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Abstract

Wolfram Syndrome (WS) is a rare autosomal recessive disease characterised by insulin-
dependent diabetes mellitus, optic nerve atrophy, diabetes insipidus, deafness, and neurological
dysfunction leading to premature death. WS is caused by mutations in the WFSI gene encoding
an Endoplasmic Reticulum (ER) trans-membrane protein (Wolframin) that also localises to
secretory granules in pancreatic beta cells. Although its precise functions are unknown, WFS1
protein deficiency affects the unfolded protein response, intracellular ion homeostasis, cell cycle

progression, and granular acidification.

The current study demonstrated that neuronal cells (human and mouse neuroblastoma and human
NT2 cell lines) stably or transiently depleted of WFSI1 protein, showed significantly elevated
expression of the ER stress markers BiP, CHOP, spliced XBP1, ATF6 and HRDI, indicating an
enhanced ER stress response. This was accompanied by increased apoptosis and impaired cell
cycle progression. Cell cycle assays measuring p21Cip ! showed reduced levels in WES1 depleted
cells, and an inverse association between p21°ip] expression and apoptosis. WFS1 depletion also
resulted in decreased expression of Na'/K" ATPase betal subunit and Vacuolar ATPase (V-
ATPase) V1A subunit. The elevated expressions of ER stress markers, but not the decreased
expression of pump subunits, were reversed by adenoviral over-expression of BiP/GRP78.
Protein degradation assays with cycloheximide showed more rapid degradation of both pump
subunits in WFS1 depleted cells compared with controls. Immunofluorescence and electron-

microscopy analyses revealed that WFS1 localises not only to ER but also to the secretory
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vesicles in human neuroblastoma cells. Most importantly, a novel interaction between WFS1 and
the VIA subunit of the vacuolar-type H'-ATPase (proton pump) was demonstrated by co-
immunoprecipitation in transfected HEK293 cells, and with endogenous proteins in human
neuroblastoma cells. The interaction was mapped to the WFS1-N terminal, but not the C-terminal

domain.

WEFS1 depleted human neuronal cells were treated with the therapeutic agents taurodeoxycholic
acid (TUDCA) and sodium valproate (VPA) in an attempt to identify effective interventions for
WS. VPA treatment significantly induced the expression of WFS1, and increased expression of
the neuroprotective protein BCL-2. TUDCA treatment significantly reduced ER stress and

apoptosis in WFS1 depleted cells.

In conclusion, this study shows that WFS1 has a specific interaction with the V1A subunit of H"
V-ATPase; this interaction may be important both for pump assembly in the ER; and for granular
acidification. Chemical and molecular chaperones TUDCA, GRP78 and the histone deacetylase
inhibitor VPA showed promising results in providing protection against ER stress induced

apoptosis in WFS1 depleted neuronal cells.
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1.1 : Neurodegeneration

Neurodegeneration is a universal term for neuronal cell death caused by multifactorial stimuli
including genetic predisposition, cellular stresses, environmental factors, neuro-inflammation,
disruption of calcium regulating systems, mitochondrial dysfunction and misfolded protein
accumulation (Gorman, 2008, Soto, 2003). Several neurodegenerative diseases such as
Alzheimer’s (AD), Parkinson’s (PD), Huntington’s (HD) and prion disease occur as a result of
one or more neurodegenerative processes (Gao and Hong, 2008). These disorders are
characterised by impaired brain functioning caused by progressive but gradual loss of neuronal
function and structure in distinct regions of the central nervous systems (CNS) (Gorman, 2008,
Stoppini et al., 2004, Stefani, 2004). Progressive research in this area has shown many
similarities between these disorders, which could be used as a prerequisite for therapeutic
advances, that many disorders could benefit from. One of the hallmarks of many
neurodegenerative diseases is endoplasmic reticulum (ER) stress caused by protein aggregation,

which plays a key role in their development and pathology (Nieoullon, 2011).

Post mortem and neuro-pathological studies have shown neuritic amyloid plaques and
neurofibrillary tangles in the brains of patients with AD. Amyloid Beta protein aggregates are
accumulated extracellularly in the brain parenchyma or around the cerebral vessel walls. The
tangles containing aggregates of hyper-phosphorylated tau protein are accumulated in the
cytoplasm of degenerating neurons (Nieoullon, 2011). In PD patients, protein aggregates called
Lewy bodies are deposited in the cytoplasm of neurons from the substantia nigra. Lewy bodies

are composed mainly of alpha synuclein protein (Soto, 2003). Furthermore, a typical feature of
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the brains from HD patients is the intra-nuclear accumulation of a polyglutamine-rich version of
Huntington protein. Therefore, misfolding, aggregation and accumulation of proteins in the brain,
resulting in neuronal apoptosis seems to be the pathological mechanism of several
neurodegenerative disorders (Nieoullon, 2011). Neuronal cell death involves several mechanisms
such as apoptosis, autophagy and necrosis. Apoptosis is the best understood mechanism of
neuronal cell death that involves the caspase family of proteins, the BCL-2 family and the
adaptor protein Apaf-1. Autophagy involves lysosomal degradation and necrosis involves
swelling of intracellular organelles leading to loss of the plasma and nuclear membrane integrity

(Yuan et al., 2003).

1.2 Apoptosis in general

Apoptosis, also known as programmed cell death is a tightly regulated energy-dependent process
characterised by specific morphological and biochemical features. The morphological features
include cell shrinkage, chromatin condensation, and nuclear and cell fragmentation (Cotter,
2009). Apoptosis is a fundamental component of various physiological processes in mammalian
cells that occurs during normal development, aging and as a homeostatic mechanism to maintain
cell populations in tissues (Elmore, 2007). Examples of these processes are normal cell turnover,
proper development and functioning of the immune system, hormone dependent atrophy,
embryonic development and chemical induced cell death (Norbury and Hickson, 2001). It has
been reported that per day, approximately 60 billion cells are generated by an average adult
human body and an equal amount of cells undergo apoptosis to maintain cell homeostasis.
Therefore it is not surprising that apoptosis has to be tightly regulated, since imbalance of this
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vital process could lead to pathologies such as developmental defects, many types of cancer,

ischemic damage auto-immune diseases and neurodegeneration (Cotter, 2009).

Moreover, apoptosis could be triggered by DNA damage caused by irradiation or drugs used for
cancer chemotherapy, which leads to cell death through a p53 dependent pathway. P53
determines cells fate to induce growth arrest, DNA repair, or apoptosis. p5S3 promotes cell death
by apoptosis upon exposure to severe DNA damage. The loss of p53 functions and the
deregulated activities of p53 are involved in the development of malignant diseases, as well as,

cardiovascular, neurodegenerative, infectious and metabolic diseases (Yoshida and Miki, 2010).

1.3 : Endoplasmic Reticulum (ER) stress and the Unfolded Protein
Response (UPR)

The ER is a crucial organelle involved in folding, assembly, maturation and processing of newly
synthesised secretory and transmembrane proteins, as well as in lipid synthesis and post
translational modification (Jonikas et al., 2009, Fonseca et al., 2011, Oslowski et al., 2011). The
ER also plays a key role in essential cellular processes such as calcium storage, cell signalling
and degradation of misfolded proteins. The ER provides a unique environment with a
complement of foldases and chaperones, as well as a high quality control (QC) system for
recognition and targeting abnormal proteins for degradation as well as maintaining ER
homeostasis. Physiological and pathological insults can perturb this homeostasis leading to
accumulation of unfolded and misfolded proteins in the ER lumen resulting in a condition known

as ER stress. ER stress is the state where the folding capacity of ER is exceeded due to
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mechanisms such as excessive protein synthesis demand (Urano et al., 2000). Examples of the
perturbing insults to the ER homeostasis are: reduced calcium levels, overwhelming chaperone
capacity, viral infections, environmental toxins, inflammatory cytokines, alteration in redox state,
and mutant protein expression. Several drugs are able to pharmacologically induce these
perturbations in cells: thapsigargin causes disruption in ER calcium levels; dithiothreitol causes

disruption in ER redox, and tunicamycin, inhibits N-linked glycosylation.

When the ER QC is exceeded, a stress response is switched on and prolonged stress leads to
apoptosis. The ER stress response, also called the Unfolded Protein Response (UPR) is an
adaptive signal transduction system from ER to the nucleus to alleviate ER stress (Harding et al.,
2002). The UPR maintains a balance between the load of newly synthesised proteins and the
folding capacity of the ER by triggering signalling cascades to prevent the build-up of
unproductive and toxic protein products (Rajan et al., 2007, Wei et al., 2008, Rutkowski and
Kaufman, 2004). ER stress can be either acute or chronic. Acute stress is any insult that could
lead to rapid activation. Examples of acute ER stress are: calcium depletion, glucose deprivation,
hypoxia and ischemia. Chronic ER stress brings permanent changes in the function of the cell,
especially in the function of the ER and requires a long term adjustment to the cellular function.
This type of ER stress is usually caused by genetic mutations in ER chaperones that result in
misfolding of the proteins, viral infection, and different neurodegenerative disorders of protein

aggregation (Rutkowski and Kaufman, 2007).
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The ER stress response pathway consists of four different responses contributing to UPR as
shown in (Figure 1.1): (1) transcriptional activation of molecular chaperone genes such as
BiP/GRP78 which causes increase in the protein folding capacity and prevents protein
aggregation; (2) translational attenuation: reduction of the biosynthetic load and preventing the
accumulation of unfolded proteins. (3) Degradation of misfolded proteins by ERAD (ER-
associated degradation): misfolded and unfolded proteins in the ER are sent to the cytosol and
degraded by proteasomes; (4) apoptosis is the last option to eliminate cells that cannot cope and
resolve the ER stress when ER function is extensively impaired (Yoshida, 2004, Rajan et al.,

2007).
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Figure 1.1: UPR pathways induced in presence of unfolded proteins

Four distinct processes are involved in ER stress response to alleviate ER stress: (1) transcriptional
induction of ER chaperones such as BiP to enhance ER folding capacity; (2) Translational attenuation to
reduce biosynthetic load on the ER; (3) ERAD mediated degradation of unfolded or misfolded proteins by
proteasomes; (4) apoptosis to eliminate unrecoverable cells to maintain ER homeostasis. Image adapted
from (Rajan et al., 2007).
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1.3.1 The UPR pathways

Accumulation of unfolded and misfolded proteins is sensed by three transmembrane master
regulators across the ER membrane: the IRE1 (Inositol Requiring 1), PERK (Protein Kinase like
ER Kinase) and ATF6 a/b (Activating Transcription Factor 6). These three sensors are bound to
immunoglobulin heavy chain-binding protein (BiP) within the ER lumen under normal
unstressed conditions to keep them inactivated (Credle et al., 2005, Bertolotti et al., 2000).
However, upon the presence of ER stress in the ER lumen this stable complex is broken and each
of these sensors dissociates from BiP and becomes activated in response to ER stress (Bertolotti

et al., 2000, Urano et al., 2000) (Figure 1.2 and Table 1.1).

1.3.1.1 IRE1

IREI is a typel transmembrane endoribonuclease with a protein kinase activity that regulates
chaperone induction and ERAD in response to ER stress. This ER stress sensor exists in two
highly conserved forms: alpha and beta. IRE-alpha is expressed ubiquitously with high
expression in the pancreas and placenta. IRE-beta is expressed only in epithelial cells of the
gastrointestinal tract. The N-terminal luminal domain of IRE1 senses the presence of ER stress,
which causes its dissociation from BiP. This dissociation results in dimerisation, auto-
phosphorylation and activation of IREI1, leading to unconventional splicing of XBP1 (x-box
binding proteinl) (Urano et al., 2000). Thus, activated IRE1 splices a 26- nucleotide sequence
from XBP-1 mRNA (Lipson et al., 2006). A 376 amino acid basic leucine zipper (b-ZIP)
transcription factor is produced by the mRNA of spliced XBP1 that is involved in upregulation of

UPR genes. These include genes involved in folding of proteins such as protein disulfide
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isomerase (PDI) and genes that function in ERAD such as ER-degradation-enhancing-a-
mannosidase-like protein (EDEM) (Yoshida, 2004, Calfon et al., 2002). In the presence of
chronic ER stress, the apoptosis signalling kinasel (ASK1) is activated by tumour necrosis-factor
(TNF) receptor-associated factor 2. This TNF2 is recruited by activated IRE1. Activated ASK1
leads to the activation of C-Jun N-terminal kinases (JNK). Activated JNK induces apoptosis by
regulating the BCL family of proteins, under extreme ER stress (Fonseca et al., 2005, Urano et
al., 2000). Activation of JNK also causes enhancing of autophagy which allow cells to adapt to

the stress (Ogata et al., 2006) (Figures 1.2, 1.3 and Table 1.1).

1.3.1.2 PERK

The second sensor of UPR, PERK also belongs to typel ER transmembrane serine/threonine
protein kinase and its N-terminal domain is sensitive to ER stress. PERK plays a crucial role in
regulation of protein synthesis in response to ER stress and in selective stress induced gene
expression. Similar to IRE1, PERK is activated by unfolded/misfolded proteins in the ER lumen.
Upon activation, PERK oligomerises, undergoes trans-auto-phosphorylation and then directly
phosphorylates the alpha subunit of EIF2 (eukaryotic translation initiation factor 2) at Ser51. This
leads to attenuation of general protein translation, since phosphorylated EIF2a prevents the
formation of ribosomal initiation complexes. In this manner the ER work load is reduced and the
cells are protected from apoptosis caused by ER stress (Harding et al., 2000b). Phosphorylated
EIF2a is also involved in translation of a b-ZIP transcription factor ATF4 through a cap-
independent process, which plays a role in upregulation of UPR target genes. Examples of these

genes are C/EBP homologous protein (CHOP), growth arrest 8 and DNA damage inducible gene
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34 (GADD34) (Marciniak et al., 2006). GADD34 is a phosphatase, which carries out the

dephosphorylation of EIF2a and recovery of protein translation (Novoa et al., 2001).

1.3.1.3 ATF6

ATF®6 is the third sensor of the UPR and belongs to the type II ER transmembrane transcription
factors. It is located with its C terminal domain in the ER lumen and its N-terminal (the DNA
binding domain) is facing the cytosol. Two isoforms of ATF6 exist in mammalian cells ATF6-
alpha (90kD) and ATF6-beta (110kD). The alpha form has been extensively studied in relation to
ER stress. In the presence of ER stress ATF6a dissociates from BiP and translocates from the ER
to the Golgi where it is proteolytically cleaved to its active form by sitel and site 2 proteases
(Shen et al., 2002, Sommer and Jarosch, 2002). The luminal domain of ATF6 is cleaved by site-1
protease and the N-terminus is cleaved by site-2 proteases. This process generates an activated b-

ZIP transcription factor which transits to the nucleus.

Within the nucleus, the processed form of ATF6 binds to the ER stress responsive element
ATF/cAMP to activate UPR genes involved in protein folding, processing and degradation, such
as BiP, XBP1, glucose regulated protein-94 (GRP94), PDI, and calreticulin (Okada et al., 2002,
Adachi et al., 2008). ATF6 is also shown to heterodimerise with XBP1 to upregulate the
expression of ERAD genes (Yamamoto et al., 2007). Studies have shown that unprocessed ATF6
is unstable and it is degraded by the ubiquitin-proteasome pathway to prevent hyperactivation of

the UPR (Hong et al., 2004a).
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Figure 1.2: Distinct roles of the three arms of UPR: IRE1, PERK and ATF6

The presence of unfolded proteins cause ER stress leading to activation of the UPR sensors IRE1, PERK and ATF6,
which function to restore homeostasis. Activation of IRE1 causes non-conventional splicing of XBP1 which results
in enhancing the expression of molecular chaperones and the ERAD system. Activation of PERK inhibits cap-
dependent translation and robustly enhances the translation of the transcription factor ATF4. ATF4 increases the
expression of genes associated with amino acid metabolism. Activated ATF6 translocates to the Golgi where site 1
and 2 proteases perform its cleavage. The cleaved form (ATF6a) is transferred to the nucleus where it activates the
transcription of XBP1 and the molecular chaperones GRP78 and GRP94. Image taken from (Doyle et al., 2011).
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Protein Function Pathway Reference
BiP Master regulator of ER stress, Heat shock Bound to IRE1, PERK and ATF6 in unstressed conditions (Munro and Pelham, 1986, Bertolotti
protein, molecular chaperone et al.,, 2000, Lee, 2005)
IRE1 Regulates chaperone induction and ERAD in When activated: it splices XBP1 and processes HAC1 (Calfon et al., 2002, Lipson et al.,
response to ER stress mMRNAs, leading to synthesis of transcription factors. 2006, Oikawa et al., 2009, Urano et
Activated in response to ER stress and Recruits TNF2, which activates ASK1-leads to activation al., 2000)
dissociates from BiP JNK that promotes apoptosis
PERK Regulates translational attenuation and When activated, phosphorylates EIF2a leading to general | (Brewer and Diehl, 2000, Hamanaka
protein synthesis in response to ER stress protein translational inhibition and selective stress et al., 2005, Harding et al., 2000Db,
Activated in response to ER stress and induced gene expression: transcription factor ATF4: Marciniak et al., 2006, Zhang et al.,
dissociates from BiP upregulates BiP, CHOP and GRP94 2006)
ATF6 Transcription factor ATF6a translocates to Golgi where it is cleaved by S1P (Adachi et al., 2008, Ceylan-Isik et al.,
Activated in response to ER stress and and S2P to its active form which is transferred to the 2011, Okada et al., 2002, Yamamoto
dissociates from BiP nucleus to upregulate UPR genes: XBP1, BiP, GRP94, PDI, | et al., 2007, Yamamoto et al., 2008)
CHOP Transcription factor and pro-apoptotic Is activated through PERK-ATF4 and ATF6 pathways- (Fradejas et al., 2010, Gow and
protein induces the production of ROS Wrabetz, 2009, Matsumoto et al.,
Induces apoptosis by binding to the promoter of BIM 1996, Mihailidou et al., 2010, Song et
Expression is strongly induced in response to leading to down regulation of BCL-2 al., 2008, Zinszner et al., 1998)
ER stress
XBP1- Transcription factor that regulates UPR Its expression is regulated by unconventional splicing by (Kakiuchi et al., 2006, Uemura et al.,
(Spliced) IRE1. Spliced XBP1 activates the transcription of target 2009, Yamamoto et al., 2007,
genes encoding ER chaperones and ERAD components to | Yamamoto et al., 2008, Calfon et al.,
protect cells from ER stress induced apoptosis. 2002)
HRD1 E3 ubiquitin ligase is involved in degradation HRD1 supports degradation of all ERAD substrates up on | (Fonseca et al., 2010, Kaneko et al.,

of proteins from the ER

ER stress. Its transcription is regulated by the IRE1-XBP1
pathway

2002, Kaneko et al., 2007, Yamamoto
et al., 2008)

Table 1.1: Proteins involved in ER stress pathways

Main UPR proteins are shown with their functions, pathways and relevant references. The proteins shown in bold are being investigated in this
project as they represent the three main UPR branches: IRE1, PERK and ATF6. For example BiP is bound to these three sensors of in absence of
ER stress and the presence of ER stress causes their dissociation and activation. Consequently, each pathway upregulates the transcription of BiP

to perfume its chaperone functions to reduce ER stress.
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1.3.2 ER stress induced apoptosis

When the survival mechanisms of UPR fail to maintain ER homeostasis to rescue the cell, then
apoptosis occurs to prevent the production of damaged proteins by stressed cells. Studies have
reported that over-activation of UPR generates the apoptotic signals converging on the
mitochondria. This leads to the opening of the permeability transmembrane pore (PTP) and loss
of mitochondrial membrane potential. Subsequently, pro-apoptotic factors such as cytochrome ¢
are released to the cytoplasm (Figure 1.3). Apoptosis is usually mediated via the activation of
initiator-caspases by the protein complex apoptosomes. Examples of apoptosome complexes are
apoptotic protease activating factor 1 (Apaf-1), pro-caspase-9 and cytochrome c (Fan et al.,
2005). Procaspase-9 is processed by these apoptosomes to its active form, which causes the
activation of downstream effector caspases such as caspases 3, 7 and 6 resulting in apoptosis

(Bao and Shi, 2007).

The first ER stress induced apoptotic pathway is the caspase 12 cascade, where caspase 12 is
activated from procaspase 12. Caspase 12 is localised to the ER and the presence of ER stress
induces its expression and cleavage. However, the role of caspase 12 in ER stress induced
apoptosis is not fully understood (Fribley et al., 2009). Studies have shown that the cell viability
of B16 melanoma cells treated with the ER stress inducing agent thapsigargin, was unaffected by
the caspase 12 expression (Morishima et al., 2002, Kalai et al., 2003). Caspase 4 shows
similarities with caspase 12: it is activated in response to fluctuations in ER stress homeostasis.
Similarly, excessive ER stress cleaves caspase 2; and resistance to ER stress induced apoptosis is

conferred by inhibition of caspase 2 (Upton et al., 2008).
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The second apoptotic pathway associated with ER stress is the B cell lymphoma 2 (BCL-2)
pathway. Accumulating evidence suggests that the BCL-2 family of proteins are the key
mediators between the ER and mitochondria in apoptosis (Szegezdi et al., 2009). Some members
of this family of proteins function to regulate ER calcium homeostasis. Experimental evidence
suggests that over-expression of BCL-2 protects cells from ER stress mediated apoptosis (Gupta
et al., 2010). The BCL-2 family consist of anti-apoptotic proteins (BCL-2, BCL-XL and MCL-1),
all of them having four BH domains (BCL-2-homology) and pro-apoptotic proteins (BAD, BIM,
BIK, BID, PUMA and NOXA), with three BH domains. There are also multi domain pro-
apoptotic members BAX and BAK (Szegezdi et al., 2009). Studies suggest that the transition
from protective to an apoptotic UPR is regulated by the balance between the pro and anti-
apoptotic BCL-2 family members (Gupta et al., 2010, Szegezdi et al., 2009). BAX and BAK are
known for their role in permeabilisation of the mitochondrial outer membrane and release of pro-
apoptotic molecules including cytochrome ¢ and second mitochondrial-derived activator of
caspases (Gupta et al., 2010). ER stress upregulates the expressions of pro-apoptotic proteins
such as BAX and suppresses the expression levels of anti-apoptotic proteins such as BCL-2

promoting cell death.

The third pathway involved in ER stress induced apoptosis is the CHOP pathway. CHOP or the
growth arrest and DNA damage-inducible gene 153 (GADDI153) is a b-ZIP transcription factor,
which belongs to the family of C/EBP transcription factors. CHOP expression is strongly induced
in response to ER stress; however its expression in unstressed conditions is very low or

undetectable (Zinszner et al., 1998). CHOP expression could be induced by all three UPR sensors
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as it is activated through the PERK-ATF4 and ATF6 pathways (Gow and Wrabetz, 2009).
Experimental evidence has shown that CHOP deletion promotes cell survival in mouse
embryonic fibroblasts challenged with an ER stress inducing agent. These cells were significantly
less sensitive to ER stress induced apoptosis in comparison to the wild type (Zinszner et al.,
1998). CHOP activation induces the production of reactive oxygen species (ROS) (McCullough
et al., 2001). One of the downstream effectors of CHOP is caspase 11, which induces apoptosis
by activating caspasesl and 3 (Fradejas et al., 2010). In addition, CHOP induces cell death by
binding to the promoter of the pro-apoptotic BIM, this leads to upregulation of its expression and
simultaneously down regulation of the expression of BCL-2. Confirmation that CHOP activation
is not the only pathway involved in ER stress induced apoptosis was shown when CHOP was not
induced in PERK-/- cells. These cells were shown to undergo ER stress induced apoptosis,

indicating a CHOP independent cell death pathway (Harding et al., 2000a).
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Figure 1.3: Apoptotic pathways induced by ER stress

The pre-apoptotic signalling formed by ER stress is mediated by activation of JNK and activation of
CHOP due to increased ER stress. The balance between the pro-apoptotic and anti-apoptotic proteins of
the BCL-2 family is disturbed by JNK and CHOP; CHOP down regulates the transcription of BCL-2 and
causes upregulation of the transcription of the pro-apoptotic protein BIM. JNK causes phosphorylation
and activation of BIM leading to activation of BAK and BAX. This leads to calcium release from the ER,
opening of PTP, and loss of mitochondrial membrane potential. Consequently cytochrome c is released
which interacts with procaspase-9, apoptosome and Apaf-1 resulting in caspase cascade and causing
apoptosis. Mitochondrial outer membrane permeabilisation (MOMP), permeability transmembrane pore
(PTP). Image taken from (Doyle et al., 2011)
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1.3.3 ER stress and the cell cycle

As mentioned before, the presence of excessive unfolded proteins in the ER lumen induces ER
stress. ER stress causes upregulation of ER chaperones and decrease of protein synthesis,
resulting in G1 phase arrest (Han et al., 2012, Brewer and Diehl, 2000). The UPR functions as a
stress induced checkpoint that gives the cells time to fold proteins properly and to re-establish ER
homeostasis (Kaufman, 1999). The activities of several D-type cyclins (D1, D2 or D3) in
cooperation with Cyclin Dependant Kinases CDK4 or CDK6 followed by cyclin E and A as well
as CDK2 are required for the cell to progress from G1 arrest (Sherr and Roberts, 1995). Cell
cycle arrest is induced via several mechanisms such as specific post-translational modifications
of the CDK subunits, degradation of cyclin subunits and association of the active cyclin bound

CDKs with polypeptide CDK inhibitors (CKI) (Sherr and Roberts, 1995).

