modelling with I-TASSER shows that this variant does not affect the
cholesterol binding pocket or protein stability

. NPC2 has been fused with the mCherry protein [184]. This results in a
fully functioning protein that has correct trafficking and is able to rescue the
cholesterol storage phenotype in a Balb/c Npc2 " MEF line.

. The variant has not been reported in an NPC2 patient

Taking into account these results, it was concluded that this ¢.441+1G>A was non-

pathogenic.
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NIMH 77

Forward Primer Reverse Primer

B

Figure 2.4: Analysis of the NPC2 ¢.441+1G>A variant

(A) Gel showing one band for the control (WT) cell line and multiple bands
for the two heterozygous cell lines, NIMH 42 and NIMH 77.

(B) Sequencing of the most prominent alternative splicing event. The red
box designates the 16 additional nucleotides.

(C) Sequence resulting from 16 base insertion (nucleotides in bold)
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p.-V30M (c.88G>A)

p-V30M (c.88G>A) was predicted to be Possibly Damaging by PolyPhen-2 and SIFT,
but non-pathogenic by Mutation Assessor. Further analysis was carried out to confirm
the pathogenic state of this variant.
. One patient with a variant NPC2 phenotype had been reported with the
p.V30M (c.88G>A) variant, but a second mutation was not observed [185]. The
patient also had near-normal levels of cholesterol esterification in fibroblasts.
. Sequence alignment and structure analysis suggested that p.V30M
(c.88G>A) is not evolutionarily conserved and is in a structurally variable place

away from the cholesterol binding pocket.

In this study, p.V30M (c.88G>A) is present at a higher frequency than any other known
NPC?2 allele and if it is included in the calculation, the estimated incidence is 1/402,400
(18.6% of total NPC patients). Taking these factors into account, it was concluded that

p.V30M (c.88G>A) was non-pathogenic.

Overall for NPC2, we were left with 21 pathogenic alleles (Figure 2.5) (0.118%),

which resulted in an estimated incidence of 1/2,858,998.

The combined predicted incidence of NPC1 and NPC2 is 1/89,229, with NPC2

comprising 3.1%. This is slightly higher than the 1/104,000 cases described by Vanier,

but the fraction of NPC2 cases is in agreement with previous reports.
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Previously published, in study
Previously published, not in study
Predicted Pathogenic

COOM

(OJONON

Predicted Benign

exira

Figure 2.5: Model of the NPC2 protein using the program “Protter”
This figure shows the position of published pathogenic variants (red), published
benign variants (blue), variants that are predicted pathogenic (yellow) and those

that are predicted to be benign (green).
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2.4 Discussion

The current reported disease incidence is based on clinical ascertainment but if atypical
or pre-natal lethality is taken into account, this could be an under-ascertainment of true
incidence. By utilizing massively parallel sequencing data sets, the incidence of SLOS
and NPC was estimated using both bioinformatic tools and manual curation. Although,
the apparent absence of statistics is a valid concern, there were multiple internal
statistical approaches that were used in the generation of the final data counts. The
GATK best Practices pipeline [186] was used in the mutation calling all of the exome
datasets, which involved imposing filtering limits on the QUAL scores and other
statistical tests, such as Fisher’s Strandedness testing. This enabled false positives to be
eliminated and therefore future analysis only dealt with reliable calls. Furthermore, the
impact scoring software used for annotation, such as SIFT and Polyphen-2, also

contained internal statistical analyses.

With respect to both SLOS and classical NPC1, the results do not suggest significant
under-ascertainment of patients. The previously reported clinical incidence for SLOS is
1/40,000 and the incidence estimated from our study is between 1/34,937 and 1/39,215.
With respect to classical NPC1, the estimated incidence was 1/92,000 for NPC1 and
1/2,900,000 for NPC2, resulting in a combined incidence of 1/89,000. This is not

significantly under the clinical estimate of 1/104,000.

Based on the data, we hypothesised that there may be significant under-ascertainment of
a late-onset form of NPC1. The clinical significance and phenotype are not fully

delineated but previous case studies suggest a visceral-only or neurologically mild
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phenotype. The two variants responsible for this atypical NPC1 phenotype (p.N222S
(c.665A>G) and p.N961S (c.2882A>@)) have a combined carrier frequency of 0.8%.
The clinical relevance is strongest for p.N2228S (c.665A>G) as two independent cases
with similar visceral and delayed neurological manifestations with variant filipin
staining have been observed. If this variant is fully-penetrant and present in a
compound heterozygous state with another pathogenic NPC1 variant, the incidence of
NPCl is estimated to be 1/35,667. If p.N961S (c.2882A>Q@) is included, the incidence
increases to 1/19,077. This is drastically higher than the clinically reported incidence.
However, only one case study is available for p.N961S (c.2882A>Q) and there is no

supporting diagnostic testing.

On the other end of the scale, the high-frequency variants that were regarded as non-
pathogenic (p.T511M (c.1532C>T) and p.S1200G in NPC/ and p.V30M (c.88G>A) in
NPC?2) may not have been clinically reported due to prenatal lethality. However, as
NPC is an autosomal recessive disease, it is unlikely that there will be a situation that

this variant results in solely prenatal lethality, such as dominant inhibitory function.

Although extremely powerful, estimating incidence using massively parallel-sequencing
data sets is not without limitations. The number of alleles detected relies on the quality
of sequencing and depth of coverage and there are multiple alignment and calling
algorithms that can impact the number of variants called per sample. Additionally,
exome sequencing does not always capture the whole exome and, correspondingly, we
did not detect every variant in every allele. We also only detected 25 out of the 164
known SLOS variants (15.2%), although many of the common variants were detected.

This could be due to the depth of coverage, which varies between sequencers and data
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sets. The 1000 genomes project sequences to a depth of 4X resulting in detecting only
variants that are present at a frequency of 1% or higher. This means exceptionally rare
variants may be missed. However, the other data sets in this study sequenced to a

greater depth of coverage, increasing the detection of rare variants.

While in silico analysis was mainly in agreement with published pathogenic alleles,
additional manual curation was required to determine pathogenicity. For example, the
variant p.V134L (c.400G>T) in SLOS was predicted by PolyPhen-2 as “Benign” but
was previously reported in a patient and therefore was included as pathogenic.
However, no functional analysis was included so it is possible that the variant is benign.
Conversely, it is possible that variants predicted to be benign via in silico analysis might

be subsequently found to be causative.

The 1000 genomes project, and to a lesser extent the ESP dataset, included ethnicity
data, which enhanced the ability to assess the frequencies of variants within ethnic
groups. The advantage of this was most evident in the analysis of the prevalent SLOS
variant, ¢.964-1G>C. The previous carrier rate of this variant was based on populations
of Northern European descent and it was only when analysis was restricted to this
population that a similar rate was achieved. The lack of ethnicity data does not diminish
the power of the data sets but exemplifies that inclusion of this data would increase
versatility. As the cost of sequencing decreases, it is likely that this data will be more

accessible and that the data sets will become even larger and more powerful tools.

Aside from estimating incidence, other important clinical data may be collected from

observing the frequency of variants. For example, p.H215R (c.644A>G) is found to be

82



Investigation into the pathogenesis and behaviour of two disorders of cholesterol homeostasis Chapter 2

present in almost a third of NPCI1 alleles and has been shown by multiple groups to be

associated with obesity.

SLOS and NPC were used in this study to exemplify how massively parallel data sets
can be used in general health for rare disorders and the main focus of this study was to
predict disease incidence to determine if there is under-ascertainment of cases. Although
a novel and interesting study, the volume of manual curation and molecular testing
required limits the practicality for general health assessment. The potential discovery of
a higher prevalence of late-onset NPC1 does highlight the importance of using genetics
to aid the accurate assessment of incidence of disorders. If clinical reports are used
alone, many patients could be misdiagnosed or missed due to prenatal lethality or
atypical presentation, resulting in a lower incidence. In order to most effectively treat

and improve lives for these patients, correct diagnosis is critical.

The availability of sequencing has remarkably improved over recent years and future

development of these bioinformatic approaches could allow more accurate genetic risk

assessments and aid diagnosis.
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Chapter 3: Analysis of the Behaviour and Neurological

Structure of Dhcr7 ™43 mice

3.1: Introduction

The path to therapeutic intervention is a multi-step process that usually involves testing
a drug in animal models before proceeding to clinical trials. Drug efficacy in an animal
model can be measured using both invasive and non-invasive techniques. One of the
most common non-invasive techniques is to study behaviour. As stated in the
Introduction, dietary cholesterol supplementation is a standard of care for SLOS
patients but the effects on behaviour are controversial, with reports of improvements in
most aspects of the behavioural profile in some cases but not all [124]. Additionally,
cholesterol does not cross the BBB and, as such, it is uncertain how cholesterol
supplementation would improve the cognitive and neurological aspects of the disorder
[124]. Consequently, a therapy that can cross the BBB, thus impacting the CNS, needs
to be developed. This would then have the potential to improve the cognitive and

behavioural aspects of the disorder.

SLOS has a very specific biochemical hallmark, namely increased levels of 7DHC and
decreased levels of cholesterol, but the clinical phenotype is variable. As Dykens [187]
noted, “a behavioural phenotype is not a set behavioural pattern but more the heightened

probability or likelihood that people with a given syndrome will exhibit certain
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behavioural and developmental sequelae relative to those without the syndrome”.
Despite this variation, assessing the behavioural profile can aid diagnosis in mild SLOS
cases, which present with a subtle physical phenotype. Typical behaviours observed in

SLOS patients are [69]:

. Hyperactivity

. Sleep-cycle disturbance

. Hypersensitivity and hyperacusis

. Irritability

. Increased anxiety

. Increased aggression and self-injurious behaviour.
. Autistic traits, including ritualistic behaviour

. Obsessive compulsive behaviours

By observing if the behavioural phenotype is replicated in mouse models, this would
allow more effective treatments to be developed and tested. Two mouse models of
SLOS (Dher7*73 and Dher7™%") present with neonatal lethality [108,188,189]
and, therefore, are unsuitable for behavioural study. Heterozygous mice (Dhcr7™) of
the latter model (Dhcr7™%"") are viable and one study used them to assess the
behavioural phenotype [188]. This study used a battery of behavioural tests, including
the elevated zero maze, social dominance testing, marble burying, Y maze and rotor rod
testing. Overall there were not many differences between controls (Dhcr7+/+) and
heterozygous (Dhcr7*") mice but there are a few points to note:

. Both genotypes displayed greater anxiety in bright compared to dim light

on the elevated zero maze (a common test for anxiety).
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. 6-month old Dhcr7"” females displayed greater social dominance than
controls but overall this difference was small.
. Dher7"” had normal locomoter ability but no difference compared to

controls in entries into Y maze, suggesting intact spatial working memory.

4 On the rotarod, Dhcr7"” females had superior performance compared to
controls.
. Generally there was no difference in number of marbles buried, although

males tended to partially bury more marbles than females, irrespective of

genotype.

The limited differences in behaviour are not surprising, as the study used SLOS
Dher7"" mice. Parents of SLOS patients have minimal or no clinical abnormalities,
although they have slightly elevated plasma 7DHC levels [190]. Similarly, Wassif et al
found that Dhcr7”**> mice had slightly elevated 7DHC levels in tissue [108] and

7"M* mice are phenotypically normal [110]. As

Correa-Cerro et. al reported that Dhcr
such, it is likely that there is minimal heterozygotic effect and suggests that in order for
the SLOS behavioural phenotype to be observed in the mouse, a homozygous model is

required. The severe homozygous Dhcr7* >3

model dies soon after birth (P1) due to
failure to thrive caused by lack of feeding [108]. Consequently, this model is not

suitable for behavioural studies. However, similar to the Dhcr7"" heterozygous mice,

Dher7"M3 mice live into adulthood and are suitable for behavioural studies.
Although biochemical and limited histology studies have been performed on

TO3M/A3-5 . . . . :
Dhcr7 mice [110], their behavioural phenotype has not been investigated. As

anxiety is a trait seen in SLOS patients [69] and was investigated in the previous study
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using heterozygous mice, the Dhcr7" ™A

mice were tested using the elevated plus
maze. The elevated plus maze originated from the observation in 1955 that rats
preferentially explored closed areas of an elevated Y maze compared to open areas
[191]. Montgomery proposed that the novel environment of the closed and open arms
evoke both the fear and exploratory drives but the open arms cause a stronger fear
response due to risk of predation. This results in greater exploration of the closed arms
by healthy rodents [191]. A further study also supported this hypothesis as control rats
avoided open arms of an elevated plus maze, but additionally found that rats treated

with anxiolytic drugs had a significantly increased proportion of entries into the open

arms [192]. This was shown to also be the case in mice [193].

Other techniques used to measure anxiety include assessing burrowing and Nestlet
shredding [194]. Laboratory mice have been shown to remove food pellets placed in a
‘burrow’ in the cage and these behaviours have been suggested to represent several
factors [195]. Defensive burying is a known paradigm of anxiety and the burrowing
could represent this need for shelter and safety by providing the mice with a place to
hide [195]. Burrowing could also be a form of tunnel maintenance with the food pellets
representing a blockage in the tunnel [195]. Decreased burrowing has been shown to be

associated with Scrapie disease, a neurodegenerative prion disorder [196].

