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Abstract

B-cell immunoglobulin binding protein (BiP) is an essential endoplasmic
reticulum (ER) chaperone that belongs to the Hsp70 family, normally found in
the ER lumen. However, BiP also has other extracellular and intracellular
functions. As it is unclear whether peripheral BiP always has a signal and/or ER
retention sequence and the possibility that different variants of BiP could have
differing biochemical impacts, we produced and biochemically characterised
four variants of BiP (see Chapter 3). The variants differed depending on the
presence or the absence of signal and ER retention peptides. BiP variants were
purified using nickel affinity chromatography, and protein size and quality were
assessed using SDS/PAGE gels. In addition, we characterised the nucleotide-
binding properties of variants in the absence and the presence of divalent cations
Mg2*, Mn2" and Ca2". Interestingly, in the absence of cations, ADP has a
higher binding affinity for BiP than ATP. The presence of divalent cations
results in a decrease of the Kq values of both ADP and ATP, indicating higher
affinities of both nucleotides for BiP. ATPase assays were carried out to study
the enzyme activity of these variants and to characterise kinetic parameters.
Variants with the signal sequence had higher specific activities than those
without. Both Mg?*and Mn?" efficiently stimulated the ATPase activity of these
variants at low micromolar concentrations, whereas calcium failed to stimulate
BiP ATPase. Our novel findings indicate the potential functionality of the BiP
signal sequence, and also reveal the effect of physiological concentrations of
cations on the nucleotide-binding properties and enzyme activities of all
variants.

Studies have shown that BiP is essential for the survival of oligodendrocytes
and is upregulated during developmental myelination. We hypothesized that the
exogenous addition of BiP would enhance myelination in multiple sclerosis
(Chapter 4). To address this, preliminary experiments to study the uptake of BiP
by cells were conducted by adding FITC-labelled BiP to B104 neuroblastoma

cells and spinal cord myelinating cultures. These experiments confirmed that



BiP was taken up by cells in a dose- and time-dependent manner. In addition,
the dose-dependent effects of unlabelled BiP were assessed and a dose of 20
pg/ml was selected for all other experiments. BiP was found to have no effect
on myelination but increased the microglia number 2.5 times. This effect could
be possibly due to BiP acting on cells directly, however heat inactivation
experiments of BiP should be conducted to differentiate the effects of the
protein from the endotoxins. Our results suggest that BiP could be detrimental
as well. In an alternative approach (described in Chapter 5), we induced the
expression of BiP using a chemical inducer of BiP (BIX). As the use of BIX in
spinal cord myelinating cultures is not established before, we performed dose-
dependent effects using BIX and 5 pg/ml of dose was used for further
experiments. Surprisingly BIX had a detrimental effect on the microglia,
oligodendrocytes, and myelin. We performed RNA sequencing to study the
differentially expressed genes and used the Reactome pathway browser to
identify the pathways possibly involved in the BIX effects observed. The genes
related to oligodendrocytes and microglia were found to be downregulated,
confirming the observed toxicity of BIX towards these cell populations.
Astrocytes and neurons related genes were also down regulated but they seem
to be resistant compared to oligodendrocytes and microglia. Additionally, the
top 25 most upregulated and downregulated pathways suggested that BIX
interferes with the cell cycle, cell division, metabolism, and apoptosis. BIX
exerted similar effects when added to organotypic slice cultures, suggesting that
the effects of BIX are reproducible in a different model of myelination. Neither
BiP nor BIX proved to be therapeutic in our culture models. The application of
BIX as a therapeutic should be pursued with caution. Our results highlight the
need for further investigation of BiP’s therapeutic potential within the context

of myelinating disorders.
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Chapter 1 : Introduction



1.1 Multiple sclerosis

Multiple sclerosis (MS) is one of the most debilitating chronic inflammatory
disorders of the central nervous system (CNS) in which focal lymphocytic
infiltration causes damage to myelin and axons. The lesions can develop in
various parts of the CNS, spinal cord, brain stem, and optic nerve. The lesions
can be easily identified in the white matter as areas of demyelination,
inflammation and glial reaction (Reich et al., 2018). MS is the most common
cause of non-traumatic neurological disability in young adults. The pathological
hallmarks of MS include plaques of inflammatory demyelination and damage
to axons. MS is not limited to white matter, it also involves the grey matter of
the CNS (Wu and Alvarez, 2011). Muscular weakness, speech problems, visual
impairment, bladder dysfunction, sexual dysfunction, trigeminal neuralgia,
pain, Lhermitte’s sign, and neuropathic pain are some of the symptoms of the
MS. The MS symptoms vary from patient to patient depending on the location
of the lesion (Figure 1.1) making its diagnosis and treatment difficult (Crayton
and Rossman, 2006; DasGupta and Fowler, 2003).

1.1.1 MS Diagnosis and classification

Clinical and radiological investigations such as magnetic resonance imaging
(MRI), cerebrospinal fluid (CSF) analysis and visual evoked potential (VEP)
are diagnostic tools that can add important information when clinically relevant
symptoms of a patient alone are not enough to make a positive MS diagnosis.
Each of these tests provides different information and their weight of
contribution towards an MS diagnosis depends on the context of diagnosis.
Cerebrospinal fluid analysis can detect markers of inflammation, while VEP can
provide supporting information when the MRI-detected lesions in the patient’s
brain are few and not informative. The ‘dissemination in space’ criteria is
fulfilled by the presence of more than one symptomatic and/or asymptomatic

lesion in more than 2 of the 4 regions of the CNS, the periventricular,



juxtacortical, infratentorial and spinal cord. The ‘dissemination in time’

criterion

Figure 1.1: Topography of Multiple Sclerosis lesions.

Showing lesion locations in periventricular white matter (inset A), subpial cortex (B),
leptomeninges (C), thalamus and pons (D), spinal cord (E), optic nerve (F) and retina (G). Insets
A, B, and D show a 40 Tesla MRI scan lesions in relapsing-remitting MS patients and similar
finding in other patients immunohistochemically stained for myelin basic protein. Inset C
presents a 3-Tesla MRI scan of gadolinium lesion in secondary progressive MS and (Eosin and
hematoxylin) staining of similar pathological finding in the meninges of a different patient. Inset
E shows a 3-Tesla MRI scan of a relapsing-remitting MS patient and similar pathology in a
different patient stained with (luxol fast blue-periodic acid and Schiff staining) Inset F shows a
3-Tesla MRI scan lesions in relapsing-remitting MS patients and similar finding in others patients
immunohistochemically stained for proteolipid protein. Inset G presents spectral-domain optical
coherence tomographic reconstruction illustrating thinning of the peripheral retinal nerve fibre
layer. The normal retinal thickness was shown in green and the patient has a 99% reduction in
the retina compared to the fibre layer thickness. The bottom panel of Inset G depicts similar
finding in other patients immunohistochemically stained for microglia and macrophages (Ibal
and counterstained with hematoxylin counterstaining). Lesions are indicated with arrowheads or
circles (Reich et al., 2018).Copy rights Massachusetts Medical Society.

is met when there exists the simultaneous presence of gadolinium-enhancing
lesions and a nonenhancing T2-hyperintense lesion. Alternatively, evidence of



a second clinical occurrence of MS in the patient or the presence of T2 lesion
and/or gadolinium-enhancing lesion on follow-up MRI, regardless of its timing.
The revised version of McDonald’s 2017 criteria (Thompson et al.,
2018)(Figure 1.1) recommends the following:

1. Inclusion of cerebrospinal fluid oligoclonal bands for diagnosing MS in some
of the patients.

2. Inclusion of the symptomatic lesion in giving confirmation for dissemination
in space and time.

3. Cortical lesions are as important as juxtacortical lesions and should be
incorporated into the MRI criteria for the dissemination of space criterion.
However, care should be taken to identify the cortical lesions properly.

4. There is a slight change in the diagnostic criteria of progressive MS. The
difference between symptomatic and asymptomatic MRI lesions was removed
and cortical lesions were also included.

5. In addition to the revised MS clinical phenotype classification in 2013, the
2017 revised version further classified the disease course as active or not
(depending on the recent clinical relapse and/or MRI lesion activity) and

progressive or not (depending on the clinical assessment of disability).

Some of the future recommendations also suggest studying a variety of
populations and the inclusion of effects on the anterior visual system (optic
nerve) as diagnostic criteria. They also consider strict measures on avoiding
misdiagnosis and to consider patients with non-classic presentations when

applying the diagnostic criteria (Thompson et al., 2017).

1.1.2 Immunopathology of MS

MS is correlated to several genetic and environmental factors including vitamin
D deprivation, viral pathogens, diet, smoking and obesity in patients (Oksenberg
and Baranzini, 2010). The complex interplay between the immune system, glia
(oligodendrocytes, oligodendrocyte precursors, microglia and astrocytes) and
neurons causes the tissue damage in MS patients’ brain. During the

development of the disease dendritic cells travel from patient’s bloodstream



through the blood-brain barrier (BBB) into the CNS and causes the
differentiation of memory T cells into T helper 1 (Th1) and Th17 which are pro-
inflammatory in nature and cause inflammation events in the CNS (Figure 1.2)
(Ifergan et al., 2008; Pashenkov et al., 2001; Serafini et al., 2006). Following
this, demyelination and axonal loss are caused by the proinflammatory
cytokines, oxygen and nitric oxide radicals produced from the activated
macrophages and microglia. Other participating factors inside the CNS of MS
patients are as presented below and summarised in Figure 1.2:

CD4+T cells and Th1l cells produce IL-2, 1L-12, TNF-alpha and IFN-gamma
and are proinflammatory. Th2 cells are anti-inflammatory in nature and secrete
IL-4, IL-5, IL-6, IL-10, IL-13, and IL-25. Th9 cells secrete large amounts of IL-
9. Th17 cells produce IL-17A, IL-17F, IL-21 1L-22, 1L-24 and IL-26 smaller
amounts of IL-9 and IFN-gamma, and these cells are proinflammatory. Th22
cells secrete high amounts of 1L-13, IL-22 and TNF alpha. In summary, Th 1, 9
and 17 cells are the main contributors to MS disease progression (Dargahi et al.,
2017). The role of Thl and Th17 cells in MS pathology is well established in
EAE mouse models. Th17 cells increase the permeability of the BBB by causing
the production of reactive oxygen species (ROS) (Huppert et al., 2010). Th17
cells also participate in the formation of ectopic lymphoid tissue (Peters et al.,
2011). Due to a combination of genetic and environmental factors, memory T
cells become activated in the periphery(Sospedra and Martin, 2005). The pro-
inflammatory cells that penetrate the BBB become activated in response to
unknown CNS antigens and cause the inflammatory response (summarised in
several reviews (Compston and Coles, 2008; Grigoriadis and van Pesch, 2015;
Hemmer et al., 2006)). A series of molecular events occur before demyelination
and axonal loss, i.e., activated macrophages and microglia produces oxygen and
nitric oxide radicals that cause the tissue damage (Das Sarma et al., 2009;
Kawanokuchi et al., 2008; Murphy et al., 2010). Thl cells are capable of
identifying MOG, PLP and MBP peptide epitopes presented by the MHC class

I become activated cross the blood-brain barrier and cause CNS autoimmunity.

An additional player in the development of MS requires CD8+ T cells, which

are mostly present in the parenchyma, in contrast to CD4+T cells, which are
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more concentrated in the perivascular cuff (Lassmann, 2014). CD8+ T cells
isolated from MS patients react mainly against MOG, PLP, and MBP. The
classic CD8+T cells secrete IFN-y whereas new subsets Tc2 secrete 1L-4, Tc10
secrete I1L-10, Tcl17 secrete IL-17, Tc21-secrete IL-21, and Tc22-secrete 1L-22.
CDB8+ T cells are present in higher numbers than in MS patients CNS tissue and

cerebrospinal fluid (Dargahi et al., 2017).

During MS disease development in patients, the macrophage activation has been
found to be T cell-mediated. Microglia and macrophages play an important role
in initiating and sustaining the inflammatory reaction in patients with MS
(Trebst et al., 2001). In a marmoset Experimental Autoimmune
Encephalomyelitis (EAE) model of the disease, during the early stages of
inflammation microglia are present in the perivascular lesions and monocytes
are associated with demyelination (Maggi et al., 2014). Apart from the
participation in inflammation, microglial cells also remove cellular debris and
dead cells which is essential for remyelination and decreasing inflammation in
goldfish (Battisti et al., 1995; Napoli and Neumann, 2010). Microglia also

release growth factors that benefit axons and neurons (Stadelmann et al., 2002).

In patients developing MS B cells act as antigen-presenting cells and stimulate
antigen-specific CD4-T cell response via MHCII (Parker Harp et al., 2015). B
cells participate in the formation of ectopic lymphoid tissue. The evidence of
oligoclonal bands formed by immunoglobulins in the CSF proves that the
antibody-producing function of the plasmablasts developed from the memory B
cells is important in some lesions of MS (Lucchinetti et al., 2000; Reindl et al.,
2009; von Budingen et al., 2010). All these roles of B cells suggest that B cell
depletion therapies would be very successful to treat MS in patients and such
therapy using the anti-CD20-antibody ocrelizumab is well established now for
the treatment of relapsing-remitting and primary progressive MS (Myhr et al.,
2019). In the CNS, complement-mediated damage to myelin and activation of
T cells are caused by reactivation of B cells. The accumulation of autoreactive
B cell clones in the blood of MS patients happens due to the defective peripheral

B cell tolerance caused by compromised T-regulatory function (Kinnunen et al.,



2013). B cells can promote and inhibit immune responses (Matsushita et al.,
2008). Increased activation of macrophages and inflammatory T cells were
observed in mice lacking 1L-35 expressing B cells and the ability to recover
from EAE was effected in these mice (Shen et al., 2014). Production of IL-10

from B cells is important for the recovery from EAE (Fillatreau et al., 2002).
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Figure 1.2: Immune cells in Multiple sclerosis.

The different types of immune cells implicated in the pathology of Multiple Sclerosis in
patients are illustrated along with the cytokine profile (Dargahi et al., 2017).

Another set of immune cells, Natural Killer cells, are also involved in the
development of MS in patients. They stimulate the maturation of antigen-
presenting cells such as dendritic cells and are important in cytokine production
(Della Chiesa et al., 2006; Piccioli et al., 2002; Vitale et al., 2005). Natural
Killer cells were classified into two subsets, variant and invariant Natural Killer
cells. Markers such as CD25, CD44, and CD69 are expressed on the invariant
Natural Killer cells along with characteristic markers such as CD161 and Ly49.
Upon activation by binding to GalCer-CD1d complex Natural Killer cells
secrete both proinflammatory and anti-inflammatory cytokines. Invariant

Natural Killer cells regulate immune cells in three ways. Firstly, by secreting



IL-4 and IL-13, which aid in the differentiation of CD4" T cells into Th2 cells
that are anti-inflammatory. Secondly, by stimulating the production of
regulatory T cells by secreting IL-2 and tumour growth factor. Lastly by
secreting IL-4, IL-10, IL-13, IFN-y that activate suppressive myeloid-derived
suppressor cells, dendritic cells, and macrophages which in turn secrete I1L-10
to activate regulatory T cells. The Th2 cells and the regulatory T cells inhibit
the Th17, Thl, CD8+ cells in the central nervous system, thereby having a
protective role (Van Kaer et al., 2015). Variant Natural Killer cells on the other
hand bind to the self-glycolipid, and sulphatide abundant proteins in myelin and
participate and disease progression (Jahng et al., 2004).

Finally, mucosal-associated invariant T cells (MAIT) need to be discussed.
These are a subset of T cells that defend against microbial infections (Napier et
al., 2015). MAIT cells get activated by the presentation for microbial antigens
and B vitamin metabolites by MHC-Class 1 related protein MR1 (Kjer-Nielsen
et al., 2012). MAIT cells are involved in autoimmune disorders including MS.
MAIT cells are highly present in the demyelinated areas and secrete Thl
cytokines such as IFN-y, TNF-o and Th17 cytokines IL-17 and IL-22. However,

the role of MAIT cells is not clear in the development of MS.

Regulatory T cells are a subset of CD4+T cells. The characteristic feature of
regulatory T cells is the expression of Foxp3+CD25+CD4. In MS the number
of regulatory T cells expressing Foxp3+CD25+CD4 is same as in healthy
controls but their function, maturation, and migration are disturbed (Zozulya
and Wiendl, 2008). Regulatory T cells secrete 1L-10 and are responsible for
preventing autoimmunity and increased tolerance. The impaired function of
these cells could be one of the reasons causing MS (Diebold and Derfuss, 2016).
Dendritic cells are the classic antigen-presenting cells responsible for the
activation of CD4+ and CD8+ T cells. The expression of costimulatory
molecules CD40 and CD80 increased in relapsing-remitting MS (RRMS) and
secondary progressive MS (SPMS)(see section 1.1.3) patients indicating a
proinflammatory role. Dendritic cells produce large amounts of TNF-a, IFN-y,
and IL-6 (Huang et al., 1999).



Finally, dysbiotic gut microbiome could play a role in the development of MS
in patients and may aid in the progression of MS. Gut microbiome could be
altered to control the effector and regulatory phase of demyelination in MS
(Ochoa-Repéraz et al., 2018).

1.1.3 Types of MS

Clinically isolated syndrome (CIS) is the first appearance of a disease that
displays features of inflammatory demyelination in the CNS that possibly will
be MS but it still has to meet the dissemination in time criteria (Miller et al.,
2005). In most cases, based on the natural history and MS, disease-modifying
therapies have shown that CIS in combination with MRI lesions brings a high
risk for fulfilling MS disease diagnostic criteria. RRMS is the most commonly
occurring form of MS in patients. It involves new attacks or worsening of
neurological symptoms followed by a period of partial or complete recovery.
Approximately 85% of MS patients are diagnosed with RRMS initially. Primary
progressive MS (PPMS) is the minimal inflammatory form of MS (Mahad et
al., 2015). The gradual deterioration of neurological function from the initial
onset of symptoms without the occurrence of early remissions or relapses is
categorised as PPMS. The deterioration rate and disease progression of PPMS
is similar to SPMS without relapses (Ebers, 2004, 2001, 2000). Most RRMS
cases convert into SPMS eventually and there are no simple diagnostic tools
such as imaging, clinical evidence, immunological or pathological tools
available that can identify when this switch occurs. However, SPMS can be
further differentiated at different time points as active or inactive (evidence of
new MRI activity with/without relapses), and progressive or non-progressive
(evidence of worsening of disease on an objective measure of change over time,
with or without relapses) (Browne et al., 2014). Radiologically isolated
syndrome (RIS) is a condition where there is a lack of clinical signs and
symptoms, but demyelinated lesions are noticed through imaging (Lebrun et al.,
2009; Okuda et al., 2009; Siva et al., 2009). RIS is not a subtype of MS as such
due to the lack of clinical evidence of demyelinating disease. Based on the

location and the morphology of the detected MRI lesion, RIS may create a



notion of MS in the future. Positive CSF findings or gadolinium-enhancing
lesions, asymptomatic spinal cord lesions increase the chances of MS
development in the future (D.T. etal., 2011; Giorgio et al., 2011). It is important
to follow these patients with no clinical signs or symptoms of MS. The concept
of Benign MS (BMS) is quite controversial and has several definitions. Benign
MS is not a phenotype of MS on its own. The patients experience a milder
course of a disease resembling mild RRMS in the initial decades. Nearly all
study groups use an expanded disease status scale <3 for a disease period of 10,
15 or more years to categorize those patients as having BMS (Reynders et al.,
2017)

1.1.4. Pathological Hallmarks of MS

The key pathological hallmarks of MS are extensive demyelination along with
the relative conservation of axons in the white and grey matter (Grigoriadis and
van Pesch, 2015). The degeneration of denuded axons gradually happens in
chronic demyelinated lesions. The possible mechanisms include mitochondrial
dysfunction and disturbed axonal transport (Mahad et al., 2015). Axonal loss is
a prominent feature in type Il cortical lesions of MS and normal-appearing
white matter (NAWM) (Klaver et al., 2015). In chronic MS neocortical neuronal
loss is up to 40 % and the reduction in cortical volume reflects the reduction in
neurons (Carassiti et al., 2018). Neuronal loss up to 65% is noticed in patients
with severe inflammatory phenotype of MS (Magliozzi et al., 2010). Synaptic
loss is also one of the features of MS (Dutta and Trapp, 2011; Mandolesi et al.,
2015). Meningeal inflammation and B-cell clusters are also responsible for
neurodegeneration. Other mechanisms of neurodegeneration include
mitochondrial dysfunction (Witte et al., 2014), glutamate excitotoxicity (Pitt et
al., 2000) and iron deposition (Haider et al., 2014). Acute plaques in brains of
MS patients are the initial forms of lesion formation with vigorous infiltration
of inflammatory cells, demyelination spread across the lesion. Depending on
the presence or absence of inflammation and demyelination the lesions are

classified into various types (Figure 1.3).