The study conducted by Brewer in 1999 suggested that the UPR mediates cells cycle progression
by controlling protein translation through PERK activation. This was achieved first by an in-vitro
study, where they demonstrated that cell cycle arrest in dividing cells occurred through activation
of UPR leading to suppression of cyclin D1 expression. The underlying suggested mechanism
was inhibition of cyclin D1 translation triggered by increased phosphorylation of elF2a. These
observations suggested that the UPR puts the cell cycle progression on hold until ER homeostasis
is restored. These findings suggest that PERK is a critical effector of the UPR that links ER stress

to the regulation of cell cycle progression (Brewer and Diehl, 2000).
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Neuronal degeneration causes dysregulation of cyclins, cyclin-dependent kinases and their
inhibitors in stressed neuronal cells (Hoozemans et al., 2004). There is evidence for dysregulation
of these processes in neurones in Alzheimer’s disease (AD) (Vincent et al., 1996, Nagy et al.,
1997). Induction of neuronal apoptosis is thought to be associated with the re-expression of cell
cycle proteins (Copani et al., 1999). This implies that the main mechanism, by which these post
mitotic neuronal cells undergo apoptosis, is attributed to the uncoordinated expression of some
cell cycle molecules causing a breach in the cell cycle check points (Arendt, 2001). Studies have
shown that prior to the appearance of neurological changes in AD patients, cell cycle changes can
be detected in their neurons (Yang et al., 2003). These changes include: upregulation of cyclin
DI; cyclin E; and phosphorylated retinoblastoma protein (ppRb) observed in non-demented cases
showing early signs of AD (Hoozemans et al., 2002, Hoozemans et al., 2004). These findings
imply that during the early stages of AD, neurodegenerative responses are leading to neuronal

cell cycle changes.

The study conducted by Hoozemans and colleagues investigated the temporal and functional link
between UPR activation and the expression of cell cycle proteins in post mitotic neurons in AD
pathogenesis. They found the expression of BiP to be negatively correlated with neuronal ppRb
expression (Hoozemans et al., 2006). Similarly, differentiated human neuroblastoma cells with
induced ER stress were investigated for a potential direct association between UPR activation and
cell cycle protein expression. Their findings indicated that cell cycle protein expression was
inhibited by activation of UPR and induced a cell cycle arrest in G1 phase. These findings
suggest that the UPR activation changes cell cycle protein expression in the pathogenesis of AD.

18| Page



p21Cip Uwafl is one of the cell cycle regulatory proteins that is known to be involved in ER stress

dependent regulation of the cell cycle. It is transcriptionally regulated by the p53 tumour
suppressor gene and functions as an inhibitor of the cyclin dependent kinases (Seoane et al.,
2002, Chang et al., 2000). Human p21 is encoded by the gene CDKN1A located at the short arm
of chromosome 6. The expression of p21 is shown to be associated with p53 dependent cell cycle
arrest. Although it is well documented that p21 expression inhibits cell cycle progression, this
protein is also shown to have anti-apoptotic functions, providing protection from p53 dependent
and p53 independent cell death (Coqueret, 2003). The study conducted by Mihailidou et al.
(2010) demonstrated that activated UPR causes suppression of p21 protein. They also showed
that transient suppression of p21 expression in CHOP deficient cells reduces their sensitivity to
apoptosis. The authors speculate that p21 is involved in signalling of ER stress and plays a role in
UPR associated apoptosis. This study also indicates that CHOP is involved in the regulation of
p21 during ER stress in facilitating pro-apoptotic cell death. Their findings suggest that induction
of p21 causes cell cycle arrest and inhibits apoptosis which assists the pro-survival role of UPR
during the initial stage of ER stress. Hence, CHOP promotes apoptosis as well as negatively

regulates the anti-apoptotic role of p21 (Mihailidou et al., 2010).

1.4 : Diabetes mellitus and ER stress

Diabetes mellitus (DM) is a complex and multifactorial disorder predominantly characterised by
glucose intolerance due to defects in the synthesis, secretion or action of insulin. Insulin is a
hormone involved in maintaining blood glucose homeostasis. Studies show that the pathogenesis

of most forms of diabetes are attributed to beta cell death (Karaskov et al., 2006). Two main
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forms of DM are Typel diabetes (T1D) which results from autoimmune destruction of insulin
secreting pancreatic beta cells. This leads to absolute insulin deficiency. T1D accounts for up to
10% of DM cases and usually occurs in childhood or young adulthood. Patients rely on insulin
replacement for survival (ADA, 2012). The second common form of DM is Type2 diabetes
(T2D), which accounts for about 85% of all diabetic cases. This type usually occurs in adulthood
and involves tissue insulin resistance on a background of relative insulin deficiency. The relative
insulin deficiency is a result of beta cell dysfunction and death, partly caused by increased
circulating blood glucose and saturated fatty acids. The majority of T2D patients are obese or
overweight and therefore lifestyle management with dietary restriction and exercise can improve
insulin sensitivity (ADA, 2012). T2D is also linked to genetic predispositions in some ethnic

groups (Zimmet, 2001).

Several genetic and clinical studies have underlined ER stress as a molecular mechanism
involved in the pathology of beta cell dysfunction and death in diabetes. It has been reported that
knockout of CHOP improves glycemic control and expansion of the beta cell mass (Song et al.,
2008). The link between ER stress and diabetes was first uncovered in a monogenic form of
hereditary diabetes called Wolcott—Rallison syndrome. This disease is caused by loss of function
mutations in the gene EIF2AK3 that encodes PERK (Mattsson et al., 2002, Zhang et al., 2006).
PERK is known for its role in differentiation and survival of beta cells. Knockout models of
Eif2ak3 (PERK) show decreased proliferation, preventing expansion of beta cells during neonatal
development, and consequently resulting in diabetes. Similarly, key markers of differentiation
were shown to be suppressed in Eif2ak3 knockout islets (Zhang et al., 2006).
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EIF2 is the primary target of PERK and its phosphorylation plays a crucial role in insulin
synthesis and regulation of UPR. This is evidenced in the experiments demonstrating that
heterozygous mouse models with mutations in the phosphorylation site of elF2a
(Eif2s1+/tm1Rjk) exposed to high fat diet show severe beta cell deficiency and develop diabetes
(Scheuner et al., 2005). These mice also show other abnormalities such as defective insulin
trafficking, abnormal beta cell ER morphology and reduced numbers of secretory granules.
Therefore, the diabetes in Wolcott—Rallison syndrome is thought to be mainly caused by
dysregulation of UPR as a result of vulnerability to ER stress induced apoptosis and loss of beta-

cell mass caused by a lack of beta cell proliferation.

Although several in vitro and in vivo studies have documented the link between ER stress and
beta cell dysfunction and death, in humans the role of ER stress induced apoptosis remains
debatable. In genetic forms of diabetes, beta cells death is thought to be partly related to the
accumulation of misfolded proteins and dysregulation of ER homeostasis. Several studies have
shown the presence of ER stress in beta cells of patients with type 2 diabetes (Laybutt et al.,

2007).

1.5 : Wolfram Syndrome

Wolfram syndrome (WS) is a rare neurodegenerative disorder characterised by juvenile onset
diabetes mellitus (DM) and optic atrophy (OA). This syndrome was originally discovered in 1938
by Wolfram and Wagener who reported Wolfram syndrome in four siblings (Wolfram and

Wagener, 1938). The prevalence of Wolfram syndrome in the United Kingdom was estimated to
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be 1 in 770 000 and a carrier frequency of 1/354, using a nationwide study conducted in 1995
(Barrett et al., 1995). This prevalence is estimated 1:500,000 worldwide and 1/100,000 in North
America with a much higher prevalence in East Asia, Middle East and North Africa, most

probably due to consanguineous marriages (Kinsley et al., 1995).

DM and OA are the minimal criteria for diagnosis of this disease; however WS patients also
present additional secondary symptoms. Therefore, WS is also known as DIDMOAD (Diabetes
Insipidus, Diabetes Mellitus, Optic Atrophy, and Deafness). This acronym describes the
predominant symptoms of WS (Barrett et al., 1995). The main feature of this syndrome is young
onset diabetes and the average age of onset is reported to be 5.4 years (Rohayem et al., 2011).
The cause of the DM is selective non-autoimmune beta cells death. Mutations in the WS gene are
the cause of premature death of pancreatic beta cells. This leads to insulin dependent and non

HLA linked diabetes (Inoue et al., 1998).

The natural history of WS is shown in figure 1.4A; this figure was first described by Barrett and
Bundey in 1997; it shows the presentation of diabetes mellitus in the first decade of life and optic
atrophy leading to blindness in the first to the second decades. Deafness, renal complications and
diabetes insipidus appear often in 2™ to the 3™ decades. Neurological complications such as
ataxia, autonomic nervous system dysfunction, mental retardation and brainstem atrophy occur in
3 to 4™ decade. However, very recent studies based on MRI scans of young patients and more
detailed neurological examinations showed that neurological symptoms actually occur in the first

decade of life, Figure 1.4B (Chaussenot et al., 2011, Hershey et al., 2012, Pickett et al., 2012).
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The median age of death in patients with this syndrome is around 30 years and arises sometimes
from respiratory failure as a result of brain stem atrophy (Barrett and Bundey, 1997, Kinsley et

al., 1995).
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Figure 1.4: Natural history of symptom progression in Wolfram syndrome

A: The median age of onset of the symptoms and complications of Wolfram syndrome are presented with
different curves and the intersections with the x-axis. DM: diabetes mellitus; OA: optic atrophy; DI:
diabetes insipidus; D: deafness; Renal: renal tract complications; Neuro: neurological complications
(Barrett and Bundey, 1997). B) Neurological complication seem to occur earlier in childhood than
previously thought (Chaussenot et al., 2011).
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1.5.1 Genetics

Wolfram syndrome has an autosomal recessive pattern of inheritance: affected siblings have
unaffected parents who are often consanguineous (Fuqua, 2000). The causative gene for this
syndrome, WFSI, was identified by two different groups in 1998. These researchers cloned
WFS1 and positioned it on the short arm of chromosome 4 (4p16) by linkage analysis and genetic
mapping using microsatellite markers such as: D45431 and D45394 (Strom et al., 1998, Inoue et
al., 1998). The gene was named WFSI by Inoue and colleagues and the protein was named
Wolframin by Strom and colleagues. Figure 1.5 shows a schematic representation of WFSI. Its
genomic structure comprises 8 exons of which exon 1 is non-coding. The majority of mutations
found in WFSI are in exon 8 as this exon covers half of the coding region of the gene (1,812

nucleotides) (Takeda et al., 2001).

More than 90% of WS patients carry mutations that result in a loss of function of the WFSI gene
(Khanim et al., 2001, Cryns et al., 2003). Furthermore, a patient mutation survey showed 35%
missense, 25% nonsense, 21% frame shift, 13% in-frame deletions/insertions and 3% splice site
mutations in the WFSI gene (Van den Ouweland et al., 2003). According to the Euro-WABB
mutations data base, there are currently about 225 mutations (46% missense, 16%, nonsense,
22.7% frame shift, 8% deletion, 0.2% insertion 1.8% duplication and 3% others) identified in the
WFS1 gene (Euro-WABB-2012, An EU Rare Diseases Registry for Wolfram syndrome, Alstrom
syndrome, Bardet-Biedl syndrome and other rare diabetes syndromes.), from which the majority
are loss of function mutations (Chaussenot et al., 2011, Hardy et al., 1999, Cryns et al., 2003,
Van den Ouweland et al., 2003, Gomez-Zaera et al., 2001, Hofmann and Bauer, 2006, Noguchi et

al., 2004, Zenteno et al., 2008). WS is genetically a very heterogeneous disease and because of
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the rarity of the disease and small patient numbers it has been difficult to identify a clear
genotype phenotype correlation in this cohort. In a recent report Chaussenot and colleagues
conducted a detailed clinical study and genotype-phenotype correlation in 59 patients, so far the
largest number of patients. They demonstrated a correlation between neurological manifestation
and the location of the mutation within the gene (Chaussenot et al., 2011). This study showed that
patient with neurological complications more frequently had a mutation in the C-terminal domain
and the presence of mutations in the N-terminal domain was significantly correlated with the

absence of neurological symptoms.

Studies have shown that first degree relatives of WS patients have increased frequencies of
diabetes and certain psychiatric disorders, suggesting that sequence variants of the WS gene
predispose these individuals to these conditions (Ishihara et al., 2004, Zalsman et al., 2009,
Sandhu et al., 2007). A review by Wasson and Permutt (2008) described studies which have
shown that common gene variants of WS influence the susceptibility to type 2 diabetes. The first
study uncovered 5 non-synonymous coding variants, encoding amino acid changes, by DNA
sequencing of diabetic patients (Minton et al., 2002). The most important genetic variant changes
the amino acid histidine to arginine (H611R) at position 611; this variant is thought to be
protective from diabetes (Wasson and Permutt, 2008). Also the study by Sandhu et al. (2007)
showed that variations in WFS1 gene are associated with susceptibility to common type 2
diabetes using 1,500 SNPs as markers for 84 beta cell candidate genes in a large number of UK,
Europe and Ashkenazi Jewish cases and controls. This study showed four associated SNPs with
significant linkage disequilibrium (LD) in a 39 kb LD block including the H611R variant

(Sandhu et al., 2007).
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A study by Hildebrand et al (2008) showed an association between autosomal dominant cases of
the low frequency deafness with WFSI mutations. Similarly, a study by Shadrina and Slominsky
(2006) showed that WFSI polymorphisms are associated with Parkinson disease. This study
investigated a cohort of PD patients and controls in Russian population and showed that
individuals carrying the ¢.1645C—T (L459L) SNP in WFS1 were at higher risk of developing

PD (Shadrina and Slominsky, 2006).

In recent years, a second form of WS has been reported in Jordanian families. This gene was
named WFS2 and mapped to the locus 4924 (Amr et al., 2007). In addition to WS clinical
features, with the exception of diabetes insipidus, these patients also suffer from bleeding

tendencies and defective platelet aggregation.
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Figure 1.5: Schematic structure of WFS1

The WFS1 consist of eight exons; exon one is non-coding and exon 8 comprises more than 70% of the coding region
Figure taken from Rigoli et al. (2010)
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Figure 1.6: Schematic structure of Wolframin protein with transmembrane domains

Wolframin is a glycoprotein, has 9 transmembrane segments. The N-terminus is located in the cytoplasm and the C-
terminus in the ER lumen. Figure taken from Rigoli et al. (2010)
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1.5.2 WFSI1 protein Wolframin

WFS1 encodes a 100 KDa protein called Wolframin which is primarily located to the membrane
of the endoplasmic reticulum (ER) (Takeda et al., 2001, Philbrook et al., 2005, Inoue et al.,
1998). This is an integral glycoprotein containing 9 transmembrane domains and 890 amino
acids. The domains are embedded in the ER membrane with the amino terminus in the cytosol
and the carboxyl-terminus in the ER lumen (Hofmann and Bauer, 2006). A schematic diagram of
Wolframin is presented in Figure 1.6 (Rigoli et al., 2010). The C-terminal domain is translated
from exon 8 of the gene and is associated with a high number of mutations. This region is highly
conserved in human, rat and mouse. The mature Wolframin is shown to be fairly stable and the
half-life of two days is estimated by pulse-chase experiments (Hofmann et al., 2003). The only
post-translational modification reported in Wolframin is N-glycosylation (Yamaguchi et al.,

2004, Inoue et al., 1998).

The study by Takeda and colleagues in 2001 reported localisation of WFS1 to endoplasmic
reticulum, but not to the mitochondria, by immunofluorescence and cell fractionation studies.
Previously, it was thought that WS might be a mitochondrial related disease due to phenotypic
similarities between WS and mitochondrial diseases such as Leber’s hereditary optic neuropathy,
and maternally inherited diabetes and deafness (Rigoli et al., 2010). A more recent study by
Hatanaka and colleagues (2011) reported localisation of Wolframin to the secretory granules.

This was shown by immunofluorescence and electron microscopy.
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Wolframin is ubiquitously expressed; however its expression is high in brain, heart, lungs and
pancreas (Inoue et al., 1998, Ishihara et al., 2004). Immuno-histochemical studies on mouse
tissue demonstrated that within the pancreas, Wolframin is mainly expressed in the beta cells
(Ueda et al., 2005), analogous to the observed dysfunction and selective loss of pancreatic beta

cells in WS patient islets.

WESI1 expression within mouse and rat brains has been identified in the hippocampus CAI,
amygdaloid areas, olfactory tubercles, cerebellum and superficial layer of the allocortex (Luuk et
al., 2008, Philbrook et al., 2005, Takeda et al., 2001). These expression patterns correspond to
pathological changes seen in imaging and post mortem studies of WS patients, showing diffuse
neurological changes in human brain regions: hypothalamus; pituitary; pons; inferior olivary
nucleus; lateral geniculate nucleus; thalamus; optic nerves; optic tract and cerebellum (Genis et
al., 1997, Kinsley and Firth, 1992, Galluzzi et al., 1999, Hardy et al., 1999, Barrett et al., 1995,
Chaussenot et al., 2011). The observed neurological and pathological changes are most likely to
be involved in the neurological and behavioural abnormalities and seen in humans with WS such
as: cerebellar ataxia, central sleep apnoea, organic brain syndrome, depression, memory loss,
hallucination and anxiety (Barrett et al., 1995, Luuk et al., 2009, Swift et al., 1990, Kdks et al.,

2002, Kawano et al., 2009, Raud et al., 2009).
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1.5.3 Wolframin function

The precise function of Wolframin is not fully understood; accumulating evidence based on its
ER localisation and dimerisation, suggests that this protein plays a role in secretion, processing,
folding and assembly of newly synthesised proteins. The presence of 9 transmembrane segments
in Wolframin suggests its role in the transport of ions and other small molecules across the ER
membrane (Osman et al., 2003). Osman and colleagues (2003) showed that expression of WFSI
in oocytes induced novel-cation-selective channel activity in the ER membranes and resulted in
increased cytosolic Ca®". The authors suggests that Wolframin may function directly as a
calcium-sensitive potassium channel that maintains ER membrane potential during calcium

release or as a regulator of ER calcium channel (Osman et al., 2003).

The pathophysiology of WS suggests that Wolframin is involved in the survival pathways of
neurons and pancreatic beta cells. Furthermore, studies have demonstrated crucial functions of
Wolframin in the regulation of ER stress, ER stress induced apoptotic pathways, insulin
biosynthesis, acidification of the secretory granules and regulation of ER calcium homeostasis
(Fonseca et al., 2005, Fonseca et al., 2010, Hatanaka et al., 2011, Hofmann et al., 2003, Philbrook

et al., 2005, Riggs et al., 2005, Yamada et al., 2006).

Mouse model studies of WFS1 have greatly advanced the knowledge of WS pathophysiology
over the last two decades. WFS1 deficient knockout mice demonstrated glucose intolerance, high
blood glucose levels, defective insulin secretion and reduced Ca®" flux across the ER membrane
(Yoshida, 2004, Ishihara et al., 2004, Riggs et al., 2005). A strong correlation was shown
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between impaired insulin secretion and both reduction in stimulus-secretion coupling and overall
beta cell mass and insulin content. /n vitro studies of adenoviral re-expression of WFS1 have
revealed that insulin secretion could be restored and ER calcium concentrations could be
normalised (Takei et al., 2006, Fonseca et al., 2005, Fonseca et al., 2010). The study by Takei et
al. (2006) demonstrated that Wolframin plays a crucial role in maintaining the correct levels of

calcium ions by modifying ER calcium stores.

Diabetes insipidus (DI) in Wolfram syndrome arises at the hypothalamo-pituitary level and is
usually vasopressin (VP) sensitive. The study by Gabreel et al. (1998) reported disturbances in
VP precursor processing in the supraoptic and paraventricular nuclei of WS patients. This study
demonstrated a complete absence of processed VP but substantial presence of VP precursors in
WS patients with DI, suggesting that these patients have a defect in VP precursor processing and
exhibit VP neuron loss (Gabreéls et al., 1998). More recently, the study conducted by Kawano et
al. (2009) demonstrated that the WFS1 protein plays a major role in the survival of neurons in

vasopressin precursor processing from birth to early adulthood.

Raud et al. (2009) showed that WFS1 deficiency in mice results in reduced levels of alpha and
beta subunits of the GABA receptors in the temporal lobe and frontal cortex. As a consequence
these mice displayed increased anxiety in a stressful environment. The study by Koks et al.
(2002) showed that Wolframin plays a role in regulation of emotional behaviour by
demonstrating increased expression of Wolframin in amygdaloid area of rats exposed to cat

odour. In this study, the activation of WFS1 was found in parallel with the activation of carboxy-
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peptidase E suggesting that Wolframin is involved in the synthesis of bioactive peptides and

neuropeptides (Kdks et al., 2002).

1.5.4 WFS1 and UPR

A body of evidence showed that WFSI is involved in ER stress pathways and is associated with
the three ER stress sensors. A study by Fonseca and colleagues (2005) showed that WFS1 is a
component of IRE1 and PERK signalling pathway and its expression is regulated by these two
proteins. These authors demonstrated attenuation of ER stress by induction of WFS1 expression
in IREIa-/- and PERK-/- cells. This study suggests that WFS1 protects the cells against ER stress
(Fonseca et al., 2005). Similarly, another study by Fonseca and colleagues in 2010 demonstrated
that WFSI1 plays a key role in the negative regulation of a feedback loop in the ER stress
signalling network through the ubiquitin proteasome pathway. The authors suggested that WFS1
prevents secretory cells from death caused by dysregulation of this signalling pathway (Fonseca
et al., 2010). This study showed that HRD1 (ER-resident E3 ligase) forms a complex with ATF6a
and that WFS1 plays a role in the stabilisation of HRD1. The authors imply that under non-stress
conditions, the WFS1-HRD1 complex causes suppression of UPR by recruiting ATF6 to the
proteasome and enhancing its ubiquitination and proteasome-mediated degradation. In the
presence of ER stress, ATF6 is released from WFS1 and activates the UPR to mitigate ER stress.
However, contrary reports have shown increased levels of HRDI in WFS1 deficient cells

(Yamada et al., 2006, Yamamoto et al., 2008).
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Accumulating evidence shows that WS pathogenesis is associated with chronic ER stress
resulting in apoptosis caused by the loss of WFS1 function. Studies have shown that the diabetes
mellitus phenotype in mice could be generated by silencing of WFSI only. Riggs and colleagues
(2005) suggested that during ER stress conditions, WFS1 was necessary for cell survival in
MING cells. A study by Yamada et al. (2006) investigated the UPR in WFS1-deficient islets and
MING beta cells from mutant mice. They found that the levels of various ER stress markers
including BiP, CHOP, XBP1 and GRP94 were markedly increased in these cells. Their results
indicated that WFS1 deficiency activates the ER stress response in beta cells (Yamada et al.,
2006). A study by Kakiuchi and colleagues in 2006 showed that XBP1 induces the expression of
WEFS1 through the UPR pathway. They investigated the target genes of XBP1 in neuroblastoma
cells (SH-SYS5Y) to clarify the role of XBP1 in neuronal cells and identified WFSI as the most
upregulated gene by XBP1. They found an ER stress response element (ERSE)-like sequence in
the promoter region of WFSI which is critical for the regulation of WFSI by XBP1 (Kakiuchi et
al., 2006). All these studies suggest that WFSI is involved in the ER stress pathway and protects

cells from ER stress induced apoptosis.

1.5.5 Interacting partners

Over the last years several interacting partners have been identified for Wolframin, which have
greatly enhanced the current knowledge about its subcellular localisation and function. Zatyka
and colleagues in 2008 identified an interaction between the Na'/K~ ATPase betal subunit with
C-terminal domain of Wolframin. The sodium pump plays a crucial role in neuronal functions
such as electrical excitation and signal transduction. The authors suggested that Wolframin could
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play a role in folding of the subunit and therefore in proper functioning of the sodium pump
(Zatyka et al., 2008). Moreover, the N-terminal domain of Wolframin was identified to be an
interacting partner of calmodulin (CaM) (Yurimoto et al., 2009). CaM is a ubiquitously expressed
protein that is known as an important second messenger of intracellular calcium signalling.
Previous studies have suggested that Wolframin may serve as an ER calcium channel or, as a
regulator of ER calcium channel activity. These interactions of WFS1 with the ion pumps or
related proteins, are confirming this notion that, similar to other ER membrane associated
proteins, Wolframin may also form an ion channel. More studies are needed to clarify whether

Wolframin acts directly as a channel or functions only in a regulatory capacity.

Furthermore the master regulator of UPR, ATF6 was recently shown to interact with WFS1
(Fonseca et al., 2010). This study showed protein interaction between WFS1 and ATF6a in non-
stressed pancreatic beta cells. The proteins dissociated following a time-dependent treatment with
the ER stress inducing agents thapsigargin and dithiothreitol (Fonseca et al., 2010). Similarly, the
study by Kakiuchi and colleagues (2009) showed an association between WFS1 and the
molecular chaperone, GRP94, in rodent neuronal cells. These interactions with the UPR regulator
confirm the role of WFS1 in ER stress pathways. More recently, Fonseca and colleagues (2012)
identified an interaction between WFS1 and adenylyl cyclase8 (ACS8) at the cytoplasmic
membrane. This interaction seems to be important for the regulation of insulin production and
secretion. AC8 is an essential cAMP generating enzyme that plays a role in glucose and
glucagon-like-peptide-1(GLP1) signalling within the pancreatic beta cells. This study
demonstrates a function for Wolframin outside the ER and shows that WFSI1 is also localised to
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the plasma membrane. The authors showed that WFSI mutations and ER stress cause inhibition
of the WFS1-AC8 complex formation, which results in reduction of cAMP synthesis and insulin

secretion (Fonseca et al., 2012).

1.5.6 Treatment of Wolfram syndrome/ ER stress

Currently there is no treatment for WS. Agents that are able to treat ER stress-mediated apoptosis
are the attractive candidates. A study by Kakiuchi et al. (2009) used the histone deacetylase
inhibitor, sodium valproate (VPA) to treat WFS1 depleted cells. They showed that VPA
modulates the unfolded protein response (UPR) through the regulation of WFS1. This study
demonstrated induction of WFS1 protein and mRNA in Neuro2a cells with VPA treatment.
These authors also showed that under normal conditions WFS1 forms a complex with GRP94
and VPA treatment enhances its dissociation from GRP94. A recent study by Terasmaa et al.
(2011) used VPA in a WFSI knockout mouse model and streptozotocin induced diabetic mice.
They showed that VPA normalised the glucose intolerance in WFSI knockout mice. The authors
also showed that acute VPA administration lowered blood glucose levels in the diabetic mouse

model (Terasmaa et al., 2011).