As with burrowing, nest construction is also a natural behaviour of mice. Nesting is
thought to represent shelter, aid reproduction and survival of mouse pups and help retain
body heat [197]. Despite the reproductive nature of nesting, there is not a discernable
difference between nest building of male and female mice [198]. Previous studies have

used a variety of materials for nest construction, including salt marsh hay [199], paper
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strips [200] and cotton dental balls, before using Nestlets (2” square nesting material
composed of pulped cotton fiber, sold by Ancare ©) became the standard procedure.
However, even then there was some debate about the optimum scoring method and
scoring systems, ranging from a 2-point scale to an 8-point scale, have been used
[198,200-202]. Although useful, this scoring system is subjective and therefore a
quantifiable measure is often conjointly used, such as weighing the un-shredded Nestlet
after the completion of the test [197]. Nest construction is decreased in mice with
lesions of the hippocampus [203], medial preoptic area [200] and septum [201].
Dher7"™A35 mice have been observed to have functional locomotor abilities (J.Cross,
unpublished data). Consequently the open field test is a potentially useful task [204]
and can assess if the hyperactivity phenotype observed in patients is also present in the
Dher7"M* model.  The open field is also a further measure of anxiety due to the

fact the mice tend to stay towards the edge of the field and do not venture into the open

centre [205].

3.1.i: Aims of Chapter 3

The aims of this chapter are to:
. Assess the anxiety and hyperactivity behavioural phenotypes in the
Dher7™™MA3 mouse model and the extent to which they correspond to the
patient phenotypes.
4 Further investigate the neuroanatomical changes using histology and

discover if there are links to behaviour
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3.2: Materials and Methods

3.2.i: Mice

Control (Dhcr7"") and age-matched Dher7™M%3 mice on a mixed BL6/129
background, were analysed at 3, 4 and 5-month time points (+/- 3 days). At each time
point, the mice were analysed on five behavioural tests; burrowing, Nestlet (Ancare ©)

shredding, marble burying, elevated plus maze and open field.

3.2.ii: Burrowing test

“Burrows” were constructed out of plastic laboratory wash bottles (250ml polyethylene
wash bottle, cat.# 6640002998493, NIH supply centre). Clips were used as stands at the
burrow entrance to prevent rolling and to give the burrow a downward slope. 200g of
food pellets were placed into the burrow, and the burrow was positioned at the front
right corner of each clean cage (Figure 3.1). At approximately 3.30pm (2.5 hours
before the dark housing cycle), a single mouse was placed into each cage and observed
for 2 hours. Behavioural notes were made and the pellets remaining in the burrow were
weighed at the conclusion of the 2 hours. This is to observe if the mice used are
vigorous burrowers that empty the entire 200g in 2 hours and to achieve familiarity with
the burrow before the overnight step [195]. The pellets were replaced into the burrow
and the burrow was returned to the same position in the cage. The cages were put back
onto the rack and left overnight. The following morning (between 9am and 11am, 3-5

hours after the start of the light cycle), the food pellets remaining in the burrow were
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weighed to assess extent of burrowing. The exact time of measurement is not critical as
the mice are usually asleep during the light cycle and there is limited burrowing activity
[195]. It was observed that the mice do not eat a significant amount of pellets (J. Cross,
unpublished data). After each test, the burrow was cleaned with 70% ethanol to remove

any odours that may affect subsequent tests.

Figure 3.1: Burrowing test setup
This image shows an example cage depicting how the burrow was set up.
The burrow was filled with 200g of food pellets and placed in a clean

cage against the wall. This was the same position for every cage.

3.2.iii: Nestlet test

Mice were separated into individual cages, containing food, water and sawdust bedding
but no Nestlet, and were left to acclimatise for at least 3 hours. At approximately
4.30pm (1.5 hours before the lights were turned off), a Nestlet (Ancare ©) was weighed
and put into the cage. The cages were placed back onto the rack and left undisturbed for
30 minutes. The Nestlet was then scored for the amount shredded and the remaining
un-shredded Nestlet was weighed (Table 3.1). If the Nestlet was partly shredded but a

nest was made, a score of 5 was given.
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Score Description Image

No Shredding
0 - 1% shredded

Slight Shredding
1 - 45% shredded

Partial Shredding
45 -90%

Fully Shredded
4 no nest (flat)
90 - 100% shredded

Fully Shredded
nest made (curved around
mouse)
90 — 100% shredded

Table 3.1 Nestlet shredding test setup and scoring

Table 3.1 (previous page): Nestlet shredding test setup and scoring

The left-hand column designates the scoring system, ranging from 1-5 and a
description of the score is denoted in the middle column. An example image is
shown in the right-hand column. The Nestlet was placed in the centre of a clean
cage, as shown in the Score 1 image. The cage lid was replaced and the cage put
back onto the rack. The cage was then left for 30 minutes and scored. The Nestlet
was replaced into the cage and the cage was left on the rack overnight before

scoring a second time.
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3.2.iv: Marble burying test

A clean cage was filled with approximately 10 cm depth of sawdust bedding and 12
green glass marbles (~1 cm diameter) were evenly spaced on top of the sawdust (Figure
3.2). Between 9am and 11am (3-5 hours after the start of the light cycle), a single mouse
was placed into the cage. The cage was covered with an opaque cloth and left
undisturbed for 30 minutes. The mouse was then removed from the cage and the
number of marbles buried were scored. A buried marble was counted as a marble that
was ¥ or more covered in sawdust. After each test, the marbles were cleaned with 70%

ethanol to remove any odours that may affect subsequent tests.

Figure 3.2: Marble burying test setup

An example cage showing the setup of the marble burying test. Twelve
marbles were evenly spaced in a clean cage containing ~10cm of
sawdust. A single mouse was placed in the cage and the cage was

covered and left for 30 minutes before scoring.
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3.2.v: Elevated plus maze

The maze was elevated approximately 1.25 meters off the ground (Figure 3.3). A
camera (Microsoft HD) was positioned on the ceiling above the maze and connected to
a laptop computer. The software used was AnyMaze®, and set up for the elevated plus
maze test as per manufacturers instructions. The mice were brought into the room,
cages covered and the mice were allowed to acclimatise for 30 minutes. The mouse to
be evaluated was placed in the middle of the maze and left to explore the maze for 5
minutes. The movements of the mouse were tracked and recorded by the camera and
software. If the mouse fell off, it was replaced quickly and a note was made. At the
end of the test, the mouse was returned to the cage. After each test, the elevated plus
maze was cleaned with 70% ethanol to remove any odours that may affect subsequent

tests. Measurements were taken within the first half of the light cycle.

- Closed Arm
- Open Arm
- Centre Zone

Figure 3.3: Elevated Plus Maze setup
A) Image showing the elevated plus maze camera view.
B) Schematic showing the location of the closed (green) and open (blue)
arms of the elevated plus maze. The central zone is shown in black.

The orientation of the arms relates to the maze shown in image A.
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3.2.vi: Open field

A camera (Microsoft HD) was positioned on the ceiling above the open field and
connected to a laptop computer. The open field was a 60 cm x 60 cm homemade
plywood square arena (Figure 3.4). The edge zone was 10 cm diameter and the centre
square was 20 cm diameter. The edge zone represents a protected area and the centre
zone represents the most exposed area of the field. The software used was AnyMaze®,
and set up for the open field test as per manufacturers instructions. A single mouse was
placed into the cage at the same position each time and allowed to explore for 15
minutes. The movements of the mouse were tracked and recorded by the camera and
software. At the end of the test, the mouse was returned to the home cage and the field
was cleaned with 70% ethanol to remove any odours that would affect subsequent tests.

Measurements were taken within the first half of the light cycle.

- Edge Zone
- Central Zone

Figure 3.4: Open Field setup

A) Image showing the open field camera view.

B) Schematic showing the location of the edge (green) and central (blue)
zones of the open field. The mouse is tracked across the whole field but
only entries into the edge (green) and central (blue) zones were
measured. The orientation of the zones relates to the open field shown

in image A.
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3.2.vii: Histology

Cerebral cortex from control and Dhcr7T>MA33

mice were PFA perfused and separated
from the cerebellum and mounted onto a metal, circular block. Prior to mounting, the
block was covered with water, left to freeze and cut on the cryostat to gain a flat
surface. The cortex was placed onto the block (coronal side separated from the
cerebellum face down) and left at ~ -40°C for 5 minutes to adjust to the temperature.
The cortex was then cryo-protected with ddH,O and left to freeze at ~ -40°C. The block
was then placed into the cutting space on the cryostat and left to adjust (~ -10°C) for 10

minutes. Brains were cut into 20pum coronal sections (Cryostat, Bright Model OTF) and

serially divided into 5 wells filled with 1ml 1X PBS with 0.02% Triton-X.

Sections were mounted onto Superfrost Plus (cat.# J1ISO0AMNZ ,ThermoScientific,)
slides, covered and left to dry overnight. The slides were then stained using
hematoxylin (Harris Hematoxylin Solution, cat.# HHS16, Sigma Aldrich) and eosin
(Eosin Y solution, cat.# HT110116, Sigma Aldrich) using the following protocol:

. 3 minutes in hematoxylin (filtered (filter paper) Harris Hematoxylin

Solution, cat.# HHS16, Sigma Aldrich)

. Rinsed in tap water until water ran clear

. 3 minutes in acid alcohol (1% concentrated hydrochloric acid in 95%
ethanol)

. 1 minute soak in tap water

. 1 minute in Bluing Agent (1% magnesium sulphate, 0.07% sodium

bicarbonate in 300ml tap water)

. Quick rinse in tap water and 95% ethanol
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30 seconds in eosin (Eosin Y solution, cat.# HT110116, Sigma Aldrich)

. 30 seconds in 95% ethanol

. 3 minutes in 100% ethanol

. 10 seconds in Histoclear (cat.# HS-200, National Diagnostics)

. Coverslip with Histomount (cat.# HS-103, National Diagnostics)

Slides were imaged using Zeiss Axio Imager A.1 microscope and AxioVision Release

4.8.2 SP2 software. Measurements were taken using ImageJ (version 2.0.0, 2010).

3.2.viii: Statistical analysis

GraphPad Prism (Prism 6 Mac OS X, version 6.0b) was used for statistical analysis. A
two-way ANOVA was implemented to ascertain interaction between gender and
genotype. As there was no interaction, a multiple student t-test was used for the
histological analysis, elevated plus maze and open field tests. A Mann-Whitney U test
was used for the Nestlet shredding, burrowing and marble burying tests, as stated by

Deacon [195,197]. Graphs show the mean and standard error of mean (SEM).
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3.3: Results

3.3.i: Burrowing test

Rodents naturally have burrowing habits and laboratory mice were shown to readily
burrow food pellets from a tube placed in the cage [206]. Using a previously outlined
protocol as a basis [195], cages were set up with sawdust, water and a burrow
containing 200g of food pellets. At approximately 3.30pm (2.5 hours before the start of
the dark phase of the light cycle), mice were individually placed into the cages and

observed for 2 hours.

The data was subjected to a two-way ANOVA that examined the effect of genotype and
gender on burrowing. At both 2 hours and overnight, there was no significant
interaction between gender and genotype (Table 3.2). As such, the data was further

analysed via a Mann-Whitney U test.

Time Point| Interaction | Significance
3 month |F(1,35)=0.12 |No, p=0.7365
2 hours 4 month [F(1,51)=0.19 |No, P=0.6641
5 month | F(1,32)-1.45 |No, p=0.2375
3 month |F(1,35)=1.29 |No, p=0.2645
Overnight - 2 hours| 4 month |F(1,48)=0,20|No, p=0.6567
5month [F(1,32)=0.28 | No, p=0.6025

Table 3.2: 2-way ANOVA interaction scores for burrowing

A two-way ANOVA was implemented to discover the effect of genotype and
gender on burrowing. At all time points there was no significant interaction
between genotype and gender. Therefore, further analysis could be implemented

via a Mann-Whitney U test.
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Overall, at 3 months of age mice did not burrow a significant amount in 2 hours for
either gender or genotype (Figure 3.5A). This was also true at 4 months, although the

amount burrowed was slightly higher, especially for female Dhcr7"*MA33

mice. One
or two mice of each gender and genotype burrowed an exceptionally high amount in 2
hours. These mice tended to consistently burrow at unusually high levels over the time
course compared to the other mice in the study. At 5 months, more variation occurred
with 3 - 5 mice of each genotype and gender burrowing up to 200g but the remaining
mice burrowing little. The mice responsible for the higher values tended to have been

exposed to the burrow before, suggesting a learning phenotype or decreased anxiety of

the novel object.

A ceiling effect was often reached for the overnight burrowing, with mice burrowing the
entire contents of the burrow (Figure 1B). This was observed most at 5 months. At 3
months, there was no discernable difference between female mice, although
Dher7™3MA35 male mice trended to burrow more than their controls. However, at 4

months, the Dhcr 7T93M/A3-5

mice burrowed significantly more in both genders. By 5
months, the majority of mice burrowed 60% or more of the food pellets. As with the 2-

hour study, the mice that were exposed to the test for each time point tended to be

responsible for the higher percentages of pellets removed from the burrow.
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Figure 3.5: Burrowing test

99



Investigation into the pathogenesis and behaviour of two disorders of cholesterol homeostasis Chapter 3

Figure 3.5 (previous page): Burrowing test

A) Graphs showing the amount of food pellets removed from the burrow in

B)

0

2 hours as a percentage of the total 200g.

There was minimal burrowing at 3 (females: p = 0.2486, males: p = 0.2177)
and 4 months (females: p = 0.1474, males: p = 0.1777) in control (green) or
Dher7"M37 (red) mice of either gender. Burrowing increased in all
genotypes and genders at 5 months of age (females: p = 0.7123, males: p =
0.6672).

Graphs showing the amount of food pellets removed from the burrow
overnight as a percentage of the amount remaining after 2 hours.

At 3 months there was a large amount of variation in control (green) and
Dher7™*™A33 (red) mice of both genders (females: p = 0.7604, males: p =
0.2864). This variation continued over the time course, although there was a

T93M/A3-5 .
7 mice

significant increase in the amount burrowed by the Dhcr
compared to controls at 4 months (females: p = 0.0133, males: p = 0.0071).
This significance disappeared by 5 months (females: p = 0.4220, males: p =
0.4368).