White matter lesions
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Acute lesions are common in the acute and relapsing-remitting forms of MS.
They contain an enormous number of cells and are infiltrated by macrophages
(Figure 1.3). These macrophages engulf myelin debris (Grajchen et al., 2018).
The early active demyelination that happens within 1-3 days can be detected by
the presence of macrophages containing degradation products of minor myelin
proteins such as CNPase, MOG, and MAG in animal models of MS.

The late active lesion is characterised by the presence of degradation products
of major myelin proteins in macrophages. The digestion of these major myelin
proteins happens slowly, taking up to 10 days. Based on myelin loss, the
location and extension of plaques, oligodendrocyte destruction and the
immunopathological evidence of complement activation the MS lesions are
classified into 4 major patterns (Lucchinetti et al., 2000)(Reich et al., 2018).
Pattern I: These lesions are characterised by demyelination and products related
to macrophages. They are located close to a blood vessel and also have clearly
defined perivascular lesions. The demyelination may be caused due to the toxic
factors released by the activated macrophages. At the active lesion border, the
number of oligodendrocytes is variable. The reappearance of oligodendrocytes
in the inactive plaque centre is possible and the incidence of remyelinated
lesions are high. Immunoglobulin deposition and complement activation are
absent in pattern | lesions.

Pattern Il: These lesions share most of the features of pattern 1 lesions except
antibody and complement deposition on myelin. Tissue injury and
demyelination are antibody and complement-mediated. Macrophages are also
involved in the phagocytosis of complement-opsonized myelin debris.

Pattern I11: Oligodendrocyte dysfunction and apoptosis are the key features of
pattern Ill lesions with ill-defined lesion borders. There is an absence of
complement and immunoglobulins, however, there exists an early loss of
myelin-associated glycoproteins. The loss of oligodendrocytes spreads from the
active lesion border to the normal periplaque. There is no remyelination in these
lesions and the centre of the lesions lack oligodendrocytes.

Pattern IV: The lesion biopsy tissue of MS patients show a non-apoptotic loss

of oligodendrocytes in the periplague white matter occurs due to metabolic
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disturbance making them more susceptible to damage caused by inflammatory
mediators.

Chronic lesions are more often seen in patients with progressive MS than active
plaques. Chronic active lesions are defined as demyelinated lesions with
macrophages present at the edges in large numbers, contributing to the
progression of the lesion. Macrophages are absent in the inactive centre of the
lesion, which is hypocellular. Chronic inactive lesions are characterised by loss
of oligodendrocytes, axons, astrogliosis, with minimal infiltration of
macrophages/microglia and lymphocytes. These lesions are absolutely

demyelinated, demarcated and hypocellular in nature.

Cortical lesions

One of the important components of MS is demyelinated lesions in the cerebral
cortex. Lesions that involve the cerebral cortex are four types (Figure 1.3). To
visualise these lesions techniques such as double inversion recovery, phase-
sensitive inversion recovery and magnetisation-prepared rapid acquisition with
gradient echo sequences are employed (Filippi et al., 2016, 2010; Preziosa et
al., 2018).

Type 1 Leucocortical lesions: Leucocortical lesions in superficial cortical layers
are excluded in these lesions and include both deeper layers of grey matter and
white matter below at the grey matter-white matter junction.

Type 2 Intracortical lesions: These lesions are located within the cortex without
touching the outermost cortex and the neighbouring white matter.

Type 3 Subpial lesions: These lesions spread from the pial surface to the third
or fourth layer of the cortex. They may spread across the cortex and include
several gyri, but do not touch the white matter.

Type 4 Subpial lesions: They include all layers of the grey matter without

touching the underlying white matter.
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Figure 1.3: White and Grey matter lesions.

Acute white matter lesions are classified into three types. Pattern I, 11 and I11. Pattern | and Il
have mononuclear phagocytes along with perivascular and parenchymal T cell infiltration.
In addition, pattern Il lesions also have immunoglobulin and complement deposition. Pattern
111 lesions have dying oligodendrocytes and degeneration of the inner myelin loop. Post-acute
phase, the survival of axons relies on the extent of myelin formation (remyelination),
resolution of inflammation without remyelination (chronic inactive) or very slow
degeneration of myelin and progression of inflammation (smoldering) (Reich et al., 2018).
Copy rights Massachusetts Medical Society.

Cell signalling pathways involved in the pathogenesis of MS

Neuronal injury and cell death in several chronic and acute disorders involve
oxidative stress. Oxidative stress can cause changes in mitochondria,
endoplasmic reticulum, cell organelles and can lead to a plethora of cell death
paradigms such as apoptosis, necrosis, and autophagy. One of the major
factors driving tissue injury in multiple sclerosis is mitochondrial injury
followed by energy failure (Dutta et al., 2006; Lu et al., 2000). Alterations of
mitochondrial respiratory chain proteins were noticed in active MS lesions.
Pathological features such as demyelination, oligodendrocyte apoptosis (Veto
et al.,, 2010), and arrest of oligodendrocyte differentiation, failure to
remyelinate (Ziabreva et al., 2010), axonal damage (Mahad et al., 2008) and
astrocyte dysfunction (Sharma et al., 2010) could be due to mitochondrial
changes. Mitochondrial DNA and proteins are susceptible to oxidative

damage (Higgins et al., 2010).
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The Whnt-signalling pathway has a dual role in terms of myelination. Myelin
formation is controlled by Tcf712 transcription factor (Fu et al., 2012).
Oligodendrocyte precursor cells (OPC) differentiation and remyelination are
controlled by the expression levels of Wnt molecules and other pathways that
interact with the Wnt pathway (Xie et al., 2014). Nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) is another molecule associated
with immune responses in MS pathogenesis. NF-«kB proteins are present in
the cytoplasm of the cells along with their inhibitors (IkBs). IkB proteins
undergo phosphorylation, ubiquitylation followed by proteasomal
degradation in the presence of inducers that activate NF-kB. In the following
degradation of IkB permits the translocation of NF-xB into the nucleus and
the latter binds to NF-xB-specific DNA binding sites in promoters regulating
the transcription of multiple proteins, polypeptides, and cell signalling
molecules such as cytokines, chemokines, antimicrobial peptides, stress
response and anti-apoptotic proteins (Li and Verma, 2002; Yamamoto and
Gaynor, 2004). NF-xB is vital for the development, proliferation, and survival
of T and B cells. Antibody class switching in B cells, as well as CD4c T cell
differentiation and cytokine production, require NF-kB functions. NF-kB also
influences the antigen processing and presentation in macrophages and
production of inflammatory mediators by antigen-presenting cells such as
dendritic cells. Moreover, production of proinflammatory cytokines and
neurotoxic mediators in microglia and astrocytes is mediated by NF-xB (Yan
and Greer, 2008) and therefore, enhanced expression of NF-kB could promote
proinflammatory responses. In MS increased nuclear localisation of NF-«xB
was noticed in microglia, lymphocytes and a subset of astrocytes (Gveric et
al., 1998). In active lesions of MS, NF-kB was found in the oligodendrocytes
at the edges of the lesions and microglia throughout the lesion but not in silent
lesions or healthy white matter (Biancotti et al., 2008)

1.1.5 ER stress and multiple sclerosis

Accumulating evidence suggests that ER stress pathways could be therapeutic

targets in neurodegenerative disorders such as MS. The unfolded protein
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response (UPR) as a stress pathway of the ER is regulated by three stress
signalling molecules inositol requiring enzyme 1 (IRE1), Activating
transcription factor 6 (ATF6) and Protein kinase RNA (PKR)-like ER kinase
(PERK) (discussed later in this document) and activation of these pathways
causes the induction of proteins and chaperones that assist in restoring the
normal ER function. UPR can be either beneficial or detrimental for a cell-based
on whether it is supporting survival or apoptosis. When prolonged ER stress
overtakes the protective mechanisms, the signals become proapoptotic
(Oyadomari and Mori, 2004). Inflammatory demyelination and
neurodegeneration in MS are related to ER stress (Deslauriers et al., 2011).
Published work from our group showed the upregulation of ER stress-associated
molecules such as C/EBP homologous protein (CHOP), XBP-1 and BiP in MS
lesions. Increased expression of BiP was also observed in acute lesions of MS
patients compared to non-MS controls and edges of the chronic active lesions
displayed the increased expression of CHOP (Mhaille et al., 2008). The raised
D-110 (hypoxia marker) matched the ER stress response in active lesions.
Increased expression of CHOP, BiP and ATF4 were also observed in the
normal-appearing white matter (NAWM) compared to Non-MS controls. The
presence of increased levels of CHOP was observed in the peri-lesional areas of
the active lesions (Cunnea et al., 2011). ER stress molecules were upregulated
in the grey matter lesions and high number of D110 (hypoxia marker)-positive
cells were also noticed in the grey matter lesions (McMahon et al., 2012).
Microarray analysis indicated the upregulated for HSP gene in the active lesion
of MS (Graumann et al., 2006; Mycko et al., 2012).

1.2 The Endoplasmic reticulum
The Endoplasmic reticulum (ER) is a subcellular organelle comprised of an

interconnected network of membranous tubules, sacs, and flattened cisternae. It
is involved in different cellular functions including synthesis of secretory and
membrane proteins, biosynthesis of phospholipids, steroids, cholesterol and
degradation of glycogen (Braakman and Bulleid, 2011; Zimmermann et al.,
2011). The ER also regulates calcium homeostasis in mammalian cells. High

levels of Ca?*, ATP and the oxidising environment present in the ER lumen are
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required for the proper functioning of the chaperones and glycosylating
enzymes that support the folding and oxidising enzymes engaged in protein

folding (Braakman and Bulleid, 2011; Zimmermann et al., 2011).

To perform these functions ER consists of cisternae and tubules and is
connected to the nuclear envelope. The peripheral ER is composed of flat
cisternal sheets and reticulated tubules which originate from the outer nuclear
membrane. The ER sheets are flat and contain two membrane layers with the
ER lumen being situated between the opposing two layers (Bernales et al., 2006;
English et al., 2009). It is important to note that the cisternal flat sheets are less
curved than the tubules and the tubules have a higher surface-to-volume ratio
compared to the flat sheets. Therefore, the tubules are appropriate for the
surface-dependent functions and cisternal sheets are more suited for luminal
processes. The tubules originate from both the nuclear envelope and the sheets
to form a network-like structure in cells that connects all the parts of the ER
(Friedman and Voeltz, 2012). From the electron microscope images, it is clear
that sheets are likely to be rough due to the presence of ribosomes whereas
tubules are smooth due to the lack of ribosomes (Shibata et al., 2006; Voeltz et
al., 2002). Depending on the requirement of the cell, the sheets-to-tubules ratio
varies. The cells that are meant to secrete a large amount of proteins such as
pancreatic cells were found to have large numbers of layers of sheets embedded
with ribosomes. On the other hand, cells, which are involved secreting fewer
proteins such as neurons, muscle cells, and epithelial cells, possess large tubular
networks (Baumann and Walz, 2001; Shibata et al., 2006; Terasaki et al., 2013).

Translocation of proteins into the ER membrane can happen in two ways: Co-
translationally and post-translationally. In the former, the entry of the protein
into the membrane happens in parallel with the protein translation. In the latter,
the protein is completely translated before it is inserted into the ER membrane.
Both mechanisms have to follow four major steps: 1) recognising and directing
the proteins to the ER, which is a signal recognition peptide (SRP) -dependent
or -independent; 2) pairing up with the ER translocation machinery and the pore
that acts as a gateway for the entry of the proteins into the ER. 3) energy-
dependent protein import into the ER lumen or membrane; 4) completion of
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folding and maturation of proteins in the ER. Cytosol- and ER lumen-located
chaperones aid in the translocation, protein folding, and assembly of these
proteins (Fewell and Brodsky, 2009).

Misfolded proteins normally get exported to the cytoplasm where they are
degraded by proteasomes in a process called ER-associated degradation
(ERAD) and this transport to the cytoplasm for degradation is called dislocation
(Meusser et al., 2005).

1.2.1 Interactions of BiP with polypeptides

BiP binds to the newly synthesised polypeptides and is involved in the
translocation of polypeptides into the ER. BiP interacts with the J-domain of the
Sec63p, a component of the Sec complex which plays a vital role in the
translocation of polypeptides across the ER membrane (Misselwitz et al., 1999).
BiP in the ADP-bound confirmation blocks the translocon and prevents protein
translocation and Ca?* leakage, whereas BiP in the ATP-bound state opens the
translocon and assists in translocation (Alder et al., 2005). Here it is important
to note that BiP has more preference towards aliphatic amino acids Alanine,
Valine, Leucine and Proline. Leucine is the most preferred amino acid for
binding to BiP (Flynn et al., 1991a). Due to the presence of six leucines in the
signal sequence of BiP and the hydrophobic nature of the signal sequence itself,
there exists a possibility of intermolecular or intramolecular binding, leading to

an enhanced ATPase activity of BiP variants with the signal sequence.

BiP binds to surfaces with alternate aromatic and hydrophobic amino acids and
it is the earliest chaperone to bind a nascent polypeptide chain in the ER.
Various partners involve in its substrate-binding and the modulation of its
activity to hydrolyse ATP to ADP. ER-resident J domain proteins, homologs of
yeast Sec63 (Otero et al., 2010) and P58 (IPK) (Tao and Sha, 2011) stimulate
the ATP hydrolysis by BiP. Interestingly in the ADP-bound state BiP has a
higher affinity for substrates. Then the ADP-bound closed state is reopened by
the binding of ATP and this binding is simulated by nucleotide exchange factors
GRP170 and Sil1 (Maatténen et al., 2010). Importantly BiP is involved in the

macroautophagy of the misfolded proteins. In addition, BiP plays a vital role in
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the translocation of proteins into the ER in an ATPase-dependent manner. Any
mutations in the NBD that hinders the ATPase activity of BiP has a detrimental
effect on the translocation of several proteins into the ER lumen such as
invertase, immunoglobulin, carboxypeptidase Y, and a-factor (Brodsky and
Schekman, 1993; Nguyen et al., 1991; Vogel et al., 1990).

1.2.2 Usage of recombinant proteins in the treatment of MS.

A variety of recombinant proteins have been used since the 1990s to treat MS
in patients. Recombinant erythropoietin has been used as a therapeutic agent in
chronic progressive MS (Ehrenreich et al., 2007) but a phase Il clinical trial
proved that recombinant erythropoietin is not effective in patients with
moderately advanced progressive MS (Schreiber et al., 2017). Interferon Beta-
1b (Betaferon) the popular drug used in the treatment of MS is a recombinant
protein produced in bacteria. The formulation is given subcutaneously every
alternative day. Interferon-beta 1a is a 23 kDa polypeptide produced in Chinese
hamster ovarian cells is available as two formulations: Rebif (subcutaneous
route of administration) and Avonex (intramuscular route of
administration)(Huang, 2015). Recombinant IL-6 prevented a Theiler’s murine
encephalomyelitis virus-induced demyelination in a murine model of MS
(Rodriguez et al., 1994) and protracted relapsing experimental allergic
encephalomyelitis. Natalizumab which is a recombinant humanised IgG4k mAb
acts on the asf1 and asf7-integrin (Gensicke et al., 2012), Natalizumab prevents
the entry of activated T-cell into the CNS via the BBB but when the treatment
is discontinued the T-cell infiltration resumes (Kivisakk et al., 2009).
Ofatumumab a humanised recombinant protein, the anti-CD20 antibody
(IgG1k) acts via the complement-dependent cytotoxicity (Gensicke et al.,
2012). Alemtuzumab is a human recombinant monoclonal antibody against the
CD52 cell surface receptor on lymphocytes and aids in the elimination of T cells
and B cells from the bone marrow (Cohen et al., 2008). Rituximab monoclonal
antibody against CD-20 was developed using recombinant technologies and
depletes B cells (Cohen et al., 2008). The current treatments such as disease-

modifying drugs decrease the number and severity of attacks (Murray, 2006)

18



1.3 The Unfolded protein response (UPR)

In eukaryotes, the UPR is controlled by three ER membrane sensors: Irela,
ATF6, and PERK (Figure 1.4). The UPR causes a reduction in protein
translation, upregulation of genes encoding chaperones and other proteins
associated with protein folding; it also prevents polypeptide misfolding and
aggregation. Finally, the UPR traffics misfolded proteins to the cytosol for
degradation (Cao et al., 2012; Walter, 2011).
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Figure 1.4: The unfolded protein response (UPR).

A. BiP binds to stress signalling molecules such as inositol requiring enzyme 1(IRE1),
activating transcription factor (ATF6), protein kinase RNA (PKR)-like ER kinase (PERK)
and maintains them in an inactive state. B. The accumulation of misfolded proteins in the ER
causes ER stress, which leads to the dissociation of BiP from the stress signalling molecules
such as IRE1, ATF6, and PERK. Activation of IRE1 causes splicing of X-box binding protein
1 (XBP1). Spliced XBP1 activate several unfolded protein response target genes that are
cytoprotective, involved in ER expansion and ER-associated degradation. ATF6 gets
transported from the ER to the Golgi complex where site 1 protease (S1P) and site 2 proteases
(S2P) cleaves ATF®6, followed by the trafficking of the cytosolic free domain to the nucleus
causing the upregulation of ER chaperones such as glucose-regulated protein 94 (GRP94),
BiP, CHOP, and protein disulphide-isomerase (PDI). PERK phosphorylates EIF20. resulting
in the arrest of global protein translation and upregulates certain genes such as ATF4 and
CHOP. BIX chemical inducer of BiP utilises the ATF6 pathway to induce the expression of
BiP highlighted using grey-shaded oval (Source: Sravanthi Bandla).