Resolving ER stress is one of the main therapeutic strategies for many neurodegenerative
disorders. Therefore, the first step in treatment of WS would be to consider resolving ER stress,
which is the major cause of neuronal and pancreatic beta cell death contributing to the
pathogenesis of this disease. As mentioned before, one of the UPR defence mechanisms is to
upregulate the cells’ chaperone capacity. Chaperones play crucial roles in maintaining cellular
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homeostasis by improving the ER’s folding capacity, facilitating the trafficking of mutant
proteins and stabilising protein conformation (Ozcan et al., 2009). In unstressed cells the
chaperones are expressed at low levels but are highly upregulated in the presence of stress.
Dysregulated chaperone activity leads to accumulation of unfolded proteins causing impairment
of cellular function and contributing to ER stress related diseases. Chaperones are also involved
in histone-mediated chromatin remodelling, the transition between the active and inactive state of
signalling molecules and protein-protein interactions (Ransom et al., 2010). For all these reasons,
modulating chaperones, or identifying chemical chaperones that can enhance or modulate
endogenous chaperone activity, could be potential therapeutic approaches for treatment of many
ER stress related disorders. There are three types of molecules with chaperone like activity: small
chemical chaperones; molecular chaperones and pharmacological agents (Figure 1.7, (Engin and

Hotamisligil, 2010)).
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Amino acids
Carbohydrates Nucleoplasmins
Methyl amines Chaperonins
PBA Heat Shock proteins
TUDCA
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N-butyldeoxynojirimycin
Deoxygalactonojirimycin

Figure 1.7: Molecules with chaperone like activity

There are three groups of chaperones that are able to enhance proper folding of the proteins: molecular,
pharmacological and chemical chaperones. Examples of each group are listed. Figure adapted from (Engin and

Hotamisligil, 2010)
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1.5.6.1 Chemical chaperones

Chaperones are proteins that enhance the proper folding and assembly of macromolecules; their
function is to prevent the formation of protein aggregates. Chemical chaperones belongs to two
groups of osmolytes including carbohydrate osmolytes (glycerol, sorbitol, inositol) and
aminoacids (glycine, taurine, alanine, proline) (Welch and Brown, 1996). Many of these chemical
chaperones are required in high concentration to perform effectively, which can cause toxic
effects. Currently there are two chemical chaperones approved by The US Food and Drug
Administration (FDA) for use in humans. These are 4-phenylbutyric acid (PBA) and
Tauroursodeoxycholic acid (TUDCA) (Welch and Brown, 1996). PBA is mainly used for
treatment of urea cycle disorders and TUDCA is used as a liver protecting agent in humans.
Currently TUDCA is under clinical testing for treatment of many ER stress related disorders

(Engin and Hotamisligil, 2010).

A study by Ozcan et al. (2006) investigated whether these chaperones could alleviate the
increased ER stress in type 2 diabetes in vitro and in vivo. They used PBA and TUDCA and
found that these two chaperones were capable of alleviating ER stress in cells and in whole
animals. They showed that the treatment of ER stress in mice with these two active chemical
chaperones resulted in normalisation of hyperglycemia and restoration of systemic insulin
sensitivity. Moreover these chaperones were beneficial in resolution of fatty liver disease, and
enhancement of insulin action in liver, muscle, and adipose tissues. Their results showed that
chemical chaperones enhance the adaptive capacity of the ER and act as anti-diabetic agents with

potential application in the treatment of type 2 diabetes (Ozcan et al., 2006). Another study by
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Wei et al. (2008) investigated the effects of TUDCA on cells under ER stress. Their results
suggested that treatment with chemical chaperones not only suppresses the expression of ER
stress markers, it is also very effective in reducing the levels of cell death by apoptosis (Wei et

al., 2008).

1.5.6.2 Molecular chaperones

These chaperones provide the cell with a quality control system for recognising, retaining, and
targeting misfolded proteins for degradation (Welch and Brown, 1996). When an unfolded
protein enters the ER lumen, it interacts with molecular chaperones such as GRP78/94 or
calnexin. This interaction stabilises the protein and allows it to complete its folding or assembly.
This newly synthesised protein exits the ER and moves further along the secretory pathway.
Proteins that are unable to fold properly e.g. due to mutations are prevented from further
movement out of the ER by the action of these molecular chaperones (Schroder and Kaufman,
2005).

Molecular chaperones recognise unfolded proteins by the presence of the hydrophobic residues
within the polypeptides. These chaperones enhance protein folding through substrate binding and
release cycles, which are regulated by their ATPase activity (Bando et al., 2004). Recent studies
suggest that over-expression or upregulation of molecular chaperones can suppress the
neurotoxicity of protein folding diseases such as neurodegenerative diseases including
Alzheimers diseases, Parkinsons disease and Huntingtons disease (Barral et al., 2004). Similarly,
the study conducted by Yamada et al. (2006) showed that the elevated levels of ER stress in

WESI depleted cells were reversed by over-expression of the molecular chaperone BiP/GRP7S.
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Another study by Bando et al. (2004) showed that the expression of the molecular chaperone

GRP94 reduces cell death in neuroblastoma cell lines and stabilises their calcium homeostasis.

1.5.6.3 Pharmacological Chaperones

These chaperones are small molecules such as ligands or inhibitors of mutant proteins that
stabilise these proteins by reversibly binding to them. Pharmacological chaperones play a major
role in restoring the function or folding ability of mutant proteins that partially lose their
biological activity due to deletions or missense mutations. These chaperones are also improving
the stability and lysosomal trafficking of mutated enzymes. An example is the co-application of
proteasome inhibitor MG-132 and a pharmacological chaperone for restoration of mutant
enzymes in patient-derived fibroblasts from lysosomal storage disorders such as Gaucher and
Tay-Sachs-disease (Mu et al., 2008). Pharmacological chaperone therapy (PCT) is translated into
clinical trial applications for Gaucher, Fabry, and Pompe diseases after initial proof of concept

studies (Parenti, 2009).
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1.6 Aims and hypothesis

The main focus of this thesis has been to study the neurodegenerative aspects of Wolfram
syndrome. Until the start of this project, the majority of research in Wolfram syndrome has been
focused on diabetes in animal models. The disease characteristics and protein functions have
been mainly discovered in mice pancreatic beta cells (Hofmann et al., 2003, Osman et al., 2003,
Philbrook et al., 2005). Since diabetes is the first manifestation of the disease and pancreatic beta
cell loss is the underling mechanism, more attention has been dedicated to this area (Fonseca et
al., 2005, Riggs et al., 2005). Nevertheless in the recent years, it has become more evident that
neurodegeneration is the main area in WS that needs urgent attention. Death in WS arises from
neurological complications and recent studies on MRI scans have shown that neurological
changes occur in early childhood in WS patients’ brains. Therefore it is believed that
neurodegeneration could be one of the first manifestations of WS and other complications could

be arising as a result of neurodegeneration.

In order to understand the neurodegenerative mechanisms in Wolfram syndrome and relate this
rare monogenic disease to more common forms of neurodegenerative disorders, it was attempted
to generate and characterise cell models of human and rodent neuronal cells with WFS1
depletion; and to investigate whether human neuronal cells with WFS1 depletion show disease
phenotypes of WS previously described in mice pancreatic beta cells. The functions of WFS1 in
neuronal cells were investigated by assessing its role in apoptotic pathways, in cell cycle
regulation and in the regulation of the sodium pump subunits expression. To elaborate the

functions of WFS1, the existence of novel interacting partners were investigated. Since there is
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no current treatment for this devastating disorder, in this body of work, chemical and molecular
chaperones were used to rescue the cells from ER stress and ER stress induced apoptosis. To
induce the expression of WFS1 in cultured cells and investigate therapeutic efficacy, treatment

with the histone deacetylase inhibitor sodium valproate was undertaken.

Several hypotheses were developed in this study: a) WFS1 depleted neuronal cells are a valid cell
model of the disease and exhibit enhanced ER stress leading to apoptosis and cell cycle
impairment; b) these cell models show reduced levels of the Betal subunit of the sodium pump
and might play a role in its stability and regulation of its expression; ¢) WFS1 might have a role
outside the ER, therefore this protein might also have cytoplasmic interacting partners; d)
molecular and chemical chaperone treatment in WFS1 depleted neuronal cells would rescue the

cells from ER stress, apoptosis and cell cycle disturbances.
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Chapter Two: Materials and Methods
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2.1 Reagents

Tagman assays and QPCR reagents were acquired from Applied Biosystems and the majority of
antibodies were purchased from Abcam and general chemicals were purchased from Sigma-
Aldrich. Specific reagents were acquired from the following list of companies and the relevant
company is cited with the relevant method:

Abgent

Amersham

Bio-Rad laboratories Itd

Cell Signalling

Invitrogen

Promega Ltd

Protein tech

Roche Diagnostics

Santa Cruz Biotechnology, Inc

Thermo Scientific

2.2 Cells and cell culture
2.2.1 Cell lines

SK-N-AS cell line was kindly donated by Dr Carmel McConville and NT2 cell line was kindly
donated by Dr Shiao Chan. Neuro2a mouse neuroblastoma cell lines was purchased from
ECACC (European Collection of Cell Cultures). These cell lines were grown under the standard

tissue culture conditions as described in section 2.2.3
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2.2.2 Tissue culture

Tissue culture (TC) experiments were performed in class 2 tissue culture hoods (Holten
LaminaAir) under sterile conditions; wearing lab coat and gloves. All solutions and equipment’s
used for cell maintenance were either obtained sterile or autoclaved, where appropriate, before
use. The TC hood was switched onl5 min before use and cleaned thoroughly with 10% Trigene.
The media, PBS and trypsin were warmed in water bath (37 °C). Before placing in the hood all
items (flasks, dishes, pipettes, waste pot, flasks, pipettes, universals, media, PBS bottles and

trypsin tubes and all other plastic ware) were wiped with either 10% Trigene or 70% ethanol.

2.2.3 Cell Growth and maintenance

Cells were maintained in an incubator at 37°C, 5% CO,, in air MCO-15AC, Sanyo). Human
neuroblastoma SK-N-AS cell lines were grown in the Dulbecco’s Eagle Medium (DMEM)
supplemented with 10% Fetal bovine serum (FBS), 1% L-glutamine (GIBCO), 1% Pen/Strep
(penicillin 10.000units/mL, streptomycin 10.000pg/mL from GIBCO) and 1% non-essential
amino acids (GIBCO). Puromycin (Sigma) was added into the media at a final concentration of
2.5pug/mL to select for resistance in stably WFS1 depleted clones. Human NT2 cell lines were
grown in DMEM: F12 HAM media (SIGMA) supplemented with 10% FCS, 1% penicillin-
streptomycin and 1% glutamine and mouse Neuro2a cell line was grown in Minimum Essential
Eagle Medium (ATCC) supplemented with 10% FCS, 1% penicillin-streptomycin and 1%
glutamine. The growing cells were fed approximately twice a week by replacing the media.
When cells reached about 90% confluency in the flask, they were passaged or harvested. The

46|Page



neuro2A cells were very sensitive, the medium was changed every day and they were passaged at

lower confluency.

2.2.4 Trypsinisation of confluent cells

Trypsin was used to detach the cells for passaging. Upon reaching confluency of the cells the
media was aspirated from the flask using a sterile pipette. Cells were washed with 10 mL PBS
(2.7mM KCI, 137mM NaCl, 10mM phosphate buffer, pH 7.4). PBS was aspirated, 2 mL of
trypsin solution was added and the flask was placed in the incubator for approximately 3 minutes
until the cells were detached; sometimes a gentle agitation was required. When the cells were
floating in the flask, 8mL of supplemented media was added and mixed thoroughly. The
suspension was subsequently transferred into a 20mL universal tube (Lab ware) and centrifuged
at 250 RCF for 3 minutes at 20 °C. The supernatant was carefully aspirated without disturbing
the pellet. The pellet was resuspended in the medium and the cells were reseeded (section 2.2.5)
either for transfection (section 2.2.10), RNA (section 2.4) or protein extraction 2.3 or frozen

(section 2.2.7).

2.2.5 Cell Reseeding

For routine cells maintenance, the trypsinised cell pellets were resuspended in 10mL of
supplemented media: 2mL of this mix was added into a new 75cm? flask. 8mL of fresh media
was added and pipetted up and down to ensure even distribution of the cells. The flask was then

placed in an incubator and cells were grown to the required confluency.
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2.2.6 Reviving cells

The frozen cells were taken from liquid nitrogen and placed in the float in the 37 °C water bath.
When defrosted, the cells were added into a universal tube containing 9 mL of media and the
falcon was centrifuged at 250 RCF for 3 minutes at 20°C. The centrifugation was carried out to
remove the freezing medium containing Dimethyl Sulfoxide (DMSO), which is important to keep
cells alive when frozen, however it is toxic for living cells. The supernatant was removed and 5
mL of media was added into the falcon. The cells were mixed with the media by pipetting, then
transferred into a 25 cm? flask and another 2mL of media was added. The flask was placed in the
incubator to allow the cells to grow. NT2 and Neuro 2a cell lines were put straight into the media

after defrosting as these cell lines could not tolerate centrifugation before reviving.

2.2.7 Cell Cryopreservation

When sufficient amount of cells was grown, it was necessary to produce frozen aliquots of cells.
The cells were frozen in DMEM with 10% (v/v) DMSO as a cryoprotectant. The trypsinised cell
pellets were resuspended in 1.5 mL of the prepared freezing medium, mixed well and transferred
to a 2mL cryovial (Corning). The cryovial was labelled and placed in a cryogenic vessel (Mr.
Frosty filled with iso-propanol) and placed at -80 °C for at least 4 hours. The cryovials were later

transferred to liquid nitrogen for long term storage.

2.2.8 Cell count

Cell count was performed using the haemocytometer. The haemocytometer was cleaned with
70% ethanol and a cover slip was placed in the centre. About 25uL of the trypsinised cells in
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DMEM were pipetted beneath the cover slip. The cells were observed through a light
microscope, and counted in the central square of the haemocytometer taking two counts every
time. The number of cells per mL was calculated by multiplying the average of cell counts, by the

conversion factor (1x10*) of the haemocytometer and by the dilution factor used.

2.2.9 Adenoviral transduction of BiP/GRP78

The amplification and purification of the viruses were performed by Dr. Zatyka in the following
manner. The adenoviruses were amplified first on a small scale by infecting HEK293 cells in
25cm tissue culture flasks. The cells were grown for several days until signs of infection were
visible. About 3mL of these cells were used to infect HEK293 cells for large scale amplification.
The adenovirus was harvested by scraping and spinning down the cells at 1000xg, 10min, at 4°C
and 1/100 volume of N-butanol was added. The samples were incubated on ice for 1 hour before
being spun down at 1000g, for 10min at 4°C.The supernatant was harvested and loaded onto a
CsCl gradient. The virus was purified by CsCl banding. The titre of the virus was established

using Adeno-X rapid titer kit.

Cells were seeded with a density of 4x10° cells/well in a 6 well plate. After 24 hours the cells
were about 50% confluent and ready for infection. Initially, the cells were infected with 2uLL
virus per well to obtain an MOI (multiplicity of infection) 85; this was subsequently optimised to
MOI 8.5. Both adenoviruses ad-GRP78 and ad-GFP had similar titre: 1.7 x10' ifu/mL (infection
units). Approximately 16 hours after the infection, the cells were washed once with PBS and
fresh media was added. The cells infected with ad-GFP were monitored under the fluorescence
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microscope for GFP (Green Fluorescent Protein) expression, emitting green light. The cells were
harvested 48 hours after the infection either in TRIzol for RNA measurements (section 2.4 ) or in
RIPA buffer for protein measurements (section 2.3). The untreated cells were cultured similarly
without adding the adenovirus. The adenoviral infected cells were also assessed by High Content
Cytometry (section 2.5); 16 hours after the infection the cells were washed with PBS, trypsinised,
counted and reseeded in a 96 well plate. The cells were grown, fixed and stained as described in

section 2.5.

2.2.10 Transient Gene Silencing

SK-N-AS neuroblastoma or NT2 cells were transfected using small interfering RNA (siRNA,
Ambion) with two oligonucleotides (WFS1-57 and WFS1-58) targeting different regions of
WFSI gene, at final concentration of 8nM (Table 2.1). Trypsinised cell pellets were resuspended
in 10mL media; cells were counted and seeded in 6 well plates. 3mL of 6x10* cells/mL were
plated per well to achieve 50-60% confluency the next day. The transfection was carried out after
24 hours using interferin, an siRNA transfection reagent (Source Biosiences). 100uM siRNA
solution was made by adding 50uL dH2O to 5nmol lyophilised siRNA. The working solution
was prepared by diluting this stock solution 40x to 2.5 uM. The transfection procedure: for each
transfected well, 300uL. OPTI-MEM (GIBCO) was aliquoted in a sterile 1.5mL microcentrifuge
tube. 8uL of the siRNA working solution was added to a final concentration of 8§ nM and the tube
was vortexed gently. Accordingly, 10uL of the transfection reagent interferin (Polyplus
Transfection) was added into each tube and vortexed immediately for 10 seconds. The
microcentrifuge tubes were left at room temperature for 20 minutes. While waiting, the media of
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the cells was changed to 2.2mL of fresh media. After drop wise adding the 300uL tube content to
the cells the final volume of media in the cells was 2.5mL. Alongside targeted knockdowns, a
negative control siRNA was used (Ambion). The cells were harvested 72 hours after transfection

either in RIPA (Section 2.3) or in TRIzol (section 2.4.1).

Table 2.1: Si RNA Sequences

Si-RNA Sequence Cat-No

$14857 (WFS1-57) 5’CCAUCGACUUCGCCUUtt3 ASOOKPOQ
5’AAGGCGAAGAAGUCGAUGGtg3’

$14858 (WFS1-58) 5’GUCAUGUACUGGAAGCUCALtt3’ ASOOKP9P
5’UGAGCUUAGUACAUGACca3’

Sequence unknown
Negative control 4390843
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2.2.11 Stably Transfected Cell Line Generation

Stable knockdowns in human neuroblastoma cell lines SK-N-AS were prepared by Dr. Zatyka
using shRNA (Open Biosystems). Stable knockdowns in mouse neuroblastoma cell lines
Neuro2a were prepared by Dr. Astuti using lentivirus system. Lentiviral particles were prepared
by Dr. Zatyka from lentiviral DNA purchased from Genecopoeia and concentrated by Dr Astuti.

Puromycin resistance selection was used for both types of knockdowns.

2.2.12 Protein degradation assay

Protein degradation assays are used to assess the degradation rate of a protein based on its half-
life. Cycloheximide (CX) is a protein synthesis inhibitor in Eukaryotes that is produced by
Streptomyces Griseus. The stability of the betal subunit of the sodium pump and theV1A subunit
of proton pump were assessed in WFS1 depleted stable clones in comparison to the control. Cells
were counted and plated at a density of 8x10° cells/well in a 6 well plate. After 24 hours they
were treated with 50pug/mL of CX (Sigma). The cells were harvested in RIPA buffer at 0, 2, 4
and 6 hours after treatment and prepared as described for Western blotting (Section 2.3). The
samples were resolved on SDS-PAGE gel. 20ug of protein extract was loaded per lane. CX
toxicity was assessed by High Content Cytometry (section 2.5) using concentration in the range

10 to 90pg/mL.

2.2.13 Thapsigargin treatment

SK-N-AS cells were grown in 10cm? dishes for 24 hours to reach 80-90% confluency. The cells
were starved for approximately 14 hours in serum free medium. Afterwards 10uL of thapsigargin
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stock in DMSO was added to final concentration of IuM. An equal volume of DMSO was added
as a negative control. The cells were then harvested after 24 hours of treatment in RIPA buffer

(section 2.3).

2.2.14 Drug treatment

Stably depleted human neuroblastoma (SK-N-AS) cells were treated with Tauroursodeoxycholic
acid (TUDCA) and Valproate (VPA). 4x10° cells/well were plated in 6 well plates and grown for
24 hours. For valproate treatment, the cells were treated with 4 different concentrations of
Valproate: 50, 100, 200 and 600 pg/mL (in duplicates). A stock solution of 100ug/uL valproate
in water was prepared and working solution was made by diluting the stock solution 10x in
culture medium. For example for a final concentration of 50ug/mL in cultured cell containing
2mL media, 10uL of the valproate solution was added. The cells were grown for 24 hours with

the drug and harvested in TRIzol for RNA and in RIPA buffer for protein extractions.

TUDCA was dissolved in DMSO and two concentrations were used in the experiments: 100uM
and 500uM. First of all 1M solution was prepared in DMSO, which was again diluted in DMSO
to get stock solutions of 100mM and 500mM. For achieving a final concentration of 100uM
TUDCA in cells, the stock of 100mM was diluted 10x in DMSO to get 10mM and 20uL of this
was added to the cells in 2mL media; the final concentration of DMSO in the cells was 1%.

500mM stock was used to prepare samples of final concentration 500uM.The cells were grown

53|Page



over night, and harvested the following day in TRIzol for RNA and in RIPA buffer for protein

extractions.

2.3 Protein Harvesting and Quantification

2.3.1 Protein extraction

For protein extraction cells were either harvested in RIPA buffer (50mM Tris pHS, 150mM
NaCl, 0.1% sodium dodecyl sulfate (SDS), ImM EDTA, 0.5% deoxycholate, 1% Igepal and
protease inhibitor cocktail, Roche), Laemmli buffer (62.5mM Tris pH 6.8, 2% SDS, 25%
Glycerol, 5% B-mercapto-ethanol, 0.01% bromo-phenol blue and protease inhibitor) or ice cold
TNE buffer (50mM Tris HCI, pH7.5; 150mM NaCl; ImM EDTA; 1% NP-40 and protease
inhibitor cocktail).

To harvesting cells in RIPA or Laemmli buffer: the media was aspirated and cells were washed
with PBS. The lysis buffer (RIPA/Laemmli, 100pL to a 6 well plate and 500 uL to a 10cm? dish)
was added to the cells and left for five minutes to allow lysis of the cells. Afterwards, the cell
lysates were collected using a scraper and transferred to a labeled 1.5mL sterile tube and placed
on ice for 20 minutes, sonicated 2x 10s and centrifuged at 14,000 rpm for 30 minutes at 4 °C. The
supernatant was carefully removed and placed into a fresh 1.5mL microcentrifuge tube and stored
at -80 °C, ready for western blotting. For detection of ATF6, cells were harvested in ice cold TNE
buffer and lysed for 15 minutes on ice. The lysates were cleared by centrifugation at 12 000g for

20 minutes at 4 °C.
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2.3.2 Protein quantification

Before starting the experiments, the concentration of the proteins was measured using the protein
concentration determination kit (Bio-Rad). The concentration was calculated by comparing the
absorbance of samples at 690nm wavelength against standard BSA (Bovine Serum Albumin)
known concentrations. To prepare BSA standards: 2mg/mL BSA (Pierce) was diluted to obtain
the following concentrations (0, 0.2. 0.4, 0.6, 0.8, 1.0, 1.2 and 1.4 pg/uL). The protein samples
were usually 5x diluted and 5uL was plated in sterile 96 well flat bottom plates. The samples and
the standards both were plated in duplicates. The Bio-Rad kit consists of 3 types of solutions A,
B and S. Solution C was prepared by adding 1mL of solution A to 20pL of solution S. 25 pL of
this solution was pipetted per well with protein sample or standard and mixed by passing it
through the tip. Accordingly, 200uL of solution B was added gently to the wells without any
mixing. The plate was incubated for 20 minutes at room temperature and measured by protein
plate reader (Perkin Elmer). The absorbance data was transferred to an Excel spreadsheet and a
scatter graph was plotted from the standards (R square values lower than 0.9 were not accepted).

The unknown concentrations were calculated using absorbance and the equation from the graph.

2.3.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis

The presence of proteins in the extracts was detected by western blotting with specific antibodies.
SDS-polyacrylamide gels (SDS-PAGE) for immunoblotting were prepared with a resolving gel
segment and overlaying stacking gel segment. The percentage of the resolving gel segment was
10%, 12% or 15% dependent on the molecular weight of the proteins to be resolved. The
resolving gel was made up by adding the relevant volume of 30% acrylamide Protogel (National
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Diagnostics), 375mM Tris pH8.8 and 0.1% SDS. The gels were polymerised with 10% APS
(Ammonium Persulphate) and TEMED (Tetramethyl Ethylene Diamine, Sigma). The gel was
poured up to 4/5 of the gel plate and the rest was filled with water while the gel was set. The
water was removed and replaced with stacking gel (3% acrylamide 50mM Tris pH6.8, 0.1% SDS
and polymerised with 10% APS and TEMED). The combs were immediately placed after the
stacking gel was poured and left to set. Once set, the gels were placed into an electrophoresis tank
(BIORAD Mini), filled with 1x SDS running buffer (10x running buffer was prepared: 0.25M

Tris, 1.92M glycine, 0.1% SDS Gene flow) and the combs removed.

Before loading, the protein samples, typically 20ug were mixed with loading buffer. Samples
harvested in RIPA buffer were mixed with 5x loading buffer (0.313 M Tris HCI- pH 6.8, 10%
SDS, 0.05% bromophenol blue, 50% glycerol, Fermentas). Protein samples harvested in Laemmli
buffer were mixed with 1% BB (Bromophenol Blue) dye only. The samples were denatured at
100°C for Smin and placed immediately on ice. The samples were loaded into the wells of the gel
along with 5pL of a protein marker (Page Ruler, Fermentas). The gel was resolved at 150V for

approximately 60 minutes until the loading dye approached the bottom of the gel.