Number of mice analysed at each time point.

Across the time course, there are occasional differences in the numbers

analysed for 2 hours and overnight. This is due to some mice being

excluded due to a water bottle leak, which caused flooding of the cage
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3.3.ii: Nestlet shredding test

The data was subjected to a two-way ANOVA that examined the effect of genotype and
gender on Nestlet shredding. At both 30 minutes and overnight, there was no
significant interaction between gender and genotype (Table 3.3). As such, the data was

further analysed via a Mann-Whitney U test, as described by Deacon in 2006 [197].

Time Point| Interaction | Significance

3 month |F(1,38)=0.07 |No, p=0.7960

30 min 4 month [F(1,58)=1.37 [No, p=0.2472
5 month |F(1,51)=1.33 |No, p=0.2537

3 month |F(1,36)=0.46 |No, p=0.5000

Overnight 4 month [F(1,43)=0.03 |No, p=0.8645
5 month |F(1,42)=1.13 |No, p =0.2933

Table 3.3: 2-way ANOVA interaction scores for Nestlet shredding

A two-way ANOVA was implemented to discover the effect of genotype and
gender on Nestlet shredding. At all time points there was no significant interaction
between genotype and gender. Therefore, further analysis could be implemented

via a Mann-Whitney U test.

The first study was to measure the amount of Nestlet shredded within 30 minutes
(Figure 3.6A). At 3 months there was a trend for Dher7™MA3 mice to be less likely
to build full nests than control male mice (p = 0.1000). The scoring system was a more
accurate measure of nest building as it was observed that although the Dhcr7"*M43-
mice did shred the entire Nestlet in some instances, they tended to not build a full nest,
the difference of a score of 4 or 5 (Figure 3.6C). Female Dhcr7™*™*3~ mice scored

significantly less than the female control mice at 4 months of age (females: p = 0.0044)

and male Dhcr7"*™*37 mice scored significantly less than male control mice at 5
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months of age (males: p = 0.0322). This significance disappeared at 5 months of age,
although the trend for Dhcr7"*™*3- mice to score lower than control mice continued
for both genders over the time course. There was variation in all genders and genotypes

7T3MA3-S mice. A few control mice scored at a

but this was greater in the Dhcr
consistently low rate across the time course and therefore it is possible that these mice

were mis-genotyped. However, the tissue was not available to check this.

Both genotypes overall shredded the majority of the Nestlet overnight (Figure 3.6B).

As with the 30-minute study, Dhcr7">M43

mice scored lower than control mice at all
time points. Using the Mann-Whitney U test, the decrease was significant in female
Dher7™™MA3 mice at 3 and 4 months (females: 3 months: p =0.0201, 4 months: p =

0.0054) and significant in male Dhcr7'>M4>

mice at 4 and 5 months (males: 4 months:
p =0.048, 5 months: p =0.0124). There was no reduction in locomotor activity in

Dher7"M% mice compared to controls, as indicated in the open field test later in the

chapter.
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Figure 3.6: Nestlet shredding
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A)

B)

0

D)

E)

F)

Figure 3.6 (previous page): Nestlet shredding

Graphs showing Nestlet scores after 30 minutes.

T93M/A3-5
7

There was variation in control (green) and Dhcr (red) in both genders

across the time course. The difference was not significant at 3 months (females: p
= 0.1208, males: p = 0.1000) but was significant in female Dhcr7" M43
4 months (females: p = 0.0044, males: p = 0.2568) and male Dhcr7">™*¥> mice

at 5 months (females: p = 0.1427, males: p = 0.0322).

mice at

Graphs showing Nestlet scores overnight

Across the time course, all mice shredded the entire Nestlet. However,
Dher7"M%7 mice generally did not make a full nest from the Nestlet, causing a
score of 4 instead of 5. This was significant in females at 3 months (females: p =
0.0201, males: p = 0.1000), both males and females at 4 months (females: p =
0.0054, males: p = 0.0408) and males at 5 months (females: p = 0.2290, males: p =
0.0124).

Scoring System

Representative images of the scoring system used to assess Nestlet shredding,
ranging from 1 (left image) to 5 (right image).

Number of mice analysed at each time point.

Across the time course, there are occasional differences in the numbers analysed
for 30 minutes and overnight. This is due to some mice being excluded due to a
water bottle leak, which caused flooding of the cage.

Graphs showing amount of Nestlet shredded in 30 minutes.

There was variation in control (green) and Dher7™3MWASS

(red) in both genders
across the time course and no significant differences in the amount of Nestlet
shredded. (Females: p = 0.1946, males: p = 0.8533. 4 months: females: p = 00793,
males: p = 0.6953. 5 months: females: p = 0.2266, males: p = 0.0974).

Graphs showing amount of Nestlet shredded overnight.

Mice of all genders and genotypes shredded 100% of the Nestlet overnight. From
the weight of shredded Nestlet, there was no way to distinguish between mice that

constructed a nest and those that did not. p-values for all mice were >0.9999.
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3.3.iii: Marble Burying

The data was subjected to a two-way ANOVA that examined the effect of genotype and
gender on marble burying. At all time points, there was no significant interaction
between gender and genotype (Table 3.4). As such, the data was further analysed via a

Mann-Whitney U statistical test.

Time Point| Interaction | Significance

3 month |F(1,38)=0.01 [No, p=0.9272
Marble Burying| 4 month [F(1,27)=1.53 |No, p=0.2267
5month [F(1,19)=0.78 |No, p=0.3883

Table 3.4: 2-way ANOVA interaction scores for marble burying

A two-way ANOVA was implemented to discover the effect of genotype and
gender on marble burying. At all time points there was no significant interaction
between genotype and gender. Therefore, further analysis could be implemented

via a Mann-Whitney U test.

Twelve marbles were evenly distributed in a clean cage and a single mouse was placed

in the cage for 30 minutes. Dhcr7" M43

mice appeared to bury slightly less marbles
in 30 minutes, but this was only significant at 4 months in the male mice (males: p =
0.0364) (Figure 3.7). Only 3 control male mice were scored at this time point and

could potentially explain the significant result. Therefore, more mice will need to be

tested in order to establish if there was a significant difference.
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A

Number of marbles

Chapter 3
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Figure 3.7: Marble burying

A) Graphs showing marble buying

Results were scored after 30 minutes. There was a slight tendency for

Dher7™*™535 mice (red) to bury less than control mice (green). (3 months:
females: p = 0.4363, males: p = 0.5753. 4 months: females: p = 0.4419,
males: p = 0.0364. 5 months: females: p = 0.4078, males: p = 0.9026).

B) Number of mice analysed at each time point
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3.3.iv: Elevated plus maze

The elevated plus maze is generally considered to be a measure of anxiety [193]. The
maze consists of an elevated platform comprised of two open arms and two closed arms.
Mice are anxious of open, elevated spaces and therefore have a tendency to stay within
the closed zones. The time spent in the central zone between the arms is thought to

represent risk-assessment or decision-making [207].

The data was subjected to a two-way ANOVA that examined the effect of genotype and
gender on time spent on the open and central zones of the elevated plus maze. At all
time points, there was no significant interaction between gender and genotype (Table

3.5). As such, the data was further analysed via a multiple t-test statistical test.

Time Point | Interaction | Significance

3 month |F(1,34)=2.13 [No,p=0.1536

Open Zone 4 month [F(1,38)=0.01 |No, p=0.9317
5 month |F(1.26) =0.59 (No, p = 0.4509

3 month |[F(1,34)=0.03 |No, p=0.8732

Central Zone | 4 month |F(1,38)=0.49 |No, p=0.4882
5 month |F(1,25)=1.15 |No, p =0.2932

Table 3.5: 2-way ANOVA interaction scores for the elevated plus maze

A two-way ANOVA was implemented to discover the effect of genotype and
gender on time spent on the open and central zones of the elevated plus maze. At
all time points there was no significant interaction between genotype and gender.
Therefore, further analysis could be implemented via multiple t-test. However,
although not significant, the interaction for the open zone at 3 months was under

0.2 (blue text).
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There was a relatively large amount of variation between both genotypes, although
female Dher7™ ™A mice spent significantly more time in the central zone than
controls (p = 0.0207). Decision-making may be associated with the frontal cortex [208]
and lesions in the frontal lobe have been seen in SLOS patients [68].

Overall, there was more variation in the time spent in the open arms in the Dhcr7™>M43
> mice compared to control mice. At 3 months, female and male controls and male
Dher7"™™MA35 mice spent less than 100 seconds (< 33% total test time) in the open

zones (Figure 3.8A), whereas the female Dhcr7"M43

mice spent significantly more
time in the open zones (greater than 100 seconds of the total test time) (females: p =
0.0151). This continued to 4 months of age (females: p = 0.0130) but fewer female
spent over 100 seconds in the open zones. At 4 months of age, all Dhcr7™ ™43 male
mice spent more time in the open zones than the male control mice. However, two male
Dher7"M2 mice spent a significantly longer time in the open zones than the other
male Dhcr7™ ™43 mice (4 months males: p =0.0120). By 5 months of age, the time

spent in the open zones was minimal for all genders and genotypes. This was also

confirmed in the track plots (Figure 3.8B).
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Figure 3.8: Elevated Plus Maze
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Figure 3.8 (previous page): Elevated Plus Maze

A) Graphs showing the time spent in the open zones of the elevated plus
maze.

Dher7"M37 (red) mice spent significantly more time in the open zones at 3
(females: p = 0.0151, males: p = 0.4750) and 4 months (females: p = 0.0130,
males: p = 0.0120) of age than control (green) mice. This difference
normalised by 5 months (females: p = 0.2199, males: p = 0.9959).

B) Representative track plots confirming the time spent in the open zones.
The left-right diagonal (\) are the closed zones. The right-left diagonal (/) are
the open zones

C) Visual representation of the setup of the elevated plus maze.

The orientation of the setup relates to the track plots

D) Graphs showing the time spent in the central zone of the elevated plus

maze.
The central zone is thought to represent decision-making and these graphs
show the amount of the control (green) and Dher7™ ™A (red) spent in the
central zone. There were no differences between the times spent in the central
zones at 3 months between either genotype (females: p = 0.9332, males: p =
0.8260). At 4 months, female Dhcr7™*™*3 spent significantly more time in
the central zone than controls (p = 0.0207) but this was not the case for males
(p = 0.5848). There were no significant differences at 5 months of age,
although there tended to be more variation in the Dhcr7™>M43-
p =0.1179, males: p = 0.8026)

E) Number of mice analysed at each time point

mice (females:
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3.3.v: Open field

Chapter 3

The data was subjected to a two-way ANOVA that examined the effect of genotype and

gender on the mean gait speed. At all time points, there was no significant interaction

between gender and genotype (Table 3.6). As such, the data was further analysed via a

multiple t-test statistical test.

Time Point| Interaction | Significance

3 month |F(1,30)=3.79|No, p=0.0609

Mean Speed| 4 month |F(1,19)=0.12|No, p=0.7283
5Smonth [F(1,22)=3.08|No, p=0.0930

zone at 3 and 5 months was under 0.1 (blue text).

Table 3.6: 2-way ANOVA interaction scores for the open field test.

A two-way ANOVA was implemented to discover the effect of genotype and
gender on mean gait speed. At all time points there was no significant interaction
between genotype and gender. Therefore, further analysis could be implemented

via multiple t-test. However, although not significant, the interaction for the open

At 3 months, there was no difference between the mean gait speeds of the male control

and Dher7™™M®37 mice (males: p = 0.6793). The Dher7"*™** female mice had a

mean gait speed significantly higher than the control female mice (females: p = 0.0049)

(Figure 3.9A). This difference disappeared over the time course. At 4 and 5 months

there was little difference in the mean speeds of the mice. There were two female

control mice that had a much higher mean gait speed across all time points than the

other female control mice. Interestingly, the Dhcr7™>M43-

mice that had a higher mean

speed also spent more time on the open zones of the elevated plus maze. As can be seen
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from the track plots (Figure 3.9B), female Dhcr7""™*¥> mice cover more ground at 3

months, including the central zones. This decreases over the time course and at 5

months, the female Dhcr7"*™3 mice overall stay to the edges, similar to the control

female mice.
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Figure 3.9: Open Field
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Figure 3.9 (previous page): Open Field

A) Graphs showing the mean travelling speed of the mice during the 15 minute
test. Female Dhcr7™*™*% (red) mice had a significantly higher mean speed
than control (green) female mice at 3 months (female: p = 0.0049, males: p =
0.6793). This normalised up to 5 months of age. Overall, there was little
difference in the mean speed of male mice (4 months: female: p = 0.8483, males:
p =0.5129. 5 months: females: p =0.7461, males: p = 0.2168).

B) Representative track plots of the open field.

It can be seen that female Dhcr7 M43

mice cross the centre multiple times at 3
months of age whereas the control female mice stay to the edge of the field.
Dher7™*™535 male mice also cross the centre more often than control male mice.
This difference normalised over time.

C) Visual representation of the setup of the open field.

The orientation of the setup relates to the track plots

D) Number of mice analysed at each time point

3.3.vi: Histological analysis

After the behavioural tests were completed, at 5 months of age both Dhcr7™*™43 and

control mice were culled and the brains were dissected. Coronal sections (20um) were
cut and stained using hematoxylin and eosin (H&E) (Figure 3.10A). Hematoxylin
stains the nuclei and eosin stains acidophilic substances, mainly present in the

TO3M/A3-S 1. . .
cytoplasm. Dhcr7 brains are smaller than control brains and, therefore,
measurements were normalised to the whole section size and presented as a percentage
of total section size (Figure 3.10B). It was found that a cross-section of the anterior

T93M/A3-5
7

third of the hippocampus in Dhcr mice, irrespective of gender, was smaller and

misshapen compared to control (females: p = 0.0033, males: p = 0.0193). This was
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particularly evident in female mice, where ventricular dilatation was also more

prominent.
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Figure 3.10 (previous page): Hippocampal Analysis
A) Representative H&E images of the hippocampus in 5-month old mice. It

B)

0

D) Number of 5 month old mice analysed

T93M/A3-5
7

can be seen that the hippocampus is smaller in the Dhcr mice,

particular in the females (females: p = 0.0033, males: p = 0.0193).
Additionally, the fainter hematoxylin staining of the Dhcr7™>MA3
hippocampus is suggestive of decreased neuronal content.