1.3.1 The PERK Pathway

Accumulation of misfolded protein activates the UPR and this leads to the
dimerization and autophosphorylation of PERK (Figure 1.4). Active PERK
phosphorylates a- subunit of eukaryotic translation initiation factor 2o (EIF2a),
which leads to the inactivation of EIF2a and inhibition of protein translation.
Binding of phosphorylated EIF2-guanine nucleotide exchange factor decreases
the EIF2-guanosine 5 triphosphate required for translation initiation, resulting
in reduced translation (Spaan et al., 2019). The inactivation of EIF2a reduces
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the protein load of the ER (Harding et al., 2000, 1999; Shi et al., 1998). Selected
MRNA species, including activated transcription factor 4 (ATF4) are not
affected by this translation block due to the presence of multiple open reading
frames in the 5-untranslated region (5-UTR). In contrast, CHOP also known
as growth arrest and DNA-dependent damage 153 (GADD153) is induced.
CHOP is a transcription factor that promotes apoptosis (Li et al., 2014).

1.3.2 The ATF6 pathway

ATF6 resides in the ER lumen as an inactive precursor (Figure 1.4). When the
UPR is triggered, ATF®6 is transported from the ER to the Golgi apparatus where
it undergoes intramembrane proteolysis by the site 1 protease (S1P) and site 2
proteases (S2P) resulting in a free cytosolic domain, which is further transported
to the nucleus, causing the upregulation of ER chaperones and transcription
factors such as glucose-regulated protein 94 (GRP94), BiP, CHOP, Protein
disulphide-isomerase (PDI). These chaperones are involved in protein folding,
secretion, and degradation. BiP also mediates apoptosis through the ATF6
pathway.

1.3.3 IREL1 pathway

The UPR also causes homodimerisation, auto-phosphorylation, and activation
of Inositol requiring enzyme-1 (IRE1), which is both an ER-resident
transmembrane serine/threonine kinase receptor and an endoribonuclease
kinase (Figure 1.4). The preformed X-box Binding Protein-1 (XBP1) mRNA
substrate of XBP1 is cleaved by the activated IRE1 through its
endoribonuclease activity at two sites causing the removal of 26 nucleotide
intron. Then tRNA ligase ligates the two parts of the mRNA which encodes for
the transcription factor XBP1 (Patil and Walter, 2001; Sidrauski and Walter,
1997). XBP1 dependent target genes include ERdj4 (Shen et al., 2002), p58IPK
(Melville et al., 1999), EDEM (Yu et al., 2000), RAMP4, PDI and HEDJ all of
which has a role in the ER. EDEM is mainly involved in ERAD. Therefore, all
the pathways ensure that the ER protein folding capacity is regulated properly
(Lee et al., 2002; Tsunemi et al., 2010; Yoshida et al., 2001a).
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In addition, Tumour necrosis factor a receptor-associated factor 2 (TRAF2), an
adaptor protein in the TNF a signalling pathway, interacts with the
phosphorylated cytosolic domain of the IREla under ER stress. I kappa B
kinase (IKK) is recruited by the IREla-TRAF2 complex and causes the
phosphorylation and degradation of IKB. This results in NF-kB activation and
upregulation of its downstream inflammatory pathways. The IREl1a-TRAF2
complex also recruits apoptosis signalling kinase 1 (ASK1), which in turn
activates c-Jun N-terminal kinase (JNK) that stimulates the proinflammatory
response signalling by the phosphorylation of an AP1 transcription factor. The
IRE1a-JNK complex is also involved in the activation of the proapoptotic
pathways (Cao et al., 2012).

IRE1-dependent decay contributes to the apoptosis of cells by participating in
the activating caspase 2 which is independent of the Xbpl splicing under
extreme stress conditions and it also promotes degradation of ER-resident
proteins. RIDD also reduces the amount of proteins imported into the ER lumen.
RIDD combines the ER targeted mRNA load with the ER folding capacity to
preserve the ER homeostasis during ER expansion and cell differentiation
(Coelho and Domingos, 2014).

1.4 Function of molecular chaperones in the ER

A molecular chaperone is defined as any protein that interacts with, stabilises
or helps another protein to acquire its functionally active conformation, without
being present in its final structure (Bracher and Hayer-Hartl, 2011; Ellis, 1993)
(Figure 1.4). Molecular chaperones are induced by stress and participate in
protein folding in association with co-chaperones, cofactors, and ATP, in order
to regulate the binding and release cycles (Hartl, 1996).
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1.4.1 B-cell immunoglobulin binding protein

Binding immunoglobulin protein, BiP, an HSP70 protein family member, was
first discovered in 1977 when chick embryo fibroblast cells were deprived of
glucose in the medium. The amount of specific proteins in the cells was
dependent on the glucose availability in the medium and hence these proteins
were named as glucose-regulated proteins (GRPs). One of them, a membrane
protein with a molecular weight of 78,000 Dalton was called GRP78 and
alternatively BiP due to its immunoglobulin binding activity (Shiu et al., 1977).
The HSP5A gene encodes BiP (Wang et al., 2017). In contrast to the other heat
shock proteins, BiP is not upregulated by heat shock because the heat shock
element is absent in the BiP promoter (Wang et al., 2017). However, BiP
expression is induced by the calcium ionophore A23187 (Resendez et al., 1985),
thapsigargin, BAPTA-AM (Suzuki et al., 1991), and tunicamycin (Lee, 1987).
Moreover, various cell stress-dependent factors upregulate the expression of
BiP due to the preserved elements in the promoter of the HSP5A gene that
include a CCAAT box (Resendez et al., 1988), a CREB (CAMP-responsive
element CRE-like) (Alexandra et al., 1991), and an ER stress-responsive
element ERSE (Resendez et al., 1988). Binding of the transcription factor such
as CBF/NF-Y (Roy and Lee, 1995), CREB, ATF2 (Chen et al., 1997), YY1,
YB1, SP1(Li et al., 1997), ATF4 (Luo et al., 2003), TFII (Parker et al., 2001),
ATF6 (Yoshida et al.,, 2001c) and XBP1 (Yoshida et al., 2001b) to the
regulatory elements in HSP5 gene controls its expression. Additionally, an
internal ribosome entry sequence at the 5’-UTR of the BiP mRNA mediates the

post-translation regulation of BiP (Macejak and Sarnow, 1991).
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Figure 1.5: Structure of human full-length BiP illustrating the various
domains.

The 654 amino acid protein contains a signal sequence (orange; S), nucleotide-binding domain

(blue; NBD), substrate-binding domain (violet; SBD) and a KDEL ER retention sequence
(green; K) (Wang et al., 2017; Zhang et al., 2010) (Image Source: Sravanthi Bandla).
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BiP is a 654 amino acid long protein (Figure 1.5). The N-terminal signal
sequence of BiP (amino acids 1-18) directs BiP to the ER and the C-terminal
KDEL sequence is thought to retain BiP within the ER (Pidoux and Armstrong,
1993). The nucleotide-binding domain (NBD) is divided into two large globular
domains (A and B) (Figure 1.6). Each of these domains is further divided into
two subdomains IA, IB, and I1A, 11B. The substrate-binding domain (SBD) is
also divided into two subdomains a and . The f subdomain helps as a binding
pocket for the nascent proteins/ peptides. The o- subdomain acts as a lid
covering the binding pocket. The nucleotide-binding domain in the N-terminus
binds to ATP or ADP, and the substrate-binding domain in the C-terminus aids
in the attachment of nascent protein chains. A flexible linker connects the N
terminus and the C terminus of BiP (Awad et al., 2008; Mayer and Bukau, 2005)
(Figure 1.6). The main functions of BiP in the ER are protein folding, prevention
of aggregation of protein intermediates during their translation process,
calcium-binding, and trafficking of misfolded proteins in ER-associated protein
degradation pathways (ERAD (Lee, 2007)). BiP depends on several partners,
co-chaperones, nucleotide exchange factors, and signal transducers to carry out
its diverse functions. When the BiP protein sequence of the Homosapiens and

Rattus norvegicus were compared, there is a 98% identity. They only
varied in few amino acids mostly in the signal sequence (3, 4, 5, 9, 14, 16) and
a few others at (313, 587, 638 and 649) (As illustrated in the Appendix Figure
Al.1). No variation was noticed in the nucleotide binding domain and substrate
binding domain when amino acids were compared. When the nucleotide
sequences of human and rat were compared there was a 91% identity. The
differences are illustrated in (Appendix Figure A2.1). BiP sequence were highly
conserved among mammalian species, however, this slight variation in
sequences could possibly lead to immune reactions when human protein was

added to rat cultures.
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Figure 1.6: Nucleotide and substrate-binding domains of BiP.

(A) Ribbon diagram of BiP in its ATP bound state depicting nucleotide-binding domain
(NBD) and substrate-binding domain (SBD) and linker. Domain colouring NBD- Blue, SBD-
red and green, Linker-purple, Orange-ATP. (Yang et al., 2015) reproduced with permission
from Elsevier’s copy clearance center. (B) Subdomains of NBD, domains la-teal, Ib- yellow,
Ila-purple and llb-green. (C) Key interacting sites of the nucleotide-binding domain (Hughes
etal., 2016).

1.4.2 Role of BiP in ERAD

Degradation of misfolded proteins takes place in the cytoplasm via the
ubiquitin-proteosome  system. BiP assists in the degradation of
misfolded/unfolded proteins in multiple ways, it identifies the substrates,
increases the solubility of the substrates and then dissociates from the substrates
upon translocation into the cytoplasm (Wang et al., 2017). In the ER, BIiP in
association with soluble J domain proteins such as Jem1p and Scjlp assists in
the export of substrates to the cytosol for ERAD thereby preventing protein
aggregation in the ER lumen (Nishikawa et al., 2001). The binding of BiP to
misfolded proteins is extended in the ER lumen and functions in cell signalling
pathways (Sérgjerd et al., 2006). This extended contact acts as a signal for the
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degradation of the bound protein (Petrova et al., 2008). BiP along with the other
ER chaperones initiates the ERAD. Collectively, these chaperones lead to the
deglycosylation and dissembling of the misfolded proteins (Printsev et al.,
2017).

1.4.3 Mechanisms of BiP translocation from the ER to multiple cellular and

extracellular locations

While BIP is primarily considered to be an ER-residential protein, it has also
been reported to be present within the cytoplasm, nucleus, mitochondria and
on the cell surface (Wang et al., 2017). BiP is also released into the cell culture
medium by the oviductal epithelial cells (Marin-Briggiler et al., 2010a). BiP
was also released in the cell culture medium from the intact human
rabdomiosarcoma cells post-treatment with 500 nM of thapsigargin (Delpino
and Castelli, 2002). Immunogold electron microscopic analysis of rat
pancreatic cells confirms that BiP having KDEL is transported from the ER to
the other parts of the cell and into the extracellular spaces via the secretory
mechanism (Takemoto et al., 1992). Tumour cells secrete BiP into the tumour
microenvironment and develop resistance to antiangiogenic activity of
Bortezomib (Kern et al., 2009). Under certain conditions, BiP is released into
the extracellular space or outside the cell (Ni et al., 2011). Moreover, BiP was
also reported in the synovial fluid of Rheumatic arthritis (Tsunemi et al.,
2010), in sera of gastric cancer patients (Giusti et al., 2010a) and its precursor

is found in the saliva of Rheumatic arthritis patients.

The secretion of the proteins having the signal sequence starts in the ER where
the nascent polypeptide undergoes proper folding before exiting via the ER
exit site in a COPII-dependent manner (Grieve and Rabouille, 2011). The
COPII-dependent manner is considered as the conventional secretory pathway
in which most of the vesicles are transferred to the Golgi complex for further
modification and secretion. Conversely, some proteins leave the ER
independently bypassing the conventional pathway. These proteins follow the
unconventional pathway. Utilising the unconventional mechanism HSP70 and
annexin translocates from the cytosol to the cell surface (Deora et al., 2004).

Brefeldin A treatment is generally exploited to understand whether a protein
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utilises the conventional pathway or unconventional pathway. It is a fungal
metabolite that inhibits the GTP-exchange factors of ADP ribosylation factor
1 and prevents protein transport from ER to Golgi (Popoff et al., 2011).
Different cells use different routes to secrete BiP. For example, the cell surface
expression of GRP78/BiP in HeLa Cells is interrupted by Brefrelin A but not
in HCT116 cells (Tsai et al., 2015). The presence of GRP78/BiP in the
exosomes indicates a new mechanism for the transport of GRP78/BiP to the
cell surface for subsequent secretion (Xiao et al., 2012).

The ATPase domain also participates in the protein-protein interactions of
BiP. For example, the interactions of BiP with caspase 7 was stopped when
the amino acids 175-201 in the ATPase-binding domain were deleted (Reddy
et al., 2003). The substitution of the Arginine 197 in the ATPase domain with
histidine abolished the binding of BiP to DnaJ co-chaperones (Awad et al.,
2008). The substrate-binding domain is important for the cell surface
expression of BiP. A T453D defect in the substrate-binding domain decreased
the cell surface expression on BiP whereas R197H or G227D substitutions in
the ATP binding domain had not affected the cell surface expression of the
BiP. Therefore SBD appears to be more important for the cell surface

expression of BiP when compared to ATP binding domain (Tsai et al., 2015).

Several possible mechanisms for the appearance of extracellular BiP have been
proposed. BiP has a C-terminal tetrapeptide KDEL, which is thought to be
responsible for retaining BiP within the ER lumen. During ER stress BiP is up-
regulated, but the expression of the KDEL receptor remains the same, which
leads to a situation where the KDEL retrieval capacity is surpassed making BiP
translocate outside the ER and even to reach the cell surface despite it still has
the KDEL retention sequence (Zhang et al., 2013). Moreover, chaperone
proteins with KDEL have been described to appear on the cell surface due to
their association with membrane proteins during the latter maturation and
folding (Wiest et al., 1997; Xiao et al., 1999; Zhang et al., 2010) An additional
possibility could be that the KDEL motif is disguised due to glycosylation or
other post-translational modifications. Further, the interaction of BiP with
protein partners such as Dnal-like transmembrane protein MTJ-1 in

27



macrophages and Par-4 in PC3 cells was observed and it is believed that these
interactions help in translocation of BiP to the cell surface (Ni et al., 2011).
Alternatively, the ER is fused with the plasma membrane in phagocytic cups,
thus providing easy access for ER-resident proteins to the cell surface. While
BiP found on the cell surface may still have a KDEL sequence, enzymatic
cleavage of the KDEL retention moiety could also be a reason for the secretion
of BiP from the cell into the extracellular spaces. Escherichia coli subtilase
cytotoxin has a catalytic subunit (SubA) that cleaves the C-terminal 28kDa
fragment of cell surface BiP (Ray, 2018). Sub A cleaves GRP78/BiP between
the amino acid Leu**® and Leu*'” (Paton et al., 2006). Due to this cleavage, BiP
loses its function and the cells experience lethal consequences (Morinaga et al.,
2008). Alternatively, possible alternative splicing of BiP without KDEL also
allows BiP to escape from the cell (Corrigall et al., 2004; Zhang et al., 2010).
Several cancer cells exhibit BiP on their cell surface, which includes breast
cancer, prostate cancer, lung cancer, hepatocellular and gastric cancer. Tumours
of prostate cancer that are vigorous in nature exhibited increased levels of BiP

on the cell surface as well as intracellularly (Rauschert et al., 2008).

1.4.4 BiP on the cell surface

It has been reported that BiP interacts with various cells surface ligands and
receptors (Figure 1.7 and Figure 1.8) (Wang et al., 2017). Various extracellular
ligands such as activated alpha 2-macroglobulin, Kringle 5 (K5) domains
containing proteins (e.g., plasminogen), prostate apoptosis response- 4 (Par-4),
and istmin (Xiang et al., 2011) interact with cell surface BiP and multiple
cellular signalling pathways become modulated. Interestingly, by forming
complexes with proteinases such as PSA, alpha 2-macroglobulin converts itself
into its BiP receptor recognised form(s), binds to the cell surface BiP in 1-LN
prostate cancer cells, and undergoes autophosphorylation, which activates
downstream events that include RAS/MAPK, and Pl 3-kinase/AKT/mTOR
pathways. These signalling pathways cause cell proliferation and encourage cell
survival (Misra et al., 2005; Tsai and Lee, 2018).
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Another example for these cell surface functions of BiP is the high-affinity
interaction of plasminogen Kringle-5 domain with cell surface BiP, which plays
an important role in the antiangiogenic and antitumor activity of K5 domains in
tumour and proliferating endothelial cells (Davidson et al., 2005). When Par-4
and BiP combine, it leads to apoptosis by ER stress and the commencement of
the FADD/caspase-8/caspase-3 pathway. TNF-related apoptosis-inducing
ligand (TRAIL) also relies on the Par-4 signalling to trigger apoptosis
(Burikhanov et al., 2009). Inhibition of TGF-signalling by the complex of
Cripto and BiP on the cell surface causes tumour growth (Gonzalez—Gronow et
al., 2009). Cell surface-anchored proteins such as Cripto and T-cadherin also
interacts with BiP causing activation of pro-survival or pro-apoptotic pathways
in tumour and endothelial cells. Cell surface BiP is essential for Cripto signaling
in human tumor, mammary epithelial and embryonic stem cells. Cripto
signalling via MAPK/PI3K and Smad 2/3 pathways can be prevented by
inhibiting the binding of Cripto to cell surface BiP (Kelber et al., 2009; Shani et
al., 2008). It has been shown that inhibiting the interaction of Cripto with BiP
on the cell surface prevents Cripto from enhancing cellular proliferation,
reducing cell adhesion, downregulating E-Cadherin and encouraging pro-
proliferative responses to activin-A and Nodal (Kelber et al., 2009). BiP also
has the potential to control the coagulation cascade by interaction with tissue
factor 1 (TF1). The effect of BiP on TF-mediated procoagulant activity in
murine brain endothelial cells (bEND.3) and macrophage-like cells (RAW)
cells was reported (Gaurabh batacharya, 2005). It was demonstrated, that the C-
terminal of BiP physically interacts with the extracellular domain of TF1 and
negatively affects its procoagulant activity. In addition, visceral adipose tissue-
derived serine protease inhibitor (Vaspin) is a ligand for cell surface BiP/MTJ-
1 complex, the downstream effects are protective against ER stress-induced
metabolic dysfunction (Nakatsuka et al., 2012). Natural killer cells and T cells
express activating receptor natural killer group 2D receptors (NKG2D) and
MHCL1 class 1-related polypeptide 1 (MICA) is a ligand for these receptors.
Cells surface BIiP interacts with MICA participating in immune evasion in
chronic lymphocytic leukaemia (Huergo-Zapico et al., 2012). Transthyretin is a

functional protein in pancreatic pancreatic-f cells. The internalisation of
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transthyretin into pancreatic-p cells happens through its interaction with cell
surface BiP (Dekki et al., 2012).

Pep42-cyclic oligopeptide that binds to the cell surface BiP was used for
targeted drug delivery in cancer cells (Ying Liu et al., 2007). BiP interacts with
a2 macroglobulin at the cell surface and low-density lipoprotein receptor-
related protein (LRP) acts as a coreceptor. Urokinase plasminogen activator
surface receptor (UPAR) interacts with cell surface BiP to degrade the
extracellular matrix and facilitate cancer cell invasion (Li et al., 2013). Alpha-
synuclein interacts with cell surface BiP to dysregulate actin turnover causing
synaptic dysfunction that follows neurodegeneration (Bellani et al., 2014).
Additionally, secreted BIiP interacts with epidermal growth factor tyrosine
kinase (EGFR) to activate cancer cells in hepatocellular carcinoma via the SRC
pathway. Insulin-like growth factor receptor 1 (IGF-1R) interacts with cell
surface BiP and involves in the proliferation and migration through the
phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein Kkinase
(MAPK) pathways (Yin et al, 2017). In atherosclerotic lesions,
monocyte/macrophage-like cells and endothelium have been shown to exhibit
BiP on the cell surface (Bhattacharjee, 2005).