2.3.4 Protein transfer from SDS-PAGE to PVDF Membrane

When the gel was run to the appropriate level, the plates were carefully split, the stacking gel was
removed and the gel was transferred to a PVDF transfer membrane (Polyvinylidene Fluoride, GE
Healthcare). The transferring cassette was prepared by dipping a thin piece of sponge in 1x cold
transfer buffer (10x: 0.25M Tris and 1.92M Glycine, Geneflow) containing 20% methanol and
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placing it on the cassette. This was followed by 3 pieces of Whatman 3MM paper wet in transfer
buffer; the gel was carefully placed on the top. The membrane was activated by brief immersion
in methanol and placed on the top of the gel, followed by 3 pieces of wet Whatman 3MM papers
and another wet sponge. The cassette was closed, making sure there were no bubbles between the
gel and the membrane. The cassettes were placed in the transfer device which was placed into a
transfer unit (Amersham) with the gels facing the cathode and oriented in a way to make transfer
in the electric field possible; an ice block was positioned in the transfer unit. This was filled with
cold 1x transfer buffer and run at 100 volt for 90 minutes. Once the transfer was completed the
membrane was removed and marked to identify the side where the proteins had transferred. The
membranes were blocked using 5% milk in PBS +0.1% Tween (PBS/Tween) for either 1 hour at

room temperature or overnight at 4 °C.

2.3.5 Western blotting

The blocked membrane was first probed with a specific primary antibody to the protein to be
studied. The primary antibody was diluted in SmL of blocking solution in a 50mL centrifuge tube
volume to the concentration required with blocking solution in a 50mL centrifuge tube. The
membrane was placed in this solution with the protein side of the membrane facing inwards and
incubated overnight at 4°C on a tube rotator. Different dilutions of the primary antibody were
used depending on the antibody. A list of primary antibodies with the dilution factors are shown
in Table 2.2. The next day, the membrane was placed in a tray containing PBS-Tween buffer on
an orbital shaker for 3x5 minutes to wash off the primary antibody. The membrane was placed
inside another 50mL centrifuge tube containing secondary antibody in SmL of 5% milk in
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PBS/Tween and incubated at room temperature for 1 hour on a tube rotator. See Table 2.3 for
dilutions of secondary antibodies. This membrane was subjected to further 3x10 minutes washes
in PBS/Tween. Subsequently, the washed membrane was placed on a piece of flat saran wrap
with protein side up. The membrane was developed to detect secondary antibody using the ECL
kit (ECL or ECL Plus, GE Health care). The membrane was covered with ECL solution and left
to incubate for 5 minutes at room temperature. The membrane was wrapped in saran and the
excess ECL was drained off. The membrane was then placed in a developing cassette and
exposed to medical X-ray film (Kodak, Sigma) for the appropriate amount of time depending on
the strength of the signal. The autoradiography films were then developed in an X-ray film

developer (Konica Minolta).

2.3.6 Immunoprecipitation (IP)

3x10° HEK293 cells were seeded in a 10cm” dish, incubated overnight and co-transfected with
pCMV-Myc-WFS1 (full length, N-ter, or C-ter)/) pFLAG-CMV-ATP6V1A using Turbofect
transfection reagent (Fermentas) according to manufacturer’s instructions. Control cells were co-
transfected with pCMV-Myc empty vector/ pFLAG-CMV-ATP6V1A and pCMV-Myc-WFS1
(full length, N-ter or C-ter)/pFLAG-CMV-4 empty vector. The cells were harvested in IP buffer
(20mMTris-HCI, pH 7.4; 100mM NaCl; 1% Triton X-100; ImM DTT; 1mM PMSF; 1x Protease
Inhibitors cocktail), incubated at 4°C for 30 min with end-to-end rotation and sonicated on ice for
30 seconds (10s pulses with 3 intervals), and centrifuged at 9000g for 20 minutes at 4°C to
remove cell debris. For co-immunoprecipitation in an overexpression system, 500ug of protein
lysate was incubated with either WFSI rabbit polyclonal antibody (Proteintech) or rabbit
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polyclonal c-Myc antibody (Sigma) or mouse monoclonal FLAG antibody overnight at 4 °C with
end-to-end rotation. Protein G sepharose beads (Sigma) were washed in IP buffer then added to
the lysate-antibody complex and further incubated for 4 hours. Beads were collected, washed
twice in IP buffer with 150mM NacCl, once in IP buffer with 500mM NaCl and again in IP buffer
with 150mM NaCl. Bound proteins were then eluted in sample buffer. To detect endogenous
interaction, human neuroblastoma cells were harvested in IP buffer as described above. The
lysate (containing about 1mg of protein) was precipitated with rabbit polyclonal WFS1 antibody
(Abcam). Mouse monoclonal FLAG antibody (Sigma) was used as negative control. This

experiment was performed in collaboration with Dr Astuti.

Table 2.2 List of primary antibodies

Primary Company Cat-nr Source | Dilution Application
Antibodies
Anti-WFS1 Proteintech Group, | 11558-1- Rabbit WB:1/500 WB, IF, HCC
INC AP IF:1/100
HCC: 1/800
Anti-BIP Abcam Ab21685 Rabbit WB:1/1000 WB, HCC
HCC:1/500
Anti-CHOP Abcam/Santa Abl11419 Mouse 1/200 WB
Cruze Sc-7351 1/500
Anti-ATF-6a | Santa Cruze SC-22799 Rabbit 1/100 WB
Anti-HRD1 Abgent/Abcam AP2184a Rabbit 1/200 WB
Ab38456 1/500
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Anti- Sigma A278 Mouse 1/5000 WB

ATPIBI1

Anti- Cell signaling 05-369 Mouse 1/500 WB

ATPI1ALI

anti- Abcam Ab103445 | Rabbit WB:1/200 WB, IF,IP

ATPOVIA IF:1/100

anti- Abcam ab87163 Rabbit 1/2000 WB

ATP6VICI1

anti- Abcam ab87059 Rabbit 1/500 WB

ATP6V0OD2

anti-cleaved | Cell Signalling ASP175 Rabbit 1/100 WB

caspase-3

anti-beta Sigma A544 mouse 1/14 000 WB

actin

c-Myc Sigma M4439 Mouse 1/2000 WB, IP

FLAG Sigma A1080 mouse 1/2000 WB,IP

Anti-WFS1 The Binding Site, | N-terminal | Sheep 1/50 IF
custom made

Anti-VAMP | Abcam ADb3346 Rabbit 1/100 IF

Anti-PDI Stressgene SPA-891 Mouse 1/50 IF

Anti-ERAB- | Abcam Ab10260 Mouse 1/100 IF

5F3

(WB= Western blotting, IF=Immunofluorescence, IP=immunoprecipitation, HCC= High Content

Cytometry)
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Table 2.3 List of secondary antibodies used for W.B, IF, IP and HCC

Secondary Company | Cat-nr Source Concentrations | Application

Antibodies

Anti-Mouse Dako PO161 Rabbit 1/20 000 W.B

Anti-Rabbit Dako P0448 Goat 1/20 000 W.B

Anti-sheep Invitrogen | Alexa-488- Donkey 1/500 IF
green

Anti-mouse Invitrogen | Alexa-633-Red | Goat 1/1000 IF

Ani-Rabbit Invitrogen | Alexa-488- Goat 1/1000 IF
Green

Ms IgG FITC Abcam AB6785-1 Goat 1/1000 HCC

RB IgG FITC Abcam AB6717-1 Goat 1/1000 HCC

(WB= Western blotting, [F=Immunofluorescence, HCC= High Content Cytometry)
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2.3.7 Stripping and reprobing

For re-probing the membrane antibody complex was stripped off either by incubation in sodium
hydroxide (NaOH) or boiling in water and reprobed with a different primary antibody. For the
NaOH procedure: the membrane was first washed in distilled water for 5 minutes on the orbital
shaker. Afterwards, the membrane was transferred into a tray containing 0.2M sodium hydroxide
and placed on the orbital shaker for 2 x 15 minutes. Then the membrane was washed again in
distilled water for 5 minutes. For boiling, the membrane was removed from the saran and put in a
glass beaker with boiling water on the hot plate. Boiling of the membrane was timed accurately to
make sure the membrane was out of the boiling water within less than 5 minutes. The membrane

was then ready for blocking and subsequent reprobing.

2.3.8 Quantification of the western blots

The signals on the film, (black bands indicating the position of protein of interest) were labelled
and their size was established by comparison with the protein weight marker. The film was
scanned and further used for quantitative analysis of the band intensities. The intensity of the
bands was proportional to the amount of proteins, as long as the film was not overexposed. The
quantification was performed using the computer program Gene Tools. The data was analysed

using Excel.
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2.4 RNA extraction and quantification

2.4.1 RNA extraction by TRIzol reagent

A confluent 75 cm? flask was trypsinised and centrifuged at 250 RCF for 3 minutes. The pellet
was re-suspended in 10 mL media and cell count was performed. 2x10° cells were plated in each
well of the 6 well plate in total volume of 2 mL media. The next day, the cells were fully
confluent. The media was aspirated and the cells were washed twice with PBS. The last PBS was
removed in the fume hood and ImLof TRIzol was added to each well to lyse the cells. These
were then incubated for 5 minutes at room temperature to allow complete dissociation of
nucleoprotein complexes. The lysate was transferred into a sterile eppendorf tube using a scraper
and a pipette and 200uL chloroform was added per 1mL TRIzol used. The tubes were shaken
vigorously by hand for 15 seconds and incubated for 3-4 minutes at room temperature.
Afterwards, the samples were centrifuged at 12000xg for 20 min at 4 C. Following centrifugation
the mixture was separated into three phases: aqueous upper phase containing RNA, a white

interphase and a lower red phenol-chloroform phase.

The upper phase was carefully transferred to a clean eppendorf with a 200 pL pipette and the
RNA was precipitated by adding 500uL isopropyl alcohol and mixing. The samples were
incubated for 30 minutes at room temperature or incubated overnight at -20 °C. Afterwards the
samples were centrifuged at 12000xg for 20 minutes at 4 °C and the supernatant was removed.
The pellet was washed once by adding 1mL of 75% ethanol, mixed by vortexing and centrifuged

at 8000xg for 20 minutes at 4°C. The RNA pellet was briefly air dried for 30 minutes (but not
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dried completely as this would decrease the solubility). The pellet was dissolved in 30-50 puL
RNase free water and the solution was passed a few times through a pipette, incubated for 10

minutes at room temperature and the RNA frozen in a -80 °C freezer.

2.4.2 RNA extraction and purification by Qiagen RNeasy spin columns

The RNA was extracted from cells grown in 10cm” dishes or a 75cm” flask using the Qiagen
RNeasy extraction and purification kit (Qiagen). Cell lysates were produced when the cells in a
75cm?” flask reached an approximate confluency of 90%. The cells were trypsinised; 8 mL of
media was added into floating cells and centrifuged at 250 RCF for 3 minutes at 20 °C. The pellet
was washed twice with cold PBS. 600 pL of RNA lysis buffer was added to the pellet, mixed
thoroughly and stored at -80 °C for RNA experiments. This RNA was purified according to the
manufacturer’s recommendation: briefly, samples were first homogenised by passing the lysate 5
to 10 times through a syringe and 20-guage needle. Afterwards, the lysate was also homogenised
by QIA-shredder (Qiagen) homogeniser by pipetting the lysate directly into a QIA-shredder spin
column. This column was placed in a 2mL collection tube and centrifuged for 2 minutes at full
speed (13000 rpm) in a micro-centrifuge. For RNA extraction 600uL of 70 % ethanol was added
to the homogenised lysate and mixed well by pipetting. This mixture was passed through an
RNeasy spin column by centrifuging it for 1 minute at 10 000 rpm and the flow through was
discarded. Afterwards 700uL of RW1 buffer was added to the columns and centrifuged for 1
minute at 10 000 rpm and the flow through was discarded. 500uL of RPE buffer was added
followed by a centrifugation at 10 000 rpm for 1 minute and the flow through was again
discarded. This step was repeated with a centrifugation step for 2 minutes. The column was
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placed in a 1.5mL centrifuge tube and 50uL of RNase-free water was added to the column and
centrifuged at 10 000 rpm for 1 minute to elute the RNA. This step was also repeated by using
the eluate instead of RNase-free water to concentrate the sample. The resulting RNA was stored

at -80 °C.

2.4.3 Quantification of RNA

To ensure equal loading of RNA in the experiments, it was important to measure the
concentration of the samples. The quantifications were carried out using Nanodrop. The samples
were mixed thoroughly and each sample was measured twice and the mean measurement was
taken. RNase free water was used as blank and 2pL of the samples was loaded. The concentration
was automatically displayed in ng/puL. For measuring expression at RNA level, the RNA samples
were DNase treated and converted to ¢cDNA. The obtained cDNA was used mainly for

Quantitative PCR (Real-Time PCR) or Reverse Transcription (RT) PCR.

2.4.4 DNase digestion

The RNA extracts were treated with DNase to eliminate DNA contamination of the RNA
preparation. For these experiments either the RNase-Free DNase set (Qiagen) or the DNA- free
kit (Ambion) was used. When using the kit from Qiagen; DNase I stock solution was prepared by
dissolving the lyophilized DNase 1(1500 Kuntz units) in 550 pL of RNase-free water. The RNA
(100pg or less) extract was mixed with 2.5uL DNase I stock solution and 10uL. of RDD buffer

(Qiagen), and the volume was adjusted to 100uL with RNase free water. This mixture was
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incubated on the bench for 10 minute to allow DNase digestion. Afterwards, the RNA was
cleaned as described above to remove the DNase (RNeasy mini kit, Qiagen).

When using the Ambion kit, 2ug RNA was added to a mixture of 1uL of DNasel and 10% of
10x DNase buffer. The content was mixed well and incubated for 20 minutes at 37 °C. After that,
5 uL of inactivating reagent was added, mixed and left at room temperature for 2 minutes. At this
stage, if the volume was between 5 and 10uL, more nuclease free water was added to make the
collecting of samples from the above inactivating reagent easier. Afterwards this mixture was

centrifuged at maximum speed for 20 minutes and the supernatant was harvested.

2.4.5 cDNA synthesis

The cDNA synthesis was performed with either High-Capacity cDNA Reverse Transcription Kit
from Applied Biosystems or the Reverse Transcription System (Promega). When the high
capacity cDNA reverse transcription kit from Applied Biosystems was used, a volume of DNase
treated RNA corresponding to either 350ng or 400ng of RNA was added per reaction and the

volume was adjusted to 10puL with RNase free water.

A master mix was prepared using the protocol provided with this kit. The master mix contained
(per reaction); 2 pL of 10x RT Buffer, 0.8 pL of 100mM dNTP, 2 uL of 10x random primers,
1uL of MultiScribe Reverse Transcriptase, 1pL of RNase inhibitor and 3.2 pL of nuclease-free
water. The RT negative mix was prepared without the RT enzyme MultiScribe, and the volume
was compensated by nuclease free water. 10uL of the RNA (400ng) was added into 10puL of this

master mix in a 96 well PCR plate. The reaction was run for 2 hours in the PCR machine using
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the following program: 25°C for 10 min, 37 °C for 2 hours and 85 °C for 5 min. Afterwards, the
sample was diluted 2x, by adding 20 uL of RNase free water making the final concentration

10ng/uL and stored at -20 °C.

When the Promega kit was used the reaction was set up with 2uL. of RNA at 1pug/uL RNA. A
master mix was prepared with 4 pL of 25mM MgCl,, 2 uL of RT-10x Buffer, 2uL of 10mM
dNTP, 1pL of random primers, IpL. AMV-RTase (Avian Myeloblastosis Virus Reverse
Transcriptase) enzyme and 0.5 pL of RRRI (Recombinant RNase in Ribonuclease Inhibitor). The
RNA was denatured at 70 °C for 10 minutes and spun. Then the master mix was added and the
volume was adjusted to 20 pL with nuclease free water. This reaction was first incubated at room
temperature for 10 minutes, and then heated at 42 °C for 30 minutes. After that the sample was
denatured at 95 °C for a 5 minutes followed by a 5 minute incubation on ice. The obtained cDNA
was then diluted to 100pL with nuclease free water and tested by running 10puL on agarose gel

for the presence of cDNA. The cDNA was stored at -20°C for further experiments.

2.4.6 RT-PCR (Reverse Transcription Polymerase Chain Reaction)

The cDNA template was amplified by PCR to measure the gene expression on RNA level. These
reactions were performed using PCR kit from Invitrogen in a final volume of 100 pL. The
reaction was set up with 20 uL of cDNA (I1pg/ uL), 10 uL of 10x PCR buffer, 4 pL of 50mM
MgCl,, 1.8 pL of 10mM dNTP’s, 0.6uL of Tag DNA polymerase and 3 pL of each forward and
reverse primers (20pmoles/ pL). The final volume was adjusted with RNase free water. The PCR

program is shown in Table 2.4. The primers were designed by the program Primer3 and obtained
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from Alta Biosciences. The annealing temperature was chosen depending on the melting
temperature of the primers. The primer pairs used in these reactions are shown in Table 2.5. The
reaction was first optimised to avoid primer dimers and it was decided to take 61 °C as the
annealing temperature for RT4, 65 °C for RT3 and 60°C for B-actin primers. The PCR reactions

were performed on a GeneAmp 9700 thermocycler (Perkin Elmer).
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Table 2.4: RT-PCR programme

Temperature Time purpose
95 °C 5 minutes Melting
95°C 30 seconds Denaturing
Ta°C 30 seconds 30 Cycles Annealing
72°C 45 seconds Elongation
72°C 10 minutes Extension
Table 2.5: Primers used for RT-PCR

Product | Annealing-

Gene | Forward primer Reverse primer length temperature
WFSI1- | 5’CTC-AAC-AGC-TGC-ACC- | 5’CCA-TCG-TGC-TCG-TTG-
RT3 GCT-GT-3’ ACC-TG-3’ 275 bp 65°C
WESI- | GGA-AGC-TCA-ACC-CCA- | 5> CCA-GCT-CGT-CAT-CAT-
RT4 AGA-AG-3 CTT-CG-3 270 bp 61 °C
Beta- 5’GAG-CGG-GAA-ATC-GTG- | & GAT-GGA-GTT-GAA-
actin CGT-GAC-ATT-3’ GGT-AGT-TTC-GTG-3’ 234 bp 60 °C
Table 2.6: Sequencing PCR programme

Temperature Time purpose
94°C 25 seconds Denaturing
50°C 25 seconds 28 Cycles Annealing
60°C 4 minutes Elongation
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2.4.7 Agarose Gel Electrophoresis

The PCR products (which are a mixture of DNA fragments) were separated according to the size
by agarose gel electrophoresis. The negatively charged DNA migrated through the gel and its
position was visualised under UV light due to the presence of ethidium bromide. Gels of different
percentages were needed depending on the size of the DNA fragments. In these experiments
either 1.5% or 2% gels were used. For 2% agarose gel: 4g agarose was dissolved in 200 mL 1x
TBE buffer (10x; 0.89M Tris Borate pH 8.3 and 20mM Na,EDTA, Geneflow) The gel mixture
was melted in a bottle in a microwave and left to cool to about 50 to 40 °C. Ethidium bromide
was added to a final concentration of 0.5pug/mL: this dye interacts with DNA and makes it

fluoresce and therefore visible under UV light.

The gel was poured into a gel casting tray, combs were placed and it was left to set for
approximately 10 minutes. When the gel was set, it was placed in an electrophoresis tank, the
combs were removed and the samples containing DNA loading buffer (10x loading buffer: 50%
glycerol, 0.05% bromophenol blue) were loaded. To determine the size of the fragments, SuLL of
a 100bp DNA ladder (Invitrogen) was also loaded to the gel. The products were resolved by
running the electrophoresis at 180 volts for approximately 20 minutes, or until the products had
migrated about 10 cm from the well. An UV trans-illuminator was used to visualise the products
and a picture of the gels was taken using the programme Gene Snap. The pictures were used to

quantify the intensity of the bands using the programme Gene Tools.
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2.4.8 ExoSAP (Exonuclease I and Shrimp Alkaline Phosphatase) reaction

The DNA/cDNA was further purified by Exo-SAP (New England Biolabs) from PCR mixture.
This reaction was carried out to clean up the PCR product for downstream applications such as
DNA sequencing. The Exo-SAP reaction removes any contaminants such as unwanted dNTPs
and primers from the PCR mixture. The enzyme Exonuclease I removes residual single-stranded
primers and any extraneous single-stranded DNA produced in the PCR. Shrimp Alkaline
Phosphatase dephosphorylates the remaining dNTPs in the PCR mixture. The reaction was set up
in 10uL of PCR product with 3uL of a master mix containing 1puL antaractic phosphatase, 1uL
antaractic phosphatase buffer, 0.25uL exo-nuclease and 0.75uL nuclease free water. This
reaction was incubated at 37°C for 30 minutes and at 85°C for another 20 minutes. The samples

were ready for sequencing.

2.4.9 DNA Sequencing

DNA sequencing was carried out to analyse the sequence of the DNA or cDNA obtained in the
PCR reaction, to compare to the sequence of interest in the database and to confirm its identity.
The sequencing reaction was set up in 20uL reaction volume, consisting of SuL of the PCR
product after Exo-Sap treatment with 2uL sequencing buffer, 1uL Big Dye (Invitrogen), 1 uL of
primer (10pmol/ puL, Table 2.5) and 1puL distilled water. The sequencing PCR cycle is shown in

Table 2.6.
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2.4.10 Ethanol precipitation

Ethanol precipitation was carried out to purify the DNA from the sequencing reaction. 3.5uL of
0.5M EDTA (Ethylene Diamine Tetraacetic Acid) and 100 uL of 100% ethanol was added to the
10uL of PCR reaction and allowed to stand at room temperature in the dark for 20 minutes. The
plate was centrifuged at 4000 rpm at 4°C for 30 minutes to pellet DNA. Then ethanol was
removed by inversion of the plate onto the tissue paper and centrifugation for 1 minute at 400
rpm. After that, 200 uL of 70% ethanol was added and centrifuged for 30 minutes at 4°C and the
supernatant was removed by inversion. This last step was repeated twice, followed by drying the

samples at 60°C for 10 minutes.

2.4.11 Sample preparation for Sequencing Analysis

The DNA pellet was resuspended in 10puL of Hi-Di formamide loading buffer (Applied
Biosystems). The DNA was denatured for five minutes and the plate was immediately transferred
onto ice to stop re-annealing of the products. The plate was then screened on the Sequence
Analyser version 5.2. The sequencing results were then analysed using Bio-Edit Sequencing

Alignment Editor.

2.4.12 Real time PCR

Real time PCR was used to get quantitative differences in gene expression. The experiments were
carried out using either the Tagman or the SYBR green methods. For the Tagman method, the
Tagman universal master-mixII and Taqman gene expression assays were purchased from
Applied Biosystems. The probes were labelled with 6-carboxy fluorescein (FAM) dye at the 5°
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end and quenched by minor groove binder (MGB) at the 3" end of the probe. MGBs increase the
melting temperature (Tm) without increasing probe length and allow for the design of shorter
probes. Beta actin was used as endogenous control. The Tagman expression assays used in this
study are presented in Table 2.7. The real time PCR reaction was set up by adding 10uL of the
master mix, 1 pL gene assay, 4ul. RNase free water and SuLL of cDNA containing 10 ng cDNA,
making a total reaction volume of 20 pL. The real-time PCR machine ‘7500’ from Applied
Biosystems or the Icycler from BIO-RAD were used for these reactions and the program is

shown in Table 2.8.The delta delta CT methods was used to calculate the expression levels.