Graph quantifying the hippocampal area as a percentage of total section
area.

The area is significantly smaller in female and male Dhcr7"M*3-

(red) mice
than control (green) mice.

Trace showing how measurements were obtained using ImageJ.

The area of the entire section (black line) and the area of the hippocampus
(blue line) were measured. The following calculation was performed to gain

the hippocampus area as a percentage of section area: (Hippocampal

area/Section area) X 100

The anterior commissure was also noted to be smaller or absent in approximately 20%

of Dher7"*™35 mice compared to control mice (females: p = 0.0502, males: p =

0.1366) (Figure 3.11A and B). A preliminary study in 10 month old female mice was

also undertaken and it was observed that the anterior commissure was also smaller or

absent in the Dhcr7"*™ mice (females: p = 0.1030) (Figure 3.11C). This is only

evident in a small number of mice, explaining the non-significant p-value.
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Figure 3.11: Anterior Commissure Analysis
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Figure 3.11 (previous page): Anterior Commissure Analysis

A) Representative H&E images of the anterior commissure
The black arrow and circle depict where the anterior is or should be.The
images have been converted to grey-scale so the anterior commissure can
be viewed more easily. It can be seen that the anterior commissure is
smaller or absent (represented in the images in this figure) in
approximately 20% of the Dhcr7™*™23 mice (females: p = 0.0502,
males: p = 0.1366).

B) Graph quantifying the anterior commissure area as a percentage of
total section area.
The area is smaller in about 20% of female and male Dher7"*MA3 (red)
mice than control (green) mice.

C) Preliminary study of 10 month female mice.

The black arrow shows the anterior commissure is present in the left

T93M/A3-5

control image but absent in the right Dhcr7 image. This is

quantified in the graph (control in green, Dhcr7™ ™A

p=0.1030).

in red) (females:
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3.4: Discussion

It has been reported that laboratory mice usually remove ~ 70g in 2 hours and ~ 200g of
food pellets overnight [194]. However, the results seen in this study showed very little
burrowing in the 2-hour test. This could be explained by several factors. It has been
previously noted that there is variation in how different strains perform in the test [209].
Deacon stated that C57BL/6 mice readily burrow but 129S2/SvHsd mice do not [206].
The mice used in this study were on a mixed BL6/129 background, which could explain
the variation. Although using an isogenic background would likely obtain tighter

results, general conclusions can be drawn from this data in the Dhcr7™ W43

mouse
model. Additionally, although Deacon used adult mice, the study does not state the
exact age of the mice used [206]. My results show that the amount burrowed in 2 hours
increases up to 5 months. This could suggest that as mice age, they burrow more in the
2-hour time limit and if I had continued the time course beyond 5 months, my results
may have agreed with the previous report. However, mice typically reach adulthood ~ 2
months of age and so this is unlikely. A more likely suggestion for why the amount
burrowed increases over the time course is that the novelty of the burrow decreases and
the mice become less anxious to approach it. Although there was variation in all

genders and genotypes, overall, the Dhcr7™>MWA3

mice were marginally more likely to
have increased burrowing compared to controls. However, this was only significant at 4
months in the overnight study. This could be showing the increased anxiety phenotype

or hyperactivity, which is also noted in the increased gait speed of the Dhcr7™>MWA3

mice in the open field test.
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In contrast, the Nestlet test and elevated plus maze are both suggestive of decreased

T93M/A3-5
7

anxiety in the Dhcr mice. As this is opposite to what is typically observed in

patients, these findings are either the result of a secondary defect or suggest that the

Dher7"M% model does not replicate the behavioural traits of patients.

Decreased shredding in the Nestlet test has been observed to be caused by serotonin
uptake inhibitors [210] and also has been associated with lesions in the hippocampus
[197]. The marble burying task is also reported to be affected by serotonin uptake
inhibitors [210], and although no previous discernable differences were reported in the
marble burying test, the Dhcr7™ ™23 had a slight tendency to bury less marbles than
control mice. However, this was only significant in male mice at 4 months, which could
be due to small sample number. If found to hold with larger sample size, this, along
with the Nestlet result, could suggest some very subtle alteration of serotonin
production or signalling and is consistent with a previous study using a more severe

mouse model of SLOS [211].

The more severe model also had hippocampal abnormalities and histological analysis of
Dher7"M37 cortical sections agreed with this, showing alterations in the
hippocampus compared to controls. SHH signalling is an important factor in correct
neural patterning and has been suggested to have a role in the development of dorsal
midline structures [212], causing enlarged ventricles and affected development of the
cortical hem. The cortical hem is a structure that has marked WNT expression [213]
and is involved in hippocampal organization [214]. WNT signalling has been shown to
be involved in SLOS pathogenesis [215] and suggests that the correction of this

pathway could be a potential therapeutic target (discussed further in Chapter 4).

120



Investigation into the pathogenesis and behaviour of two disorders of cholesterol homeostasis Chapter 3

The hippocampus is the part of the brain responsible for learning and memory and
spatial awareness. As such, the changes seen in the hippocampus could explain the
decreased shredding observed in the Nestlet test and the potential delayed learning of
the Dher7"*™* mice, observed by the normalisation of the behaviours in the elevated
plus maze and open field tasks. This could also provide an explanation for the
decreased anxiety phenotype observed in the elevated plus maze test as the
Dher7"M% mice may have altered special awareness and may not be fully aware of

T93M/A3-5

the elevation or lack of walls on the open arms. Dhcr7 mice were additionally

observed to fall off the maze more often than controls, which could be a sign of altered
special awareness. However, this observation could also be due to the Dhcr7" ™A
mice spending more time on the open arms, resulting in more opportunities to fall off
the maze.

7T3M/A3-S mice had most difference from controls at 3

In all behavioural tasks, the Dhcr
months of age and this difference tended to normalise up to 5 months of age. The
defects seen in the hippocampus may be causing a delay in learning, which would
correspond to the cognitive defects seen in SLOS patients. Further behavioural tests,
such as the Morris water maze to assess spatial awareness [216] and the object

discrimination tests [217] to measure cognitive ability, would need to be carried out in

the Dher7"*™* mice to analyse this phenotype further.
Histology also revealed defects in the anterior commissure. The anterior commissure is

a white matter tract that connects the two hemispheres of the brain. Although the

function is not fully elucidated, it is suggested to have multiple functions, including
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recognising pain sensation and chemoreception. It also may have a role in the
connection between the amygdalas (emotional responses) and temporal lobes (speech,
memory and hearing). As well as cognitive defects, SLOS patients present with
hypersensitivity and autistic behaviours, particularly with regards to communication
[218]. The smaller anterior commissure could be partly responsible for these

behaviours but further study is needed to determine if this is the case.

Although MRI scans of SLOS patient brains found defects in the corpus callosum,
cerebellum and septum pellucidem [67,68], no obvious defects in these structures were

T93M/A3-5
7

observed in the Dhcr model. This does not automatically discount the mouse

model as a reliable model as even within patients there was variability. This partly

3M/A3-5 .
T93M. mutation

depended on the severity of the patient’s disease and, since the Dhcr7
is mild, the defects may be subtle or only appear in a limited subpopulation. This is
exemplified by the smaller anterior commissure only being observed in around 20% of

T93M/A3-5
7

cases in the Dhcr mouse model, generally corresponding to higher degrees of

ventricular dilatation.

Ventricular dilatation was previously observed in approximately a third of patients [68]
and Dher7™3M*37 mice [110] and therefore if the numbers of mice studied was
increased, the number of mice with smaller anterior commissures may reach a similar
value. White matter is largely comprised of myelin and cholesterol is a large
component of myelin. Unexpectedly, the MRI studies [68] did not find evidence of
altered myelination, which could be due to the sensitivity of the MRI. Therefore it

should be examined if myelin is altered in this SLOS mouse model using
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immunohistochemistry techniques, for example, by staining for myelin-basic protein 2
(MBP-2).

T93M/A3-5 . . . :
7T3MIA3-S mice were observed to have some differences in behaviour

In conclusion, Dhcr
and brain structure compared to control mice, with more variation and differences
observed in the female mice. Although the 2-way ANOVA test did not report any
interaction between gender and genotype, the p-value was below 0.2 at one or two time
points for both the elevated plus maze and open field. This may explain the slight
gender difference in the results of the behavioural tests, particularly the elevated plus
maze and open field. A potential cause of gender differences could due to hormone
changes. As cholesterol is an important precursor to many hormones and as SLOS is
associated with altered sterol levels, this could have more of an impact in the female
hormonal cycle. The effect of the oestrous cycle on behavioural tests has been
investigated in C57BL/6J mice [219]. This paper reported that C57BL/6J mice did not
show differences at the points of the oestrous cycle but Balb/c mice were affected. As
the Dher7"*™ mice are on a mixed background, it is uncertain how much of an
effect the oestrous cycle had on these results. Additionally, many behavioural tests are
sensitive to strain differences and therefore an SLOS mouse model with an isogenic
background should be tested to determine if these results are accurate.

Interestingly, preliminary results show that Dhcr7™>™MA3

mice bred on an isogenic
C57BL/6J background do not present with the survival associated with the
Dher7™™MA3 mice bred on a BL6/129 mixed background. Out of 13 Dhcr7"3MWASS
isogenic C57BL/6J mice, 12 died at P1 and 1 survived. From 19 mice genotyped as

Dher7™™* (isogenic C57BL/6J), 17 survived and 2 died at P1 (Dr. Niamh Cawley,
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unpublished data). This could suggest that there are modifier genes which affect the
severity of this genotype [220] and could potentially explain the amount of variation

observed in this study.

In my study, structural neurological differences were also seen but as the number of
mice analysed was limited, only potential conclusions can be made. However, they are
suggestive of subtle structural defects and therefore justify further analysis, particularly
using mice with an isogenic background where the differences may be more distinct.
As SLOS does not have an optimal treatment pathway, if the results suggested by these

tests are accurate, it could help aid the development of therapeutic interventions.
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Chapter 4: Analysis of RNA expression in Smith-
Lemli-Opitz Syndrome and Niemann-Pick type C

Disease

4.1. Introduction

The molecular biology of a cell is complex and is still not completely understood,
involving multiple interactions that are heavily regulated by feedback mechanisms
and signalling pathways. The studies of these cellular processes are critical to
discovering the cause of many debilitating disorders, therapeutic targets and the
molecular mechanisms of drug treatments. These studies are split into different

classes of ‘omics’, including:

. Genomics; the expression of all the genes in an organism
. Transcriptomics; the expression of the mRNA of an organism
. Proteomics; the study of the proteins of an organism

Metabolomics; the study of the global metabolites in an organism

under a given set of conditions

As the cellular environment changes, cells respond by altering regulation of gene

transcription in order to maintain homeostasis. The process of transcription involves

the formation of mRNA from DNA, including the splicing out of non-coding DNA.
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Thus, the transcriptome reflects the genes that are being actively expressed at a
given moment. In order to determine gene expression experimentally, the mRNA is
reverse-transcribed to cDNA and then analysed via microarray, RNAseq or

individual genetic assays, such as real time PCR (Figure 4.1).

Cellular

Experimental

NN ™

nucleus

- - REVERSE
TRANSCRIPTION TRANSCRIPTION
v
isolate
/\/\/ o g /\/\/ A
cytoplasm
TRANSLATION
v
isolate

v

Protein Protein

DIGEST l

‘ ’“ Peptides

TRANSCRIPTOMICS

PROTEOMICS

Figure 4.1: Transcription, Translation and their corresponding ‘omics’

The left-hand side of the dotted line represents the biological processes of
transcription and translation and the right-hand side of the dotted line shows the
beginning experimental processes of transcriptomics and proteomics.
Transcriptomics involves the reverse-transcription of mRNA to cDNA, which then
goes onto further genetic analysis, e.g. TagMan or microarrays. For proteomic

analysis, the protein is digested and then further analysed using mass spectrometry.
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The metabolome of SLOS has been relatively well studied, including the known
hallmark of altered sterol levels, but it is uncertain if the pathogenesis of SLOS is
caused by the decrease in cholesterol or the increase in 7DHC. This may be

elucidated by the discovery of reactions specific to 7DHC.

Oxysterols are oxygenated derivatives of sterols, which can be formed via free
radical or enzymatic oxidation and can exert multiple biological effects including
cytotoxicity, suppression of immune response and regulation of cholesterol
homeostasis [221]. This is usually referred to as oxidative stress. Oxidative stress
is a broad term that describes an imbalance in redox couples, often via the
production of reactive oxygen species (ROS). The concept of oxidative stress first
began to be considered in 1954 [222] when researchers started to investigate the
effects of free radicals and oxygen poisoning. Among some of the earliest
discovered enzymes were superoxide dismutase and catalase, which catalyse the
respective reactions:

Oy + 0y +2H" > 0, + H,0,

2H,0, 2 2 H,0 + O,

McCord et al. suggested that superoxide dismutase is critical to the survival of
oxygen-metabolising organisms [223], but, although superoxide, O, is the most
predominant radical produced in free radical biology [224], not all free radicals are

superoxide.