Interestingly BiP also facilitates the internalisation of several viruses such as
Dengue virus and Coxsackie virus. For the internalisation of the Coxsackie A9
virus, its interaction with Integrin avf3 itself is not sufficient. It also needs BiP
on the cell surface, which forms a complex with MHC-I and acts as a co-
receptor for the Coxsackie A9 virus and, which is further internalized via the
MHC-I-mediated endocytosis in mammalian cells (Gonzalez—Gronow et al.,
2009; Triantafilou et al., 2002). Cell surface BiP interacts with the Bornavirus
at the cell surface (Honda et al., 2009). BiP on the cell surface acts as a ligand
to extracellular soluble BiP (Vig et al., 2019).
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Figure 1.7: Cell surface BiP reacts with various extracellular ligands.

Various extracellular ligands such as isthmin, activated alpha 2-macroglobulin (alpha2M),
Kringle 5 domain-containing proteins, Par-4, vaspin, (MHC1 class 1-related polypeptide 1
(MICA), transthyretin and pep42-containing proteins interact with cell surface GRP78
(Source: adapted from Gonzalez—Gronow et al., 2009).
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Figure 1.8: Cell surface BiP reacts with various surface receptors.

Various cell surface receptors such as murine Dnal-like protein (MTJ1), tissue factor 1 (TF1),
LRP1 (low density lipoprotein receptor-related protein), integrin, Urokinase plasminogen
activator surface receptor (UPAR), T-cadherin, Cripto, A-synuclein, MHCL, epidermal
growth factor tyrosine kinase (EGFR), Insulin-like growth factor receptor 1 (IGF-1R) interact
with cell surface GRP78 (Source :adapted from Gonzalez—Gronow et al., 2009).

To verify that BiP is a true cell surface protein a combination of protein
biotinylation with sodium carbonate extraction followed by avidin pull-down
was used to separate the cell surface BiP, ER and plasma membrane-embedded
form of BiP, BiP in the ER and transmembrane protein complex or GPI
anchored BiP. Different fractions contained different forms of BiP. Under
normal conditions, most of the BiP was proved to be an ER-luminal resident
protein, whereas membrane-embedded form and cell surface form were noticed
only under cell stress conditions. After inducing the ER stress, small amounts
of membrane-embedded form was identified and the majority of the protein was
present in the eluate indicating cell surface BiP is in the peripheral form (Tsai
etal., 2015).

32



1.4.5 Effect of BiP on immune cells

BiP has been shown to suppress T cells by inducing regulatory B cells that
secrete IL-10 and express programmed death-ligand 1 and FAS ligand (Tang et
al., 2016). Dendritic cells express low levels of human leukocyte antigen-DR
isotype (HLA-DR) and cluster of differentiation 86 (CD86) and increased
expression of intracellular indoleamine 2, 3-dioxygenase upon treatment with
BiP (Corrigall et al., 2009). BiP maintains the myeloid antigen-presenting cells
to be in the tolerogenic state, even after stimulation with LPS (Yang et al.,
2016). BiP was also shown to reduce the secretion of cytokines by facilitating
the internalisation of TLR-4 by interacting with CD14 when stimulated with
LPS (Qin et al., 2017).

Under certain conditions, BiP is thought to behave as a resolution-associated
molecular pattern (RAMP) protein. RAMPS are released along with danger-
associated molecular pattern (DAMP) molecules from necrotic cells and they
antagonize proinflammatory mediators, aiding the reestablishment of
homeostasis in the immune system. Therefore, BiP in the extracellular
environment can have anti-inflammatory and immune-modulatory
characteristics. BiP exhibits these properties by directing the T cell development
towards the Th2 profile with the production of IL-4, IL-5, and IL-10, which are
regulatory cytokines and also by stimulating human monocytes (HM). The
possible mechanisms for the induction of regulatory T cells by BiP are as
follows: The direct effect on T cells was achieved through the receptor-mediated
process and the induction of dendritic cells (DC) of a tolerogenic phenotype.
Increased amounts of BiP expression also protects the HeL a cells from cytotoxic
T cells (Blap et al., 2001). BiP specific peptide presentation may lead to an
increase in the number of regulatory T cells in a peptide-dependent manner
(Shields et al., 2012, 2011). Binding of BiP to an unknown receptor on human
peripheral blood monocytes (HMBC) causes changes identical to deactivated
macrophages. The major outcome of this interaction is inhibition of TNF-a, a
decrease in the IL-1b: IL-1 receptor antagonist ratio, an increase in the release
of IL-10, and an increase in levels of the soluble TNF receptor Il. Intracellular
BiP and extracellular BiP may function to reduce the pro-inflammatory effects
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of NF-kB, thus facilitating the reduction of acute inflammation. BiP also
prevents the differentiation of immature dendritic cells (Panayi and Corrigall,
2006). BiP in-vitro encourages human monocytes to differentiate to mature DCs
that have a stable anti-inflammatory phenotype. Interaction of T cells with these
BiP-treated mature dendritic cells leads to regulatory T-cell development
(Corrigall et al., 2009). The production of inhibitors of IL-1B and TNF-a such
as IL-1Ra and sTNFRIlI was increased by BIiP thereby reducing the
inflammatory potential. BiP treated monocytes have a reduced ability for
antigen presentation. Moreover, BiP can alter mouse B cells into the
CD1"FASL*/PD-L1* IL-10- producing B cells that suppress T cell proliferation
(Tang et al., 2016).

1.4.6 Chemical inducers of chaperone

Heat shock proteins have a very essential function in protecting the cells from
various forms of stresses (Parsell and Lindquist, 1993) and also in processing
the proteins (Hartl and Hayer-Hartl, 2002). Both in in-vivo and in-vitro studies
it is proved that molecular chaperones inhibit the aggregate formation of
partially denatured proteins. Due to these protective features, chaperones are
considered as the lifeguards of the proteome (Jaatteld, 1999; Michels et al.,
1997; Minami et al., 1996). Molecular chaperones offer organisms protective
functions at both tissue and cellular level. For instance, hyperthermia or gene
transfer induced chaperone expression can protect the brain and heart tissue
from ischemia based injury (Brown and Sharp, 1999; Carroll and Yellon, 1999).
Prevention of formation of protein aggregates was proved to be beneficial in
several neurodegenerative diseases such as spinal and bulbar muscular atrophy
(Kobayashi et al., 2000), familial amyotrophic lateral sclerosis (Takeuchi et al.,
2002), spinocerebellar ataxia type 1 (Cummings et al., 1998) and Huntington’s
disease (Jana et al., 2000). In Caenorhabditis elegans and fruit fly, a modest
amount of increase in chaperone expression extended their life span (Hsu et al.,
2003; Tatar et al., 1997). The idea of substituting chaperones with wild proteins
or normal proteins or inducing the expression of proteins originated from these

beneficial effects of chaperones.
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Various molecules added to cells and intracellular factors such as A23187,
brefeldin A, thapsigargin, tunicamycin, and AlFs disrupt ER homeostasis,
which leads to the accumulation of unfolded or misfolded proteins.
Upregulation of glucose-regulated proteins (GRPs) could be a result of the
accumulation of misfolded proteins. These compounds enhance the expression
of GRP78 (BiP) and GRP94 (Price et al., 1992). Ethanol also upregulates the
expression of BiP mRNA at the transcriptional level by utilising promoter
sequences and pathways which differ from the ones utilised by classic GRP78
inducers such as A23187, brefeldin A and thapsigargin also has an additive
effect on the expression of BiP when co-treated with these inducers. Ethanol
also enhanced the induction of BiP by A23187, brefeldin, and thapsigargin
(Potentiates et al., 1996). A>PGJ; cyclopentenone utilises the unfolded protein

response to increases the expression of BiP gene (Odani et al., 1996).

1.4.7 Chemical Inducer of BiP (BIX)

BIX is a chemical inducer of BiP was discovered in 2008 in screening for
compounds that selectively induced ER chaperone BiP (Kudo et al., 2008).
BIX utilises the ATF6 pathway of the unfolded protein response to induce the
expression of BiP preferentially (Kudo et al., 2008). The chemical name of this
compound is (1-(3, 4-dihydroxyphenyl) -2-thiocyanate-ethanone) (Figure 1.9).
It preferentially induces BiP, along with a slight induction of GRP94, CHOP,
and Calreticulin through the ATF6 pathway of UPR. It is proved to be
therapeutic against ER stress-induced cell death in neuroblastoma cell lines and
retinal ganglion cells. Pre-treating the in-vivo models of cerebral infarction and
forebrain ischemia with BIX reduced cell death. The effects of BIX in

experimental models are summarised in Table 5.1.

Solubility: DMSO

Molecular weight: 209.22 g/mol

Chemical Formula: CgH7NO3S

Synonyms: 2-(3, 4-Dihydroxyphenyl)-2-oxoethyl ester thiocyanic acid
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Figure 1.9: Structure of BIX (1-(3,4-dihydroxyphenyl)-2-thiocyanate-
ethanone) (Kudo et al., 2008).

BIX is a member of thiocyanates that is 3, 4-dihydroxyacetophenone. One of the methyl
hydrogen group of 3, 4-dihydroxyacetophenone is replaced by sulfur of a cyanosulfanediyl
(-SC#N) (https://pubchem.ncbi.nim.nih.gov/compound/16656807).

BiP has been shown to be significantly upregulated during normal myelination
(Naughton et al., 2015) and BiP’s presence enhances the survival of myelinating
oligodendrocytes in an EAE model of inflammatory demyelination (Hussien et
al., 2015). Therefore, it is hypothesised that the induction of BiP using BIX

could enhance myelination in in-vitro models of myelination.

1.5 Myelinating culture systems

1.5.1 In-vitro myelinating cultures

To study the therapeutic potential of BiP or BiP chemical inducer, in-vitro
myelinating cultures were utilised. One model of myelination in-vitro involves
the dissociation of cerebral hemispheres from mouse embryos prior to culturing
in-vitro, allowing the interactions of neurons and oligodendrocytes in the
presence of other CNS cells. Oligodendrocytes start myelinating axons in-vitro
after 13-14 days (Lubetzki et al., 1993). Alternatively, embryonic rat cerebellar
cultures with enhanced axonal ensheathment were developed which myelinate
continuously for up to 3 months (Svenningsen et al., 2003). Oligo cortical
spheroids which are 3D cultures developed from the human pluripotent stem
cells were used to study the essential cellular interaction during myelination in
the developing central nervous system (Madhavan et al., 2018). In a study
conducted to study the genes involved in Wallerian degeneration in-vitro, a
small explant culture developed from the sciatic nerve of young adult rats were

used. They demonstrated myelination similar to in-vivo (Thomson et al., 1993).
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Later, embryonic mouse spinal cord myelinating cultures were placed in a
defined medium instead of serum, which has undefined components. (Thomson
et al., 2006). Astrocytes in these cultures act as a scaffold on which axonal
development and myelination happen, simulating the natural conditions. These
protocols were further altered to prepare rat embryonic spinal cord cultures from
E15 embryonic Sprague Dawley rats. A confluent monolayer of astrocytes
derived from the corpus striata of the P1 rat pups brain was used as a scaffold
in these cultures and it supports the formation of nodes of Ranvier and myelin
sheaths by spinal cord cells (Sorensen et al., 2008). The astrocyte monolayer
also influences neuronal survival and axonal density. The explant cultures have
the advantages of complex cellular interactions and paracrine signalling. They
simulate the in-vivo situation more closely. The spinal cord-derived myelinating
cultures were used to study the glial axonal interaction during myelination
(loannidou et al., 2012), mitochondria distribution in small diameter CNS axons
(Edgar et al., 2008), the effect of dietary cholesterol on remyelination (Berghoff
etal., 2017), and pathogenesis of Zika virus system (Cumberworth et al., 2017).
These spinal cord myelination cultures were adapted to a multiwell plate for
semi high throughput screening compounds and onto the microelectrode array

to study the electrical activity (Bijland et al., 2019).
1.5.2 Organotypic Slice cultures

Different parts of the brain have been exploited by researchers in ex vivo models
of myelination. For example, Barria et al used the hippocampus to study the
function of the glutamate receptor (Barria, 2019). Quick et al., used the spinal
cord slice cultures prepared from neonatal 5-6 day old Swiss Webster mice to
study the effects of minocycline against the West Nile virus (Quick et al., 2017)
and brain slices were prepared from postnatal 8-9 days from 3XTg-AD mice to
study Alzheimer disease (Croft and Noble, 2018). However, due to the
prominent white matter tracts present in the sagittal sections of the cerebellum
(see section 1.6 for a summary of the anatomy of the cerebellum), this brain
region is the one that is most frequently used to study developmental and
reparative myelination ex vivo. For example, organotypic cerebellar slices from

mouse were developed and used for studying myelination and remyelination

37



using immunohistochemistry (Sekizar and Williams, 2019; Thetiot et al., 2019).
Slice cultures prepared from P8 mouse forebrain and cerebellum retain the
morphology and intercellular spatial relationship of oligodendrocyte lineage
cells, microglia, astrocytes and neurons (Sherafat et al., 2018). The cerebellar
slices prepared from P10 Wistar rats were used for studying anti-viral agents
against tick-borne encephalitis (Lenz et al., 2018). As myelination in postnatal
differs from that of the adults, to exclude the age factor while interpreting the
data to MS, adult rodent cerebellar slice cultures were also developed (Tan et
al., 2018). More recently, the application of live imaging to mouse organotypic
slice cultures was carried out to study the trauma induced-cell death and loss of
myelin (LIufriu-Dabén et al., 2019).
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1.6 Rationale

Binding immunoglobulin protein/glucose-regulated protein 78 (BiP/GRP78) is a
chaperone protein that functions within a subcellular organelle called the
endoplasmic reticulum (ER). Under certain disease conditions, for example,
chronic neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s
disease and multiple sclerosis (MS), BiP may end up being secreted out of the cell,
leading to its detection in body fluids. While in circulation, BiP has been reported
by others to have a protective or anti-inflammatory role, through interactions with
dendritic cells. On discovering that recombinant BiP is currently in human clinical
trials for the treatment of rheumatoid arthritis, we hypothesised that BiP might
have therapeutic potential in multiple sclerosis another autoimmune disorder.
During MS, the fatty nerve insulation (myelin) is attacked by immune cells. When
we recently discovered significant upregulation of BiP during the production of
myelin in the brain we speculated that BiP could be a ‘super-therapeutic’. In
addition to affecting immune cells, BiP could, if taken up by oligodendrocytes,
have a positive impact on myelination. To test these ideas, we produced and
characterised recombinant human full-length BiP and variants. The available
literature on extracellular BiP did not describe the presence or absence of signal
sequence (S) and KDEL (K) properly, therefore we produced and characterised
four variants of human BiP (S*/K*, S*/K", S7/K™ and S7K"). Then we collaborated
with Prof Chris Linington of the University of Glasgow to study the effect of BiP
on myelin production by oligodendrocytes in spinal cord myelinating cultures in
vitro. Later, organotypic slice cultures prepared from P10 rat pups cerebellum
were used to study if the effects noticed in spinal cord myelinating cultures were
reproducible.

Hypothesis

Recombinant BiP or chemical induction of BiP expression can enhance

myelination in multiple sclerosis.
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Aims
The over-arching aim of the study was to establish the therapeutic potential of

recombinant BiP or BiP induction in MS.

Specific aims

To produce endotoxin-free ‘full length’ and variant forms of recombinant

human BIP.

Analyse the translocation of exogenous recombinant BiP within different cell

cultures.
To test the therapeutic potential or detrimental effects of recombinant BiP or a

chemical inducer of BiP (BIX) in multiple sclerosis.

To perform RNA-seq to study the differentially expressed genes between
different treatment groups and to perform pathway analysis from the

differentially expressed gene data to investigate the pathways involved.
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2.1 Materials

Table 2.1: General Chemicals

Material Code Supplier

Ndel R0O111S New England
Biolabs

Xhol R0146S New England
Biolabs

Agarose A9539 Sigma Aldrich

10X Fast digest green  FD0274 Thermo Fisher

buffer Scientific

6X loading dye R0611 Thermo Fisher
Scientific

1Kb Gene ruler ladder SM0313 Thermo Fisher
Scientific

GenElute™ HP NA0150 Sigma Aldrich

Plasmid Miniprep Kit

Genejet Dna Cleanup 13253149 Thermo Fisher

Microkit Scientific

Gel Red BT41003 Cambridge
Bioscience

LB Agar L2897 Sigma Aldrich

LB Broth L3022 Sigma Aldrich

Kanamycin K4000 Sigma Aldrich

pGEM-T Easy vector  1-A1360 MyBio Ltd

system

Ampicillin sodium salt  A0104 Melford
Laboratories Ltd

PET22b vector 69744-3 Merck

Ethylene diamine tetra E5134 Sigma Aldrich

acetic acid, disodium

salt dihydrate

Glacial Acetic acid A/0360/PB17 Thermo Fisher
Scientific

Trizma base T6066 Sigma Aldrich

Bromophenol blue 44305 Electran, BDH

Endotoxin-free PBS TMS-012-A Sigma Aldrich

Magnesium Chloride ~ M2393 Sigma Aldrich

Hexahydrate

Magnesium Sulfate M2773 Sigma Aldrich

Heptahydrate

Tryptone TRPO3 Formedium

Yeast extract powder  YEAO1 Formedium

42



Material Code Supplier
Isopopyl-B-D-1- MB1008 Melford
thiogalactopyranoside Laboratories Ltd
KCL P9541 Sigma Aldrich
MOPS sodium salt M5789 Sigma Aldrich
Potassium acetate P5708 Sigma Aldrich
Rubidium chloride R2252 Sigma Aldrich
Magnesium chloride M8266 Sigma Aldrich
dihydrate
Manganese Il chloride M3634 Sigma Aldrich
tetra hydrate
Calcium chloride C3306 Sigma Aldrich
dihydrate
Glycerol G5516 Sigma Aldrich
Acetic Acid A6283 Sigma Aldrich
Heinz P.
DH5 alpha cells Made in-house  Nasheuer’s Lab
(NUIG)
BL21-CodonPlus Agilent

(DE3) RIL cells
Rosetta 2(DE3) pLysS
cells

GoTaq Green Master
Mix 100

PFU DNA polymerase
PCR tube
polypropylene natural
0.2ml flat cap

dNTPs

Pierce 1-Step™
Transfer Buffer

Super Signal West
Pico
Chemiluminescent
Substrate

Milk powder

Tween 20

DMEM

Amersham Hybond
0.45um PVDF
300mmx 4mm roll
Acrylamide/ Bis-
Acrylamide 30%
Brilliant blue R 250
Trizma base
Glycine

Methanol

230245

Made in-house
M7122

M7741
11889241

U1511
84731

34080

P1379
D6429

15259894

A3699

27816
T6066
G7126
34860

Technologies
Andrew Flaus
lab (NUIG)
MyBio Ltd

MyBio Ltd

Thermo Fisher
Scientific

MyBio Ltd
Thermo Fisher
Scientific

Thermo Fisher
Scientific

Marvel original,
Premier foods
Sigma Aldrich
Sigma Aldrich

Thermo Fisher
Scientific

Sigma Aldrich

Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Sigma-Aldrich
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Material Code Supplier

Glacial Aceticacid ~ A/0360/PBL7  anermo Fisher

Scientific
NNNN-Tetra methyl T9281 Sigma-Aldrich
ethylene diamine
SDS 71725 Sigma-Aldrich