2.4.13 Description of the calculation method for QPCR

To understand the quantitative PCR data and to be able to analyse it, it is very important to know
the basics of this technique. In QPCR, the initial amount or the concentration of cDNA is doubled
with each cycle. Changes to the initial concentration will shift the QPCR curve to the left (less
cycle needed to reach the threshold), or right (more cycles needed). Increase of the initial amount
of cDNA by a factor 10 will shift the curve around 3.33 cycles to the left and a decrease by factor
10 with shift the curve around 3.33 cycles the right. During the exponential growth of product in
QPCR, the number of cycles it takes to reach a threshold value is counted; this cycle number is
called Ct. In QPCR reaction a Ct difference of 3.33 equals to a copy rate 2. The copy rate refers
to the multiplication factor from one cycle to the next. A factor of 2 would mean that all the input
DNA is copied to a perfect or 100% efficiency. When using the delta-delta-Ct method the CT
values are normalised assuming the efficiency was 100%, taking the copy rate 2. The Ct values
for a target gene are normalised against a housekeeping gene such as beta actin, which is
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expressed at constant levels. The equation 2" is used in delta delta CT methods; the ACT is
calculated by subtracting the Ct values of the house keeping gene (reference) from the Ct values
of the gene under investigation (ACt= Ct target gene-Ct reference gene). This is done for both:
experiment and control e.g. for drug treated samples and untreated (ACt exp and ACt ctrl). In the
next step AACt is calculated by subtracting the ACT exp from the ACTctrl (AACt=ACt ctrl-ACt

AACT
2

exp). This value is then used in the equation to calculate the fold change of gene expression

(how much more or less the target gene is expressed in the experiment in comparison to the

2AACt

control). Up regulation of the gene was shown by >1 and down regulation; when

2%%°<](Livak and Schmittgen, 2001).
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Table 2.7: Tagman assays for QPCR from ABI

Assay name Source Cat-number
WEFS1 Human Hs00903605 m1
BiP Human Hs99999174 ml
CHOP Human Hs99999172 ml
spliced XBP1 Human Hs03929085 gl
BCL-2 Human Hs00608023-m1
BAX Human Hs00180269-m1
GRPY%4 Human Hs00427665 gl
Beta-actin Human 4352935E

WEFSI Mouse Mm00495979 ml
BiP Mouse Mm00517691 m1
CHOP Mouse Mm00492097 ml
Beta-actin Mouse Mm00607939 sl

Table 2.8: Programme used for QPCR reactions for Tagman assays

Thermal Cycler

Profile

Stage Repetitions | Temperature Time

1 1 50.0 °C 02:00

2 1 95.0 °C 10:00

3 40 95.0 °C 00:15
60.0 °C 01:00

9600 Mode Emulation

Data  Collection
Stage 3 Step 1

PCR Volume: 20 pLL
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2.4.14 The SYBR Green

The primers used in the QPCR reactions using the SYBR green method were designed using the
programme Primer3. The primers were purified by HPLC (High Performance Liquid
Chromatography) and purchased from Thermo Scientific, presented in Table 2.9. The stock
concentration of these primers was 100pmol/uL and was 5x — 20x diluted for different
experiments and optimised for the real time PCR reaction. Accordingly, the real time PCR
reaction was set up in a total volume of 25 pL containing 20uL of a mastermix, which was
prepared by adding 1.5uL of F/R primers (ranging from 20pmol/uL to Spmol/uL), 12.5uL of
Power SYBR Green (Applied Biosciences) and 4.5 pL of RNase free water. The cDNA was 5
times diluted, SuL (10ng) of this dilution was added to the master mix in 96 well PCR optical
plates (Bio-Rad). The PCR plate was then sealed and spun for 2 minutes at 4000 rpm. The plate
was then placed in the real time PCR machine to run the reaction. During analysis a melting
curve was checked to ensure that there was only one product of the reaction. The protocol for the
QPCR reactions is presented in Table 2.10. The Bio-Rad 1Q5 program was used for this reaction

using the 1Q5 ICycler machine from Bio-Rad.
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Table 2.9 Primers used for QPCR reactions using SYBR Green

Gene Forward primer Reverse primer

HW1-RT3 5CTCAACAGCTGCACCGCTGT3 SCCATCGTGCTCGTTGACCTG3

HW1-RT4 5GGAAGCTCAACCCCAAGAAG3 SCCAGCTCGTCATCATCTTCG3

HB-actin-3 5GGACTTCGAGCAAGAGATGG3 SAGCACTGTGTTGGCGTACAG3
HB-actin-AN | 5SGGGGACGAGGCCCAGA3 SCGATTTCCCGCTCGGC3

CHOP 5STGGAAGCCTGGTATGAGGAC3 STGTGACCTCTGCTGGTTCTG3

BIP 5TGAAACTGTGGGAGGTGTCA3 STTTGTCAGGGGTCTTTCACC3

Hamster-BIP | SGGCCGCGTGGAGATCATA3 SCACATACGACGGCGTGATS3

Table 2.10: Protocol for QPCR cycles for SYBR green assays

Protocol:
Cycle 1: (1X)
Step 1: 50.0 °C for 02:00.
Cycle 2: (1X)
Step 1: 95.0 °C for 10:00.
Cycle 3: (40X)
Step 1: 95.0 °C for 00:15.
Step 2: 60.0 °C for 01:00.
Data collection and real-time analysis enabled.
Cycle 4: (81X)
Step 1: 55.0 °C-95.0 °C for 00:30.
Increase set point temperature after cycle 2 by 0.5 °C
Melt curve data collection and analysis enabled.
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2.5 High Content Cytometry

5,000 cells were seeded per well of a 96 well plate and incubated overnight. The next day, they
were fixed with ice cold 85% ethanol and stained with 10pL propidium iodide staining solution
per well. The cells were incubated with the staining solution for 25 minutes at 37 °C, and then
DNA content based on total fluorescence was measured with a High Content Cytometer (ex3
Acumen). This allows rapid analysis of whole 96 well plates with resolution equivalent to a 20x

microscope objective.

2.5.1 Drug treatment

TUDCA, Valproate and Cycloheximide were used in these experiments. TUDCA and
Cycloheximide were dissolved and diluted in DMSO and Valproate was dissolved in water.
When the drugs were dissolved in DMSO it was important to keep the final concentration of
DMSO in the cells at 1%. A dose toxicity curve experiment was carried out for each drug with a
range of concentrations to find out whether the drug is toxic for cells at any concentration.

The principle of preparation of TUDCA dilutions was as follows:

First of all the final concentration range in cells for the toxicity experiment was decided: For
TUDCA the following concentrations were chosen (100uM to 1000uM). 1M stock of TUDCA
was prepared in DMSQO; this was further diluted in relevant volumes of DMSO to prepare 1000x
stocks (red stocks) for each final concentration of TUDCA; 100mM to 1000mM. Accordingly,
each of these1000x stocks (called ‘red stocks’) was diluted 10x to prepare 100x stocks (called
‘black stocks’). Preparation of “black stocks™: in the TC hood, 40 pL. of DMSO was aliquoted in

15mL falcons followed by adding 4 uL of the drug dilution (from ‘red stock’); mixed and 4 pL
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was removed. One falcon was prepared with no drugs as a control containing just DMSO. These
black stocks were further diluted 50x in medium to obtain 2x drug solutions (called ‘green
stocks’); 1960uL of medium was added to the 40uL of each black stock. Finally, 100uL of this
2x drug solution was gently dispensed into the cultured 96 well plate containing cells in 100uL
media using a multi-channel pipette and the plate was incubated for 24 hours. The final volume
of media in the cells was 200 pL and the final concentration of DMSO in cells was 1%.
Cycloheximide was diluted in a similar fashion: the stock solution of 100mg/mL was prepared in
DMSO. The ranges of concentrations used for the toxicity experiment (10 to 90ug/mL) were
tested in a time dependent manner. 5 identical plates were prepared; the plates were fixed during

a 6 hours time-course with 2 hours intervals.

The principle of preparation of sodium valproate (VPA) dilutions was as follows:

The desired final concentrations of VPA in the cells were 50, 100, 200, 400 and 600pg/mL. First
of all 100mg/mL stock of valproate was prepared in water. This stock was then 10x diluted in
media to get a stock solution of 10pug/uL. The final volume of media in the cells was 200 pL, and
it was convenient to pipette the drugs in 100 pL volumes into the cells in the 96 well plates.
Therefore a 2x working solution was prepared for each final concentration of VPA. For example;
for a final concentration of 50pg/mL in 200 uL media: the working solution was prepared by
adding 20uL of the drug stock solution (10pg/puL) to 1980 pL of media. Thus this stock
contained 20x10 pg=200 pg VPA in 2mL media, which equalled 100pg/mL. 100pL of this
solution was then dispensed gently into the cells containing 100 pL of media, making the final

VPA concentration 50pug/mL in 200uL volume, and the plate was incubated for 24 hour
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2.5.2 Fixation and Staining

The cells were fixed by adding 100 pL Glyo-Fixx (Thermo) per well and incubated for at least
two hours at room temperature. This was then followed by removing the Glyo-Fixx, adding
100uL of cold 85% ethanol and incubating the plate at 4°C for 30 minutes (the plate can be
incubated up to two days when 200 pL of 85% ethanol is added). After fixation, the cells were
first stained with antibodies and then with propidium iodide. Firstly, the ethanol was removed (as
much as possible) and the plate was incubated with blocking solution (5% BSA in PBST (0.1%
Triton-X-100, in 10x PBS)) for 30 minutes at room temperature. After aspirating the blocking
solution 50 uL/well of primary AB solution was added, PBST was used as a negative control and
the plate was incubated overnight at 4°C (the antibodies were diluted in PBST, Table 2.2). The
next day, the cells were washed twice with cold PBST by adding 200uL/well. After aspirating the
PBST 50uL/well of secondary antibody (anti-mouse or anti rabbit-FITC, Table 2.3) solution was
added, protecting the solutions and plate from light. The plate was incubated overnight at 4°C or
two hours at room temperature. Subsequently the cells were washed twice with cold PBST. The
PBST was gently aspirated and 100pL/well of propidium iodide staining solution (0.1% Triton-
X-100, 100pg/mL RNase A (Sigma), 10pg/mL propidium iodide (Invitrogen)) was added. The
plate was then incubated at 37 °C for 20 minutes, protected from light. Afterwards, any bubbles
were removed using a needle and the plates were ready for screening by the High Content

Cytometry System (Acumen). The Acumen machine was operated by Dr Nagy’s lab staff.
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2.6 Immunofluorescence microscopy

2.6.1 Fixation of cells

Wild type SK-N-AS human neuroblastoma cell lines were grown in 6-well dishes containing
22mm x 22mm cover slips. The cover slips were first washed with 80% ethanol, air dried and
placed in 6 well or 24 well plates. The plate with the cover slips was sterilised under UV light in
the tissue culture hood for 30 minutes. 3x10* cells were plated in each well of a 6 well plate
containing 2-3 cover slips. The cells were grown over night to form a monolayer on the cover
slips. The cells were washed three times with PBS for 10 minutes and fixed in 4%
paraformaldehyde for 10 minutes. Afterwards the cells were washed three times and
permeabilised by adding 0.2% Triton-X-100 in PBS to the cells and incubating for up to 4
minutes. This was followed by further three washes of 10 minutes with PBS to remove the

Triton-X.

2.6.2 Immuno-probing

The blocking of non-specific proteins was performed by adding 1% BSA in PBS into the cells
and incubating for 1 hour at room temperature on a rocking platform. The blocking solution was
removed and the cells were washed again three times with PBS followed by overnight incubation
of the primary antibody (Table 2.2) at 4°C. The antibodies were diluted in PBS and 200 to 300
uL of the antibody solution was pipetted on the cover slips in a 24 well plate and incubated at
4°C. The next day, the cover slips were washed for 3x10 min in PBS in the 24 well plate. The
secondary antibody (Table 2.3) was added in the dark and incubated for one hour in the dark.

This was followed by another three washes of 10 minutes with PBS.
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2.6.3 Mounting and Visualisation

The slides were mounted with Vectashield (Vector Laboratories, USA) mounting medium,
containing 4’, 6-Diamidino-2Phenylindole (DAPI). The cover slip was carefully picked with a
thin forceps and positioned on microscopic slides (VWR) containing a drop of mounting
medium. The slides were left to dry in the dark, and the coverslips were sealed with clear nail
vanish and left overnight at 4°C before analysis. When the slides were dry, the cells were
visualised and photographed with AXI-overt 100M confocal image collection apparatus (Zeiss),
using 100x oil lens or 65x water lens. The images from the confocal microscope were taken by

Janine Fenton.

2.6.4 Paraformaldehyde preparation

4% Paraformaldehyde was prepared with precautions as it is toxic. Eye protections, lab-coat and
gloves were worn; 4g paraformaldehyde was weighed in a measuring scoop inside the hood and
added to 100mL of warm PBS to dissolve. This suspension was placed in a water bath at 65 °C to

dissolve completely; after dissolving this solution was aliquoted and stored in a -20 °C freezer.

2.7 Electron microscopy using pre-embedding immunostaining

Wild type SK-N-AS human neuroblastoma cells were grown on plastic coverslips for 24 hours.
This experiment was performed by and in collaboration with Prof Attila Sik: 7o reveal the
subcellular distribution of Wolframin, cell cultures were cryoprotected in 30% sucrose (0.IM
PB), freeze-thawed over liquid nitrogen, and incubated in polyclonal rabbit anti WFS1 (1:100) in

Tris-buffer saline (0.05M, TBS). After intensive washing with TBS, cell cultures were incubated
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with goat anti-rabbit IgG coupled to Inm gold particles (Amersham, UK) diluted 1:50 overnight
at 4°C. Then, cultures were washed and fixed for 10 min in 4% v/v formaldehyde solution (made
up in PBS), washed three times in 10 min in Enhancement Conditioning Solution (Aurion
Immunoresearch, Wageningen, The Netherlands) and the gold particles were intensified with R-
Gent silver intensification solution (Aurion). At the end of the immunogold reactions, cultures
were treated with 1% OsO4 for 15 min, dehydrated in graded ethanol (70% v/v ethanol
containing 1% w/v uranyl acetate) and in propyleneoxide and embedded in Durcupan (Fluka
Sigma-Aldrich). Regions of interest were re-embedded, sectioned serially in 50nm sections,
collected on formvar-coated single slit copper grids, and counterstained with lead citrate.
Electron micrographs were taken using a Tecnai Krios electron microscope equipped with digital

camerda.

2.8 Cloning

The PCR product was gel extracted, purified and cloned into a pGEM and/or pCMV vectors
followed by sequencing. This process consists of a number of experiments: gel extraction-
purification, ligation, transformation, DNA isolation using mini prep or maxi prep, restriction

enzyme digestion and sequencing.

2.8.1 Gel extraction and purification

The QIAquick Gel Extraction Kit Protocol was used for this experiment. DNA fragments were
separated on 2 to 1.5 % agarose gel and DNA bands were cut off using a clean sharp scalpel in

UV light. The gel slices were transferred into an eppendorf and then weighed. Three volumes of
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QG buffer was added into 1 volume of the gel (it was assumed that 100mg of the gel had the
volume of 100uL) and incubated at 50 “C for 10 minutes to completely dissolve the agarose gel.
One gel volume of iso-propanol was added to the sample and mixed by pipetting. A QIAquick
spin column was placed in a 2mL collection tube, the sample was applied to the QIAquick
column and centrifuged for 1 min at 13000rpm to bind the DNA. The flow through was discarded
and 0.5 mL of QG buffer was added and centrifuged for 1 minute at 17000rpm to remove all
traces of agarose. To wash the DNA 0.75mL of PE buffer was added to the QIAquick column
and centrifuged for 1 min at 17000rpm; the flow through was discarded and another round of
centrifugation was carried out at 17000rpm for 1 min. Afterwards, the QIAquick column was
placed in a 1.5 mL micro centrifuge tube. To elute the DNA, 50uL water was added to the centre
of the QIAquick membrane. The column was left to stand for 1 minute and then centrifuged for 1

minute at the same speed.

2.8.2 Ligation reaction

The ligation reaction was set up according the protocol provided with the T4 DNA ligase kit
(Promega). Positive and negative control reactions were included: the positive reaction contained
control insert DNA and negative reaction contained no DNA. The standard reaction was set up by
adding SpL 2x ligation buffer, IuL pGEM vector (50ng), volume of insert dependent on the
concentration of PCR product, 1 pnL LT4 DNA ligase and the reaction volume was adjusted with
nuclease free water to 10uL. The reaction was mixed by pipetting and incubated over night at

4°C.
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2.8.3 Transformation

For transformation a-Select Silver Efficiency Competent Cells were used from Bioline. These are
high-efficiency (>1x10%fu/ug pUC19) cells containing a lacZ marker which provides a-
complementation of the B-galactosidase gene for blue/white colour colony screening. The cells
were removed from -70°C, thawed on ice, and mixed gently by flicking the tube. 100 pL of cells
were aliquoted into a chilled 1.5mL tube. 10uL of DNA solution was added into the cell
suspension and gently mixed by swirling. 2uL of control DNA were added to a control tube. The
reaction was incubated for 30 minutes on ice followed by placing the cells in a 42 °C water bath
for 45 seconds without shaking. The tubes were replaced on ice for 2 minutes and 900 uL of SOC
medium (Invitrogen) were added to the transformation mixture. Then the tubes were shaken at
200 rpm for 60 minutes at 37°C. Afterwards 50-200uL of transformation mixture was spread on
previously prepared LB agar (Sigma) plates containing 100ug/mL ampicillin and supplemented
with 80pg/mL X-GAL (Sigma) and 0.5mM IPTG (Sigma) followed by incubating the plates

overnight at 37 °C.

2.8.4 Blue/White colony selection

After growing the bacteria for 16-24 hours in the 37 °C incubator, the plates were checked for
blue and white colonies. The white colonies, formed from successful ligation reactions were
selected and grown in LB-broth medium (Sigma). The LB-broth medium was prepared by
dissolving 8g LB-broth in 400mL water and autoclaving. After cooling to 50°C, this medium was
supplemented with 100pg/mL ampicillin. 5SmL of LB-broth medium was poured into a 50mL
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falcon tube and one white bacterial colony was added with a tip. The tubes were securely
tightened and placed in the shaker for overnight incubation (>16 hours) at 37 °C vigorously
shaking at 200 rpm. The next day, the bacterial cells were centrifuged at 5400 x g for 10 minutes

at 4 °C, and all traces of supernatant were removed. The pellet was harvested for DNA isolation.

2.8.5 Small scale plasmid DNA extractions

The bacterial cell pellets from 20mL culture was resuspended in 250 pL buffer P1 and transferred
to a micro centrifuge tube. In addition 250 pL of P2 buffer was added to the tube and mixed
thoroughly by inverting the tube 4-6 times. 350 pL of N3 buffer was added into the tube and
mixed thoroughly by inverting the tube 4-6 times. The tube was centrifuged for 10 minutes at
13,000 rpm and the supernatant was applied to a QIAprep spin column by pipetting. After
centrifugation for 30-60 seconds the flow-through was discarded. The column was washed by
adding 0.5mL PB buffer and centrifuged for 30-60 seconds and the flow through was again
discarded. The spin column was washed again by adding 0.75mL PE buffer and centrifuged for
30-60 seconds. The flow through was discarded and the spin column was centrifuged for 1
minute-to remove residual wash buffer. Finally the QIAprep column was placed in a clean tube,
to elute DNA. 50uL EB buffer was added to the centre of each spin column. The column was left
for 1 minute and centrifuged for 1 minute at 13,000 rpm. The sample was stored at -20 °C before

further use.
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2.8.6 Large scale Plasmid DNA extractions

The pCMV plasmid was extracted and purified using Endofree Plasmid Maxi kit (Qiagen).
Briefly, 200mL of culture was centrifuged at 6000rpm for 10mins. The pellet was resuspended in
10mL of buffer P1.10mL of lysis buffer (P2) was added to the cell solution and mixed
thoroughly; this was then left for 5 minutes incubation at room temperature. 10mL of
neutralisation buffer (P3) was added to the cell lysate and was decanted into the QIAfilter
cartridge and incubated at room temperature for 10 minutes. During this time the Qiagen-tips
were equilibrated by applying 10mL of equilibration buffer (QBT) and allowing the column to
empty by gravity flow. The nozzle cap from the QIA filter cartridge was removed and the plunger
was inserted into the cartridge, filtering the cell lysate into a 50mL tube. The cell lysate was
applied to the equilibrated Qiagen-tip and was left to enter by gravity flow. Thirty mL of wash
buffer (QC) was applied twice to the Qiagen-tip. The DNA was eluted in 15mL of elution buffer.
10mL of isopropanol was added to precipitate the DNA; this was centrifuged at 6000xg for 15
minutes at 4°C. The DNA pellet was washed using 70% ethanol and centrifuging for 10 minutes

at 11,000rpm. The pellet was left to dry and then resuspended in 500uL dH,O.
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Chapter Three: WFS1 depletion results in enhanced
ER stress, apoptosis and cell cycle disturbances in
neuronal cell models
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3.1 Introduction

Wolfram syndrome (WS) is a rare neurodegenerative disorder involving the central nervous
system (CNS), the peripheral nerves and the neuro-endocrine tissues (Wolfram and Wagener,
1938, Barrett et al., 1995). The prognosis of this syndrome is poor due to premature death of the
patients with severe neurological disabilities such as bulbar dysfunction and organic brain
syndrome (Barrett et al., 1995). Neurological studies have shown diffuse neurodegenerative
changes in the brain (Genis et al., 1997, Shannon et al., 1999). The acronym DIDMOAD
(Diabetes Insipidus, Diabetes Mellitus, Optic Atrophy, and Deafness) describes the predominant

symptoms of this disorder (Barrett et al., 1995, Barrett and Bundey, 1997).

The main features include young onset diabetes which is insulin dependent, non-autoimmune and
non-HLA linked. Mutations in the gene causing WS (WFS1) are associated with premature death
of pancreatic beta cells, which results in insulin dependent diabetes (Inoue et al., 1998). The
WFS1 gene was cloned in 1998 and is positioned on the short arm of chromosome 4 (4p16)
(Strom et al., 1998, Inoue et al., 1998). WFSI encodes a 100 KDa protein called Wolframin
which is located across the membrane of the Endoplasmic Reticulum (ER) (Takeda et al., 2001).
The precise function of Wolframin is not fully understood; however studies have shown that
Wolframin is involved in protein biosynthesis, modification/folding, secretion, processing,
membrane trafficking and regulation of ER calcium homeostasis (Yamada et al., 2006, Fonseca

et al., 2005, Riggs et al., 2005, Hofmann and Bauer, 2006, Yamaguchi et al., 2004).
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As mentioned in the main introduction, ER stress is sensed by 3 transmembrane proteins across
the ER membrane: IRE1 (Inositol Requiring 1), PERK (Protein Kinase like ER Kinase) and ATF
6a/b (Activating Transcription Factor 6). These three sensors are bound to BiP (Binding
Protein/HSPAS) within the ER lumen under normal unstressed conditions; however, they get
activated in the presence of ER stress and dissociate from BiP to perform their activities. The role
of WFSI in the ER stress pathways has been investigated by many studies suggesting that p-cell
death and neuronal cell dysfunction in WS are attributed to high levels of ER stress in the
affected cells (Yamada et al., 2006). Fonseca and colleagues (2005) reported that WFS1 is a
component of the UPR and its deficiency leads to apoptosis especially in neuronal and pancreatic
beta cells due to chronic ER stress. This suggested that WFS1 protects cells against ER stress.
Another study by the same group showed that WFS1 has a key role in the negative regulation of a
feedback loop of the ER stress network (Fonseca et al., 2010). This study showed that WFSI
prevents secretory cells from apoptosis caused by dysregulation of ER stress signalling pathways

by negatively regulating ATF6a through the ubiquitin proteasome pathway.

Apoptosis of the neuronal and pancreatic beta cells has been reported to be the main reason for
progression of WS due to the presence of irresolvable ER stress (Oslowski et al., 2011).
Apoptosis is one of the important cellular mechanisms critical for development and tissue
homeostasis. The apoptotic pathway is regulated by several genes such as p53. This gene is able
to upregulate the expression of genes involved in apoptosis such as the members of the BCL-2
family (Lassus et al.,, 2002). The BCL family consists of pro-apoptotic and anti-apoptotic

proteins, which function in regulating the permeability of the mitochondrial membrane (Szegezdi
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et al., 2006, Chipuk et al., 2010). The pro-apoptotic proteins, Bak and BAX are required for
induction of apoptosis by a variety of stimuli, including ER stress, and regulate both the release
of pro-apoptotic factors from mitochondria and the release of calcium from the ER. BAX and
BID function in permeabilising the mitochondrial membrane, which leads to the release of
cytochrome ¢ from the mitochondria to the cytoplasm (Szegezdi et al., 2006). In the cytoplasm
cytochrome c is able to activate Caspase 9 (Szegezdi et al., 2006). Bcl-2 is a neuroprotective
protein that is released in response to neuronal cell death (Rasheva and Domingos, 2009). The
caspase family are specific proteases which are responsible for the destruction of the cells in a
controlled manner. Caspases consist of cysteine proteases that remain in an inactive form within a
cell. On induction of apoptosis, caspases are cleaved and form active enzymes. Caspase 9 is able

to activate other caspases causing a caspase cascade (Fan et al., 2005).

Many studies have been focusing on apoptosis in WFS1 deficient pancreatic beta cells; the study
by Philbrook et al. (2005), showed that WFS1 negative cells were more sensitive to ER stress
induced apoptosis by measuring the activity of caspase-3. The study conducted by Riggs and
colleagues (2005) assessed apoptosis in PWfs—/—mice by immunohistochemistry for the active
subunit of cleaved caspase-3. They found significant increases in caspase-3 positive nuclei in
BW{fs—/—animals compared with control animals. Similarly Yamada and colleagues (2006) found

increased expressions of CHOP and cleaved caspase-3 in WFS1 deficient MING6 cells.

Cell cycle impairment has been previously reported in WS, where WFSI1 deficiency was
associated with increased expression of the cell cycle regulatory protein p21 in MING6 cells
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(Yamada et al., 2006). The cell cycle consists of events that lead to cell division and DNA
replication. It is divided into two main periods: interphase (consisting of G1, S and G2 phase),
which are concerned with cell growth and duplication of DNA; and mitosis, which is the cell
division period ending with cytokinesis. Figure 3.1 shows a schematic diagram of the cell cycle
phases and regulation. During the G1 phase the cells increase in size and the G1 check-points
prepare the cells for DNA synthesis. During the G2 phase, the checkpoints prepare the cells to

enter mitosis (Hannon and Beach, 1994).

The cell cycle events are regulated by two main classes of molecules: the cyclins and the cyclin-
dependent kinases (CDKs). Cyclin and CDKSs form a heterodimer which permits the activation or
inactivation of target proteins to enter the next phase of the cell cycle. Cyclins are the regulatory
subunits and are synthesised during specific stages of the cell cycle. The CDKs are the catalytic
subunits which are constitutively expressed in cells and remain inactive in the absence of a cyclin
partner (Sherr, 1993). The main cyclins involved in cell cycle regulation are A, B, D and E, each

of these have different roles in the different check points of the cell cycle.

Cyclin D is induced at the GO/GI transition by growth factors and its expression is associated
with apoptosis of post mitotic neurons. Cyclin E plays a role in G1/S transition and it is degraded
at the start of S-phase. Activation of cyclin E-CDK2 complex is necessary for G1/S transition and
deactivation of this complex leads to cell cycle arrest in the G1 phase. Cyclin A plays a role in
G2/M transition and its inhibition leads to G2 arrest. The activation of cyclin B is also necessary
for the G2/M transition. At the beginning of mitosis cyclin B enters the nucleus and it is degraded
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at the end of mitosis to allow cells to leave mitosis. Activation of cyclin B is inhibited by DNA
damage and lack of DNA replication leading to G2 arrest (Dehay and Kennedy, 2007, Nagy et

al., 1997).

The progression of the cell cycle is prevented by tumour suppressor genes also known as cell
cycle inhibitors. These inhibitors consist of the cip (CDK interacting protein) family of genes that
include p21, p27 and p57. P21 (CIP1/WAF1) is also known as cyclin dependent kinase inhibitor
1(CK1) and functions as a regulator of cell cycle progression at the G1 phase by binding to and
deactivating cyclin-CDK heterodimers. P21 expression is controlled by p53 (a tumour suppressor
gene) that enables this protein to mediate p53 dependent G1 arrest (Coqueret, 2003). P21
therefore negatively regulates cyclin-CDK-dependent progression of the cell cycle. This protein
also plays a role in cellular differentiation, senescence, inhibition of apoptosis and activation of
cyclin D-CDK4. The subcellular localisation of p21 plays a role in its ability to regulate cell
cycle. When present in the nucleus, it can perform the cell cycle inhibitory activities and its
cytoplasmic retention causes loss of cell cycle inhibition and gain of apoptosis inhibitory activity

(Dash and El-Deiry, 2005).