Lipid peroxidation is the process of forming lipid peroxide via the interaction of

ROS and lipids. Lipid peroxidation has been suggested to be involved in the

pathophysiology of many human disorders and is measured by the propagation rate
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constant for free radical oxidation. 7DHC has an intensely increased propensity for
lipid peroxidation compared to cholesterol and has a propagation rate of 2260 M™' s”
! which is almost 200 times that of cholesterol, 11 M's™ [225]. This may result in
increased levels of 7DHC-derived oxysterols, particularly in tissues where 7DHC
levels are high. Oxygen and lipids are present at high concentrations in the brain
and there are also fewer neurological defences against oxidative stress [226]. As

such, the brain is thought to be particularly vulnerable to oxidative stress [227].

Oxidative stress has been previously suggested to be present in SLOS. Elevated
levels of lipid biomarkers associated with oxidative stress have been seen in murine
models [228] and DNA microarray analysis has shown increased expression of
genes associated with oxidative stress and regulation of cell death [229]. In 2010,
Korade ef al. studied how 7DHC derived oxysterols can alter the gene expression in
Neuro2a cells and they found that cellular proliferation is down regulated. Genes of
cholesterol biosynthesis are also regulated, including DHCR7, SOS, HMGCR,
PRR13, ADAM19 and SNAG1 [230], but the extent to which 7DHC-derived

oxysterols affect the pathophysiology of SLOS is still uncertain.

Although the presence of oxidative stress is uncertain in SLOS, oxidative stress is
known to be prevalent in NPC [231] and NPC fibroblasts have been shown to have
changes, such as reduced catalase activity, consistent with oxidative stress [232]. A
common treatment for NPC, miglustat, has been suggested to improve oxidative
stress defences [233]. Miglustat is a small iminosugar molecule that inhibits
glucosylceramide synthase [131] and subsequently causes reduced production of

glycosphingolipids. Glycosphingolipids (GSLs) and cholesterol have been shown
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to be important in membrane microdomains, also known as lipid rafts [234], and a
murine model of NPC was found to have increased levels of GSLs in the endocytic
pathway, including LacCer, GA2, GM3 and GM2 [132]. Increased levels of GSLs
were also seen in the membrane microdomains of liver, spleen and cerebellum of
this NPC model and treatment with miglustat, restored trafficking and localisation
of GSLs. GSLs are also suggested to be involved in cellular proliferation and

differentiation [235].

4.1.i: Aims of Chapter 4

. To further examine the extent of oxidative stress in SLOS via
expression of genes involved in oxidative stress.
. Compare the transcriptome of wild type (WT), SLOS and NPC

fibroblasts and the effect miglustat has on them.
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4.2: Materials and Methods

4.2.i: RNA isolation

Half a cerebral cortex from female 3-month Dhcr7 ™23 and control (Dhcr7+/+)
mice were PBS perfused and homogenized (OMNI TH homogenizer) in 0.4ml
Trizol (cat.# 15596018, Life Technologies). Once fully homogenized, 0.35ml
Trizol was added. The RNA-extraction columns have a maximum capacity of
100pg RNA, therefore the homogenate was separated into 200ul samples and made
up to 0.75ml with Trizol. The homogenate was mixed via pipetting and left to
incubate at room temperature for 5 minutes. 0.2ml chloroform was added, vortexed
and incubated for a further 2-3 minutes at room temperature. The solution was then
centrifuged at 12,000g (10,600 RPM) for 15 minutes at 4°C (Centrifuge 5417R,
Eppendorf). The upper aqueous phase was transferred to a new tube and vortexed
gently (Thermomixer R, Eppendorf) while 200ul 100% RNase-free ethanol was
added drop-wise. The solution was added to the RNeasy column (RNeasy Mini
Kit, cat.# 74106, Qiagen) and RNA extracted using the manufacturer’s protocol.
The RNA concentration was then determined using a Nanodrop (Nanodrop 2000

Spectrophotometer, Thermo Scientific).

4.2.ii: cDNA synthesis and profiler array

cDNA was synthesized using 400ng of total RNA and the reagents and protocol of

the RT? First Strand Kit (cat.# 330401, Qiagen). The resulting cDNA was mixed
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with 2x RT? SYBR Green Mastermix and RNase-free water in the amounts
specified by the protocol for the 384 (4 x 96) profiler array option (RT? Profiler
PCR Mouse Oxidative Stress Array, cat.# PAMM-065ZE-4, Qiagen). 10ul of this
mixture to the array plate was added and continued as per manufacturers

instructions using a 7900 HT Fast Real Time PCR System (Applied Biosystems).

4.2.iii: Tagman validation

RNA was extracted from a heterozygous mouse (Dhcr7™>™M*

), as described above,
and cDNA was made (High Capacity cDNA Archive kit, cat.# 4368813,
ThermoFisher Scientific). The following TagMan probes were used:

. Epx (Mm00514768 m1, Applied Biosystems)

. Sod3 (Mm00448831 sl, Applied Biosystems)

4 Ccl5 (Mm01302427 ml, Applied Biosystems)

Each probe was validated against Gapdh using Dher7"*™" ¢cDNA and
concentrations ranging between 0 — 100ng to create a standard curve. 96-well plates
(MicroAmp Optical 96-well Reaction Plate, cat.# 4306737, Applied Biosystems)
were used and the assays run on an 7300 Real Time PCR System (Applied
Biosystems). To validate, the slopes of the probe have to be within 0.1 of the slope
of Gapdh (Gapdh Control Reagents, cat.# 1601134, Life Technologies). The Ct
threshold was set at 0.15, which was within the linear range of the amplification

curves.
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RNA was isolated from eight female 3-month half cortexes (four control, four
Dher7™3™MA33) as previously described. These were different mice to those run on
the profiler array. cDNA was made using the High Capacity cDNA Archive kit
(cat.# 43-688-14, ThermoFisher Scientific). Due to competition between GAPDH
and the probe, the probes were run in separate wells on the plate. cDNA had

7835835 mice. As with the

previously been extracted from E18.5 control and Dhcr
Dher7"M37 3 month mice, the RT-PCR was performed on the 7300 Real Time

PCR System (Applied Biosystems) with Gapdh.

4.2.iv: Western blot

300ul RIPA lysis buffer (150mM sodium chloride, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulphate, 50mM Tris, pH 8.0) with protease
inhibitors (SmM sodium fluoride, ImM sodium orthovanadate) was added to ~Smg
tissue from three female 3 month mouse half cerebral cortexes (one control, one
Dher7™™* and one Dher7"*™A¥5), The samples were homogenised using a Omni
Bead Ruptor 24 (Omni International Inc.) and subsequently centrifuged at 12,000
RPM at 4°C. The supernatant was aspirated and protein concentration determined

using a Bradford assay (DC Protein Assay Kit, cat.# 500-0112, Bio Rad).

7ul SeeBlue Plus2 ladder (cat.# LC5925, ThermoFisher Scientific) was loaded into
a Bis-Tris 4-12% NuPAGE gel ( 1mm x 12 well, cat.# NP0342BOX, ThermoFisher
Scientific). 13pul of lysate + loading buffer was added and the gel was run and
transferred using an iBlot 1 (ThermoFisher Scientific). The resulting membrane

was put in 20ml blocking buffer (Western Breeze kit, cat.# WB7106, ThermoFisher
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Scientific) overnight and then probed using 1:1000 dilution Epx (cat.# sc-19147,
Santa Cruz Biotechnology) and 1:10,000 dilution B-actin (cat.:Ab49900, Abcam) as
the loading control. The anti-goat Western Breeze kit (cat.# WB7106,
ThermoFisher Scientific) was used and bands imaged using a BioRad ChemiDoc

XRS+ imager.

4.2.v: Cell culture for RNAseq

Cells from patient cell lines Control, A2SLOS (homozygous ¢.964-1G>C) and
NPC25 (¢.2979dupA, ¢.2103C>G; fs(exon 20), p.N701K) were plated in T75 flasks
at a density of 200,000 cells and grown in Dulbecco’s Modified Eagle Medium
(DMEM, cat.# 11995-065, ThermoFisher Scientific) with 10% fetal bovine serum
(cat.# FB-12, Omega Scientific Inc.), 1X (2mM) L-glutamine (cat.# 25030-081,
Life Technologies), 1X Penicillin (100 Units/ml)/Streptomycin (100pug/ml) (cat.#
15140-122, Life Technologies) in a 5% CO; environment at 37°C overnight. Each
flask contained two 18mm square coverslips (cat.# 12-541A, Fisher Scientific).
The next day each flask was aspirated and washed twice with 1X PBS (cat.# 10010-
023, Life Technologies). The cells were then grown in 20ml of the desired media
for 5 days.

. 10% FBS: Dulbecco’s Modified Eagle Medium (DMEM) with 10%

fetal bovine serum, 1X L-glutamate, 1X Penicillin/Streptomycin

. 7.5% LPDS: Mcoy’s 5A media with 7.5% lipo-deficient serum,

Insulin Growth Factors 1X L-glutamate, 1X Penicillin/Streptomycin
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. 7.5% LPDS + 100uM miglustat: Mcoy’s SA media with 7.5% lipo-
deficient serum, Insulin Growth Factors 1X L-glutamate, 1X

Penicillin/Streptomycin, 100uM miglustat

The LPDS was made by Dr. Christopher Wassif and Dr. Stephanie Cologna as
follows:

1) Dissolve 0.1 mg of EDTA in to 50 ml FBS Serum

2) Mix 128 ml n-butanol with 192 ml iso-propal ether

3) Add 80 ml of the butanol/iso-propal ether solution to 40 ml of the

FBS/EDTA.

4) Shake for 1 hour in the dark.

5) Centrifuge at 5°C for 15 min at 5000 RPM.

6) Remove the bottom phase and re-centrifuge at 5°C for 15 min at

5000 RPM.

7) Remove the top phase and filter through a 0.8um filter.

8) Lyophilize the solution.

9) Re-suspend in the same volume that was lyophilized and filter

sterilize through 0.2um filter. Freeze at -20°C.

4.2.vi: Collecting cell pellets

Media was aspirated and cells washed with 1X PBS. The coverslips were collected

and fixed with 4% paraformaldehyde for 20 minutes (cat.# P6148, Sigma). 3ml
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trypsin (0.05% Trypsin-EDTA, cat# 25300-054, Life Technologies) was added to
the flasks, left to incubate at 37°C for 5 minutes. Trypsin was quenched with 3ml
1X PBS. There were two T75 flasks for each repeat. Half the cells from one flask
were separated for FACS analysis and spun down (3000 RPM for 3.5 minutes, IEC
Centra CL2). The remaining cells were spun down, frozen and saved for RNAseq

analysis.

4.2.vii: Immunofluorescence

The coverslips were placed in petri dishes and rinsed in 1X PBS. 2 ml
permeabilisation buffer was added and left for 30 minutes in the dark at 4°C. The
coverslips were rinsed in 1X PBS three times. 2ml Incubation buffer was added,
left for 48 hours in the dark at 4°C and then the coverslips were washed a further
three times in 1X PBS. A nuclear stain was added for 30 minutes in the dark at
room temperature, the coverslips were rinsed with 1X PBS and mounted onto

microscope slides.

4 Permeabilisation buffer: 1X PBS, 10% non-steroidal goat serum

(cat.# G9023, Sigma), 2% 10% saponin (cat.# S4521-10G, Sigma) stock

. Incubation buffer: 1X PBS, 10% non-steroidal goat serum (cat.#
(9023, Sigma), 0.5% 10% saponin stock, 0.25% 0.002% filipin (cat.#
08707, PolySciences Inc.) stock, 0.1% cholera toxin (cat.# C-22841,

Molecular Probes)
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. Nuclear stain: 1x PBS, 10% non-steroidal goat serum (cat.# G9023,
Sigma), 0.5% 10% saponin stock, 0.05% YO-PRO (cat.# Y3603, Molecular

Probes), 0.05% TO-PRO (cat.# T3605, Molecular Probes)

4.2.viii: FACS staining protocol

The cells for FACS analysis were re-suspended in 1X PBS/BSA (833ul 30% BSA
(cat.# A9576, Sigma) in 50ml 1X PBS) solution and spun down (1400 RPM for 5
minutes at 4°C). The cells were washed twice in the PBS/BSA solution and then re-
suspended in 200ul 1X PBS. The cells were filtered through a 35pum mesh (Falcon
352235) and split into two 100ul samples. 1ul live-dead stain (LIVE/DEAD Fixable
Violet Dead Cell Stain Kit, cat.# 1.34955, ThermoFisher Scientific) was added to
each 100ul sample, covered and left for 10 minutes. The samples were washed with
1X PBS and re-suspended in cytofix/cytoperm buffer (BD Biosciences kit, cat.#
512090KZ, BD Biosciences) for 10-15 minutes. Incubation buffer was added and
left for 2 hours in the dark at 4°C. Samples were washed twice with 1X cytowash
(cat# 554723, BD Biosciences) and 100ul cytofix/cytoperm buffer was added.
Samples were kept in the dark until run on the FACS machine (BD LSR Fortessa).

BD compbeads were used (cat.# 51-90-9001291 and 51-90-9000949)
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J Incubation buffer: 1X cytowash, 0.001% filipin, 0.33% cholera

toxin

4.2.ix: RNAseq

Cell pellets were obtained and RNA extracted using the RNeasy kit (RNeasy Mini
Kit, cat.# 74106, Qiagen). RNA concentration was obtained using a Nanodrop
2000 (ThermoScientific). The RNAseq protocol was carried out by the Molecular

Genomics Core (NIH) as follows:

The libraries were constructed with an Illumina TruSeq Stranded
mRNA Library Preparation Kit (cat# RS-122-2101) to gain polyA
selected RNA and the library was stranded. The samples were
sequenced on a HiSeq2500 in RapidRun mode using Version 3
Chemistry and the 35 libraries were barcoded and pooled. The
entire pool was run on 5 FlowCells and the sequencing was paired-
end with 100 bp from each end. Alignment of the data was
performed using RNA-STAR [236] and was performed against the
Human genome (hg19 build, UCSC gene annotations). Reads at the
gene level were counted using subhead featureCounts [237] and

differential expression was determined using DESeq?2 [238].