Whatman blotting
paper

Konica Minolta
medical imaging films
Adenosine
Triphosphate
Deoxyribonuclease I,

WHA10426892 Sigma-Aldrich
APlus 1824 Konica Minolta

272056-0251M  Lifesciences

lyophilized powder DN25 Sigma Aldrich
Lysozyme fromhen 5097, Sigma Aldrich
egg white
Nonidet P40 substitute . .
(NP40) 74385 Sigma Aldrich
Cuvettes FB55147 Thermo Fisher
Scientific
NaCl S3014 Sigma Aldrich
Pierce Disposable 5 ml 99922 Th_erm_o.Flsher
columns Scientific
Hls_-S_SeIect Nickel P6611 Sigma Aldrich
affinity gel
Viva spin turbo, -
15.5kDa, PES,48PK VS15T12 Sartorius
X 30 Column PD10 Thermo Fisher
Desalting, 30 columns 15497374 Scientific
Chloramphenicol C0378 Sigma Aldrich
KOH P1767 Sigma Aldrich
Imidazole 12399 Sigma Aldrich
Sigmafast protease . .
inhibitor cocktail S8830 Sigma Aldrich
Melford
HEPES B2001 Laboratories Ltd
FG, Optical adhesive 4311971 Thermo Fisher
covers pack size pk100 Scientific
96-well Fast Thermal 4346907 Thermo Fisher
Cycling Plates Scientific
Sypro Orange Protein ~ S6650 Biosciences
G Ireland
HCL 07102 Sigma Aldrich
Nuclease free water 129115 Qiagen
RIPA buffer R0278 Sigma Aldrich

RNAse ZAP R2020 Sigma Aldrich



Material Code Supplier
RNA easy plus 74034 Qiagen
microkit
Tris base BP152-5 Thermo Fisher
Scientific
Mowiol 4-88 81381 Sigma Aldrich
Triton X T9284/T8787  Sigma Aldrich
Paraformaldehyde 158127 Sigma Aldrich
Dulbecco's PBS D8662 Sigma Aldrich
Qiashredder 79654 Qiagen
Sodium azide S2002 Sigma Aldrich
Flourshield with DAPI  F6057 Sigma Aldrich
Adenosine diphosphate  A2754 Sigma Aldrich
Endotoxin Elisa kit OKEH02559 Aviva Biological
Systems
AnaTag FITC protein ~ AS-72059 Anaspec

labelling kit

Table 2.2: Primary and secondary antibodies used for western

blotting and immunofluorescent microscopy

Material Dilution Code Supplier
BiP-anti rabbit 1:5000 Ab32618 Abcam
(WB)
Z2-mouse 1gG2A  1:200 Made in Linington’s lab
house (University of
Glasgow)
SMI31-mouse 1:1000 801601 Biolegend
lgG1
Olig 2-mouse 1:200 MABNS0 Sigma Aldrich
1gG2A
AA3-rat 1IgG 1:100 Made in Linington’s lab
house (University of

Glasgow)
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Material Dilution Code Supplier

Ibal- rabbit IgG 1:500 019-19741 Wako

Ed1l-mouse IgG1 1:200 Ab31680 Abcam

Nestin-mouse 1:200 MAB353 Millipore

lgG1

GFAP- mouse 1:500 Z0334 Dako, Agilent

IgG1 Technologies

MAP2-rabbit IgG  1:200 Ab32454 Abcam

SOX2 1:500 Ab97959 Abcam

Peroxidase- 1:10000 111-035-144  Jackson labs

Conjugated

affinity Pure (WB)

donkey anti-rabbit

Alexaflour 488 1:400 A21131 Thermo Fisher

goat anti-mouse Scientific

IgG2a(y2a)

Alexaflour 568 1:400 A21134 Thermo Fisher

goat anti-mouse Scientific

IgG2a(y2a)

Alexaflour 488 1:400 A11006 Thermo Fisher

goat anti-rat 19G Scientific

(H+L)

Alexaflour 488 1:400 A11008 Thermo Fisher

goat anti-rabbit Scientific

IgG (H+L)

Alexaflour 568 1:400 A21124 Thermo Fisher

goat anti-mouse Scientific

IgGl(y1)

Alexa flour 568 1:400 A11036 Thermo Fisher

goat anti-rabbit Scientific

lgG(H+L)

Rhodamine 1:200 R415 Thermo Fisher
. Scientific

phalloidin

Texas red 1:200 T7471 Thermo Fisher
- Scientific

phalloidin

DAPI 1:1000 D3571 Thermo Fisher

Scientific
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Table 2.3: Tissue culture reagents

Chemical Code Supplier
BiP inducer X SML-1073 Sigma Aldrich
Penicillin/streptomycin ~ P4458/ P0781  Sigma Aldrich
Minimum essential 51200-046 Thermo Fisher
medium Scientific
Minimum essential M2279 Sigma Aldrich
medium eagle
Hank’s Balanced Salt H6648 Sigma Aldrich
Solution
L-glutamine g7513 Sigma Aldrich
L-ascorbic acid A8960 Sigma Aldrich
N-acetyl L-Cysteine A9165 Sigma Aldrich
Primocin Ant-pm 1 Invivogen
Glucose G7021 Sigma Aldrich
Tris (hydroxymethyl) 252859 Sigma Aldrich
aminomethane,
Formalin, neutral HT501320 Sigma Aldrich
buffered, 10%
DMSO D2650 Sigma Aldrich
Millicell cell culture PICMORG50 Millipore
inserts
Poly-L-lysine P1274 Sigma Aldrich
Coverslips,13 mm 631-0150 VWR
Hydrocortisone H0396 Sigma Aldrich
Biotin B4501 Sigma Aldrich
Insulin 11882 Sigma Aldrich
Collagenase type | 17100-017 Thermo Fisher
Scientific
Soybean Trypsin T9003 Sigma Aldrich

Inhibitor
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Chemical Code Supplier
Dnase I-bovine pancreas D4263 Sigma Aldrich
BSA fraction V A 3059-10mg  Sigma Aldrich
Trypsin EDTA T3924-100ml  Sigma Aldrich
Glucose G7021 Sigma Aldrich
NaHCO3 S5761 Sigma Aldrich
HEPES H4034 Sigma Aldrich
Transferrin human T1147 Sigma Aldrich
Recombinant human 1-9278 Sigma Aldrich
Insulin
Putrescine P7505 Sigma Aldrich
Selenium S9133 Sigma Aldrich
Progesterone P-6149 Sigma Aldrich
DMEM/F12 media 21331-020 Thermo Fisher
Scientific
N1 media N6530-5ml Sigma Aldrich
supplement(100x)
Recombinant murine 315-09 Peprotech
EGF
DMEM 1X high 61965-026 Thermo Fisher
glucose with Glutmax Scientific
DMEM Glutmax 21885-025 Thermo Fisher
Pyruvate (Low glucose) Scientific
Horse serum 26050-088 Thermo Fisher
Scientific
L-glutamine G7513-250ml  Sigma Aldrich
HBSS 14170-088 Thermo Fisher
500ml Scientific
Fetal bovine serum F9665 Sigma Aldrich
Leibovitz L-15 media 11415-049 Thermo Fisher

Scientific
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2.2 Production of recombinant BiP variants

2.2.1 Polymerase chain reaction

To synthesise and amplify the DNA sequences of interest, two forward and two
reverse primers were used: one forward primer with signal sequence 5'-
CAGGATCCACATATGAAGCTCTCCCTGGTGGCCGCGATGCTGCTGC
TGCTCAGCGCGGCGCGGGCCGAGGAGGAGGACAAGAAGGAGGAC
GTG-3' (to amplify full-length BiP (BiP S*/K*) and BiP S*/K") and one forward
primer without signal sequence 5-CAGGATCCACATATGGAGGAGGAG
GACAAGAAGGAGGACGTG-3' (to amplify BiP S/K* and BiP S/K"); one
reverse primer with KDEL sequence 5'-
GGTCTCGAGCAACTCATCTTTTTCTGCTGTATCCTCTTCACCAGTTG
G-3' (amplifying BiP S*/K* and BiP S/K*) and the other reverse primer without
KDEL sequence 5'-
GGTCTCGAGTTCTGCTGTATCCTCTTCACCAGTTGG-3'  (amplifying
BiP S*/K™ and BiP S/K"). The PCR reactions were carried out on an Eppendorf
PCR machine (Eppendorf AG 22331, Hamburg, Germany). For BiP S*/K*and
BiP S*/K", the Gotaq green master mix was used, which produces A tails that
can be ligated into pGEM-T Easy vector. For BiP S/K" and BiP S/K", Pfu DNA
polymerase was used, which produces blunt ends at the PCR products.
Therefore, A-tails were subsequently added by treating these PCR products with
Gotaq green master mix by incubating at 70°C for 20 minutes. The PCR
products were purified in cases where there was a single band and gel
extractions were performed in cases where there were nonspecific bands using

Genejet DNA Cleanup Microkit as per manufacturer’s instructions.

2.2.2 Ligation of cDNA into pGEM-T easy vector
The purified PCR inserts were ligated to the pGEM-T Easy vector (Figure 2.1)

using T4 DNA ligase. The ligation reaction was performed using the pGEM-T
Easy vector kit as per the manufacturer’s instructions. The ligation mixture
consisted of 5 pl of 2x rapid ligation buffer, 1 ul pPGEM-T Easy vector, DNA
(as per the formula below), 1 ul T4 DNA ligase, MilliQ water (make up the final

volume to 10 pl). To ensure a proper ligation the reaction mixtures were stored
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at 4°C overnight. The below formula was used to calculate the amount of PCR

product required for 50 ng of the vector.

Amount of PCR product = 50 ng Vector x KB insert/KB Vector (Insert: vector
ratios of 1:1) was used for both pGEM-T Easy vector and pET22b expression

vector.
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Figure 2.1: pGEM-T Easy Vector map generated using the Snap gene
Viewer.

BiP PCR products were ligated to the T-tailed pGEM-T easy cloning vector (3015 bp).

2.2.3 Preparation of competent cells

First, SOB broth was prepared according to the following protocol. To 990 ml
of MilliQ water 20 g of Tryptone, 5 g of yeast extract, 0.6 g of NaCl ad 0.5 g of
KCI were added and sterilized using an autoclave. Ten ml of sterile-filtered 2
M Mg?* solution was then added. A 2 M Mg?* solution was prepared by adding
20.3 g of MgCl; and 24.7 g of MgSO4to a final volume of 100 ml MilliQ water.
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DH5 alpha cells, Rosetta 2 (DE3) pLysS cells or BL21-CodonPlus (DE3)-RIL
competent parent cells 10 ul were added to 40 ml of SOB broth and incubated
overnight at 37°C at 180 rpm. Chloramphenicol (25 pg/ml) was added to the
media while making Rosetta 2 (DE3) pLysS cells or BL21-CodonPlus (DE3)-
RIL cells. The 8 ml overnight culture was added to 200 ml of SOB broth and
further incubated at 37°C at 180 rpm until the OD at 590 nm reached 0.3. The
cultures were then pelleted by centrifugation at 4500 rpm, 4°C for 30 min. The
supernatant was discarded and 16 ml of transformation Buffer 1 (TFB1) (see
Table 2.4 for details) was added to every 50 ml of the initial culture. The cell
pellet was resuspended in TFB1 and incubated on ice for 15 min, followed by
centrifugation at 4500 rpm, 4°C for 30 min. The supernatant was discarded and
4 ml of transformation Buffer 2 (TFB2) (see Table 2.4 for details) was added to
every 50 ml of the initial culture. TFB1 and TFB2 additions were carried out on
the ice. It was critical to ensure that, under no circumstances, the cells would be
removed from the ice. Heat shock of calcium chloride-treated competent cells
allows bacterial cells to uptake exogenous DNA (Mandel and Higa, 1970). The
possible mechanism includes the attachment of DNA to the cell surface and
uptake of this attached DNA during heat shock (Bergmans et al., 1981) (Chang
et al., 2017). The calcium ions act as a bridge between the negatively charged
lipopolysaccharide and the DNA. Increasing the permeability of the cell
membrane by CaCl: is the key step in the process of transformation. The cell
pellet was resuspended in TFB2 and 50 pl aliquots of the cell suspension were
made and transferred to dry ice for immediate freezing of the bacterial solutions
which were then stored at -80°C.
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Table 2.4: Buffers for preparing competent cells.

Buffer Composition Preparation
0.5 M MOPS, pH MOPS 11.56 g of MOPS was dissolved in
6.8 1156 ¢ MilliQ water. pH 6.8 was adjusted

(100 ml)

1 M Potassium
acetate (100 ml)

Transformation
Buffer 1 (TFB1,
500 ml)

Transformation
Buffer 2 (TFB2,
500ml)

Potassium acetate
9.82¢g

Rubidium chloride,
6.0g

Manganese
chloride
anhydrous, 3.18 g
1 M Potassium
acetate, pH 7.5,
Calcium chloride
dihydrate, 0.75 ¢
Glycerol, 75.0 mi

05 M MOPS
Sodium salt, pH
6.8, 10 ml
Rubidium Chloride
0.6¢g
Calcium
dihydrate
g
Glycerol
75 ml

chloride
5.5

using NaOH. The final volume was
made up to 100 ml and sterile filtered
using a 0.22 um disposable filter.
Note: MOPS should be clear and
colourless

9.82 g of potassium acetate was
dissolved in MilliQ water and pH 7.5
was adjusted using acetic acid. The
final volume was made up to 100 ml
and sterile filtered using 0.22 pum
disposable filter or autoclaving.

All the ingredients were dissolved in
MilliQ water. pH 5.8 was adjusted
using 0.2 M acetic acid. The volume
was made up to 500 ml. And the
resulting solution was sterile filtered
using a Nalgene disposable bottle top
filter. The buffer was stored at 4°C.

All the ingredients were dissolved in
MilliQ water. The volume was made
up to 500 ml. And the resulting
solution was sterile filtered using a
Nalgene disposable Bottle top filter.
The buffer was stored at 4°C.

2.2.4 Transformation of DH5 alpha cells

Competent cells have the potential to take up exogenously added plasmid DNA.
The newly generated BiP constructs were transformed into competent DH5
alpha cells. Five pl of ligation mixture was added to 50 ul DHS5 alpha competent
cells and incubated on ice for 30 min. The cells were heat-shocked at 42°C for
45 seconds in a water bath, followed by a 5 min incubation on ice. A 500 pl
volume of SOC medium- was added and incubated at 37°C on a rotary shaker
at 180 rpm for 1 hour to allow the transformed cells to recover. Cells were plated

onto an agar plate containing ampicillin at a concentration of 100 pg/ml (or the
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necessary antibiotic(s) at indicated concentrations). The plates were incubated

overnight at 37°C, in an inverted position, to avoid condensation.

2.2.5 Plasmid Isolation

Four to six single colonies were picked from the DH5 alpha-transformed plates.
Each colony was inoculated in a separate tube and grown overnight at 37°C in
10 ml of LB broth with appropriate antibiotic concentration, at 180 rpm (for
aeration) in 50 ml Falcon tubes. The transformed DH5 alpha cells grown
overnight were centrifuged for 5 minutes at 4000 rpm in the 50 ml tubes.
Plasmid isolation was performed according to the protocol provided in
GenElute™ HP Plasmid Miniprep Kit. The pellets were resuspended in 200 pl
of resuspension solution. The cells were then lysed by adding 200 pl of lysis
buffer. The tubes were inverted 6-8 times and allowed to lyse for 3-5 minutes.
Then 350 pl of neutralisation buffer was added and gently inverted 4-6 times.
The contents of the 50 ml tube were transferred into 1.5 ml eppendorf and
centrifuged at 13000 rpm in a microcentrifuge for 10 minutes in order to pellet
the protein precipitate and the chromosomal DNA. The clear supernatant was
transferred into the miniprep binding columns and centrifuged for 1 minute. The
flow-through liquid was discarded and 500 pl of wash buffer 1 was added to the
column and centrifuged for 1 minute, bound DNA washed twice using wash
buffer. The column was transferred into clean 1.5 ml Eppendorf and 25 pl of
elution buffer was added and centrifuged and for 1 minute. The same was

repeated to get a final volume of 50 pl.
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2.2.6 Restriction digestion of pGEM-T Easy vector, and ligation into
pPET22b

Table 2.5: Restriction digestion enzymes used for digesting pGEM-T easy
vector and pET22b Vector.

Enzyme Source  Recognition Cut
sequence
Ndel, RO111S, E.coli 5 CATATG 3 5 ----CAVTATG----
New England 3" GTATACY 3
Biolabs 3----GTAT AAC----
5
Xhol, R0146S, E. coli 5 CTCGAG 3’ 5----CYTCGAG----
New England 3" GAGCTCY’ 3
Biolabs 3"----GAGCT A C----
5

The series of steps carried out prior to the ligation of BiP inserts into pET22b
was illustrated in the (Figure 2.3). Further to the ligation into the pGEM-T easy
vector, the plasmid DNA was cut using high fidelity restriction enzymes Ndel
and Xhol to separate the BiP insert from the pPGEM-T Easy vector. The pET22b
bacterial expression vector (Figure 2.2) was also digested with Ndel and Xhol.
The purified gel extracted cDNAs were ligated into the pET22b vector as
described in (section 2.2.2) (linearized pET22b vector was used instead of
pPpGEM-T Easy vector). The ligated plasmids were transformed into DH5a-
competent cells via heat shock method as described in (section 2.2.4) throughout
the cloning process. Restriction digests were done according to manufacturer’s
instructions. Briefly, all the samples were run on 1% (w/v) agarose gels in 1X
TAE (Tris —acetate-EDTA) buffer at 100 V. The bands were visualized using
Protein simple-Alpha imager EC (San Jose, California, USA) in UV mode.
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Figure 2.2: pET22b expression vector map generated using the Snap
gene Viewer.

The vector was double digested using Ndel and Xho1 restriction enzyme.

2.2.7 Sequencing of plasmid DNA

Sequencing was done at two stages. Initially, when the insert was in the pGEM-
T Easy vector and finally when the insert was inserted into the pET22b plasmid
under the control of T7 promoter region. Plasmid DNA samples were sent to

Eurofins genomics (Dublin, Ireland) for sequencing along with primers suitable
for amplifying internal sequences.
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Table 2.6: Primers used for sequencing BiP variants.

Primers Lengt  Melting
h temperature

Q)

T7 (Primer provided by 5TAA TAC GAC TCACTATAG GG 3’ 20 47.7

Eurofins)

Internal sequence forward 5 GGTGGGCAAACAAAGACATTTGCTCC 28 61.4

primer PO TG3

Internal sequence forward 5 GCTTATGGCCTGGATAAGAGGGAGG3 25 61

primer P1

Internal sequence forward 5 CGTATGGTGCTGCTGTCCAGGC3 22 60.4

primer P2

Internal sequence forward 5 GCTGAGGAAGACAAAAAGCTCAAGG 28 61.4

primer P3 AGC3’

Internal sequence forward 5 GCTGGAAAGCCACCAAGATGCTGAC3 25 61

primer P4

2.2.8 Bacterial Strains

Rosetta2 (DE3) pLysS or BL21-CodonPlus (DE3)-RIL cell strains were used
for protein expression experiments. Based on the level of protein expression and
the absence of other unwanted proteins, protein purification was carried out in
the BL21-CodonPlus (DE3)-RIL strain only. Competent BL21-CodonPlus
(DEJ)-RIL cells were transformed with 50 ng of recombinant plasmid DNA and
streaked over an agar plate containing ampicillin (100 pg/ml) and

chloramphenicol (25 pg/ml) and incubated at 37°C overnight.
2.2.9 Preparation of glycerol stocks

A single colony was inoculated into 10 ml of Luria-Bertani (LB) broth and
incubated at 37 °C overnight at 180 rpm. Glycerol stocks were prepared by
adding 200 pl of 100% glycerol to 800 pl of cell suspension (20% v/v). The
stocks were stored at -80 °C.
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Figure 2.3: Protein Expression in Different Strains.