Cell cycle studies are usually performed using flowcytometry based assays, where specific
nuclear DNA profiles are generated using DNA dyes such as propidium iodide. Other methods
traditionally used in cell cycle studies are based on the measurements of the expression patterns
of cell cycle checkpoint markers such as proliferating cell nuclear antigen (PCNA) and cyclin B1
by immunofluorescence or flowcytometry. PCNA is a marker for the G1/S progression and

93 |Page



cyclin B1 is a marker for the G2/M transition. More recently High Content Cytometry (HCC)
using the acumen eX3 cytometer from TTP Labtech has been applied to study the effects of
therapeutic agents on the cell cycle at the single cell level. This is a fast laser scanning imaging
system that is able to collect and analyse over 40 images/second. The acumen cytometer is
applied to study several features at single cell level such as size, shape, number and intensity of
subcellular compartments. These features are used for quantitative analysis of a broad range of
biological processes including: toxicity testing, cell cycle status, colony formation, protein kinase
activity, alterations in cell morphology, and ongoing apoptosis in cell culture. The acumen
operates by passing a laser through a wide field objective across the bottom of a microplate or

slide, allowing rapid analysis of whole wells (TTPlabtech, 2012).

Human Neuroblastoma cell lines were used in this project as a neuronal cell models.
Neuroblastoma cell lines were originally used by Murry and Stout in 1947 in an in vitro study;
these investigators found that these cells readily elaborated axons (Murray and Stout, 1947).
Later, the study by Goldstein (1968) revealed the differentiating properties of neuroblastoma cell
lines in vivo and in vitro. SK-N-AS cell lines were shown to adapt in serum-free conditions
because of their property to constitutively express Insulin-like Growth Factor 2 (IGF-2) (EI-
Badry et al., 1991, Goldstein, 1968). Neuroblastomas are thought to arise from post ganglionic
sympathetic neuroblasts of the embryonic neural crest. Several studies have shown that
neuroblastoma cell lines express neuronal properties such as induced elaboration of neuritic
processes; the synthesis of neurotransmitter biosynthetic enzymes; expression of neurofilaments;
opioid, muscarinic and neurotrophin receptor expression. Neuroblastomas also contain dense core
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granules which are presumed sites for catecholamine storage and show immunoreactivity to

neuron specific enolase (Thiele et al., 1987).

This chapter will focus on the choice and characterisation of the cell models in terms of ER

stress, apoptosis and cell cycle impairment.
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Figure 3.1: Eukaryotic cell cycle regulation

There are four events in eukaryotic cell cycle: M phase (mitosis), S phase (DNA synthesis), and two gap
phases (G1 and G2). The Glphase allows responses to extracellular signals to induce cell division or
withdrawal from cell cycle and enter the quiescent state (GO). During the G2 phase the cell checks
whether the DNA replication is completed before the start of cell division. R is the major cell cycle
restriction point at the end of the G1 phase. The cell cycle checkpoints are regulated by the cyclin-CDK
complexes that are in charge of the correct progression of cell cycle phases (Dehay and Kennedy, 2007).
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3.2 Aims

The aims of this study were as follows:

1.

To investigate the expression of WFS1 on mRNA and protein levels by real time PCR
and immunoblotting in WFSI1 stably depleted human and mouse neuroblastoma cell
models.

To prepare and characterise two WFS1 transiently depleted cell models in human SK-N-
AS and NT2 cell lines.

To test the validity of the obtained cell models by investigating the levels of ER stress
markers on protein and RNA levels.

To investigate the levels of apoptosis in WFS1 stably depleted cells.

To investigate the role of WFSI1 in cell cycle regulation
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3.3 Results

3.3.1 Characterisation of the cell models on mRNA and protein levels
3.3.1.1 The cell models

The aim of this project was to study the neurodegenerative aspects of Wolfram Syndrome since
this is the main cause of death in WS patients (Genis et al., 1997). Human neuroblastoma (SK-N-
AS), human NT2 and mouse neuroblastoma (neuro2A) cell lines were used to investigate the
function of Wolframin. The reason for choosing SK-N-AS cells lines was because of their
neuronal properties; these neuroblastoma cells are human cells derived from childhood
neuroblastoma tumours and have many features in common with neuronal cells that express

Wolframin (Thiele, 1998).

Three candidates WFS1 depleted stable clones (KD1-3) and one control were prepared in human
neuroblastoma SK-N-AS cell lines by sh-RNA transfection. To reproduce the main findings
obtained in the stable clones and to avoid the possibility of clonal effects, SK-N-AS cell line was
used to construct a set of transiently WFS1 depleted cells using si RNA. The transiently WFS1
depleted cells were named KDA and KDB with their negative control (CL). To confirm the
findings in another cell type, human neuronal progenitor (NT2) cells derived from a human
teratocarcinoma cell line were used to construct a second set of transient knockdowns. These
knockdowns were named KDC and KDD. Additionally, to reproduce the findings in another
species, mouse neuroblastoma cell line (Neuro-2A) was used to prepare a set of WFS1 depleted

stable clones: KDX, KDY and CTRL as empty vector treated control.
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The levels of WESI depletion were measured on mRNA level by quantitative real time PCR
(QPCR) or on protein level by immunoblotting. QPCR is a very sensitive method to quantitate
differences in mRNA expression using very small amounts of cDNA. In the first sets of
experiments, SYBR Green was used in the reaction. Later on, to avoid the optimisation and
validation of the primers, the SYBR green method was replaced with the Tagman method. The
predesigned primer and probe combinations available from Applied Biosystems as ‘Tagman
gene expression assays’ make it easier to run multiple reactions simultaneously. The QPCR data
was analysed using the delta-delta CT method (2** '), a commonly used method to express
relative changes between two parameters such as normal and diseased expression levels. This

methods is explained in great details in (Materials and Methods Chapter, section 2.4.13)

For the SYBR Green method, HPLC purified primers (WFS1 and B-actin) were used for the real
time PCR reaction. The primers were first optimised by analysis of the PCR product on the gel
and validated by producing a standard curve presented in Figure 3.2. These results show that the
PCR products were free of primer dimers and the reaction was linear over a wide range of cDNA
concentrations (from 100ng to 3.1ng). The linearity graphs show that both graphs have a R value
of about 0.99 and the efficiency value is between -3.1 and -3.6. These are the essential factors to
establish whether the efficiency of both primers are similar, which is the important condition for

applying the AACT method (Livak and Schmittgen, 2001).
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Figure 3.2: Optimisation and validation of SYBR Green primers

The QPCR reaction was performed with 20pmoles of the primers, the PCR product was run on a 2%
agarose gel. For the standard curves the following range of concentrations of the cDNA was used. (100ng,
50ng, 25ng, 12.5ng, 6.25ng and 3.1ng). Each concentration was tested in triplicate.
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3.3.1.2 Determination of WFS1 depletion levels in the cell models

The expression of WFS1 was first measured by the SYBR Green method in WFS1 depleted and
control stable SK-N-AS clones (KD1, KD2 and CL). The experiments were repeated 7 times with
different sets of cDNAs. The data presented in Figure 3.3 shows that the expression of WFSI was
significantly reduced in the two knockdowns in comparison to the control. The levels of WFSI
depletion observed in KD1 was 80.5+1.5% with p=4.6x10"" and in KD2, the level of WFSI

mRNA depletion was 68+4.9% with p=0.014.

The expression of WFSI mRNA was also measured by QPCR using the Tagman method. As
Tagman offers optimised and validated probe and primer combinations, these do not require
further optimisation. One more WFS1 depleted clone was added to the experiments (KD3); the
three WFSI1 stably depleted neuroblastoma clones (KD1-3) showed WFS1 expression reduced by
60-80% in comparison to the control (CL). WFSI expression on RNA level was reduced by
71£2%, 61+3% and 60+4% (mean+=SEM) in KD1, KD2 and KD3 respectively vs control (n=6,

p<0.001) Figure 3.4A.

Furthermore, the expression of WFSI in these stable knockdowns was also measured by
immunoblotting using rabbit polyclonal anti-WFS1 antibodies from Proteintech and the blots
were developed using the ECL kit. The data showed significant reduction in the expression of
WESI protein in the three knockdowns in comparison to the control. Protein depletions were
measured by densitometry using the Gene Tools software, which showed: 76+7%, 78+4% and

63+7% WEFS1 depletion in KD1-3 vs control respectively (n=6, p<0.05, Figure 3.4B).
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Figure 3.3: WFS1 mRNA expression by SYBR Green

Quantitative real-time PCR analysis of WFSI in stable clones with WFS1 depletion in comparison to
control by SYBR Green, CL=control, KD1, KD2= WFS1 depleted stable clones in human SK-N-AS cell
line.. *p<0.05, **p<0.01, and ***p<0.001, T-test: KD1 p=4.6x10""7, KD2 p=0.014, n=7. n = number of
independent runs using at least 3 RNA preparations from independently cultured stable clones
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Figure 3.4: WFS1 mRNA and protein expression in SK-N-AS stable clones

A: Quantitative real-time PCR analysis of WFSI in WFSI1 depleted cells in comparison to control by
Tagman. CL=control, KD1, KD2, KD3=WFS1 depleted stable clones in human SK-N-AS cell line.
*p<0.05, **p<0.01, and ***p<0.001, n=7. n=number of independent runs using at least 3 RNA
preparations from independently cultured stable clones. B: Western blots analysis of WFS1 in WFSI
depleted cells in comparison to control - representative experiment. (Beta actin = reference). Bar chart -
quantification of WB, T-test: WFS1: p<0.001 for KD1 and KD2, p< 0.05 for KD3, n=6, n= number of
independent runs using at least 3 independently prepared protein extracts.
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In addition, transiently depleted WFS1 knockdowns were prepared in SK-N-AS human
neuroblastoma cells (KDA and KDB) using siRNA (Ambion). The expression of WFESI in these
cells was measured by real-time PCR using the Tagman method and by immunoblotting. The
data presented in Figure 3.5A showed significant reduction in the levels of WFSI in the two
knockdowns in comparison to the control. The levels of WFSI mRNA showed 79+2% reduction
in KDA and 61+9% in KDB (n=6, p<0.001). On protein level the results were similar: 76+6%

WESI depletion in KDA and 72+3% in KDB (n=5, p<0.05).

To verify the findings in another cell line, it was decided to prepare WFS1 transiently depleted
human NT2 cells (KDC and KDD) using siRNA (Ambion). In both cases, the expression of
WEFS1 was significantly decreased at both RNA and protein levels. The results of QPCR (Figure
3.6A) showed WFSI1 depletion 83+1% in KDC and 83+1% in KDD (n=5 and p<0.001). The
WEFSI depletion on protein level (Figure 3.6B) was 63+8% and 61+6% in KDC and in KDD,

(n=3 and p<0.05).
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Figure 3.5: WFS1 expression in transiently depleted SK-N-AS cells

A: Quantitative real-time PCR analysis of WFSI in WFSI transiently depleted cells in comparison to
control in human SK-N-AS cell. *p<0.05, **p<0.01, and ***p<0.001, n=6. n = number of independent
runs using at least 3 RNA preparations from independently transfected cells. T-test WES1: p<10"" for
KDA and KDB, n=6.B: Western blots analysis of WFS1 in WFSI transiently depleted cells in comparison
to control - representative experiment. (Beta actin = reference). Bar chart -quantification of WB, T-test:
WES1: p<0.05. T-test: p<0.05 for KDA and KD2 v control. N= number of independent runs using at least
3 protein extracts from independently silenced neuroblastoma cells.
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Figure 3.6: Levels of WFS1 expression in transiently depleted NT2 cells

A: Quantitative real-time PCR analysis of WFSI in WFSI1 transiently depleted human NT2 cells in
comparison to control. *p<0.05, **p<0.01, and ***p<0.001, n=6. n = number of independent runs using at
least 3 RNA preparations from independently cultured transient cells. T-test WFS1 depletion: p<10™° for
KDC and KDD respectively, n=5. B: Western blot analysis of WFS1 in WFS1 transiently depleted human
NT2 cells in comparison to control. Representative experiment (Beta actin = reference). Bar chart -
quantification of WB, T-test WFS1: p<0.05 and p<0.015 for KDC and KDD respectively (n=3)
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Finally, it was decided to confirm the findings in cells from another species to find out whether
the data is species dependent. A mouse neuroblastoma (Neuro2a cell line) was chosen to prepare
stably depleted WFS1 knockdowns using the lentivirus system. The knockdowns were prepared
by Dr Astuti. Two knockdowns and one control clones were chosen for the experiments (KDX,
KDY and CTRL). Similarly, the levels of WFSI1 expression were measured in these cells by
QPCR and immunoblotting. The results presented in Figure 3.7 showed significant reductions in
the expression of WFS1 both on protein and mRNA levels. The levels of WFSI depletion in these
cell lines on mRNA level was 83+5% in KDX and 67+6% in KDY with p-values 0.025 and
0.00609 respectively, n=6 (Figure 3.7A). On the protein level the data showed 85+12% decrease in

KDX and 57+11 decreased expression in KDY (n=4 p<0.05, Figure 3.7B).
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Figure 3.7: WFS1 expression in Neuro2A stable clones

A: Quantitative real-time PCR analysis of WFSI in WFSI1 stably depleted clones in comparison to control
in mouse neuro2a cell line. *p<0.05, **p<0.01, and ***p<0.001, n=6. n = number of independent runs
using at least 3 RNA preparations from independently cultured stable clones. T-test WFS1 depletion:
p=9.5x10"" and 8x10™ for KDX and KDY respectively. B: Western blots analysis of WFS1 in WFSI
stably depleted clones in comparison to control - representative experiment. (Beta actin = reference). Bar
chart -quantification of WB, T-test: WFS1: p<0.05. T-test WFS1: 0.025 and 0.0069 for KDX and KDY
respectively (n=4)
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3.3.2 Expression of ER stress markers in WFS1 depleted neuronal cells

WEFS1 depleted cells have been shown to present enormous ER stress in different animal and
human cell models. To characterise the cell models, it was decided to measure the expression of
various ER stress markers (BiP, CHOP, spliced XBP1, GRP94, ATF6 and HRD1) on protein
and/ or mRNA levels by real time PCR and immunoblotting. The reason for choosing these
particular markers was based on their involvement in the three main branches of the ER stress
pathways as described in the main introduction (Table 1.1). The levels of the three ER stress
markers CHOP, BiP and spliced XBP1 were significantly increased in WFSI stably depleted
clones in comparison to the control (Figure 3.8). CHOP expression was increased by 146+7%
(Mean£SEM) in KD1, 56+9% in KD2 and 54+14% in KD3 (n=3, p<0.05). The expression of BiP
was increased by 70+17%, 83+£28% and 59+13% in KD1-3 (n=5, p<0.05) and the expression of
spliced XBP1 was increased by 107+28%, 110+27% and 94+33% in KD1-3 respectively (n=7,

p<0.01).

At protein level the expressions of BiP, GRP94, ATF6a and HRD1 were measured in WFSI
stably depleted clones. All four markers showed significant elevation in WFS1 depleted cells in
comparison to the control. The expression of BiP protein shown in Figure 3.9A was significantly
increased in the WFS1 depleted cells in comparison to the control: 407+71%, 255+94% and
129+49% increase in KDI1-3, respectively (n=6, p<0.05). The expression of GRP94 was
measured in KD2 and KD3 in comparison to the control Figure 3.9B; in KD2 the expression of
GRP94 was increased by 211+£36% and in KD3 by 182+70% (n=3, p<0.05). The protein
expression of ATF6 and HRD1 were measured in KD1 and KD2 clones and is presented in
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Figure 3.9C. Significant increases were observed in the expression of ATF6 and HRD1 in WFS1
depleted cells: ATF6 expression was increased by 377+119% and 280+149% in KD1 and KD2
respectively (n=4, p<0.05). Also, the expression of HRD1 was increased by 375+121% in KDI

and in KD2 by 424+120% (n=4, p<0.05).

Similarly, the WFSI transiently depleted cells (SK-N-AS and NT2) showed also significant
elevations in the levels of ER stress markers BiP, CHOP and spliced XBP1 on mRNA level by
real time PCR Figure 3.10. CHOP expression was increased by 70+6% and 38+7% in KDA and
KDB respectively. The expression of BiP was increased by 133+2% and 25+6% in KDA and
KDB and the expression of spliced XBP1 was increased by 89+8% and 53+6% in KDA and
KDB respectively (for all experiments n=3, p<0.05, Figure 3.10A). In WFS1 transiently depleted
human NT2 cells the expression of CHOP was elevated by 52+31% and 52+5% in KDC and
KDD respectively, (n=3, p<0.05) and the expression of BiP was increased by 23+8% and
49+13% (n=3. p<0.05, Figure 3.10B). In addition, the expression of BiP was measured in the
mouse neuro2a cell line with stable WFS1 depletion and presented in Figure 3.10C. In KDX BiP
expression was elevated by 169.7+16 and in KDY BiP expression was increased by 179.5+4

(n=4, p<0.05, Figure 3.10C)

In summary, WFSI1 depletion in both stably and transiently depleted human and mouse

neuroblastoma and transiently depleted human NT2 neuronal cells resulted in enhanced ER

stress.
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Figure 3.8: Expression of ER stress markers in WFS1 depleted stable clones

Quantitative real-time PCR analysis of BiP, CHOP and spliced XBP1 in stable clones with WFSI1
depletion in comparison to the control in human neuroblastoma cell line, *p<0.05,**p<0.01, and
#%%p<0.001, T-test CHOP: p<10™ for KDI and p<0.05 for KD2 and KD3, n=3. T-test BiP: p<0.05 for
KD1 and p<0.001 for KD2 and KD3, n=5.T-test Spliced XBP1: p<0.01 for KD1-KD3, n=7. n=number of
independent runs using at least 3 RNA preparations from independently cultured stable clones.
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Figure 3.9 Expression of ER stress proteins in WFS1 depleted stable SK-N-AS cell lines

Western blot analysis of BiP, GRP94, HRD1 and ATF6 in WFSI1 stably depleted clones in comparison to
the control- representative immunoblot (beta actin = reference). Bar chart-quantification of western blot
A: *p<0.05,**p<0.01, and ***p<0.001, T-test: BiP: p< 0.01 for KD1 and p<0.05 for KD2 and KD3, n=6,
B: GRP94: p<0.05, n=3 for KD 2 and 3; C: HRD1: p<0.01 for KD1 and KD2, n=4. C: ATF6: p<0.05 for

KD1 and KD2 respectively, n=4. N=number of independent runs using 3 independently prepared protein
extracts.
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Figure 3.10: mRNA expression of ER stress markers in WFS1 depleted cells

A: Quantitative real-time PCR analysis of BiP, CHOP and spliced XBP1 expression in WFS1transiently
depleted SK-N-AS cells in comparison to the control. *p<0.05,**p<0.01, and ***p<0.001, T-test CHOP:
p<0.01 and p<0.05 for KDA and KDB respectively n=3, BiP p<10™* and p<0.05 respectively, n=3 and
spliced XBP1 p<0.00land p<0.01, n=3, B: QPCR analysis of ER stress markers BiP and CHOP
expression in WFSI transiently depleted NT2 cells in comparison to the control. T-test CHOP p<0.05 for
KDC and KDD, n=3. BiP: p<0.05 and p<0.01 for KDC and KDD respectively, n=3. C: Quantitative real-
time PCR analysis of BiP in WFS1 stably depleted neuro2a cells in comparison to the control. T-test BiP
elevation p= 0.038 and 0.018 for KDX and KDY respectively, n=3. N= number of independent runs using
at least 3 RNA preparations.
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3.3.3 Levels of apoptosis in WFS1 depleted human neuroblastoma cells

Many studies have reported that WFS1 depleted cells exhibit high levels of apoptosis caused by
irresolvable ER stress (Philbrook et al., 2005, Riggs et al., 2005, Ishihara et al., 2004, Yamada et
al., 2006). Therefore, the levels of apoptosis were measured in WFSI stably depleted SK-N-AS
cells with a variety of methods: immunoblotting, QPCR and HCC. The levels of cleaved caspase-
3 and pro-apoptotic protein CHOP were both significantly increased in the three WFS1 stably
depleted clones in comparison to the control (Figure 3.11A). The expression of CHOP was
increased by 95+15%, 96+62% and 67+17% in KDI1-3 respectively, (n=3 and p<0.05). The
expression of cleaved caspase-3 was increased by 73+18%, 100+41%, 47+6% in KDI1-3
respectively (n=5, p<0.05). At mRNA level, the expression of the two members of the BCL-2
family were measured in one WFS1 depleted cell line (KD2) and one control cell line. The data
presented in Figure 3.11B shows the expressions of the pro-apoptotic protein BAX and anti-
apoptotic protein BCL-2 in the WFS1 stably depleted and control cell lines. The expression of
BAX was significantly elevated in the WFS1 depleted cell line by 169+19, n=4 and p<0.01. The
expression of BCL-2 in the WFSI1 depleted cells was significantly decreased by 62+6% in
comparison to the control (p<0.001, n=4).

HCC measures ongoing or early apoptosis by measuring total fluorescence from DNA
fragmentation (Payne, 2005). The results are expressed as percentage of apoptotic cells in the
whole population. On average there were 4+0.37% apoptotic cells in control samples. This was
increased to 7+£0.40% in KDI1, 11£0.8% in KD2 and 14£2.8% in KD3 (n=5, p<0.05, Figure
3.11C). Overall, this data suggests that WFS1 depleted cells display high levels of apoptosis
which is most probably triggered by irresolvable ER stress.
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Figure 3.11: Levels of apoptosis in WFS1 stably depleted SK-N-AS clones

A: Western blot analysis of CHOP and cleaved caspase-3 in WFS1 stably depleted cells in comparison to
the control- representative immunoblot. (Beta-actin = reference). Bar chart-quantification of western blot,
*p<0.05,**p<0.01, and ***p<0.001, T-test: CHOP: p<0.05 for KD1, KD2 and KD3, n=3. Caspase-3
p<0.05 for KD1 and KD2, p<0.001 for KD3, n=5. N= number of independent runs using 4 independently
prepared protein extracts. B: QPCR analysis of apoptosis markers BAX and BCL-2 in WFS1 stably
depleted cells in comparison to the control. T-test: BAX p=0.006, n=4; T-test: BCL-2: p=6.4x10™, n=4.
C: Increase in the percentage of early apoptotic cells in the WFS1 depleted stable clones in comparison to
the control — by High Content Cytometry. T-test: p<10™ for KD1 and KD2, p<0.01 for KD3 versus
control, n=5. N= number of technical replicates (independent cultures of stable clones).
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3.3.4 Role of WFSI1 in cell cycle regulation by High Content Cytometry

WEFS1 was previously shown to be associated with cell cycle regulation (Yamada et al., 2006,
McBain and Morgan, 2003). In this chapter, the role of WFS1 in cell cycle was further
investigated by assessing cell cycle kinetics and cell proliferation using HCC in the WFSI
depleted neuroblastoma cells. Measured parameters indicated the percentage of cells in each
phase of the cell cycle, population doubling time (PDT) and the length of each phase of the cell
cycle. In addition, the expression and effect of the cell cycle regulatory protein p21°P! was
measured in WFS1 depleted and control cells. The cytometry was performed at 24 and 48 hour
time points, following an initial 24 hour incubation (which allowed the cells to attach) and the
results are presented in Figures 3.12-3.14 and Table 3.1. Figure 3.12 represents a cytometry
histogram of the cells cycle events. This figure shows that KDI is a tetraploid cell line; the DNA

content of the cells is double that seen in the control and the other two cell lines (showing right

shift in cytometry histogram).

Cell cycle kinetics data showed that in KD1 there were more cells in G1 and fewer in G2; in KD2
there were fewer cells in G1 and more in G2 in comparison to control cells (Figure 3.13 and
Table 3.1). The percentages of cells in KD3 after 24 hours of cell growth were significantly
different from control (fewer cells in G1 and more cells in G2 phase). However at 48h cell
growth this difference was not statistically significant. At 24h the differences between the control
and KD1 in G1 and G2 phase were statistically significant (p<0.001), KD2 vs CL; p=NS and

KD3 vs CL, (p<0.001, Figure3.13A). At 48 hours of cell growth the differences between control
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versus KD1 and KD2 were significant (p<0.001) but the differences between CL and KD3 were

not statistically significant (p=NS, Figure 3.13B).

The cell proliferation data presented in Figure 3.14 and Table 3.1 show that the population
doubling time (PDT) was lower for KD2 in comparison to the other cell lines (Figure 3.14C). The
time spent in G1 phase was longer for KD1 (39h) and shorter for KD2 (14h) in comparison to the
control (25h, Figure 3.14A). The differences between control versus KDI and KD2 were
significant (p<0.001) but the differences between CL and KD3 were not statistically significant
(p=NS). The time spent in G2 phase was significantly shorter in KD1 (16h) in comparison to the
control. However, the G2 phase was longer for KD2 (31h) but the difference was not significant
in comparison to the control (Figure 3.14B, Table 3.1). Overall these results show that the KDI
cell line has a longer G1 phase while the KD2 cell line has an elongated G2 phase and a shorter
population doubling time in comparison to the control but no significant differences were

observed between CL and KD3.

To evaluate whether the cell cycle effects of WFS1 observed in this study were associated with
alterations in p21°*" levels, the expression of p21“?! was measured by HCC as fluorescence units
per cell and is presented in Figure 3.15. The data showed that significant p21Cip ! down-regulation
was present in all three WFS1 depleted cell lines (Figure 3.15A). Furthermore, the expression of
p21°ip] was associated with the inhibition of progression through the G2 phase of the cell cycle
and inhibition of apoptosis in all four cell lines, a representative finding of one cell line are

presented in Figure 3.15B and C and all four clones follow the same trend.
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Overall, these data suggest that WFS1 depleted cells that retain their p21 expression are protected

from apoptosis and cell cycle impairment. These are preliminary data which needs to be

confirmed further.