A ranking system was employed to the DESeq?2 data using the following formula:
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1 X ABS(log2 fold change)
padj log2 fold change

“padj” refers to the p-value which is normalised using Benjamini-Hochberg method.
Subsequent analysis was performed using Gene set enrichment analysis (GSEA)
software using the pre-ranked tool. Graphs were plotted using GraphPad Prism

(Prism 6 Mac OS X, version 6.0b).
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4.3: Results

RNA is a useful tool to investigate disorders and can be used as a basis for multiple
methods. In this chapter I use different techniques to analyse varying aspects of the

mechanisms involved in SLOS and NPC.

Oxidative stress has been suggested to be present in SLOS so the first part of the
results in this chapter focuses on isolating RNA from control and SLOS mouse
brains for use in an oxidative stress array. This is combined with previous

proteomics work to further interpret the results of the array.

The latter half of the chapter focuses on RNA isolated from fibroblasts from SLOS
and NPC patients for RNAseq analysis. As there can be differences between
disease models, I first compared relevant results from the array with those seen in
the SLOS RNAseq dataset. However, the main focus of the RNAseq datasets was
to compare the effects of miglustat on gene expression between SLOS and NPC.
Therefore, the remainder of the chapter looks in depth at the RNAseq datasets in

order to help elucidate its method of action in both disorders.

4.3.i: RT? Oxidative Stress Array

Oxidative stress has previously been suggested to be a part of SLOS pathogenesis.

However, the majority of these studies have been in a rat model using a synthetic
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inhibitor of Dher7. Therefore, I aimed to analyse expression of genes associated

T93M/A3-5
7 /235 mouse model.

with oxidative stress in the Dhcr
The Oxidative Stress RT? Profiler Array tested 84 genes associated with oxidative
stress. RNA isolated from half a cerebral cortex from four 3-month old control and
four Dher7™*M*3 female mice were analysed in four replicates each.  Cycles
above 35 were considered negligible, although where only one out of the four
replicates was above 35, this was discounted from the calculations. An average
cycle number for each gene was calculated for each cortex. An average ACt was

calculated for control and Dhcr7"*M43

phenotypes and from this a fold change
was calculated. A p-value cut-off of less than 0.05 was put in place and fold change
thresholds of + 2, which corresponds to = 1 log2 fold change. Only three genes had
p-values less than 0.05:

. Eosinophil peroxidase (Epx); p-value: 0.0056

. Chemokine (C-C motif) ligand 5 (Ccl5); p-value: 0.0069

. Superoxide dismutase 3 (Sod3); p-value: 0.0144

Only Epx had a significant p-value and was over the fold change threshold; log2

fold change of -2.54. Ccl5 had a log2 fold change of -0.82 and Sod3 a log2 fold

change of 0.48 (Figure 4.2).
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Figure 4.2: Volcano plot of the Oxidative Stress RT? Profiler Array
Three genes had a p-value of lower than 0.05; Epx (0.0056), Ccl5 (0.0069)
and Sod3 (0.0144). Of these genes, only Epx has a log2 fold change over
the +1.0 threshold (-2.54). The remaining 81 genes were below the p-

value threshold.

4.3.ii: Validation of significant genes

In order to validate these results, four other control and Dhcr 7193MIA3S half cerebral
cortex from 3-month old female mice were used for TagMan analysis. The average
delta Ct for controls was used to assess variation between samples and the variation

between control samples was minimal. Three repeats were used for each cortex.
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In agreement with the Oxidative Stress Array, Epx had significant down-regulation
in all four additional Dhcr7™*M*3 cortexes (Table 4.1). For Ccl5 and Sod3, there

T93M/A3-5 .
7 mice. However,

was not significant difference between control and Dhcr
“Dher7™™MA35 € had a higher log2 fold change for Cel5 and Sod3, suggesting

there may be variation between samples.

Log2 Fold Change

Epx Ccl5 Sod3

Control A -0.10 -0.13 -0.49
Control B -0.09 -0.30 0.70
Control C -0.30 0.58 -0.37
Control D 0.49 -0.16 0.16
Dhcr7™3WASS A | 334 -0.27 -0.17
Dher7™3MAYS B | 566 0.72 -0.02
Dher7™3MAS ¢ | -4.66 1.26 1.23
Dher7™3MASp | 464 -0.17 0.34

Table 4.1: Validation of Epx, CclS and Sod3 using TagMan probes

Eight half cortexes from 3 month old female mice (four control (Control A-D),
four Dher7™*M33 (Dher7™MA3 A-D), were analysed via RT-PCR using
TagMan probes and Gapdh as a normalization control. The average delta Ct of
all control samples was used to assess variation between samples. The expression
of all three probes had negligible expression in the control cortexes. In agreement

T93M/A3-5
7

with the profiler array, Epx had decreased expression in the Dhcr mice.

For Ccl5 and Sod3, “Dher7"*™*3 C” had increased expression.
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4.3.iii: Protein analysis of Epx

The RT? Oxidative Stress array analyses the expression of RNA but this does not
always correspond to the levels of protein produced. Therefore, as Epx was
consistently significantly down regulated, a preliminary investigation was
implemented on the protein level. Epx comprises two chains — a heavy chain of 55
kDa and a light chain of 15 kDa. Correspondingly, three bands were seen on the
Western Blot — 15 kDa, 55 kDa and 70 kDa. B-actin was used as a loading control.
In contrast to what was seen in the RNA expression, there was no significant
difference in protein level (Figure 4.3). However, as this was only a preliminary

test with an N of 1, more testing is needed to establish if this is a true observation.

Control
Dhcr 7T93M/A3—5
D h cr 7T93M/+

70 kDa

Epx B-actin Ratio

Control 3916808 | 5249295 0.746
Dher7"™™MASS 13740214 | 5025852 0.744
15 kDa — : ’ Dher7™™M* 13761282 | 5994286 0.627

55kDa  wee ' s W

B-actin - W

Figure 4.3: Western blot of Eosinophil peroxidase (Epx)

A) Western blot of lysate from a control, Dhcr7™*™*35 and Dher7™*™*
half cortex, using B-actin as a loading control. Epx is comprises a
heavy chain (55 kDa) and a light chain (15kDa). The entire protein
is 70 kDa. The three major bands show these molecular weights.

B) Using the density of the main 55kDa band, a ratio can be discovered
to normalize to B-actin. This showed that there was no difference

between any of the phenotypes.
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4.3.iv: Superoxide dismutase: further investigation

Superoxide is a common component of oxidative stress and therefore up-regulation
of genes that eradicate superoxide, such as superoxide dismutase, are an indicator
that oxidative stress is a pathogenic factor. Superoxide dismutase is split into three
types; superoxide dismutase 1 (Sodl, located in cytoplasm), superoxide dismutase 2
(Sod2, located in mitochondria) and superoxide dismutase 3 (Sod3, the extracellular

form).

Although Sod3 was not above the log2 fold change threshold in the profiler array, a
previous proteomics study showed that Sod1 was up regulated in both E18.5
Dher7*9%37 mice and CSF from SLOS patients (Figure 4.4A and B). In contrast,
the profiler array showed that both Sod/ and Sod2 were down regulated, although

these values were not significant (Figure 4.4C).

From the results of the proteomics study and the profiler array, there seemed to be a
potential change in regulation of the superoxide dismutases in SLOS. Therefore, to
further test the RNA expression of Sod3, E18.5 Dhcr7**¥ mice were
additionally used. To ensure a fair test, the RNA extracted from 3-month
Dher7"M27 mice used in the previous validation was also analysed. As before,
the control mice had no significant changes in Sod3 levels and “Dhcr7™ M43 C”

had the highest increase in Sod3. At E18.5, there was very little change between the

control and Dhcr7*>¥*3" mice (Figure 4.4D and E).
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Figure 4.4: Superoxide dismutase analysis

mice.

B) Proteomics analysis of SOD1 from SLOS patient CSF.

A) Proteomics analysis of Sod1 from control and Dhcr7*3*% E18.5 mice
A + B: Data from Dr. Stephanie Cologna and Christine Sheih
C) Data for SodI — Sod3 from the RT* Profiler Array

D) Sod3 data comparing E18.5 control and Dher7*235 mice and 3 month

E) Graph plotting expression of Sod3 E18.5 and 3 month data
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4.3.v: RNAseq

Although there is a potentially interesting result in the profiler array for Sod3, this is
not as significant as that seen from the human proteomics data. Therefore, |
decided to analyse my RNAseq data, which shows expression from fibroblasts from
a severe SLOS patient to elucidate if there is a difference between the mouse model
and human data or if it is difference between RNA and protein expression. The
cells were grown in 10% media and lipo-deficient serum (LPDS). As growing the
cells in LPDS forces the SLOS phenotype to occur, the difference between cells in
10% and LPDS media represent the expression change in the SLOS phenotype.

In agreement with what is seen in both the array and validation in the Dhcr7™3MA3
mouse, SOD3 is up regulated. SODI and SOD?2 are also both up regulated in this
dataset, although the SODI change does not have a significant p-value (Table 4.2).
This agrees with the proteomics data but is in contrast with the profiler array.
Similarly, EPX is slightly down regulated but this is not significant or dramatic as in

T93M/A3-5
the Dhcr7 /235 mouse.

p-value |log2 fold change

SOD1 0.057 0.45
SOD2 4.05E-14 1.11
SOD3 1.44 E-10 1.73

p-value |log2 fold change
| EPX 0.86 -0.19

Table 4.2: RNAseq data of SODI — 3 and EPX

This data is from the A2SLOS patient cell line RNAseq data set. SOD/ had a
non-significant negligible change. SOD2 has a significant increase and a log2
fold change of 1.11 and SOD?3 has a significant increase with a log2 fold change
of 1.73. EPX did not have either a significant p-value or log2 fold change.
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4.3.vi: RNAseq — miglustat study

The main focus of the RNAseq data was to test the effect of the drug miglustat in
SLOS and NPC patient fibroblasts. NPC is a lysosomal storage disorder and the
accumulation of cholesterol in the lysosomes can be viewed using filipin staining.
SLOS has been observed to have an NPC1-like phenotype with similar punctate
staining but miglustat affects the filipin staining of SLOS and NPC fibroblasts in

different ways, reducing filipin staining in SLOS but not NPC fibroblasts (Figure

4.5).
10% FBS LPDS LPDS + Miglustat

150 pm m

Control
T]:m 150 ym Tym

A2SLOS
Tym 150 ym Tum

NPC25

Figure 4.5: Filipin staining of control, A2SLOS and NPC2S5 fibroblasts
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Figure 4.5 (previous page): Filipin staining of control, A2SLOS and NPC25
fibroblasts

Filipin staining (blue) for unesterified cholesterol in control (top), A2SLOS
(middle) and NPC25 (bottom) fibroblasts grown in specified media for 5 days. In
10% media, only NPC25 has noticeable filipin staining. Filipin staining may
increase slightly in A2SLOS and WT cells when they are grown in LDPS but the
main point of interest is that miglustat does not decrease staining in NPC25 or WT

cells but does appear to decrease staining in A2SLOS cells.

This staining was inconsistent and therefore FACS was used as a second method to
confirm that miglustat was having an effect on the cells. The cells were stained
with cholera toxin and measured via FACS (Figure 4.6). It was seen that when the
cells were grown in 10% FBS, both control and A2SLOS had similar cholera toxin
stains whereas NPC25 had a much higher intensity stain. When the cells were
placed into LPDS, the staining for NPC25 stayed approximately the same but
control and A2SLOS staining increased to a similar level. After miglustat was
added, the staining decreased to the same level in all cell lines. Cholera toxin stains
GM1 and, as miglustat disrupts the ganglioside synthesis pathway, the reduction in

staining shows that the drug is affecting the cells.

FSC-A measures the forward scatter and corresponds to the size of the cells. In
10% FBS, all the cells are different sizes, ranging from control as the smallest to
NPC25 cells, which are the largest. In LPDS, control cells remain the same size,
but NPC25 and A2SLOS decrease in size, although NPC25 cells are still larger.
With the addition of miglustat, NPC25 cells appear to stay the same size whereas

control and A2SLOS increase slightly in size.
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Figure 4.6: FACS plots from control, A2SLOS and NPC2S fibroblasts

FACS analysis of cholera toxin staining (left column, FITC-A) and cell size
(right column, FSC-A). Control cells (green) have little change in either cholera
toxin staining or cell size. A2SLOS cells (red) have increased cholera toxin
staining in LPDS, which then decreases slightly in miglustat. Cell size of A2SLOS
has a marginal decrease in LPDS versus 10% FBS, but then increases with the
addition of miglustat. NPC25 cells (blue) have high cholera toxin staining in both
10% FBS and LPDS but this decreases to control levels in LPDS + miglustat. Cell

size remains relatively constant, with only a slight decrease in the LPDS condition.
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4.4.vii: RNAseq - results

The FACS analysis showed that miglustat was having an effect on the cells.
Therefore, the RNA could then be analysed via RNAseq to discover any changes in

gene expression levels.