The parent vector having the BiP sequence was used as a template in the PCR reaction. Later
the inserts were cloned into pGEM-T Easy vector and sent for sequencing. When the
sequences were confirmed the insert was cleaved from the pGEM-T Easy vector using Ndel
and Xhol restriction enzymes. In parallel the pET22b vector was also linearized using Ndel
and Xhol restriction enzymes. The insert was ligated into pET22b expression vector and
expanded in DH5 alpha cells. The protein expression was tested in BL21-CodonPlus (DE3)-
RIL cells and Rosetta 2(DE3) pLysS cells at different temperatures. Finally, BL21-Codon
Plus (DE3)-RIL cells were used for protein purifications.
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2.2.10 Protein Expression and Purification

The presence of plasmid encoding BiP full length and variant genes was
confirmed by restriction digestion. BL21-Codon plus (DE3)-RIL cells were
transformed using BiP full length and variant plasmid DNA. A single colony of
BL21-Codon plus (DE3)-RIL cells transformed with pET22b bacterial
expression vector having the respective BiP gene (full length and variants)
coding for a recombinant BiP having a His6 tag at its C-terminus was grown
overnight in 100 ml of LB containing ampicillin (100 pg/ml) and
chloramphenicol (25 pg/ml). The next day OD values of the cell cultures and
medium (blank) were measured at 590 nm. The cells were diluted with fresh LB
to adjust the OD to 0.5 to yield a total volume of 500 ml. In parallel, 50 ml of
uninduced culture (negative control) was collected at this point and centrifuged
at 4000 rpm for 30 min at 4°C and the pellet was frozen. The 500 ml cultures
were induced using 1 mM IPTG for 3 h at 37°C. IPTG is similar to allolactose,
a lactose metabolite that binds to the lac repressor and removes the tetrameric
repressor from the Lac operator, causing the transcription of the gene under the
lac operon (Brown et al., 1987). The induced culture was centrifuged at 4000
rpm for 30 min at 4°C in a centrifuge tube using Rotanta 460 R centrifuge
(Hettich centrifuge, Tuttlingen, Germany). The supernatant was discarded, and
the pellet frozen at -20°C. The buffers used for protein purification are described
in (Table 2.7).

The pellet was lysed with lysis buffer (4 ml of buffer added for every gram
of the pellet) containing 1 mg/ml lysozyme and incubated at 4°C on a rotary
well for 3 h. Later 1 mg/ml DNase | was added and incubated for another hour
at 4°C. Further, the lysed cells were centrifuged for 30 min at 14000 rpm at 4°C.
Around 400 pl lysate was preserved to run on gels and the rest of the lysate was
added to pre-equilibrated Nickel beads for metal affinity chromatography using
the His-tag. Nickel has a total of 6 coordination sites and is immobilised on the
nitriloacetic acid resin which has 4 chelation sites. The histidine in the his-tag
of the proteins binds to the remaining 2 sites (Hochuli et al., 1987; Schmitt et
al., 1993). The beads were equilibrated with 10 times the volume of wash buffer.
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The wash buffer was removed and the lysate was added to the beads and

incubated at 4°C for 10 min rotating the tube containing resin and cell extract

top over bottom. The column was prepared using 5 ml polypropylene tube into

which a cotton swab was inserted to prevent the loss of beads during

purification. The beads incubated with lysate were passed through the column.

Later 5 ml of wash buffer was added ten times to wash the beads. Next, the

protein was eluted using elution buffer containing imidazole. The protein eluted

was first concentrated using Viva spin turbo concentrator tubes (5000 molecular

weight cut-off), by spinning at 4000

o 1
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Figure 2.4: Flow chart of protein purification.
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BL21-CodonPlus (DE3)-RIL cells were transformed using BiP full length and variant
plasmid DNA. The transformed colonies were expanded, and the protein expression was
induced with IPTG. The bacterial pellet was harvested and lysed with lysis buffer having
lysozyme for 3h, followed by lysis buffer having lysozyme and DNase for 1 h. The lysate
was incubated with nickel beads to perform affinity purification. The beads were washed,
and the protein was eluted with eluted buffer. The protein was desalted using desalting
columns and concentrated. The final purified protein was stored at -80°C.
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rpm, 4°C.The duration of centrifugation depends on the volume of the eluted
protein solution. Once the volume is reduced to 3.5 ml it is passed through X30
Column PD10 desalting 30 column to remove imidazole from it. It is important
to remove imidazole because it can cause the formation of protein aggregates
and it interferes with the activity of the proteins, NMR studies, crystallisation
studies (Hefti et al., 2001). The desalting column was equilibrated with wash
buffer four times. Then the concentrated protein solution was passed through it
and further eluted with 3.5 ml of wash buffer. Leave the eluted solution at 4°C.
The desalted solution was passed through the concentrator tube to reduce the
volume further to 400 ul. Protein was aliquoted and stored at -80°C (Figure 2.4).
Protein concentrations were determined using a NanoDrop 2000 Spectro-
photometer (Thermo Fisher Scientific) with 250 to 300 nm spectra collection

and 280 nm reading.

The same protocol as above but upscaled was used to purify the protein from
20x1-litre culture. This batch of protein was made endotoxin-free using
endotoxin removal high capacity kits for using in in-vitro and in-vivo

experiments according to manufactures instructions.

Table 2.7: Buffers for protein purification.

Buffer Recipe

Lysis Buffer 30 mM HEPES
150 mM NaCl
0.5% NP-40
pH 7.8

Wash Buffer 30 mM HEPES
150 mM NacCl
pH 7.8

Elution buffer 30 mM HEPES
150 mM NacCl
250 mM Imidazole
pH 7.8
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2.2.11 SDS PAGE and Western blotting

The samples were denatured by adding 6x loading dye having (1.2 g SDS, 6
mg Bromophenol blue, 4.7 ml Glycerol, 1.2 ml 0.5 M Tris HCI pH 6.8, 2.1 ml
water and 0.93 g DTT) and placed in a heating block for 5 minutes at 95°C. The
treated samples were loaded onto 10% SDS-PAGE running gel having [30%
acrylamide/bis acrylamide (3.3 ml), 1.5 M Tris HCI pH 8.8 (2.5 ml), 10% SDS
(0.1 ml), 20% Ammonium persulphate (50 pl), Milli-Q water, TEMED (5 pl)]
with a 4% stacking gel (composition see Table 2.8), and were run in 1X Tris-
Glycine-SDS buffer (25 mM Tris, 0.192 M Glycine, 0.1% SDS) for 1 h at room

temperature until the pre-stained protein ladder was resolved.

Table 2.8: SDS-PAGE gels.

Gel Recipe Volume

Running Gel (10%) 30%  w/w  acrylamide/bisacrylamide 3.3 ml
37.5:1 2.5ml
1.5 M Tris HCI, pH 8.8 0.1ml
10% SDS 50 pl
20% Ammonium persulphate 5ul
TEMED 4.05 ml
ddH,0

Stacking Gel (4%) 30% w/w acrylamide/bisacrylamide 0.33 mi
37.5:1 0.63 ml
0.5 M Tris HCI, pH 6.8 25 ul
10% SDS 125l
20% Ammonium persulphate 5ul
TEMED 1.5ml
ddH,0

For western blotting, the gels were transferred onto the PVDF membrane using
a Pierce power blotter (Thermo Fisher Scientific), according to the Fischer
scientific G2 fast blotter instructions. The membrane was blocked using 5%
milk in 1X PBS/0.1%Tween20 (PBST) for 1 h, at room temperature. The
membrane was then incubated with rabbit polyclonal antibody against BiP (see
Table 2.2), diluted 1 in 5,000 with 5% milk in PBST, for 2 h at RT (or overnight
at 4°C), Followed by 3x5 min washes with PBST. The membrane was then

incubated with secondary donkey anti-rabbit (see
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Table 2.2), diluted 1 in 10,000 with 5% milk in PBST, for 1 h at RT. After 3x5
min washes with PBST, ECL solutions were added to the membrane according
to the manufacturer’s instructions. The membrane was placed in a developing
cassette and medical film was placed over it and allowed to transfer for 30 s or
until the bands were visible. The film was then developed using an AGFA
automatic film processor in the darkroom.

To visualise proteins, separated proteins were stained in the gel with Coomassie
Brilliant Blue R-250 (Coomassie Brilliant blue R-250 -2.5g, Methanol 450ml,
Glacial Acetic Acid 100ml, Milli-Q water 450ml) for 1 h at RT. The gels were
destained using a solution containing 45% methanol, 45% water, and 10% acetic
acid (Table 2.9).

Table 2.9: Coomassie brilliant blue staining and destaining solutions.

Solution Composition

Coomassie Brilliant Blue R-250 staining Coomassie Brilliant Blue R-250 -2.5 g
solution Methanol 450 ml

Glacial Acetic Acid 100 ml

Milli-Q water 450 ml

Coomassie Destaining Solution Methanol 450 ml
Milli-Q water 450 ml
Acetic acid 100 ml

2.2.12 Native PAGE gel

Purified recombinant BiP was mixed with 6X native loading buffer (600 mM
Tris HCI, pH 7.8, 50% glycerol, 0.02% bromophenol blue) and loaded onto 6%
gel (using the stock solutions 30%,/0.8% w/v, Acrylamide/Bis-Acrylamide,
0.375 M Tris-HCI pH 8.8, 10% (w/v) ammonium persulfate, TEMED 1%). The
gels were run in Tris-Glycine buffer 25 mM Tris, 192 mM glycine at 170 V for
approximately 1 h. After electrophoresis, gels were stained with Coomassie

Brilliant Blue and destained as discussed in the previous section, Table 2.10.
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Table 2.10: Composition of native gels and associated buffers.

Gel Recipe Volume
Running gel (6%) 30% wiw  2ml
acrylamide/bisacrylamide 37.5:1
0.375 M Tris-HCI, pH 8.8 7.89 ml
10% (w/v) ammonium persulfate 100 pl
TEMED 1%. 10 ul
Running gel 30% wiw 3.4 ml
(10%) acrylamide/bisacrylamide 37.5:1
0.375 M Tris-HCI, pH 8.8 6.49 ml
10% (w/v) ammonium persulfate 100 pl
TEMED 1%. 10 pl
Top gel 30% wiw  4.275 ml
acrylamide/bisacrylamide 37.5:1
0.375 M Tris-HCI, pH 8.8 0.67 ml
10% (w/v) ammonium persulfate 50 pl
TEMED 1%. 5ul

2.2.13 ATPase activity measurements

ATPase assays were performed using a Malachite Green Phosphate Assay Kit
according to the manufacturer's instructions. Reaction mixtures were prepared
in triplicate in a final volume of 160 pl, using 10 pg of protein in 30 mM
HEPES-KOH, pH 7.8, 150 mM NaCl, 20 uM ATP and 2 mM MgCl;, and
incubated for 60 min at 37°C (adapted from (Ciplys et al., 2014)). The samples
were transferred into 96-well plates and the concentration of free phosphate was
measured at 620 nm using a Varioskan flash plate reader (Thermo Fisher
Scientific, Dublin, Ireland) with SkanIT software 2.4.3. For calculating the
kinetic parameters such as Km and Vmax, the same protocol was used except that
the concentrations of cations and nucleotides were varied. The resulting data
were analysed and kinetic parameters calculated using the Michaelis-Menten

equation with GraphPad Prism 6 software (GraphPad Software).

2.2.14 Differential Scanning Fluorimetry (DSF)

DSF was used to study the stability, nucleotide-binding and the effect of

divalent cations on nucleotide-binding, as described elsewhere (Ericsson et al.,
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2006; Vivoli et al., 2014). Experiments were performed using 1x fluorescent
dye Sypro Orange in 30 mM HEPES-KOH, pH 7.8, 150 mM NaCl, with full-
length huBIP and variants, set at a fixed concentration of 1 uM alone, or with
titrations of cofactors (see Table 3.1). The samples were transferred to 96-well
Fast Thermal Cycling Plates and subjected to a heating ramp of 1.0°C per min
from 25 to 90°C, with fluorescence intensity readings at 470 nm and 550 nm of
excitation and emission wavelengths, respectively, using a StepOnePlus System
(Applied Biosystems). Data were analysed using Protein Thermal Shift
Software v1.1 (Applied Biosystems) and GraphPad Prism 5 software (GraphPad
Software) as described previously (Ericsson et al., 2006; Vivoli et al., 2014).
2.2.15 Endotoxin quantification

Endotoxin quantification was performed using the Aviva Endotoxin Elisa Kit
as per the manufacturer’s instructions. In brief, a series of standards were
prepared with a concentration ranging from 0 EU/ml to 1 EU/mI. A volume of
50 ul of serially-diluted standards, diluted samples and a blank were added to
the wells which were pre-coated with anti-endotoxin. To all the wells except
absolute blank, 50 ul of 1X Endotoxin-Biotin complex was added and incubated
for 60 min. Further to the incubation, the liquid was discarded, and any excess
liquid was removed by flicking over a paper towel. The wells were washed
thrice with 1X wash buffer for 2 min each. Once the washes were completed
100 ul of 1X-Avidine HRP conjugate was added to each well and the plate was
incubated for 45 min. Later the 3 X 2 min washes were followed by 1X wash
buffer treatment. Then 90 pl TMB substrate was added to each well and the
samples were incubated for 15-30 min at 37 °C (blue colour develops). The
reaction was stopped by adding stop solution (yellow colour develops) and the
absorbance was measured at 540 nm. The endotoxin levels were quantified
using competitive endotoxin quantification ELISA. These experiments were
carried in association with Daniel O’Toole, REMEDI, National University of

Ireland Galway.
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2.2.16 ELISA for chemokines

BEAS-2B cells were cultured for 48 h cell with an initial seeding density of
100,000/ml. After 48 h, the cells were exposed to LPS or labelled and unlabelled
BiP for 24 h. These cells proliferate and produce chemokines in response to
LPS. The cell culture conditions were described in (J. Verspohl and Podlogar,
2012). Quantification of 1L-8 was carried out using ELISA kits according to the
manufacturer’s instructions (R and D Systems, DY208, Duoset, R and D
systems. Wiesbaden, Germany). These experiments were carried out by Daniel
O’Toole and Sean Mc Carthy, REMEDI, National University of Ireland
Galway.

2.2.17 Protein quantification

The molecular weight and molar extinction coefficient of the proteins were
calculated using the Expasy Protparam tool. The concentration was calculated
by measuring the absorption of purified proteins at 280 nm using a NanoDrop
2000 Spectrophotometer (Thermo Fisher Scientific).

2.3 Cellular response to BiP and BiP chemical inducer-X (BIX)
2.3.1 Fluorescent labelling of BiP

BiP was labelled according to the manufacturer’s instruction using Anatag 5-
FITC microscale protein labelling Kit. In brief, the dye was dissolved in DMSO
and the protein was incubated with the dye at 4°C for 2 h. Later the dye protein
mixture was passed through the column. The mixture separates into two bands
upper slow travelling free dye and the lower protein-dye conjugate. The protein-
dye conjugate was collected, and the protein concentration was measured using

NanoDrop 2000 Spectrophotometer at 280 nm.

2.3.2 B104 cell culture

The B104 neuroblastoma cell line (El Bitar et al., 1999) was used as a test cell
line, to determine whether or not exogenously added BiP was taken up by cells.
B104 cells were cultured in DMEM, 10% FBS, 0.1% p/s. T-25 flask having
B104 cells was washed with PBS and to which 5ml of 1X trypsin was added
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and incubated at 37° C. Trypsin was inactivated using fresh media. Cells were
split 1 in 6 during culturing and while freezing, the cells were resuspended in
90% FBS, 10% DMSO. One million cells per vial or three vials per flask were

frozen.

Coating coverslips with Poly-L-Lysine (1.33pg/ml)

Dissolve 25 mg of poly-L-Lysine hydrobromide (PLL) in 6.25 ml sterile water.
Filter through a 0.22um filter and store in 66 pl aliquots at -20°C. Add one 66
pl aliquot in 20 ml sterile water for coating flasks/coverslips, incubate at least
1-2 h. Rinse with sterile water as PLL is toxic for cells.

2.3.3: Spinal cord myelinating cultures

Myelinating spinal cord cultures were generated by Paula Arseni and Lorna
Hayden in the Prof. Christopher Linington’s Lab, University of Glasgow, as
described in (Thomson et al., 2008) (Figure 2.5).

2.3.3.1 Creation of Neurospheres: The corpus striatum from P1 Sprague
Dawley rat brains was dissected and placed into a bijoux containing 1-2ml of
Leibovitz L-15 media. The corpus striata were triturated using a glass It’Pasteur
and transferred into a 15ml falcon tube. The cells were spun at 800 rpm for 5
min. The supernatant was removed and the pellet was resuspended in 2 ml of
neurosphere media. The contents of the tube were transferred into a T75 flask
containing 18 ml of neurosphere media to which 4 ul of EGF was added. The
cultures were fed twice a week and usually take a week before they have
neurosphere that can be plated. Four striata per Bijoux and one bijoux per flask

were used.

2.3.3.2 Preparation of PLL coated coverslips: PLL was added to water and
coverslips were added to the water and incubated at 37 °C. Individual coverslips
were placed into 24 well plates in an inclined position so that they do not stick

to the bottom and then allowed to dry overnight in the hood.

2.3.3.3 Generation of astrocyte monolayer: The PLL coated coverslips were

placed into 24 well plates. When neurospheres are large enough the contents of
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the flask were transferred into a 50 ml falcon tube and were spun at 800 rpm for
5 min. The supernatant was removed and resuspended in 12 ml DMEM+10%
FBS per plate. 0.5 ml of the cell suspension was added to each well and volume
was made up to 1 ml when all the plates were done. The cultures were fed by
removing half of the media and replacing with fresh media. It usually takes
seven days for the astrocytes to form a uniform monolayer. | flask of

neurospheres was sufficient for making 6 plates of astrocytes.

2.3.3.4 Myelinating Spinal cord cultures: The gravid uterus from Sprague
Dawley female rats was collected on day E15.5 and placed into a dish
containing cold HBSS. The embryos were removed from the embryonic sacs
and transferred into a petri dish having HBSS. The embryos were decapitated
without disturbing the cervical flexure. The top layer of the skin was removed
and isolate the spinal cord from the embryo when it is exposed. The meninges
and dorsal ganglia were removed starting at the cervical region. The spinal cords
were placed intolml HBSS. The spinal cords were enzymatically digested by
adding 100ul of Trypsin and 100 ul of 1% collagenase-1 per ml of HBSS. The
spinal cords were incubated at 37 °C for 15 minutes. 2 ml of Soybean trypsin
inhibitor was added and the cell suspension was shaken and placed back into
the incubator for 2 minutes. The contents were transferred into a 15 ml tube and
centrifuged for 5 min at 1200 rpm, 4 ° C. The supernatant was removed and
resuspended in 1 ml of plating medium. The cells were passed through the cell
strainer and washed with 10ml of media for all cells. The cells were counted
and diluted to 3 million cells per ml. Three coverslips were placed in a small
petri dish. 50 ul per coverslip was added and incubated for 2 h at 37 °C. For
every dish, 600 pul of DMEM+ and 450 pl of plating medium was added. The
cells were fed by removing 500 pl of media and by adding 600 ul of fresh media.
DMEM+ was used until 12 days and DMEM- after 12 days.