Table 3.1: Cell cycle and apoptosis data of WFS1 depleted neuroblastoma cells

Measured parameters CL KD1 KD2 KD3
G1 cells (%) at 24h 56+0.3 77+1.3 55+0.4 44+0.4
G2 cells (%) at 24h 29+0.3 12+0.4 30+0.5 35+0.5
G1 cells (%) at 48h 47+0.3 68+0.4 32+0.5 47+0.3
G2 cells (%) at 48h 36+0.4 18+0.4 48+0.8 32+0.6
PDT (h) 65+2h 65+3h 54+3h 65+2h
G1 time (h) 25+0.8h 39+1.5h 14+0.7h 25+0.8h
G2 time (h) 29+1h 16£1h 31+2h 26+1h
P21-protein-per-cell 303+43 226+42 243+18 89+12
(FLU)

P21-pos-G2 cells 44+2.6 34+3.8 67+4.5 65+10.7
P21-neg-G2 cells 13£1.9 6+1.2 8+2.3 29+3.9
P21-pos-apop cells 1+0.3 1+0.4 0+0.3 1+0.4
P21-neg-apop cells 19+3 20+3 23+0.3 9+3.1

PDT=population doubling time, apop=apoptosis, h=hours, %=cells in cell cycle phase.
p21-pos-G2 cells: Cells expressing p21°?" in G2 phase. The data is presented as meantsem
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Figure 3.12: Cytometric histogram of number of cells in different phases of the cell cycle

WESI stably depleted and control SK-N-AS cells were grown for 24h, fixed with ethanol, stained with PI
and scanned by Acumen eX3 cytometer as indicated in Methods chapter. The cytometric histogram shows
the number of cells (y axis) with different DNA content (x axis) The KDI1 line is clearly tetraploid,
showing a shift in the DNA content. The control, KD2 and KD3 cell line have similar histogram
representing diploid cells. The colours represent cell cycle phases: (yellow=GO0, green=G1, brown=S,
purple=G2)
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Figure 3.13: Cell cycle kinetics in WFS1 stably depleted SK-N-AS cell lines

WESI stably depleted and control SK-N-AS cells were grown for 24h, fixed with ethanol, stained with PI
and scanned by Acumen eX3 cytometer as indicated in Methods chapter. A) Percentage of cells in G1
phases of the cell cycle after 24 and 48 hour cell growth. *p<0.05,**p<0.01, and ***p<0.001, p values
calculated by Stat Calc using the comparison of means between independent groups (different cell lines
versus control). After 24 hours cell growth the p-values for G1 (KD1 v Cl: p<0.001, KD2 v Cl: p=NS,
KD3 v CI: p<0.001). After 48 hours cell growth, G1 cells: (KD1 v Cl: p<0.001, KD2 v Cl: p<0.001, KD3
v Cl: p=NS). B) Percentage of cells in G2 phases of the cell cycle after 24 and 48 hour cell growth. After
24 hours cell growth the p-values for G2 (KD1 v CI: p<0.001, KD2 v Cl: p=NS, KD3 v CI: p<0.001).
After 48 hours cell growth, G2 cells: (KD1 v CI: p<0.05, KD2 v CI: p<0.001, KD3 v Cl: p=NS).

120 |Page



G1 time G2 time

50 B 40
ek 35 -I-
m W = 30 I 1 1
2 30 B ras :
5 T = 20
= dokok = .2
20 15 A :
10 b 10
5
g = 0

Control  KDI1 KD2 KD3
control KDI KD2 KD3

PDT
75
70 -
65 -
60
55
50
45
40
35
30

hours

control KDI KD2 KD3

Figure 3.14: Cell proliferation of WFS1 stably depleted SK-N-AS cell lines

WES1 stably depleted and control SK-N-AS cells were grown for 24h, fixed with ethanol, stained with PI
and scanned by Acumen eX3 cytometer as indicated in Methods chapter A: Length of the G1 phase ; p-
value (KD1 v Cl and KD2 v ClI: p<0.001, KD3 v Cl: p=NS). B: Length of the G2 phase: p-value (KD1 v
Cl: p<0.001, KD2 v CI: p=NS, KD3 v Cl: p<0.05), C: population doubling time (PDT): p value (KD1 v Cl
and KD3 v Cl: p=NS, KD2 v Cl: p<0.01). *p<0.05,**p<0.01, and ***p<0.001, p values calculated by Stat
Calc using the comparison of means between independent groups (different cell lines versus control).
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Figure 3.15: p21°?! levels in WFS1 stably depleted SK-N-AS cell line by HCC

WESI stably depleted and control SK-N-AS cells were grown for 24h, overnight incubated with the p21
antibody, fixed with ethanol, stained with PI and scanned by Acumen eX3 cytometer as indicated in
Methods chapter. *p<0.05,**p<0.01, and ***p<0.001, p values calculated by Stat Calc using the
comparison of means between independent groups (different cell lines versus control). A: Expression of
p21°"" protein per cell, measured as fluorescence units in WFS1 depleted cells in comparison to the
control, p<0.001, n=8. B: Representative data showing percentage of cells in G2 phase of cell cycle with
and without p21°"" expression, p<0.001, n=8. C: Representative data showing percentage of apoptotic
cells with and without p21°"! expression, p<0.001, n=8. .
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3.4 Discussion

The data presented in this chapter demonstrates four cell models of Wolfram syndrome in
neuronal cells with similar characteristics previously described to be associated with rodent
disease models of WS. The four cell models: WFSI1 stably depleted human SK-N-AS, WFSI
transiently depleted SK-N-AS, WFS1 transiently depleted human NT2 cells and WFSI stably
depleted mouse Neuro2A cell lines, all showed significant depletion of WFS1 on protein and
mRNA levels. In the four cell models, WFS1 depletion resulted in significant elevation of ER
stress markers: BiP, CHOP, spliced XBP1, GRP94, ATF6a and HRD1 on protein and/or mRNA
levels. These findings suggest that the neurodegeneration in WS is likely caused by increased ER
stress in neuronal cells, analogous to the ER stress related diabetes previously described (Fonseca

etal., 2011, Laybutt et al., 2007, Ozcan et al., 2006).

Furthermore, the enhanced ER stress was shown to be associated with activation of several
apoptotic pathways: by showing increased levels of cleaved caspase-3, CHOP and BAX as well
as significantly reduced levels of BCL-2 in WFS1 depleted cells in comparison to the control.
The data also showed high levels of pro-apoptotic cells measured as DNA fragmentation by HCC
in WFS1 stably depleted SK-N-AS cells. Moreover, the obtained data indicated that WFSI
depletion was associated with impaired cell cycle progression in neuroblastoma cells with
significantly reduced levels of the cell cycle regulatory protein p21Cip "in WFS1 depleted cells in

comparison to the control.
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This is the first study of WS in human neuronal cell lines; previously studies were conducted
mainly on mouse or rat brain tissues (Takeda et al., 2001, Kato et al., 2008, Luuk et al., 2008,
Kawano et al., 2009) and the WFS1-ATF6a complex formation was demonstrated in mouse
Neuro2A cells (Fonseca et al., 2010). The WFS1 depleted neuronal cells showed similar
abnormalities to those described in pancreatic beta cells with WFS1 depletion (Fonseca et al.,
2005, Riggs et al., 2005, Yamada et al., 2006). The data suggest that enhanced ER stress is a
common mechanism underlying both the neurodegeneration and pancreatic beta cell loss in WS.
WFS1 was shown to play a role in regulating ATF6a transcriptional activity through HRD1-
mediated ubiquitination and proteasome—mediated degradation of ATF6a protein (Fonseca et al.,
2010). In agreement with these observations, the present study indicates a 3 to 4 fold increase in
nuclear ATF6a levels in human neuroblastoma cell lines with reduced WFS1 expression (Figure

3.90).

However, in contrast to their findings of suppressed HRD1 with absent WFS1, the present study
shows that the expression of HRD1 was significantly increased in WFS1 depleted neuroblastoma
(by 4 fold in comparison to the control, Figure 3.9C). The observations were consistent with the
study conducted by Yamada and colleagues (2006) who observed increased levels of HRDI1 in
WEFS1 depleted MING cells. In addition, the study conducted by Yamamoto et al. (2008) showed

that HRDI is regulated by the IRE1-XBP1 pathway and activated in the presence of ER stress.
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Previously, it has been shown that WFS1 deficient pancreatic beta cells are susceptible to ER
stress mediated apoptosis (Fonseca et al., 2005, Riggs et al., 2005, Yamada et al., 2006).
Apoptosis is an important mechanism to induce cell death that requires the activation of caspases

and Bcl-2 family members to eliminate cells that cannot cope with ER stress.

The present study demonstrated increased levels of cleaved caspase-3 and the pro-apoptotic
protein CHOP by immunoblotting in WFS1 depleted neuroblastoma cells, indicating that the
caspase pathway of apoptosis was activated. Similarly, the study by Yamada and colleagues
(2006) showed increased apoptosis in WFSI1 depleted MING6 cells by demonstrating increased
expression of CHOP and cleaved caspase-3 by immunoblotting. In addition, the obtained data
showed that the expression of the pro-apoptotic protein BAX was significantly enhanced and the
expression of the anti-apoptotic protein Bcl-2 was significantly suppressed in WFS1 depleted
neuroblastoma cell lines. These findings suggest that WFS1 plays a role in regulation of the Bcl-2
family of the apoptotic proteins. The role or the expression of the Bcl-2 family of the proteins has
not been previously studied in Wolfram syndrome. Furthermore, HCC data showed significantly
increased numbers of apoptotic cells in WFS1 depleted cells in comparison to the control; this
technique measures early apoptotic cells rather than late apoptotic or dead cells. Overall, these
findings suggest that decreased WFS1 expression leads to a final common pathway of apoptosis

in these cells, presumably mediated by irresolvable ER stress.

125|Page



Yamada et al. (2006) reported cell cycle arrest and impaired cell cycle progression in WFSI1
deficient islets. The data presented in this chapter revealed that the KDI cell line became
tetraploid after WFS1 depletion with a marked accumulation of cells in the G1 phase of the cell
cycle and elongation of the G1 phase at the expense of the G2 phase. The observed cell cycle
disturbances and the development of the tetraploidy are thought to be associated with WFSI
depletion. These results also suggest that the tetraploidy induced a G1 phase arrest associated
with the high level of ER stress and apoptosis in these cells. The QPCR results showed that the
expression of CHOP was increased by 150% in this cell line, and only 50% in KD2 and KD3;
this could clearly influence the cell cycle behaviour in comparison to KD2 and KD3. Studies
suggest that adaptation via endopolyploidy can provide protection from stress and thus increase
cell survival (Lee et al., 2009). Therefore, it was supposed that the development of tetraploidy in
KDI was a result of the increased ER stress. However, it is also possible that this tetraploidy was
caused by chance; for instance random integration of plasmid to the cell genome, which impaired
in KD1 a region/gene involved in the control of ploidy. In contrast to the KD1 cell line, the KD2
cell line showed an accumulation of cells in G2 and an elongated G2 time (31 hours, table 3.1).
The population doubling time of the cells in this knockdown was significantly lower than the

control.

The data presented in this study showed that WFS1 depleted cells displayed significantly reduced
expression of p21°P" in comparison to the control cells. Furthermore, p21°?! expression appeared
to be inversely associated with apoptosis and cell cycle impairment; suggesting that cells
retaining their p21 cipl expression were protected against apoptosis and cell cycle disturbances.
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However these are preliminary findings that need to be expanded and confirmed in different cell
models. These findings are in contrast to the findings by Yamada et al. (2006) who reported p53-
independent increase of p21Cip "in WFSI depleted cells associated with the inhibition of the G2
phase of the cell cycle. However, the current findings are supported by other studies showing that
chronic or severe UPR results in down-regulation of p21Cip ! and increased levels of CHOP

(Mihailidou et al., 2010).

Studies have shown that p21 expression protects cells from apoptosis in response to DNA
damage or stress stimuli by inducing cell cycle arrest. Similarly, overexpression of p21 has
shown protective effects in colorectal cancer cells in response to gamma radiation induced
apoptosis. This protein has been shown to shift the balance between survival and apoptosis by
regulating apoptosis proteins such as JNK and caspase-3. Therefore, p21 expression is thought to
play a vital role in determining a cell’s fate to adapt or to undergo apoptosis in response to
cellular insults, due to its downstream role in many signal transduction pathways. Similarly, the
role of p21Cipl is well established in regulation of the G1 checkpoint (Warfel et al., 2013) and its
implications in the G2/M checkpoint have also been reported (Duli¢ et al., 1998). P21 is
suggested to play a role in the G2/M checkpoint by promoting a transient pause late in G2 phase,
where it has been shown to co-localise with cyclin B1 (Duli¢ et al., 1998). The study by Dash
(2005) reported that phosphorylation of p21 specifically at the G2/M checkpoint has a role in the
assembly and activation of the cyclin B1-Cdc2 kinase, a crucial process for cell cycle progression
(Dash and El-Deiry, 2005). The preliminary data presented in this study implies that induction of
p21 may provide protection against apoptosis induced by WFS1 depletion. In addition, increased
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p21 expression may inhibit or delay G2M progression of the cell cycle, perhaps allowing cells to

repair before mitosis.

To summarise, four cell models of Wolfram syndrome were developed in human and mouse
neuronal cells. The experimental approach used was immunoblotting, real time PCR and High
Content Cytometry which provide very sensitive and reproducible data. The cell models showed
enhanced ER stress associated with increased apoptosis and impaired cell cycle progression. The
following chapters will focus on treatment of WS by addressing ER stress, apoptosis and cell
cycle kinetics by molecular and chemical chaperones as well as therapeutic agents such as

sodium valproate.
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Chapter Four: WFS1 stabilises the betal subunit of
the sodium pump and the V1A subunit of the proton

pump

The data presented in this chapter is published in Human Molecular Genetics:

(Gharanei et al., 2012)
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4.1 Introduction

The sodium-potassium ATPase betal subunit (ATP1B1) was previously shown to be a molecular
partner of Wolframin and WFS1 deficiency was shown to result in reduced expression of
ATPIBI (Zatyka et al., 2008). The authors used Yeast Two-Hybrid analysis to demonstrate that
the C-terminal domain of WFS1 binds to the C-terminal domain of ATP1B1(Zatyka et al., 2008).
On the other hand, a recent study by Hatanaka and colleagues (2011) showed that WFS1 is
located to the insulin secretory granule membranes and lack of functional WFS1 results in
disruption of intra-granular acidification. The secretory granules are acidified through a proton
gradient established and maintained by coordination between H' vacuolar type ATPase (V-
ATPase), ion channels and transporters. To understand the possible role of WFS1 in regulation of
the sodium and the vacuolar H' proton pump, it is necessary to review the structure and functions

of these two 1on pumps.

The vacuolar system in the eukaryotic cell serves as a communication system between the
various compartments and between the interior and exterior of the cell. The vacuolar system
therefore plays a crucial role in the brain where intracellular communication is complex. One
such example is the cycle of neurotransmitter release, storage, re-uptake and accumulation in
specific vesicles. Two ATP-dependent ion pumps: the Na'/K'-ATPase and the vacuolar H'
ATPase (V-ATPase) are the main energy providers for these cellular processes (Toei et al., 2010,
Hinton et al., 2009, Forgac, 2007). These ion pumps belong to two very distinct families of
ATPases and have different structures and functions. The Na'/K'-ATPase generates an ionic and

osmotic gradient to drive the processes at the plasma membrane, whereas the vacuolar H'-V-
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ATPase energises the vacuolar system by generating proton motive force. The sodium pump
generates Na' and K’ electrochemical gradients by using energy from ATP hydrolysis. The
concentration of sodium ions (Na') inside the cell is lower than outside and the majority of
uptake systems are driven by the Na' concentration gradient across the plasma membrane
(Scheiner-Bobis, 2002, Horisberger, 2004). The main example of this system is the re-uptake of
the neurotransmitters as well as glucose and amino-acid transporters. The V-ATPase also utilises
energy from ATP hydrolysis to generate an electrochemical gradient that is used for various
secondary processes including accumulation of neurotransmitters in synaptic vesicles (Beyenbach
and Wieczorek, 2006, Nelson, 1991). The sodium potassium and the vacuolar H™ ATPases
therefore generate ion, pH and electrochemical gradients to energise the presynaptic

neurotransmitter cycle of release, re-uptake and accumulation inside the internal vesicles of cells.

4.1.1 The sodium potassium ATPase

The sodium potassium pump is a heterodimer consisting of a catalytic alpha-subunit which has
three isoforms and a regulatory beta subunit (Nishi and Forgac, 2002a, Tokhtaeva et al., 2009,
Nishi and Forgac, 2002b). It is responsible for maintaining the Na" and K" gradients across the
plasma membrane. A well-functioning sodium pump therefore regulates the membrane potential,
nutrition uptake, intracellular volume and pH. The membrane potential is maintained by the
active transport of the ions against the concentration gradient by the pump, with three sodium
ions pumped out of the cell for every two potassium ions pumped in at the cost of energy expense

from ATP hydrolysis. Excitable cells such as neurons depend on this pump for responding to
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transmitting impulses and generating action potentials. In neurons, the Na'/K' ATPases are

responsible for about two thirds of the total energy expenditure (Kdksoy, 2002).

The Na'/K" ATPase was discovered by the Danish scientist Skou in 1957, earning him a Nobel
Prize in 1997. The sodium pump belongs to the family of the P-ATPases. The name is attributed
to the mechanism whereby energy from ATP hydrolysis changes the conformation of the enzyme
in order to transport ions. P-ATPases are structurally and functionally different from the V-
ATPases and F-ATPases. The P-ATPase family consists of two groups of enzymes: the single
subunit enzymes (alpha) such as the sarco-endoplasmic Ca’*-ATPase and the two subunit

enzymes (alpha and beta) such as the Na'/K" ATPases and the gastric H'/ K* ATPases.

Figure 4.1 shows a schematic structure of the sodium pump; the alpha and the beta subunits of
this enzyme are required for its enzymatic activity. The alpha subunit is composed of 1018
residues (110kDA) and the beta subunit is about 300 residues (33kDA that migrate to 55kDA).
Alpha is the catalytic subunit containing binding sites for ions, ATP and transient
phosphorylation sites. This protein consists of 10 transmembrane domains and 2 large
intracellular loops. There are four defined alpha isoforms (alpha 1-4). Alphal is expressed
ubiquitously; Alpha 2 is expressed in skeletal muscle, adipocytes and brain cells. Alpha 3 is

mainly expressed in nerves and brain cells and isoform 4 is found only in the testis.

The beta subunits of the sodium pump consist of one transmembrane domain, a short cytoplasmic
tail and a large extracellular glycosylated segment. The precise function of these glycoproteins is
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not fully understood, although their presence and heterodimerisation with the alpha subunit are
crucial for the proper expression and functioning of the enzyme (Tokhtaeva et al., 2009, Koksoy,
2002). There are three known isoforms of the beta subunit of the sodium pump. Betal is
ubiquitously expressed, Beta 2 is expressed in glia and brain cells and Beta 3 is expressed only in
the skeletal muscles. The beta subunits play an important role in the formation of the binding
sites for ligands and modulation of the ion transport function of the pump (Jaunin et al., 1993,

Jaisser et al., 1994).

According to studies, the alpha and the beta subunits are present in equimolar amounts in the
isolated Na'/K"™ ATPase. The mature sodium pump is located in the plasma membrane. During
maturation however, it is transiently present in the ER. Studies have shown that the beta subunit
makes a direct contact with the alpha subunit resulting in stabilisation of the alpha subunit and
assisting in the transport of the sodium pump from the ER to the plasma membrane. Unassembled
subunits are retained in the ER and degraded rapidly (Tokhtaeva et al., 2009, Beggah et al.,
1996). The majority of mutations in WS have been found in the C-terminal domain of WFSI.
Since the interaction of the ATP1B1 was also shown with the C-terminus of WFS1, it is possible
that mutations in this region cause disruption of this interaction. This disruption may contribute
to the hearing loss seen in WS and LFSNHL families with WFSI mutations due alterations of

potassium transport in the inner ear (Rigoli et al., 2010).
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Figure 4.1: Structure and function of the sodium potassium ATPase

A: The sodium pump consists of a catalytic Alpha and a regulatory Beta subunit in 1:1 ratio.
B: Mechanism of action of the sodium pump; active transport of the Na” and K" ions in
opposite direction against the concentration gradient on the expense of ATP hydrolysis. 3 Na"
ions from the intracellular space are exchanged with 2K ions from the extracellular medium.
Adapted from (Koksoy, 2002)
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4.1.2 The Vacuolar H" ATPase

The vacuolar (H')-ATPases (V-ATPases) are a family of ATP-dependent proton pumps located
at the cellular membranes of a variety of eukaryotic cells. They function in generating
electrochemical potential differences of protons across biological membranes through transport
of H". The V-ATPases are large multi-subunit enzymes consisting of a hydrophobic membrane
channel sector (V0) and a peripheral hydrophilic catalytic complex (V1). Figure 4.2 represents a
schematic diagram of V-ATPase (Toei et al., 2010). The V1 domain contains 8 different subunits
(A-H) from which the A and the B subunits are present in triplicates per complex forming a
hexameric ring. The integral VO domain contains 6 different subunits (a,c,c”,d,e and Ac45 ) in
humans (Nishi and Forgac, 2002a, Tokhtaeva et al., 2009, Forgac, 2007, Nishi and Forgac,
2002b). The V1 subunits are mainly involved in ATP hydrolysis whereas the VO subunits are
responsible for translocation of protons. In mammalian cells, the V-ATPase subunits exist in
several isoforms which have tissue specific expression. The catalytic site of the V-ATPase is

located at the interface of A and B subunits where ATP hydrolysis takes place.

The two domains of the V-ATPases are connected by one central and three peripheral stalks. The
central stalk is composed of subunits D, F and d which extend from the proteo-lipid ring up
through the centre of the A3B3 hexameric head. The three peripheral stalks are composed of
subunits C, E, G and H of the V1 domain and the ATP6V0a of the VO domain. This proton pump
functions by a rotary mechanism where the rotation of the central stalk and the proteo-lipid
subunits relative to subunit VOa are driven by the ATP hydrolysis at the catalytic site of the V1
domain (Forgac, 2007, Toei et al., 2010).
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Fully functioning vacuolar proton pumps are crucial for every eukaryotic cell since they are
involved in basic cellular mechanisms. V-ATPases function in several organelles including
endosomes, lysosomes, Golgi membranes, several types of secretory granules and clathrin-coated
vesicles (Nishi and Forgac, 2002b). The V-ATPases establish an acidic luminal proton gradient
within these compartments, which is used to drive coupled transport of small molecules and ions,
receptor mediated endocytosis and fusion of certain organelles with the plasma membrane
(Nelson, 2003). For example, the role of V-ATPases in receptor mediated endocytosis is to
activate the release of internalised ligands from their receptors by providing the necessary acidic
endosomal pH. The acidic pH generated by the V-ATPases is also required in the formation of
endosomal carrier vesicles which are essential for endocytotic processes. Similarly, the
intracellular traffic of newly synthesised lysosomal enzymes from Golgi to lysosomes is
performed by the acidification of late endosomes by the V-ATPases. Thus the V-ATPases
function to generate a pH gradient across the membrane of vesicles and organelles involved in the
secretory pathway as an interior acidifier. They carry out ATP-dependent proton transport from

cytoplasm to the extracellular compartment (Sun-Wada et al., 2006, Hinton et al., 2009).

The V-ATPases within the secretory vesicles promote the activity of acid proteases that are
involved in the processing of prohormones to their mature forms. For example, the processing of
proinsulin to insulin in the pancreatic beta cells is regulated by the acidification of secretory
vesicles. The V-ATPases of the secretory vesicles also drive the transport of small molecules
such as neurotransmitters by providing the required membrane potential or the pH gradient. For
instance, the luminal positive membrane potential in the synaptic vesicles of the glutamatergic
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neurons is generated by the V-ATPases to drive the uptake of negatively charged glutamate into
the vesicles. In contrast, the uptake of neurotransmitters in the synaptic vesicles containing
norepinephrine utilises a pH gradient via a proton coupled antiporter (norepinephrine/H"). In
short, the V-ATPases directly energise all neurotransmitters uptake by providing the required pH
gradient. Therefore, acidification of secretory vesicles is very important for neuronal and

endocrine functions (Sun-Wada et al., 2006, Hinton et al., 2009).