Two main values were gained from the RNAseq data; log2 fold change and a
normalised p-value (padj). This value is the p-value adjusted for the false discovery
rate using the Benjamini-Hochberg procedure. Control cells grown in cholesterol-
deficient media (LPDS) show several gene expression changes (Figure 4.7).
However, the number of genes with altered expression is greatly increased in
A2SLOS and NPC25 compared to control. As A2SLOS cells require LPDS in
order to display the disease phenotype, all cell lines were grown in LPDS with the
addition of miglustat. They were then compared to their counterparts grown in
LPDS to discover the effect of miglustat on gene expression. As can be seen in
Figure 4.7, miglustat had very limited effect on control cells, with only two genes
having a significant expression change above the +1 log2 fold change threshold
(HEYL and OAS3). Both A2SLOS and NPC25 had significantly more genes with

altered expression.
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Figure 4.7 (previous page): Volcano plots of RNAseq data

The top row of images show the gene expression changes when control (left),
A2SLOS (middle) and NPC25 (right) cells are grown in LPDS. The blue horizontal
line represent the p-value of 0.05 and the red vertical lines show the £1.0 log2 fold
change. It can be seen that there are multiple significant changes in all three cell

lines, but to a greater extent in A2SLOS and NPC25 compared to control.

The bottom row of images show the genes expression change as a result of the
addition of miglustat. Control cells (left) have only two genes that pass both the p-
value and fold change thresholds. A2SLOS (middle) and NPC25 (right) have

multiple genes with significantly altered expression.

Out of the 21,836 genes analysed, A2SLOS cells were found to have 342 genes
with a significant normalised p-value (>0.05) but only 131 of these had a log2 fold
change of =1 (17 genes down-regulated, 114 genes up-regulated). If this threshold
is tightened further to £1.5, 58 genes have altered expression (8 genes down

regulated, 50 genes up regulated).

NPC25 also had 21,836 genes analysed but had 145 with significant normalised p-
values (>0.05) but only 65 of these had a log2 fold change of =1 (4 genes down-
regulated, 61 genes up-regulated). If this threshold is tightened further to 1.5, 43

genes have altered expression (all genes up-regulated).

Running the entire data set through GSEA using a ranked system, the changes in
gene expression caused by the addition of miglustat can be split into hallmark

pathways. If all 21,836 genes for both A2SLOS and NPC25 are run through the
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software, 27 hallmark pathways are found; 9 for A2SLOS, 9 for NPC25 and 9 for
both A2SLOS and NPC25. Interestingly, for the pathways denoted for both
A2SLOS and NPC25, 4 pathways are up regulated (G2M Checkpoint, E2F Targets,
Mitotic Spindle and Inflammatory Response), 2 are down regulated (Unfolded
Protein Response, P52 Pathway) but the remaining 3 have opposite expression
changes; Protein Secretion and MTORCI Signalling (down regulated in A2SLOS
and up regulated in NPC25) and Myogenesis (up regulated in A2SLOS and down
regulated in NPC25). This ranking system takes into account genes that do not have
significant change in expression. If the analysis is limited to only genes that have a
significant p-value and a log2 fold change of 1.0, then the results are reduced to 6

pathways; 5 for A2SLOS and 1 for both A2SLOS and NPC25 (Figure 4.8).
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Hallmark Pathways altered by Miglustat

Coagulation- I A2SL0S
Apical Surface Il \NPC25
Glycolysis 4

Interferon Gamma Response-

Fatty Acid Metabolism+

Hypoxia
Cholesterol Homeostasis Hallmark Pathways Altered by Miglustat:
TNFA Signaling via NFKBA Expression #1.0
Apical Junctiond
Myogenesis- B A25L0S
KRAS Signaling Down-] Epithelial Mesenchymal Transition- I NPC25
Interferon Alpha Response-] % Glycolysis-
UV Response Up+ E
Unfolded Protein Response ‘g MTORCH Signalling-
Xenobiotic Metabolism-] E Mitotic Spindle
DNA Repair % E2F Targets+
P53 Pathway- T
Oxidative Phosphorylation- G2M Checkpoint-
Inflammatory Response- ‘If

KRAS Signaling Up+ NES

MTORC1 Signaling
UV Response Down+
Protein Secretion
Androgen Response+
Mitotic Spindle-

E2F+

G2M Checkpoint+

Figure 4.8: GSEA analysis of A2SLOS and NPC2S fibroblasts
Both graphs show the hallmark pathways against the normalized enrichment score
(NES). NES is a value given by the GSEA software.
A) This graph shows the pathways are found by analyzing all genes in the
RNAseq data set for both A2SLOS (red) and NPC25 (blue).
B) When the dataset is restricted to only significant changes, only 6 hallmark

pathways are found.
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To assess these results more closely, the functions of the most prominent genes
were examined. From the volcano plots, there are certain genes that stand out
(Table 4.3A). Although many of the expression changes are exacerbations of the

genes altered in only LPDS, some genes have opposite expression (Table 4.3B).

A
A2SLOS NPC25
Up Down Up Down
MYPN LAMP3 KIF20A
TMA4SF1 CALB2 CEP55
KIF18B LEF1 RRM2
RRM2 GRID1 FAMG64A
KIFC1 MKI67
IQGAP3
KIF20A
LYK6
B
A2SLOS Function NPC25 Function
ALDH8A1 Involved in retinoic acid biosynthesis ALPL May play a role in bone mineralisation
CPZ It i e Wi el iy Cpz Involved in the Wnt sgnalmg pathway-
CRABP2 RPS4Y1 |Component of the 40S ribosomal subunit
DES Binds to MYPN, a muscle protein
Transcriptional repressor of genes involved in cell
ETV7 R .
proliferation
ITIH3 Can bind hyaluronic acid
KRT15
KRT19 Part of the keratin gene family
KRT34
LEF1 Involved in the Wnt signaling pathway [ [down to up regulation |
MC4R May increase neurogenesis
NGFR Necessary for the circadian oscillation of clock | |up to down regulation |
genes and glucose and lipid metabolism in liver
SLC14A1 Mediates urea transport

Table 4.3: Further in depth gene analysis

A) This table shows the most significant genes from the dataset and pass the
threshold of +1.0 log2 fold change. The left hand side of the table shows the
genes from A2SLOS and the right-hand side shows the genes from NPC25.

B) This table shows differentially expressed genes in A2SLOS and NPC25 when
compared between cells grown in LPDS and LPDS + miglustat. The left-hand
side of the table shows the genes changed in A2SLOS and the right-hand side
shows the genes changed in NPC25. The genes that were down regulated in
LPDS but up regulated with the addition of miglustat are shaded green. The
genes that were up regulated in LPDS but down regulated with the addition of

miglustat are shaded red.
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4.4: Discussion

4.4.i: Oxidative Stress Array

Oxidative stress has previously been implicated in SLOS but the data in this study
does not support this suggestion. From the RT* PCR Profiler Array for Oxidative
Stress, three genes were significant and only one of these was additionally above the
log2 fold change threshold. However, previous studies have used different models
of SLOS, which may cause a more severe and less varied phenotype than that seen
in Dher7™*™A3 model. This could cause oxidative stress markers to be present at
more elevated levels than are seen in this study. Also, as there is variability within
the Dher7"™* model, it is possible that differences in expression between

T93M/A3-5

control and Dhcr7 may become apparent if testing numbers are increased.

However, there was not large variability in expression between the four controls and
Dy 7T93MA3S

mice to suggest that would be the case for the majority of genes in

the assay.

The one gene that showed some variation between the samples is Sod3. Sod3 had a
log2 fold change of 0.48 in the profiler array and, although not above the threshold,
it was one of three genes with significant p-values and therefore was validated using
six additional cerebral cortexes. There were no significant change in E18.5 severe
mice but in the 3-month Dhcr7"*™2¥5 model there was a significant increase one

T93M/A3-5
7

mouse with a higher log2 fold change. This variation in the Dhcr model is

not unexpected and agrees with what was seen in the histology work (Chapter 3).
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Proteomics studies on SOD1 had previously shown the protein to be up regulated in
both Dher79*3° E18.5 mice and CSF from patients. There was no significant
difference in my array in Sod! or Sod?2 but there was in Sod3. I therefore
investigated Sod3 in E18.5 Dhcr7"7** mice, but there was no significant
difference in the expression of Sod3. There are several suggestions as to why this is
the case. There are multiple pathways that can cause protein levels to change but
leave RNA expression unaltered. As noted by Maier et al. [239], transcription and
translation do not always have a simple correlation and are affected by multiple
processes, including the half-life of the protein, regulatory proteins and
experimental error and noise. Also, as there is variation in the SLOS mouse models
and only three mice were analysed, more mice are required to draw firm

conclusions.

The gene that was significant in both p-value and log2 fold change from the RT?
Profiler Array was Epx, eosinophil peroxidase. Expression was significantly

T93M/A3-5
7

decreased, with a log2 fold change of -2.59, in the Dhcr cortex compared

to controls. However, when the protein level was investigated via Western Blot,

T93M/A3-5 .
7 mice. As noted above,

there was no difference between control and Dhcr
there are multiple pathways that can cause protein levels to change but leave RNA
expression unaltered. Additionally, the western blot is based off an N of 1 and,
therefore, only limited conclusions can be drawn. The difference between RNA and
protein expression is intriguing and would benefit from further investigation, both

by expanding the number of samples studied and by additional techniques, such as

mass spectrometry. In contrast to the murine data, the RNAseq human data did not
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support the change in expression of EPX. The Allen Mouse Brain Atlas [240] does
not show a large amount of EPX expression in the brain. If EPX is only present in
low concentrations, even a small change would result in a large fold change, but this
may not be biologically significant. Additionally, the experiments were also
performed on different tissues and it is possible that there are differences between

the mouse model and patients.

4.4.ii: RNAseq — Miglustat study

Miglustat is an approved therapy for NPC in Europe and is noted to reduce GSL
accumulation in lysosomes. SLOS is suggested to have an NPC1-like phenotype
and therefore miglustat may have therapeutic benefits in SLOS [241]. If patient
fibroblasts are treated with miglustat, it has been reported that the drug decreases
filipin staining in SLOS but not NPC. This suggests that the drug may be acting via

different pathways in the two disorders and this was investigated using RNAseq.

Sequencing was performed at 100x coverage and was a 2 x 100bp paired-end read.
Paired-end sequencing allows additional positioning information and enables
improved identification of splice variants and CSNBs. However, it is a more costly
and time-consuming process as paired-end runs read from one end to the other and
then read another round starting from the opposite end. The resulting sequences
were then aligned using RNA-star [236] against the Human genome and gene
expression levels were counted using subhead featureCounts [237]. As artefacts

and biases can alter the results, normalisation has to occur.
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Only one sample, with three replicates, was analysed per condition, therefore, as
there is high uncertainty of within-group variance, inferential statistical methods
cannot not be used. There are many bioinformatics methods available for

normalisation but we used DESeq?2.

DESeq2 corrects for library size and RNA composition bias, which can arise when a
small number of genes are very highly expressed in one experiment condition but
not in another. It additionally fits negative binomial generalised linear models for
each gene and uses the Wald test for significance testing. It automatically counts
outliers using Cooks’ distance and removes these genes from analysis, as well as
removing genes whose mean of normalized counts is below a certain threshold.
Therefore, the first step was to normalise each replicate as a percentage of total
mRNA and these values were then averaged across replicates within each genotype.
DESeq?2 uses these values and the resulting errors to calculate the significance of

differences between genotypes.

GSEA software was used to compute the biological effect of the expression changes
calculated by DESeq2. The GSEA software uses four main statistical approaches to
create an analysis report. These are Enrichment Score, Normalised Enrichment
Score (NES), Nominal P Value and False Discovery Rate. The FDR is the
estimated probability that a gene set with a given NES represents a false positive
finding. For example, if the FDR is 25%, the result is valid 3 out of 4 times. I used
an FDR cut-off of 5% as I have a small number of samples and therefore needed a

more stringent significance cut-off.
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Control cells showed very little gene expression change when miglustat was added
to the cells, showing that the drug is affecting the specific disease. More genes
were affected in A2SLOS compared to NPC25, potentially confirming the
suggestion that the drug acts through different pathways in each disorder. However,
in order to determine if this was the case, detailed analysis was carried out on the

data.

In both disorders, the majority of genes with aberrant expression were involved in
the cell cycle, particularly those associated with mitotic spindles and the G2M
checkpoint. The function of the up regulated genes associated with these pathways
was to increase cell growth and proliferation. In agreement with this, changes in
gene expression to repress apoptosis were also observed, for example, FOXS! is an
inhibitor for FOXO3 and FOXO4 expression. These latter proteins are involved in
the up regulation of genes required for apoptosis therefore FOXS! indirectly inhibits
apoptosis. This correlates with the up regulation of BIRC5, which is an inhibitor of

apoptosis.

From the volcano plots, certain genes with the lowest p-values, i.e. most
significance can be easily picked out. In A2SLOS, there were 8 of these that were
up-regulated and 4 that were down-regulated. In NPC25, 5 were up-regulated. In
both disorders, the majority of up-regulated genes were involved in cell
proliferation (TM4SF, KIF18B, KIFC1, KIF204, FAM64A4, CEP55, MKI67,
IQGAP3 and RRM?2). This agrees with the observations, reviewed by Hakomori

[235], that glycolipids are involved in cell growth regulation. Retinoid compounds
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induce differentiation and genes involved in retinoic acid synthesis, such as

ALDHS8AL, are up-regulated in A2SLOS and NPC25 cells treated with miglustat.

Interestingly, RRM2 also has a role in the inhibition of WNT signalling and the
WNT signalling pathway has been shown to have differential expression in both
SLOS and NPC [215,242]. In control cells grown in LPDS, WNT94 is the only
WNT gene affected, with a down-regulation of -1.19. On the other hand, A2SLOS
cells grown in LPDS have highly significant differential expression of WNT10B (-
2.23), WNT4 (-2.31) and WNT?2 (1.18), in addition to WNT9A4 (-2.25). Similarly,
NPC25 fibroblasts grown in LPDS have highly significant differential expression of

WNTI6 (2.15), WNT2 (1.37), WNT4 (-2.44) and WNT9a (-1.74).