Use 50 pl per coverslip=150000 cells/coverslip.
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Table 2.11: Media used for spinal cord myelinating cultures.

. Neurosphere Media (NSM)

F12/DMEM 210 ml
Hormone Mix (10x) 25 ml
30% Glucose 5ml
7.5%NaHCO3 3.75 ml
1M HEPES 1.25 ml
L-Glutamine 25ml
Pen/strep 2.5ml
4% BSA in L15 media 0.625 ml

. Astrocyte Media
DMEM (low glucose) 500 ml
FBS 50 ml
L-Glutamine 2.5ml
P/S 5ml

. Plating Media
DMEM (high glucose) 25 ml
Horse serum 12.5ml
HBSS 125 ml
L-Glutamine 0.5ml

. Differentiation Media DM- (suppl. P/S + Sodium Pyruvate)

DMEM (4.5¢/1 glucose)
Biotin (10 pg/ml)

N1 Supplement (100x)
Hydrocortisone (10 uM)

. Differentiation Media plus INSULIN DM+

DMEM (4.5g/l glucose)
Biotin (10 pg/ml)

N1 Supplement (100x)
Hydrocortisone (10 pM)
Insulin

48.5 ml
50 pl

250 pl
250 pl

1ml
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Dose-dependent effect fluorescent BIP (S-/K-) by B104 cells

Cells (5000 per well) were seeded in an 8 well chamber slide. Cells were
allowed to settle for 24 h. Varying doses of labelled BiP (1 ug, 5 pg, 10 pg, 20
ug, 30 pg, 40 ug) were added to cells in a final volume of 300 pul. Samples were
incubated with labelled BiP for 24 h at 37°C. Stained with DAPI and Rhodamine
phalloidin (1 in 200).

Staining of Fluorescently labelled BiP

The samples were removed from the incubator washed with PBS and fixed with
4% PFA for 15 minutes at room temperature. Later the cells were permeabilised
with 200 pl of 0.2% Triton-X for 5 minutes, followed by a wash with PBS. The
samples were incubated with Rhodamine Phalloidin (1:200) or Texas red
phalloidin (1:200) for 1 h. The cells were rinsed with PBS and mounted using
fluoroshield with DAPI or mowiol having 0.05 % DAPI.

2.3.4 B104 cells treated with labelled BiP

PLL-coated coverslips were placed in a 24 well plate and 40,000 cells were
added per well. The cells were allowed to settle for 24 h and later 3 coverslips
were transferred into a small petri dish, to which 1 ml of fresh medium was
added along with 90 pg of labelled BiP. The cells on coverslips were fixed at
different time points as indicated with 4% PFA for 15 min and then washed with
PBS followed by immunofluorescence staining with Texas red-labelled
phalloidin for Cytoskeleton staining.

2.3.5 Spinal Cord explant cultures treated with labelled BiP

Myelinating spinal cord cultures were generated by Paula Arseni and Lorna
Hayden in the Prof. Christopher Linington’s Lab, University of Glasgow, as
described in (Thomson et al., 2008) (Figure 2.5). To the petri dish with three

coverslips, 1 ml of media having 40 pg/ml of BiP was added and the cultures
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were incubated. Cells were fixed at different time points and stained for GFAP,
MAP2, IBAL, Olig2, Nestin, Sox2, NeuN.

2.3.6 Spinal cord explant cultures treated with recombinant BiP

The cultures were treated with recombinant BiP from DIV 18-28. A dose-
response curve was performed using a dose range of 10, 20, 40 and 80 pg/ml.
A dose of 20 ug/ml was selected for the subsequent experiment. The cultures
were treated with the above-mentioned doses or a specific dose from DIV 18-
28. Later the cultures were fixed with 4% paraformaldehyde and
immunofluorescence staining was performed to quantify axonal density,
myelination, microglia; astrocytes; neurons and cells of the oligodendrocyte

lineage.
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Figure 2.5: Preparation of rat myelinating cultures

per
Petri dish

Spinal cord myelinating cultures were prepared in two steps. The first step includes the
preparation of neurospheres from corpus striatum of P1 Sprague Dawley rats for 7 days. The
neurospheres are dissociated and added onto PLL coated coverslips and allowed to grow for
7 days to form the astrocyte monolayer. The second step includes the preparation of
dissociated spinal cord cells from the embryonic 15.5 pups and these spinal cord cells were
added onto the astrocyte monolayer.

2.3.7 Spinal cord explant cultures treated with BIX.

Once cultures reached DIV 18 and handed over for experimentation, the effect
of explant exposure to different doses of BIX, including 0.05, 0.1, 0.5, 1, 2.5, 5
and 10 pg/ml, was assessed. For selected doses,

1. Cultures were treated with BIX or DMSO (vehicle control) from DIV 18-28
to study the effect on parameters such as axonal density, myelination, microglia;
cells of the oligodendrocyte lineage and astrocytes.

2. The cultures were treated with BIX or DMSO (vehicle control) from DIV 28-

38, to see the possible effects on myelination and microglia.
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3. The cultures were treated with BIX or DMSO (vehicle control) from DIV 18-
23 followed by withdrawal of BIX to see if the effects caused by BIX were

reversible.

2.3.8 Immunofluorescence staining of the spinal cord explant cultures

The supernatant was removed, and cells were washed with PBS. Coverslips
were then transferred to the staining tray and turned upside down onto 40 pl
triton X, for 15 min. The coverslips were washed with PBS three times. Later
the coverslips were transferred onto 50 pl blocking buffer (1% BSA and 10%
horse serum in PBS) and incubated at room temperature for 30 min. They were
then transferred onto 40 pl diluted primary antibodies (diluted as mentioned in
Table 2.2) and incubated at RT for 1 h. Following 3XPBS wash, the coverslips
were transferred onto 40 pl diluted secondary antibodies (see Table 2.2) and
incubated at RT for 15 min. After another 3XPBS wash and 1X water rinse, the
coverslips were placed on 10 pl of mowiol having 0.1 % DAPI. Mowiol hardens
overnight at 4°C and the slides were ready to image next day. Care was taken
not to introduce any air bubbles during mounting.

2.3.9 Imaging and quantitative analysis

Images were captured with an Olympus BX51 microscope and analysed using
Ocular software version 2.0 and CellProfiler software version 2.1.1,
(https://cellprofiler.org/). A minimum of thirty images/parameter were analysed

from three independent cultures from at least three biological replicates per
condition. For SMI31/Z2 and GFAP/MAP?2 staining images were taken at 10x
magnification. For IBA1/ED1 and Olig 2/AA3 (PLP) staining, a 20x
magnification was used. IBA1-, ED1- and PLP-positive cells were counted
manually. In spite of having an optimised pipeline for PLP-positive cells, they
were counted manually because the software was identifying myelin debris of a
certain size as a positive cell. Olig2-positive cells were analysed using a pipeline
olig2-aa3.cp optimised for Olig2/PLP staining. The myelin.cp pipeline was used
for measuring the myelination percentage and axonal density. The dapi.cp

pipeline was used to measure the total cell nuclei counts. The fluorescent
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intensity of the green channel was measured using pixel-int-g.cp pipeline and
red channel were measured using pixel-int-r.cp in GFAP/MAP2 staining. These

pipelines can be downloaded from https://github.com/muecs/cp. See appendix

for more details.

2.3.10 RNA isolation

To prepare RNA lysates, the cultures were treated with BIX 5 pg/ml or DMSO
for 24 h. The supernatant was removed from culture dishes. RLT lysis buffer
350 ul was added onto the coverslips. The cells were scraped using a sterile
scraper. The contents of the dish were transferred into a Qiashredder and spun
at 8000 g for 1 min at 25°C. Lysates were frozen at -80 °C.

Fresh or newly thawed RNA lysates were passed through a GDNA column at
8000 g for 30 s. The column was discarded and to the flow-through, an equal
volume (350 pl +350 pl) of 70% ethanol was added and thoroughly mixed until
no precipitate appeared. The mixture (700 ul) was transferred into RNAse easy
micro spin column and centrifuged at 8000 g for 30 s. The flow-through was
discarded and to the column, 700 ul of RW1 buffer was added and centrifuged
at 8000 g for 0.5 min. The flow-through was discarded and 500 pl of the RPE
was added to the column and centrifuged at 8000 g for 30 s. The flow-through
was discarded and 500 pl of 80% ethanol was added and centrifuged at 8 g for
2 min. Later the column was centrifuged at 13.2 g for 5 min with the lid open.
Next, the column was transferred into an RNA-free 1.5 ml collection tube and
14 ul of RNAse free water was added to elute the RNA. The concentration of

RNA was measured using 260/280 absorbance.

2.3.11 RNA Sequencing
Data preparation: Samples were sent to Glasgow polyomics NGS for

sequencing. Glasgow polyomics use Next Seq ™ 500 platform for RNA
sequencing. Paired-end 75 bp long reads (2X75 bp) sequencing with a
sequencing depth of 25-40 million reads was used. TruSeq Stranded mRNA

sample prep kit was used for Poly-A selection. These RNA libraries generated
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were compatible with Illumina sequencing platforms for Next-Generation

Sequencing.

The FASTQ files provide by Glasgow Polyomics were analysed by Siobhan
Cleary, Bioinformatics group, National University of Galway, Ireland using the
following software

The objectives of this analysis were to perform a quality control assessment of
sequencing and alignment files and to perform gene expression analysis of the
gene counts per sample. Differential gene expression analysis of BIX vs DMSO
treated samples was also performed. FASTQC sequencing files were aligned to
the rn6 rat reference genome using the hisat2 aligner. The analysis workflow is
described in (Figure 2.6).

FASTQ

YN\

Hisat2 Alignment FASTQC

N

featureCounts Qualimap Picard Mark Duplicates

Figure 2.6: Analysis workflow of RNA sequencing data.

Quality control analysis of RNA sequencing included the following steps:

1. Prior to the alignment, the quality of the sequences within the FASTQs for
readl and read2 for each sample was analysed using FASTQC v0.11.8.

2. The alignment Statistics output was analysed using Hisat2 Aligner v2.1.0
(Kim et al., 2015)

3. Qualimap v2.2.1 was used to assess the quality of the alignment files
(Okonechnikov et al., 2015).

4. Picard Mark Duplicates v2. 18. 17-SNAPSHOT was used to analyse the read
duplication rates (http://broadinstitute.github.io/picard)

5. Feature Counts R package was used to assess the rRNA contamination (Liao
etal., 2013).
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6. MultiQC tool v1.6. tool was used to produce a single report of the steps from
1-4.

Differential Gene expression analysis was carried out using the DeSeq2 R
package V1.18.1. in order to identify genes that are differentially expressed
between the BIX treated group and the DMSQO treated group.

Pathway analysis was carried out using the Reactome pathway browser version
3.6 (http://reactome.org). The pathway analysis was carried out by Prof.
Christopher Linington, University of Glasgow.

2.4 Organotypic cerebellar slice cultures

2.4.1 Ethics

Under standard conditions, Sprague-Dawley rats were housed with a 12:12
hours light: dark cycle, room temperature of 21+2°C, humidity of 55£10% with
continuous access to food and water. The animals were either obtained from
Charles River Laboratories or bred in the house. In order to breed, animals over
two months of age male and female were placed in the same cage for
approximately a week. Abdominal swelling or prominent nipples were
considered as positive signs of pregnancy in the breeding female and also these
symptoms confirm the success of mating. Female breeding animals were
monitored daily to note the date of birth of the pups (postnatal day 0-P0). P10-
P11 pups were anaesthetised using isoflurane followed by decapitation. All
procedures were carried out in accordance to European directive 2010/62/EU
by trained operators and were approved by the Animal care Research Ethics
Committee of NUI Galway. All measures were followed to reduce the pain or
distress experienced by the animals and also the tissue was shared with other

researchers whenever possible to minimise the number of animals used.

2.4.2 Cerebellar dissection and slice culture conditions
The cerebella were isolated from the brains of P10 Sprague Dawley rats and the

meninges removed by rolling on sterile Whatman filter paper. Sagittal
sectioning of the cerebellum was done using a Mcllwain tissue chopper (Gala
Instrumente, Bad Schwalbach, Germany). The sectioned cerebellum was

transferred into a petri dish containing cold dissection medium (500 ml MEM,
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605 mg Tris (hydroxymethyl) aminomethane, Penicillin/Streptomycin 1%, L-
glutamine 1%). The whole cerebellum was chopped, and the slices were
separated gently in cold medium while viewing under a dissecting microscope
using L shape bent glass capillaries (Drummond Scientific Company). Millipore
inserts were pre-wet by placing them in 1.1 ml medium within a 6-well plate.
Two-to-three slices were transferred using a p1000 tip or a Pasteur pipette that
had been cut diagonally to produce a wide mouth, causing less mechanical
damage. Slices were fed on DIV 0 with 1100 pl of culture medium (MEM 100
ml, MEME 50 ml, HBSS 44 ml, N-Acetyl amine 1%, Ascorbic acid 1%, L-
glutamine 1%, Picromicin 0.2%, Glucose 1000 mg) on DIV land 4, with 1000
ul of fresh media. The five-day treatment with DMSO or BIX was started on
DIV 7 and further doses were given on DIV 9 and DIV 11.

2.4.3 Slice immunohistochemistry

The slice cultures were fixed with 10% formalin for 2 h on DIVV12 followed by
3X5 min washes with 1X PBS. For long-term storage, the slices were stored in
1XPBS/0.05% sodium azide, at 4°C. During fixation and storage, the membrane
was also covered with liquid to avoid drying out. The slices were separated from
the inserts and each slice was transferred into a well containing 50 pl of PBS in
a 24-w plate. Once all the slices were transferred, PBS was removed and 350 pl
of blocking buffer (10% Fetal bovine serum, 0.4% Triton X in 1X PBS) was
added and incubated for 1 h at RT, with gentle agitation (50 rpm on a Stuart
orbital shaker compact,model-SSM1, Fisher scientific). The blocking buffer
was removed and 250 pl of diluted primary antibody prepared in diluent (2.5%
Fetal bovine serum, 0.1% Triton in 1X PBS) was added. The slices were
incubated with the primary antibody for 48 h at 4°C. The slices were washed
with diluent 3X15min and followed by incubation with a secondary antibody
according to the dilution indicated in Table 2.2. Overnight in dark at 4°C. The
slices were washed three times in 1X PBS, for 15 min. The slices were removed
from the well plates and transferred onto the glass slides membrane facing the
glass for mounting. The slices were mounted with fluoroshield mounting

medium and sealed with clear nail polish. The mounted slides were left in the
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dark at 4 °C overnight before imaging.

2.4.4 Imaging of fluorescently stained slices

Slides were imaged using 20x magnification for quantification on an Olympus
Fluoview1000 Shackleton confocal microscope and analysed using Cell Profiler

software, (https://cellprofiler.org/). The Olympus Flourview version 4.2 b

software was used. To quantify 4 random images per slice were taken from 5-6
slices per condition from three biological replicates per condition (n=3). The
slices had an approximate diameter of 0.5 cm. The edges were avoided while
capturing images to avoid the edge effect. The fluorescent intensity red channel
was measured using pixel-int-r.cp in Ibal/Olig2 staining. Olig2-positive cells
were analysed using a pipeline olig2-aa3.cp optimised for Olig2/PLP staining.
These pipelines can be downloaded from https://github.com/muecs/cp.

Additionally, slices were also stained for GFAP and PLP to study the effect on
astrocytes and matured oligodendrocytes. The fluorescent intensity red channel
was measured using pixel-int-r.cp in GFAP/PLP staining. PLP cells were
counted manually.

2.4.5 Statistical Analyses

Statistical analyses were carried out using an unpaired T-test or one-way
ANOVA with Dunnett’s multiple comparisons or Two way ANOVA where
applicable, A minimum of three experiments were performed unless otherwise
mentioned and data depicted as SD = mean. Results were considered significant

when p values were <0.05.
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Chapter 3 : Production and

characterisation of recombinant BIP
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3.1 Introduction

B-cell immunoglobulin binding protein (BiP), a heat shock protein 70 (HSP70)
protein family member, is an indispensable endoplasmic reticulum (ER)
chaperone normally present within the ER lumen (Wang et al., 2017).
Classically, BiP functions to assist in protein folding, prevent the aggregation
of intermediates, and aid calcium binding as well as the trafficking of misfolded
protein to the ER-associated degradation system (Wang et al., 2017; Lee, 2007).
BiP is comprised of multiple functional sequences (see Figure 3.6A). The N-
terminal signal sequence of human BiP (huBiP, amino acids 1-18) directs the
protein to the ER whereas the C-terminal KDEL sequence (amino acids 651-
654) functions to retain BiP within the ER (Pidoux and Armstrong, 1993). The
nucleotide-binding domain (amino acids 125-280) in the N-terminus binds to
ATP and ADP in a cycle that controls protein substrate-binding and release,
while the substrate-binding domain in the C-terminus (amino acids 420-500)
aids in the interaction with substrate protein chains. In addition, a hydrophobic
flexible linker region (amino acids 409-419) mediates BiP-BiP interactions and
is exposed when BiP is in the ADP-bound state but is not accessible when BiP
is in the ATP-bound state (Awad et al., 2008; Bertelsen et al., 2009; Mayer and

Bukau, 2005). Cations act as cofactors in nucleotide-binding and Mgz+ is the
chosen cation for BiP nucleotide-binding binding studies, although Mn?* and

ca®* may also affect ATPase activity (Kassenbrock and Kelly, 1989; Lamb et
al., 2006).

Despite the presence of signal and KDEL sequences, BiP has also been detected
in/at the nucleus, mitochondria, on the cell surface and extracellularly (Ni et al.,
2011) , and in vitro, BiP release into the cell culture medium of oviductal
epithelial cells has been reported (Marin-Briggiler et al., 2010b). In humans,
BiP has also been found in the synovial fluid and its precursor was found in the
saliva of individuals with Rheumatic arthritis (RA) (Tsunemi et al., 2010).
Giusti et al also detected BiP in the sera of gastric cancer patients (Giusti et al.,
2010Db). In circulation, BiP may behave as a resolution associated molecular

pattern (RAMP), by antagonizing proinflammatory mediators and re-
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establishing homeostasis of the immune system (Shields et al., 2012). These
properties led to clinical trials of recombinant BiP in therapies for RA (Brownlie
et al., 2006; Kirkham et al., 2016; Tsunemi et al., 2010)

It is possible that malfunctioning protein trafficking or an aberrant ER retention
process could lead to the extracellular distribution of BiP variants such as BiP
with or without its signal and/or retention sequence. Therefore, we hypothesised
that BiP variants could execute non-ER-associated physiological functions
intra- or extra-cellularly, dictated in part by the presence or absence of signal or
retention sequences. To test potential differences in the biochemical properties
of huBIiP variants, we completed an extensive characterisation of their stability
and nucleotide-binding in the presence of different cations. From these studies,
we conclude that the presence of the signal sequence influences the nucleotide-
binding and ATPase activity of these proteins in the presence and absence of

divalent cations.

3.2 Aims

Recombinant protein production and biochemical characterisation of full-length
BiP and variants.