The activity of V-ATPases is regulated by the reversible dissociation of the complexes into the
V1 and VO domains. This process was first characterised in yeast cells and later confirmed in
mammalian cells. In both yeast and in mammalian cells this dissociation occurs in response to
glucose deprivation (Kane, 2006, Beyenbach and Wieczorek, 2006). ATP hydrolysis and proton
translocation are silenced in the separated V1 and VO domains following dissociation.
Dissociation and reassembly of the two V-ATPase domains are independently regulated
processes. The 90 amino acid non-homologous region of the V1A subunit is shown to be
important for the reversible dissociation of the complex. EM images of the V1 complex reveal
that this non-homologous region is located as an insert approximately one third away from the N-
terminal end of the V1A subunit. It appears to be sticking out like an “ear” from the V1A subunit
in the A3B3 hexameric head (Wilkens et al., 1999). Mutations in this region of the V1A subunit
have been shown to block the dissociation of the complex upon glucose depletion without

affecting the catalytic activity (Shao et al., 2003).
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This chapter will focus on the role of WFS1 in expression and stability of these two ion pumps
subunits in Wolfram syndrome. The hypothesis was that Wolframin depletion results in reduced
expression of betal subunit of sodium pump in neuronal cells, similarly to WFSI1 depleted
pancreatic cells and fibroblasts from Wolfram patients. Moreover, Wolframin is expressed on
neurosecretory granules analogous to insulin secretory granules; it interacts with subunits of a
proton pump and affects their expression. This may affect the acidification of secretory granules
in neurons in similar way as it accounts for the reported defects in acidification in insulin

secretory granules.
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Figure 4.2: Schematic structural model of mammalian H" V- ATPase

The V-ATPase complex consists 14 subunits organised into two structurally and functionally distinct
domains: a peripherally oriented ATP hydrolysing V| domain (A-H subunits) and a membrane-associated
proton translocating VO domain (a, ¢, ¢”, d, e, and Ac45). The V; and V, domains are joined by a central
rotor (subunits D, F, d) and three peripheral stators composed of (subunits C, E, G, H, and a). The
V, A;B; hexameric ring contains the ATP hydrolytic sites. The proton translocation is made possible by
the two hemi-channels and an arginine residue at the VOa subunit (Toei et al., 2010).
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4.2 Aims

The aims of this study were as follows:
1. To investigate the expression of the betal subunit of the sodium pump and the V1A
subunit of the proton pump in WFS1 depleted neuronal cells.
2. To investigate the role of WFSI in degradation of ATP1B1 and ATP6VIA
3. To investigate possible co-localisation between VIA and WFSI1 in wild type
neuroblastoma cell lines by immunofluorescence and electron-microscopy
4. To investigate possible interaction between V1A and WFS1 proteins in both over-

expression and endogenous systems.
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4.3 Results

4.3.1 Expression of ATP1B1 and ATP6V1A in human neuronal cell lines

The study conducted by Zatyka and colleagues in 2008 showed that the Na'/K~ ATPase betal
subunit (ATP1B1) is a molecular partner of Wolframin and WFS1 deficiency results in reduced
expression of ATP1B1 (Zatyka et al., 2008). More recently, the study conducted by Hatanaka and
colleagues (2011) reported that WFS1 is additionally located in the secretory granules of
pancreatic beta cells and plays a role in granule acidification. Secretory granules are acidified
through a proton gradient established and maintained by H' vacuolar type ATPase (V-ATPase).
In the light of these studies, it was decided to measure the expression of the betal subunit of
sodium pump (ATP1B1) and V1A subunit of the proton pump (ATP6V1A) in WFSI1 stably
depleted SK-N-AS, WEFSI1 transiently depleted NT2 and SK-N-AS cells as well as in WFSI
stably depleted mouse neuro2A cell lines. The reason for choosing the V1A subunit was based on
the literature as this subunit is the catalytic subunit of the proton pump and plays a central role in

its expression and function (Toei et al., 2010).

The data presented in this chapter showed that the levels of ATP1B1 were significantly decreased
in WFSI depleted human neuronal cells. The results presented in Figure 4.3 (top panel) show that
the expression of ATPIB1 in WFS1 stably depleted neuroblastoma cells was decreased by
544+4%, 64+8% and 51+7% in KDI1-3 respectively (n=6, p<0.05, MeantSEM). In WFSI1
transiently depleted neuroblastoma cells the levels of ATP1B1 were decreased by 68+10% in
KDA and by 41+8% in KDB (n=4, p<0.05, Figure 4.4A) while in WFS1 transiently depleted

neuronal NT2 cells the level of ATP1B1 was decreased by 36+5% and 50+14% in KDC and in
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KDD (n=4, p<0.05, Figure 4.4B). To verify the findings in animal cell model, the expression of
ATP1B1 was also measured in WFS1 stably depleted mouse neuro2A cell lines by
immunoblotting. The data presented in Figure 4.5 showed that there was a significant decrease in

the levels of ATP1BI1 by 78+18% and 73+8% in KDX and KDY respectively (n=4 and p<0.05).

Similarly, the levels of the V1A subunit of the proton pump (ATP6V1A) were also significantly
decreased in WFS1 depleted neuronal cells. Figure 4.3, (2nd panel) shows that the levels of
ATP6VI1A protein were decreased in WFS1 stably depleted neuroblastoma clones KD1-3 by
66£12%, 57+18% and 67+1% respectively (n=3, p<0.05). These findings were confirmed in both
transiently WFS1 depleted models. In WFSI1 transiently depleted neuroblastoma cells the
ATP6V1A protein levels were decreased by 38+7% and 42+6% in KDA and KDB (n=3 and
p<0.05, Figure 4.4A). In WFSI transiently depleted NT2 cells the expression of ATP6VIA
protein was decreased by 45+14% and 414+5% in KDC and in KDD (n=3, p<0.05, Figure 4.4B).

Overall, these results suggest that WFS1 plays a role in the expression of both ion pump subunits.
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Figure 4.3: Protein expression of ATP1B1 and ATP6V1A in WFSI1 stably depleted SK-N-
AS cell lines

Immunoblot analysis of ATP1B1 and ATP6V1A proteins using lysates from WFSI1 stably depleted
human SK-N-AS cells in comparison to control. Bar chart -quantification of WB, T-test: *p<0.05,
**p<0.01, and ***p<0.001, ATP1B1 p<0.001, p<0.01 and p<0.05 for KD1-KD3 respectively, n=6
ATP6V1A: p<0.05 for KD1 and 2, p<0.001 for KD3, n=3. n= number of independent runs using at
least 3 independently prepared protein extracts.
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Figure 4.4: Protein expression of ATP1B1 and ATP6V1A in WFS1 transiently depleted
neuronal cells

A: Immunoblot analysis of ATP1B1 and ATP6VI1A proteins using lysates from WFS1 transiently
depleted human SK-N-AS cells in comparison to control. Bar chart -quantification of WB, T-test:
*p<0.05, **p<0.01, and ***p<0.001, p<0.05 for both proteins for both KDA and KDB v control. B:
immunoblot analysis of ATP1B1 and ATP6V1A proteins using lysates from WFS1 transiently depleted
human NT2 cells. Bar chart -quantification of WB, T-test: ATP1B: p<0.01 and p<0.05 for KDC and KDD
respectively (n=4). ATP6V1A: p<0.05 and p<0.01 for KDC and KDD (n=3). n= number of independent
runs using at least 3 protein extracts from independently silenced cells.
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Figure 4.5: Protein expression of ATP1B1 in WFSI1 stably depleted mouse neuro2A cell
lines

Immunoblot analysis of ATPIB1 using lysates from WFS1 stably depleted mouse neuro2A cells in

comparison to control. Bar chart -quantification of WB, T-test: *p<0.05, **p<0.01, and ***p<0.001,
p<0.05 for KDX and KDY respectively (n=4).
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4.3.2 Specificity of the effect of WFS1 depletion on the sodium and proton
pump subunits

After observing reduced levels of betal subunit of the sodium pump and V1A subunit of the
proton pump in WFS1 depleted cells in different cell models, it was decided to assess whether
WEFSI1 is necessary for the expression of other subunits of these pumps. Therefore, the expression
of the alpha subunit of the sodium (ATP1Al) was investigated in WFS1 stably depleted
neuroblastoma cell lines in comparison to the control. The data presented in Figure 4.6 showed
no significant difference in the levels of the alpha subunit of sodium pump in WFS1 depleted
cells in comparison to the control. ATP1AT1 levels were measured as 98+17% and 91+9% in KD2

and KD3, respectively (n=3 and p=NS).

Moreover, the expression of two more H' proton pump (VATPase) subunits: the ATP6VICI and
the ATP6VOD2 subunits were measured in WFS1 stably depleted SK-N-AS cells by Dr Astuti. The
data presented in Figure 4.6 showed that expression of ATP6VICI was slightly increased by
12.24%+3.3 in KD2 and 16.49%+2.9 in KD3 (n=3 and p<0.05) and no significant differences
were observed in the expression of ATP6VOD2 subunit in both KD2 and KD3 cell lines in

comparison to control.

Taken together these data suggest that the effects of WFS1 depletion could be specific for the

betal subunit of sodium pump and V1A subunit of the H" proton pump since no significant

decreases were observed in the expressions of ATP1A1, ATP6VICI and ATP6VOD?2.
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Figure 4.6: Protein expression of ATP1A1, ATP6V1IC1 and ATP6VOD2 in WFSI1 stably
depleted SK-N-AS cells

Immunoblot analysis of ATP1A1, ATP6VICI and ATP6VOD2 proteins using lysates from WFS1
depleted human SK-N-AS cells in comparison to control. Bar chart -quantification of WB, T-test:
ATP1A1 p=0.89, p=0.33 in KD2 and KD3 respectively, n=4. T-test: ATP6V1C1 p=0.022 and
p=0.007 in KD2 and KD3 respectively. T-test: ATP6VOD2, p = 0.673 and 0.908 in KD2 and KD3
respectively. n= number of independent runs using at least 3 independently prepared protein extracts.
In collaboration with Dr Astuti.
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4.3.3 Role of WFSI1 in stability of ATP1B1 and ATP6V1A

After observing specific effect of WFS1 on the expression of betal subunit of the sodium pump
and V1A subunit of the proton pump, it was hypothesised that WFS1 may be necessary for the
stability and maturation of these two subunits during their assembly in the ER. To investigate this
hypothesis, a protein stability assay was performed in which the degradation rate of ATP1BI or
ATP6V1A subunits in WFS1 depleted cells was compared to WFS1 positive control cells. The
protein translation inhibitor (Cycloheximide, CX) was used to investigate the stability of
ATP1B1 and ATP6VI1A in WFSI stably depleted and control neuroblastoma cells. First of all,
the toxicity of CX (10-90pg/mL) was assessed in human neuroblastoma cell line by HCC. The
data presented in Figure 4.7 showed that treatment with up to 90ug/mL CX for 6 hours was not
toxic to neuroblastoma cells. This figure shows that the number of cells and the percentage of

pro-apoptotic cells did not change significantly with CX treatment within these concentrations.
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Figure 4.7: Toxicity assessment of cycloheximide to human neuroblastoma cell lines

SK-N-AS cells were grown for 24h and incubated with various concentrations of CX for 6 hours. At the
end of incubation, cells were fixed and stained with PI as indicated in Materials and Methods before being
scanned with the Acumen eX3 cytometer. (A) Total cell number at different concentrations of
cycloheximide. (B) The percentage of apoptotic cells with CX treatment.
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Accordingly, the cells were treated with 50pug/mL CX and harvested in RIPA buffer for
immunoblotting at two hour intervals over 6 hours. The data presented in Figure 4.8A and B
show that both proteins (ATP1B1 and ATP6V1A) were degraded much more rapidly in the
WEFS1 depleted cells in comparison to the control cells. For each clone the expression after CX
treatment at each time point was compared to time zero. In WFS1 depleted cells, ATP1B1 was
more rapidly degraded in comparison to the control where ATP1B1 seemed to be stable over a 6
hours time course (the 15% decrease after 6h was not statistically significant, Fig 4.8A). Two
hours after CX treatment, there was only 70+9% (Mean+SEM, p=0.0019) ATP1BI1 remaining in
KDI, 83+8% (p=0.018) in KD2 and 93+2% (p=0.016) in KD3 in comparison to time 0. Four
hours post CX treatment, there was only 56+9% (p=0.0035) ATP1B1 remaining in KDI,
47+13% (p=0.018) in KD2 and 71+4% (p=0.016) in KD3. Finally, after six hours of CX
treatment there was only 55+6% (p=0.0035) ATPIB1 expression remaining in KDI, 45+6%
(p=0.0021) in KD2 and 44+22% (p=0.0023) in KD3 in comparison to time 0 (n>3). These results

show that the degradation rate is significantly different between WFS1 wt and depleted clones.

Similarly, the degradation rate of ATP6V1A in WFS1 depleted neuroblastoma cells was also
more rapid in comparison to the control, in which expression was stable over a 6 hour time
course and showed 101+22% after 6h in comparison to time 0, (n=3, p=NS, Figure 4.8B). Two
hours after CX treatment, there was 75+2% (p=9.8x10""") of ATP6VIA remaining in KDI,
57+9% (p=0.013) in KD2 and 67£13% (p=0.032) in KD3 in comparison to time 0. At four hours,
there was 42+3% (p=2.4x10"*) ATP6V 1A remaining in KD1, 43+13% (p=0.005) in KD2, and
63+12% (p=0.035) in KD3, whereas after 6 hours treatment, there was only 18+2% (p<4x10™)
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in KD1, 30+11% (p=0.005) in KD2 and 49+3% (p=2.0x10™" ) in KD3 in comparison to time 0 (n
= 4). Overall, this data suggests that WFS1 may be necessary for the stability of both ATP1BI

and ATP6V1A during their maturation in the ER.
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Figure 4.8: Degradation rate of ATP1B1 and ATP6V1A

A: Immunoblot analysis of betal subunit of sodium pump and beta actin showing expression
of ATPIBI at 0, 2, 4 and 6 hours after treatment with 50ug/mL of cycloheximide -
representative experiment in WFS1 depleted stable clones. Each time point is compared to
time zero. Immunoblot quantification: T-test ATP1B1 levels at 2, 4, 6 hours after treatment
versus time 0: CL p=NS, n=4; KD1 p<0.01, n=4; KD2 p<0.05, n=4; KD3 p<0.05, n=3.

B: Immunoblot analysis of V1A subunit of vesicular proton pump and beta actin showing
expression of ATP6V1A at 0, 2, 4 and 6 hours after treatment with 50pg/mL cycloheximide-
representative experiment. Quantitative comparison of ATP6V1A degradation rate in WFSI
depleted stable clones. Each time point is compared to time zero. T-test: V1A levels at 2, 4, 6
hours after treatment versus time 0. CL: p= NS, n=3; KD1: p<0.001, n=4; KD2: p<0.05, n=4;
KD3: p<0.05, n=4.
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4.3.4 Co-localisation and interaction of WFS1 and ATP6V1A

The study by Zatyka (2008) showed an interaction between the WFS1 and the betal subunit of
the sodium pump. Since the expression of both B1 and V1A subunits depend on the presence of
WEFS1 and both proteins are rapidly degraded in absence of WFS1, it was hypothesised that V1A
subunit of V-ATPase may interact with WFS1 in a similar manner to betal subunit for sodium
pump. First of all, the co-localisation of WFS1 with ATP6V 1A, and with the vesicular associated
membrane protein (VAMP) was investigated by immunofluorescence microscopy. The co-
localisation with the ER marker PDI was used as a positive control since this was shown by
several studies (Philbrook et al., 2005, Inoue et al., 1998, Takeda et al., 2001) and the
mitochondrial marker ERAB was used as a negative control as no colocalisation was shown
between WFS1 and mitochondrial markers (Takeda et al., 2001). The data presented in Figure 4.9
showed co-localisation between WFS1 and VAMP (Figure 4.9A), and WFSI1 and ATP6V1A
(vesicular proton pump, Figure 4.9B) by confocal microscopy. Additionally, the co-localisation
of WFS1 was confirmed with the ER protein PDI (Figure 4.9C) and no co-localisation was

observed between WFS1 and the mitochondrial marker ERAB (Figure 4.9D).

Moreover, the subcellular distribution of WFS1 was investigated in human neuroblastoma cells
by electron microscopy (Figure 4.10) in collaboration with Prof Sik. Silver intensified
immunogold particles were absent in the nucleus, and abundant in the cytoplasm. Detailed
examination revealed an association of WFS1 protein with the secretory vesicles. No association

of the WFS1 protein was observed with the mitochondria by EM, Figure 4.10E.
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Figure 4.9: WFSI1 localisation in wild type human neuroblastoma cell line by confocal

microscopy

A: Co-localisation of WFS1 with VAMP (secretory vesicles) Immunofluorescence analysis using
antibody to WFS1 (green) and VAMP (red), B: Co-localisation of WFS1 with V1A subunit of
ATP6V1A (secretory vesicles) Immunofluorescence analysis using antibody to WFS1 (green) and
V1A subunit of ATP6V1A (red), C: Co-localisation of WFS1 with PDI (ER) Immunofluorescence
analysis using antibody to WFS1 (green) and PDI (red), D: Lack of co-localisation of WFS1 with
ERAB (mitochondrial marker) - Immunofluorescence analysis using antibody to WFS1 (green) and
ERAB (red). Scale bars represent 10um. Images were taken by Ms Fenton.
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Figure 4.10: Subcellular distribution of WFS1 by electron-microscopy

A: Representative electron micrograph showing subcellular distribution of WFS1 in neuroblastoma
cells and strong association with secretory granules by pre- embedding immunogold staining. Scale
bar represents 100nm. B: Enlarged field in the EM. Arrow points to the immuno-negative nucleus
visible in the bottom left corner. Scale bar 500 nm. C: Light microscope picture of immunogold
stained cells, arrows point to nuclei (lighter) lacking immuno-signal. Scale bar 250nm. D:Negative
control (primary antibody omitted). Scale bar 250nm. E: Enlarged field. Letters signify mitochondria
(M), nucleus (N). Scale bar 1000nm. In collaboration with Prof Sik’s Team
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After finding co-localisation of WFS1 with ATP6V1A by immunofluorescence microscopy and
demonstration of WFS1 association with secretory vesicles by electron-microscopy; the
possibility that the two proteins interact was investigated by co-immunoprecipitation (Co-IP)
assays in HEK293 and SK-N-AS cells. The co-IP experiments were performed in collaboration
with Dr Astuti. The expression constructs of full length hWFS1 ¢cDNA (amino acids 1-890),
truncated WFS1 N-terminus (amino acids 1-321) and truncated WFS1 C-terminus (amino acids
652-890) in pCMV-Myc vector were previously described (Zatyka et al., 2008). The pFLAG-

CMV-ATP6V1A construct was generated by cloning by Dr Astuti.

First of all, the association between WFS1 and ATP6V1A was investigated in over-expression
system in both directions. HEK293 cells were co-transfected with pCMV-Myc-WEFS1 / pFLAG-
CMV-ATP6V1A. WFS1 was precipitated and ATP6V1A was detected by immunoblotting. The
data presented in Figure 4.11A showed that Myc-WFSI interacts with FLAG-ATP6V1A. A
70kDa protein was co-immunoprecipitated together with WFS1 (lane 3) using anti-WFS1
antibody, and the identity of this protein was confirmed as ATP6V1A by re-probing with specific
anti-ATPV1A antibody. In reverse direction, the precipitation was carried out with FLAG
antibody (ATP6V1A) and immunoblotting with c-myc antibody (WFS1). Thus, in the reverse
experiment a 100kDa protein was co-immunoprecipitated together with ATPV1A (Fig 4.11B,
lane 3) using anti-FLAG antibody, and was identified as Wolfram protein by reprobing with
specific anti-WFS1 antibody. No co-immunoprecipitation was observed in control extracts co-
transfected with either FLAG-empty/Myc-WFS1 or FLAG-V1A/Myc-empty plasmids (Fig

4.11A lanes 1, 2; 4.11B, lanes 1, 2). This interaction seems to be specific between WFS1 and
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ATP6V1A as the study by (Zatyka et al., 2008) detected no co-immunoprecipitation between

Myc-WFS1 and FLAG-RASSFI1A or GFP.

To further evaluate whether this interaction occurs with endogenously expressed proteins in
human neuroblastoma SK-N-AS cells, endogenous ATP6V1A protein was co-precipitated with
WES1 using anti-WFS1 antibody (Figure 4.11C lane 2). No co-immunoprecipitation was
detected when anti-FLAG antibody was used under the same conditions (Figure 4.12C lane 1),
indicating that ATP6V1A interaction with WFSI is specific. This data suggests that these two

proteins may associate in vivo.

Further to elucidate where in the cell this interaction occurs, the interaction of ATP6VIA was
investigated with the C and N terminal domains of the WFS1 protein. The C-terminal domain of
the WFSI protein is located in the ER lumen and the N-terminus is located in the cytoplasm
(Ishihara et al., 2004). HEK293 cells were co-transfected with plasmids expressing either Myc-
tagged N-terminus of Wolfram protein (amino acids 1-321) or Myc-C-terminal domain of
Wolfram protein (amino acids 652-890) and FLAG-tagged ATP6VIA. For positive control,
HEK293 cells were co-transfected with plasmids expressing Myc-tagged full length WFS1 and
FLAG-tagged ATP6VIA. An interaction was found between the ATP6V1A and the cytoplasmic
N-terminal domain of WFS1 (Figure 4.12 lane 3). There was no interaction observed with the C-
terminal domain of WFS1 (located in the ER lumen, Figure 4.13, lane 3). This data suggests that
the interaction between Wolfram protein and the V1A subunit of proton pump occurs in the
cytoplasm.
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Figure 4.11: Protein interaction of WFS1 with ATP6V1A by co- immunoprecipitation

A) Co-IP of full length c-myc tagged -WFS1 with the FLAG tagged ATP6V1A co-transfected to
HEK293 cells, using rabbit polyclonal WFSI antibody (lanes 1- 3). Mouse monoclonal FLAG
antibody was used for detection. The identity of detected protein was confirmed by reprobing with
specific antibody to anti ATP6VIA (mouse monoclonal). Bottom panel: re-probing with c-myc
antibody (mouse monoclonal) shows the presence of WFS1 in the relevant extracts (lanes 2,3); Input
(4% of total extracts used for IP).

B) Co-IP of full length c-myc tagged WFS1 and FLAG tagged ATP6V1A with mouse monoclonal
FLAG antibody (lanes 1- 3). Detection with polyclonal, rabbit c-myc antibody, Below: reprobing with
anti WFS1 antibody (rabbit polyclonal) to confirm the identity of co-precipitated protein. Bottom
panel: reprobing with polyclonal rabbit FLAG antibodies to demonstrate the presence of V1A in
relevant extracts (lanes 2,3). Input (4% of total lysates used for IP). C) Interaction between
endogenous proteins (WFS1 and V1A) in human neuroblastoma cells. Rabbit polyclonal anti-WFS1
antibody was used for co-precipitation and mouse monoclonal anti V1A antibodies were used for
immunoblotting (lane 2). Negative control: pull down with FLAG antibody (mouse monoclonal,
lanel). Input (lane 3. 2% of total lysates used for IP). In collaboration with Dr Astuti
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Figure 4.12: Protein interaction between ATP6V1A and the N-terminal domain of WFS1

The N-terminal domain of WFS1 interacts with ATP6VIA. Co-IP of c-myc tagged N-
terminal domain of WFS1 (aa 1-321) with FLAG tagged ATP6V1A with c-myc rabbit
polyclonal antibody in HEK293 cells (lanes 1-3). Detection: with mouse monoclonal FLAG
antibodies. Full length myc-WFS1 was used as a positive control for interaction (lane 4).
Bottom panel: reprobing with c-myc (mouse monoclonal antibody) to demonstrate the
presence of either truncated (lane 2,3) or full length (lane 4) WFS1. Input (4% of total lysates
used for IP). In collaboration with Dr. Astuti
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Figure 4.13: No interaction between ATP6V1A and the C-terminal domain of WFS1

The C-terminal domain of WFSI does not interact with ATP6VI1A. There is no co-
immunoprecipitation of c-myc tagged C-terminal domain (aa 652-890) of WFS1 with FLAG
tagged ATP6VIA with c-myc rabbit polyclonal antibody in HEK 293 cells (lanes 1-3).
Immunoblotting: with mouse monoclonal FLAG antibodies. Full length c-myc-WFS1 was used
as positive control for interaction (lane 4). Bottom panel: reprobing with c-myc (mouse
monoclonal,) to demonstrate the presence of either full length (lane 4) or truncated (lane 2,3)
WESI. Input (4% of total lysate used for IP). In collaboration with Dr Astuti
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4.4 Discussion

This study was centred around the role of WFSI in regulation of expression and stability of the
ion pumps (Na'/K'-ATPase and H'-VATPase) subunits and a novel interaction between WFS1
and the V1A subunit of the V-ATPase. WFS1 depleted neuronal cells showed reduced expression
of the betal subunit of the sodium pump (ATP1B1) and V1A subunit of the H" proton pump
(ATP6V1A). These findings were confirmed in four cell models. The effect of WFS1 depletion
was shown to be specific to these two subunits since the expression of the other subunits of both
pumps was not reduced by reduced WFS1 expression. Furthermore, WFS1 was shown to be
necessary for the stability of ATP1B1 and ATP6V1A by demonstrating a rapid degradation of
both proteins in WFS1 depleted cells after CX treatment in comparison to the control. The VIA
subunit of the H' proton pump was shown to be co-localised with WFS1 by immunofluorescence
microscopy and an association was shown between WFS1 and the vesicular granules by electron-
microscopy. The V1A subunit of the H V-ATPase was shown to interact with the full length
WEFSI1 and its N-terminal domain by co-immunoprecipitation in both endogenous and over-

expression systems.

WEFSI stably and transiently depleted human neuroblastoma cells, along with WFS1 transiently
depleted human NT2 cells and WFS1 stably depleted mouse neuronal (neuro2A) cell lines all
showed significant reduction in the expression of both the VIA subunit of V-type H'-ATPase
and the betal subunit of sodium potassium-ATPase. WFS1 depletion affected the expression
levels of these two proteins in similar fashion which was neither cell type nor species specific.

Furthermore, the effects of WFSI protein depletion were shown to be specific for the betal
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subunit of the sodium pump and the V1A subunit of the H proton pump, since no significant
decrease was observed in the expression levels of alphal subunit of the sodium pump and the
V1C1 and VOD2 subunits of the vacuolar proton pump. These findings suggest that WFS1
regulates the expression of ATPIBI and ATP6VI1A specifically through some unknown

mechanisms.

As mentioned before, VIA and V1B subunits of the proton pump exist as triplicates forming a
hexameric ring which is the catalytic site of the V-ATPase; and mediate the hydrolysis of ATP
(Tabares and Betz, 2010, Beyenbach and Wieczorek, 2006, Wieczorek et al., 2009). Therefore,
the reduced levels of V1A subunit are likely to have functional consequences for the whole
pump. Similarly, the study by Ferea and Bown (1996) showed that knockout of the V1A gene has
vital effects for the cells. The non-homologous region of the V1A subunit is shown to be

important for the reversible dissociation of the V-ATPase complex (Toei et al., 2010).

The results of the degradation assays showed that both ATP1B1 and the ATP6V 1A subunits were
degraded more rapidly in the WFS1 depleted cells in comparison to the controls; these
observations suggest that WFS1 is necessary for their stability. This has many consequences for
the two ion pu