Multiple other genes involved in the WNT pathway are additionally up- or down-
regulated in A2SLOS and NPC25 but not control cells. For example, FZD$§ has the
most significant gene expression change in A2SLOS and, although not below the -
1.0 threshold, FZD$ has a log2 fold change of -0.90. CRABP2 and LEF'I (one of the
most significantly down-regulated genes in A2SLOS) are also key members of the
WNT pathway. Interestingly, miglustat reverses expression of these genes; CPZ
and RRM?2 (A2SLOS and NPC25) and LEF1 (A2SLOS) are up-regulated in LPDS
but down-regulated with the addition of miglustat. Therefore miglustat may help
correct the aberration in this pathway but more research will be needed to discover

if this is the case.

With regards to the second most significant gene expression change in A2SLOS,

MYPN is a muscle protein with the ability to bind other proteins, such as DES.
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Correspondingly in A2SLOS, MYPN is the most significantly up-regulated gene,
with a log2 fold change of 1.73, and up-regulation of DES is also observed (log2
fold change of 1.29) although the significance of this is not certain. Other
highlighted genes are involved in keratin synthesis (KR715, KRT19 and KRT34) but
previous studies have identified false positivity associated with these genes,
including the presence of pseudogenes with sequence similarity [243]. As such, the

up-regulation of these genes in this study may be considered artefacts.

MC4R and NGFR are receptors of the nervous system. Antagonists of MC4R have
been found to increase neurogenesis and cognitive recovery in Alzheimer’s disease
[244,245]. NGFR is suggested to be involved in the circadian oscillations of clock
genes and this could correspond to the sleep-cycle disturbance seen in SLOS

patients.

The most significantly down regulated genes in A2SLOS were LAMP3, CALB2 and
GRIDI. These all have a role in signal transmission or function of neural cells.
More study will need to be carried out to enable the result of the down regulation of

these genes. No genes had highly significant down regulation in NPC25.

Although not among the highly significant genes, RPS4Y1 is significantly down-
regulated in NPC25 fibroblasts grown in LPDS but up-regulated with the addition
of miglustat. This gene encodes for a component of the 40S ribosomal subunit. An
interesting point to note is that in an NPC1 yeast synthetic lethal screen (work
carried out by Alexandria Colaco, DPhil candidate, University of Oxford),

ribosomal proteins were also highlighted.
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Although there are some potentially interesting findings in the RNAseq study, the
significantly altered genes, such as those involved in the cell cycle and WNT
pathway, need to be validated via other methods, for example, using TagMan
probes. If the changes in expression are confirmed, further experiments would be
required to test the resulting protein levels of these genes to ascertain if there are
any correlations. Additionally, other cell lines of varying severity levels would
need to be investigated to help gain the extent of biological significance. If these
results are shown to be significant, they could provide novel insights into the

pathogenic mechanisms of SLOS and NPC.
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Chapter 5: Concluding Remarks

Concluding Remarks

Identify targets for
therapies
(Chapter 3 and 4)

!

Test therapies in animal
models
(Chapter 3)

\ Therapeutic development ~——_
/ Treat patients earlier

Use incidence to
identify at-risk patients
(Chapter 2)

Improved prognosis

P for patients

impact future study.

Figure 1: Summary figure showing how the work in this thesis can

Research into the properties and biological functions of cholesterol has been a

continuous challenge for over 250 years. As with many things in life, cholesterol

levels in the body need to be balanced, as exemplified in SLOS and NPC. Although

both are monogenic disorders caused by defective cholesterol homeostasis, SLOS has

decreased levels of cholesterol and increased levels of the cholesterol precursor

7DHC, while NPC has elevated storage of un-esterified cholesterol in late

endosomes/lysosomes. Despite resulting from very different defects in cholesterol

homeostasis, both disorders are devastating and have distinctive phenotypes.

Not only is cholesterol critical for correct development, it is also the precursor to

multiple important molecules that play a role throughout life. Chapter 1 reviewed the
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current literature regarding cholesterol metabolic pathways, its regulation and
defective homeostasis in SLOS and NPC. Although research into both disorders has

been extensive, limited therapeutic options are available for both monogenic diseases.

In order for a treatment to have the greatest effect, it requires administration within an
optimum time window. Therefore, the earlier the treatment is administered, the more
likely it is to maximise clinical benefit. Early treatment is also important in
degenerative disorders, such as NPC, because if treatment is administered before the
majority of degeneration has occurred, the disease course has the potential to be

stabilised.

Monogenic disorders follow the principle of Mendelian genetics and can usually be
followed through family trees. As SLOS and NPC are both recessive disorders, if these
families are not closely followed, many people could be unknown carriers and at risk of
passing the disorder to their children. Additionally, both disorders also have broad
severity spectrums, ranging from in utero lethality to late-onset mild cases. With so
much variation, how can “at risk” populations be diagnosed early enough to be treated

before the onset of symptoms?

By estimating the incidence of monogenic disorders, the potentially “at risk”
populations can be identified. This constricts the number of individuals to genetically
council and screen, therefore reducing costs, preventing affected cases and increasing
feasibility. Chapter 2 investigated the novel use of massively parallel sequencing data
sets to estimate incidence of SLOS, NPC1 and NPC2. Multiple causative mutations

have been discovered for these disorders but carrier frequencies of individual mutations
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vary across geographical populations. This chapter used existing population data from
the 1000 genomes project to exemplify how the carrier frequency of the most frequent
SLOS mutation, ¢.964-1G>C, had carrier frequencies ranging from 0.46% - 0.81%
depending on the population studied. Accurate population genetics requires data from a
large cohort and, although the time taken and cost of sequencing has dramatically
reduced over recent years, it is still a significant investment. This exemplifies the
scientific and social benefit that can be derived from making multiple experiments

available to other researchers.

From the four data sets used in Chapter 2, a maximum of 17,836 alleles were analysed.
The cost of sequencing this number of alleles for an individual study would be
significant but, as this data was already available, it added great depth to the study at
minimal cost. This chapter discovered that the estimated incidences of SLOS and NPC
were approximately the same as that reported from previous clinical studies, 1/40,000
and 1/89,000 respectively. However, a late-onset form of NPC1 may be more prevalent
than previously thought, with an estimated incidence as high as 1/19,077. In this case,
many patients may be being misdiagnosed or missed due to atypical presentation or
mild symptoms. If these patients can be identified, this would aid the administration of

the most effective treatments.

Chapters 3 and 4 investigated aspects of the methodology involved in development of
therapies. After the development of novel therapeutic intervention, before progressing
to clinical trials, drugs must be tested in animal models to test efficacy and toxicity.
One useful, non-invasive technique is to observe alterations in behaviour. As the

behaviour of the Dhcr7"™*™4¥5 SLOS mouse model has not previously been
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characterised, Chapter 3 began to identify if the behavioural characteristics replicate
those seen in patients. As the mice are bred on a mixed background, tentative
conclusions can be drawn, but a homogenous background model is currently being
developed that may tighten the data. Interestingly, the isogenic C57BL/6 Dhcr7"*MWA3S
model does not have the same survival rate seen when the same genotype is present on a
mixed background. This led to the suggestion that genetic modifiers may be involved
and this could potentially explain some of the variation seen in this study.

T93M/A3-5
7

Corresponding to patient behaviour, hyperactivity was observed in Dhcr mice,

7TO3MIA3-S hice exhibited

though to a greater extent in females. In contrast, Dhcr
decreased anxiety, which is contradictory to patient studies. These data may be

explained by the neurological studies of the Dhcr7™*™*¥ brains, which revealed

abnormalities of the anterior commissure and hippocampus.

Interestingly, the hippocampus contains multiple serotonin receptors and inhibitors of
serotonin uptake have been shown to decrease Nestlet shredding in mice [210]. If the
RNAseq data (Chapter 4) is also taken into consideration, 5-hydroxytryptamine
(serotonin) receptor 2A (HTR2A) has a log2 fold change of -1.64 when A2SLOS cells
are grown in LPDS compared to 10% FBS (i.e. when A2SLOS cells present with the
SLOS phenotype). In contrast, S-hydroxytryptamine receptor 1B (H7TR1B) has a log2
fold change of 1.97. Although it is currently not certain how serotonin may contribute
to the phenotype of SLOS, if this is established, it could provide a potential therapeutic

target.
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Prior neurological studies of SLOS patients have also exposed structural defects,

T93M/A3-5
7

although these exact changes were not found in the Dhcr model. Nevertheless,

the structural differences that were found may be used as a guide for areas that justify

further research. For example, in both patients and the Dhcr7" M43

model there was
atrophy of white matter; the corpus callosum in patients and anterior commissure in the
mouse model. Myelin is the main component of white matter, comprising 70% lipids,
25% of which is cholesterol [45]. It is not known if myelin is altered in SLOS, but the

data from both this and previous studies suggests that it is an area worthy of further

investigation.

The main focus of the RNAseq data in Chapter 4 was to assess the pathways altered by
miglustat in SLOS and NPC patient fibroblasts. This study highlighted that the two
main pathways altered by miglustat were cell growth and WNT signalling. Miglustat
alters the glycolipid pathway and, as studies have shown that this pathway is involved in
cell proliferation, this could be the cause of the altered genes involved in cell growth.
The altered genes in the WNT signalling pathway found from the study is an interesting
result as previous studies in iPS and neuronal cells have found alterations in WNT
signalling in SLOS [215] and NPC [242]. As WNT signalling is crucial to cell
development [246], treatment would likely have most effect if delivered early in life,
emphasising the importance of identifying patients (Chapter 2). However, as treatment
of the WNT signalling pathway is complex [247], and the RNAseq data was only based
on three cell lines, a thorough investigation into the alterations of this pathway in SLOS

and NPC would be required.
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The data in this thesis was specified towards SLOS and NPC, yet many of the
techniques employed could be translated to other recessive monogenic disorders, for
example, the estimation of incidence studied in Chapter 2 and the investigation into
drug mechanisms using RNAseq (Chapter 4). The RNAseq methods could also be
used to determine pathways of additional drug treatments, such as curcumin, a drug that
has been shown to be effective in NPC [135], but also has an affect on the WNT

pathway [247]. Once the behavioural phenotype of the Dhcr7" M43

mouse model (on
the homozygous or heterozygous background) has been fully elucidated, these

treatments could be administered to the mice and alterations in the behaviour and

neurological structure observed.

Ultimately, the goal for all clinical research is to improve the prognosis, if not cure, rare
and common disorders. The research contained in this thesis is only the tip of the
iceberg in the vast ocean that is the development of therapies for human diseases.
Despite this, each development, however small, helps understand the world around us

and to create a better quality of life for patients suffering from devastating disorders.

“Research means to investigate something you do not know or understand”

“Research is creating new knowledge.”

Neil Armstrong
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Future Direction

This thesis showed how existing datasets could be utilised in order to estimate incidence
of rare, monogenic disorders. However, this approach was not ideal as multiple
literature searches and molecular analyses were required, although it was useful for
analysing population genetics. If future studies include greater population data, these
datasets could have a use for analysis of population genetics of Mendelian disorders.
This would identify populations that had the greatest risk and would potentially enable
undiagnosed patients to be discovered. Using existing large datasets also could be used
to identify secondary risk factors, for example, the SLOS study highlighted a gene

associated with obesity. This could help guide health decisions.

This thesis began to explore other avenues to discover the mechanisms behind the
pathogenesis of SLOS and NPC. RNAseq is a powerful tool that can analyse the
transcriptome effectively and at a relatively low cost. This study used one drug
treatment, miglustat, on only one sample cell line from control, SLOS and NPC
populations. However, th e results from this study require validation using other real-
time PCR methods and also proteomics analysis to discover how the gene expression
relates to protein levels. Future directions would include analysing multiple cell lines
across the severity spectrums of SLOS and NPC to establish if there are differences in
the transcriptomes. Additionally, it would be useful to test other drug treatments, for
example the antioxidant 6-tocopherol or cyclodextrin. As was seen in the miglustat
study, this could highlight further avenues in which to explore novel therapeutic

interventions.
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Currently, there is not an ideal SLOS mouse model in which to test drug treatments.

. . T93M/A3-5
However, murine models using the Dhct7

genotype are being developed on two
isogenic backgrounds. Initial observations of these mice have produced some surprising
results, with the C57BL/6 isogenic model dying early in life, but the FVB/N isogenic
background model produces survival similar to the mixed background model. This

suggests that there may be one or more genetic modifiers and therefore future study

should aim to identify them by analysing the genetic profiles of these models.
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Appendices

DHCR7 Summary Table

Summary table of variants in DHCR7

The ‘cDNA’ column designates the variant change seen in the cDNA from the data sets.
The ‘Protein’ column shows the amino acid change in the protein. ‘rs#’ is the reference
number for the CSNB. The ‘Polyphen/Published/MaxEntScan’ column refers to the
prediction of the variant by Polyphen-2 or MaxEntScan and if the variant has been
previously published. As all variants were not discovered in every allele, the ‘total
alleles’ column details the total number of alleles analysed for that particular variant.
The subsequent four columns show the number of times that variant occurs within each

data set. The final column, ‘rate’ is the carrier frequency for that variant.
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NPC1 Summary Table

Summary tables of NPCI and NPC2

The ‘cDNA’ column designates the variant change seen in the cDNA from the data
sets. The ‘Protein’ column shows the amino acid change in the protein. ‘rs#’ is the
reference number for the CSNB. The ‘Polyphen/Published/MaxEntScan’ column refers
to the prediction of the variant by Polyphen-2 or MaxEntScan and if the variant has
been previously published. The next two columns are the pathogenicity predictions of
each variant as designated by SIFT and Mutation Assessor respectively. Not all variants
locations were sequenced in all alleles and were, therefore, not ascertained in every
sample. Correspondingly, the ‘total alleles’ column details the total number of alleles
analysed for that particular variant. The subsequent four columns show the number of
times that variant occurs within each data set. The final column, ‘rate’ is the carrier

frequency for that variant.
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