3.3 Specific aims
To establish the expression vectors for the production of recombinant human

full-length BiP and variants thereof
To purify and characterise recombinant human full-length BiP and variants
To study the role of signal sequence in the enzyme activity of BiP

To study the nucleotide-binding properties of full-length BiP and variants
3.4 Summary of Methodology

Synthesis of BiP DNA sequences was carried out using PCR. These amplified
DNA sequences were ligated into pGEM-T Easy vector (cloning vector) and
upon sequence confirmation, the DNA sequences were transferred into pET22b

vector (expression vector). In this work, we focused on production and
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validation of full-length BiP, BiP without its signal sequence and without KDEL
(S/K), BiP without its signal sequence, but with KDEL (S/K"), and BiP with
its signal sequence but without KDEL (S*/K"). Protein expression was optimised
using BL21-CodonPlus (DE3)-RIL cells and Rossetta 2 (DE3) pLysS. Finally
BL21-CodonPlus (DE3)-RIL cells were used for large scale protein purification

of full length and variant BiPs.

Purification was carried out using His-select nickel affinity gel beads as
described in 2.2.10. Each protein (full length and variants) was produced and
purified in three independent processes under the same conditions. Molecular
weights and molar extinction coefficient of the proteins, 30,495 M-1cm™ at 280
nm, were calculated using the Expasy  Protparam  tool
(https://web.expasy.org/protparam/) and the human amino acid sequence. To
determine the concentration the absorption of purified proteins was measured at

280 nm using a NanoDrop 2000 Spectrophotometer.

Proteins were then characterised using SDS-PAGE, native PAGE, ATPase
assays and DSF. The relative amounts of oligomeric species of the BiP
variants in Coomassie-stained native polyacrylamide gels were quantified by
scanning the native gels using an Epson Dual Lens system (model Epson
perfection V700 photo, Digital Ice Technologies, Ireland) and band intensities
were quantified using the Image J software (NIH, USA). All values were

expressed relative to monomeric S/K".

The ATPase assay was used to investigate the effect of cations on ATPase
activity of BiP full length and variants using Malachite Green Phosphate Assay
Kit (POMG-25H; Bioassay system, California, USA) according to the
manufacturer's instructions. Optimisation of cation concentration was also
carried out using ATPase assays. For calculating the kinetic parameters such as
Km and Vmax the ATPase assay was used except that the concentrations of
cations and nucleotides were varied (see Table 3.2). The resulting data was
analysed and the kinetic parameter calculated using the Michaelis-Menten

equation with GraphPad Prism 5 software (GraphPad).
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Differential Scanning Fluorimetry (DSF) was used to study the stability,
nucleotide-binding and the effect of cations on the nucleotide-binding. The
obtained data was analysed using Protein Thermal Shift Software v1.1 (Applied
Biosystems) and GraphPad Prism 5 software (GraphPad). Statistical analysis
was carried out using an unpaired T-test. A minimum of two experiments were

performed in triplicate and data depicted as SD + mean

3.5 Results:

3.5.1 Cloning of BiP:

The PCR products of BiP variants were run on a 1% agarose gel and the size of
the products for all the variants was approximately around 2000bp (Figure 3.1).
These PCR products were ligated into pPGEM-T Easy vector and the success of
the ligation was analysed using restriction digestions with restriction enzymes
Ndel and Xhol. The size of the linearised pGEM-T Easy vector was
approximately 3015 bp whereas the insert was approximately 2000 bp (Figure
3.2). Further, the DNA purified from positive clones were sent for sequencing
and the sequence-verified BiP-coding DNAs were isolated and ligated into
PET22b vector digested with Ndel and Xhol restriction enzymes. The success
of the ligation into the pET22b vector was analysed using restriction digestion
with restriction enzymes Ndel and Xhol (Figure 3.3). The inserted BiP-coding

DNA sequences in the pET22b vector were then also verified by sequencing.
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Figure 3.1: Gel electrophoresis images of BiP cDNA PCR products.

All the samples were run on 1% (w/v) agarose gels. The bands were visualized using
Protein simple-Alpha imager EC in UV mode. BiP cDNA PCR products highlighted
in a yellow box. DNA sequences of Ndel and Xho1 restriction sites were included on
the 5" and 3" end, respectively, of the inserted DNA construct. S*/K*and S*/K- were
produced using Go-Taqg Green Master mix. S/K* and S/K-were produced using Pfu
DNA polymerase and A-tails were added by incubating with Go-tag green master
mix. L -1kb Gene ruler DNA ladder, NC -control, S -signal and K —-KDEL.

Challenges associated with cloning of the DNA inserts

The BIP signal sequence comprises the first 18 amino acids of the natural
protein sequence (see Figure 3.6, (Wang et al., 2017) but is mostly cleaved off
in the maturated BiP found in the ER. The BiP-encoding cDNA sequence
obtained from the Polizzi lab does not contain this signal sequence. Therefore,
a PCR-based approach was used to introduce back the signal sequence into the
amplified coding sequence. Initially, Tag DNA polymerase (GoTag Green
Master Mix 100) was used for all PCR reactions, but when the cloned inserts
were sequenced each construct had several mutations. Therefore, Pfu DNA
polymerase was tried, as it is a high-fidelity DNA polymerase. Pfu DNA
polymerase was successfully used to clone the BiP S/K*and BiP S/K
sequences, but it did not yield any PCR product when attempting to produce
BiP S*/K* and BiP S*/K DNAs. Repeating the DNA amplifications with Taq
DNA polymerase (GoTaq Green Master Mix 100 (MyBio Ltd)) to amplify BiP
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S*/K* and BiP S*/K" DNA, these two DNA sequences were successfully
produced as verified by DNA sequencing of the obtained DNAs.
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Figure 3.2: Gel electrophoresis images of restriction digestion of BiP
constructs in pPGEM-T Easy vector.

All the samples were run on 1% (w/v) agarose gels. The bands were visualized using Protein
simple-Alpha imager EC in UV mode. A. Restriction digestion of BiP S*/K* plasmid DNA
(pGEM T Easy-Vector). B. Restriction digestion of BiP S*/K" plasmid DNA (pGEM-T Easy
vector). C. Restriction digestion of BiP S/K* plasmid DNA (pGEM-T Easy vector). D.
Restriction digestion of BiP S/K plasmid DNA (pGEM-T Easy vector). Undigested plasmid
DNA highlighted in yellow boxes. Linearized pGEM-T Easy vector highlighted in blue boxes.
BiP inserts highlighted in green boxes. The plasmid DNA was digested using Ndel and Xhol.
L - 1kb Gene ruler DNA ladder, C - control. 1, 2, 3, 4, 5-bacterial colony number.
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Figure 3.3: Gel electrophoresis images of restriction digestion of BiP
constructs in pET22b.

All the samples were run on 1% (w/v) agarose gels. The bands were visualized using
Protein simple-Alpha imager EC in UV mode. A. Restriction digestion of BiP S*/K*
plasmid DNA (pET22b vector). B. Restriction digestion of BiP S*/K- plasmid DNA
(PET22b vector). C. Restriction digestion of BiP S/K* plasmid DNA (pET22b vector).
D. Restriction digestion of BiP S/K"plasmid DNA (pET22b vector). Undigested plasmid
DNA highlighted in yellow boxes. Linearized pET22b vector highlighted in blue boxes.
BiP inserts highlighted in green boxes. The plasmid DNA was digested using Ndel and
Xhol. L-1kb Gene ruler DNA ladder, C-control. 1, 2, 3-colony number.
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352 Human BiP expression, purification, and preliminary
characterisation.

Various forms of BiP have been described to occur under physiological and
pathological conditions including ER stress and on the cell surface of cancer
cells (Corrigall et al., 2004; Ni et al., 2011; Rauschert et al., 2008; Zhang et al.,
2010). To investigate biochemical activities of these BiP variants we cloned
human BIP variants containing or lacking the signal and KDEL sequence
(Figure 3.6) and produced them in E. coli cells BL21- (DE3) derivatives having
a C-terminal 6x His-tag, enabling purification using immobilised metal affinity

columns (Figures 3.5 to 3.6).

Protein expression of BiP variants was carried in E. coli strains BL21-
CodonPlus (DE3)-RIL cells and Rosetta 2 (DE3) pLysS cells as described in
section 2.2.10 and summarised in Figure 3.4. The proteins in the bacterial
lysates were analysed by SDS PAGE followed by Coomassie Brilliant Blue
staining of the separated proteins. These analyses of proteins in crude extracts
reveal that expression of recombinant BiP was 5-10 times lower in Rosetta 2
(DE3) pLysS cells (Figure 3.4, panels B, D, F, and H) compared to BL21-
CodonPlus (DE3)-RIL cells (Figure 3.4, panels A, C, E, and G; compare
pairwise A-B, C-D, E-F, and G-H). Therefore, BL21-CodonPlus (DE3)-RIL
cells were used for all protein purifications. Following optimisation of protein
expression, three independent batches of protein of each of the variant were
purified using 500 ml of bacterial culture. Representative Coomassie Brilliant
blue-stained SDS PAGE gels and their respective western blots are presented in
(Figure 3.5).
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Figure 3.4: SDS-PAGE gels for analysing the protein expression of full-length
human BiP and variants in two E.coli strains- BL21-CodonPlus (DE3)-RIL cells
and Rosetta 2 (DE3) pLysS cells.

1mM IPTG was used for inducing protein expression. Cultures incubated for 3 h at the indicated
temperatures.

A- BiP S*/K* in BL21-CodonPlus (DE3)-RIL cells

B-BiP S*/K* in Rosetta 2 (DE3) pLysS cells

C-BiP S*/K" in BL21-CodonPlus (DE3)-RIL cells

D-BiP S*/K" in Rosetta 2 (DE3) pLysS cells

E-BiP S/K* in BL21-CodonPlus (DE3)-RIL cells

F-BiP S/K* in Rosetta 2 (DE3) pLysS cells

G-BiP S7/K"in BL21-CodonPlus (DE3)-RIL cells

H-BiP S/K"in Rosetta 2 (DE3) pLysS cells

L- Page rule prestained molecular weight ladder,

US- Uninduced supernatant, numbers 26, 30 and 37- indicate incubation temperatures in °C, samples
were collected from supernatants performed in duplicates.
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Figure 3.5: SDS-PAGE gels and western blots analyses of
full-length human BiP and variants purifications using
BL21-CodonPlus (DE3)-RIL cells.

The purification of BiP S*/K*, STK*, S/K* and S/K" are shown in panel A, B, C, and
D, respectively. Gels were stained with Coomassie Brilliant Blue R-250 for 1 h at
room temperature and destained. L- Ladder, UP- uninduced pellet, US- uninduced
supernatant, IP-Induced pellet, IS-Induced supernatant, FT-flow through nickel
column, W1-Wash buffer having protein, P- purified protein of purified BiP protein
variants (loading: 5 pg and 2.5 pg of purified BiP for Coomassie Brilliant Blue
staining and western blotting, respectively). Panel E shows western blots of BiP
variants as indicated on the right. The yellow box indicates purified protein. Primary
antibody: Anti BiP (Abcam-ab32618) 1: 5000 (incubated overnight at 4°C). Blocking:
5% milk in PBST for 1 h at room temperature. Secondary antibody: Peroxidase-
conjugated affinity Pure Donkey Anti-rabbit (Jackson labs 111-035-144) 1:10000
(Incubation: 1 hour at room temperature).
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In the following, we demonstrate the feasibility of producing, from 500 mi
cultures of E. coli BL21-CodonPlus (DE3)-RIL cells, 5-8 mg of full-length
huBiP and its variants, at a concentration of 10-20 ug/pl. Batch quality was
confirmed using SDS-PAGE. Coomassie Brilliant Blue-staining of gels showed
that the size of the purified proteins was larger than 70 kDa, as expected (Figure
3.6B). The SDS PAGE also showed that the purified proteins were highly pure
and had minimal contaminants or degradation. The estimated molecular weights
of the proteins, derived from the cDNA sequences, were as follows; S*/K*, 73.4
kDa; S*/K", 72.9 kDa; S/K", 71.7 kDa; S/K", 71.2 kDa. Thus the maximal
difference between variants is about 2 kDa, an amount that is not detectable

using SDS PAGE in a protein of this size.

To confirm the oligomeric state of the recombinant proteins, samples were
separated on native PAGE gels. All variants were found to exist as monomers,
dimers and higher oligomer forms (Figure 3.6C). For all variants, about 5% of
the native protein was oligomeric, while between 20 and 30% was dimeric, and
60 to 70% monomeric protein. We also used the non-denaturing PAGE to study
the effect of divalent cations and nucleotides on oligomerisation. In the presence
of ATP alone or in combination with divalent cations, dimers were converted
into monomers, whereas cations or ADP alone, or in combination, did not have
an effect on oligomerisation (Figure 3.7) shows a representative experiment
using BiP S/K".
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Figure 3.6: Expression, structure, and oligomerisation of full-length huBiP and
variants.

(A) Schematic illustration of recombinant human full-length BiP and its variants. Signal sequence
(orange; S), nucleotide-binding domain (blue; NBD), substrate-binding domain (violet; SBD), KDEL
sequence (green; K) [1, 23]. (B) SDS-PAGE of purified recombinant full-length huBiP and variant
BiP proteins. Proteins were expressed in BL21-CodonPlus (DE3)-RIL cells and purified using metal
chelate chromatography as described in the Methods part. A 10 % SDS polyacrylamide gel was used
to separate the denatured protein. The Coomassie Brilliant Blue-stained gel is presented. On each lane
of the SDS gel, 15 pg of either purified full-length BiP or variant proteins were loaded as indicated.
(C) Native PAGE gel of purified full-length BiP and variants. 15 ug of purified full-length BiP and
variant proteins were loaded on each lane of a 6 % polyacrylamide gel and native PAGE was
performed using Tris-Glycine as running buffer. After the electrophoresis, the gel was stained with
Coomassie Brilliant Blue.
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Figure 3.7: Effect of nucleotides and cations on BIP
oligomerization status.

A. BiP S7/K" (20 pug) in the presence of 2 mM of Mg?* or Mn?* or 1. mM of ATP or
ADP and a combination of cations and nucleotides as indicated was incubated at
25°C for 10 minutes B. BiP S7/K™ (20 pg) in the presence of 50uM of Mg?* or 25
Mm Mn?* or 1 mM of ATP or ADP and a combination of cations and nucleotides as
indicated was incubated at 25°C for 10 minutes and were loaded on a Bis-Tris 6%
gel and native PAGE was performed using Tris-Glycine as running buffer. After
electrophoresis, the gel was then stained with Coomassie Brilliant Blue.

3.5.3 Highest ATPase activity is associated with S* BiP variants

The impact of the presence or absence of the signal sequence and/or KDEL on
the ATPase activity of huBiP variants was tested using triplicate samples of
independently purified protein batches. BiP that retained the signal sequences
(BiP ST/K* and S*/K") had significantly higher ATPase activity than BiP S/K*
and S/K" without the signal sequence (Figure 3.8). BiP S*/K" lacking the KDEL
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ER retention sequence also showed a trend towards a lower ATPase activity
than full-length (S*/K*) BiP, but the difference was not found to be significant
(Figure 3.8). These findings suggest that all recombinant proteins were
produced and purified as functional proteins and that the signal sequence

modulates ATPase activity.
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Figure 3.8: Biochemical characterisation of recombinant full-length
BiP and variant proteins thereof

ATPase activity of recombinant full-length huBiP and three variant proteins was
measured. ATPase activity assays were performed in a final volume of 160 pl containing
10 pg of protein with 30 mM HEPES-KOH, pH 7.8, 150 mM NaCl, 20 uM ATP, and 2
mM Mg?*. The proteins with the signal sequence had the highest activity compared to the
other variants with no signal sequence. An unpaired Student T-test was performed and
significant differences were observed between full-length huBiP and variant S/K
(P=0.01), as well as between variants S/K* and S/K" (P=0.03). Specific enzyme activity
and respective standard deviation (SD) values were calculated using data from three
individual batches for each recombinant protein variant.

3.5.4 Low concentrations of divalent cations efficiently stimulate the
ATPase activity of BiP

Initial experiments characterising the ATPase activity of huBiP variants
were performed in the presence of millimolar concentrations of Mg?*, as
previously published (Kassenbrock and Kelly, 1989). While Mg?* is
considered the preferred divalent cation for stimulating BiP ATPase
activity, the role of Mg?* as co-factor may be substituted by Mn?".

Therefore, we compared the effects of Magnesium and Manganese cations
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on the ATPase activity of S*/K™ and S/K™ BiP over a wide range of

concentrations (0-10 mM).

Concentrations of 10 uM and 30 pM Mg?* efficiently stimulated the
ATPase activity of S*/K" and S/K" BiP (approx. 175 nmol/h/mg protein,
Figure 3.9A and 3.9B plus insets). Interestingly at these low concentrations,
the stimulation of ATPase by Mn?* was even more efficient than Mg?*,
provoking a specific enzyme activity of up to 250 nmol/h/mg of S*/K*
huBiP with Mn?*. However, at 100 uM or above, Mn?* stimulates the
ATPase activity of huBiP less efficiently than at 10 uM to 30 uM
concentrations. It is important to note that concentrations of 20-50 mM of
Mn?* were found in the normal brain whereas concentrations of 60-150 mM
of Mn?* may already represent pathological levels (Bowman and Aschner,
2014). Increasing the Mn?* concentration reduced the stimulatory effect of
the divalent cation even further, such that at 10 mM, Mn?* stimulation of
BiP ATPase was no longer detected (Figures 3.9A and 3.9B). In contrast,
Mg?* stimulated the ATPase in a very wide range from 10 uM to 10 mM
concentrations and did not have any inhibitory effect (Figures 3.9A and
3.9B). Interestingly the concentration of free Mg?* was determined to be 0.8
to 1.2 mM in the ER (Romani, 2011). It is important to note that the huBiP
ATPase did not show a clear maximal activity in this wide concentration
range of Mg?*, and the difference between the ATPase activity at 100 uM,
when compared to that measured at 10 mM, was only 15% (Figures 3.9A
and 3.9B). Both Mg?* and Mn?* cations stimulated the ATPase activity of
BiP with optimal concentrations of approximately 50 uM and 25 uM,
respectively. Calcium did not have any stimulatory effect on the ATPase
activity of BiP S*/K* (Figures 3.9C).
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Figure 3.9: Effects of divalent cations on the ATPase activity of BiP
S+/K+ and S-/K-.

To test the influence of divalent cations on the BiP ATPase activity increasing amounts of
MgCl,, MnCl; and CaCl, were added to the reaction mixture containing 20 uM ATP and 10
g protein. ATPase assays were carried out in triplicate in a range from 0 to 10 mM of cations
and representative results (mean of the values and standard deviation (SD)) of such analyses
are presented. MgCl, and MnCl, stimulated the ATPase activity of BiP with optimal
concentrations of 100 and 25 puM, respectively. At higher concentrations of > 1 mM MgCl,
still stimulated ATPase activity but to a slightly lesser extent, whereas MnCl, at
concentration 1 mM failed to stimulate BiP ATPase activity and even inhibited it slightly. In
contrast, Calcium did not stimulate or inhibit the ATPase activity of BiP S*/K*. (A) BiP S*/K*
ATPase activity in the presence of Mg?* and Mn?* using a logarithmic scale for the cation
presentation. The small inset shows ATPase activity of BiP S*/K* at lower concentrations (0-
100 uM) of Mg?* and Mn?* presenting the cation concentrations as a linear scale. (B) BiP S°
/K- ATPase activity in the presence of Mg?* and Mn?* with a logarithmic scale for the cations
being used. The inset is the close-up view of BiP S/K~ ATPase activity at lower
concentrations (0-100 uM) of Mg?* and Mn?* using a linear scale presentation of cation
concentrations. (C) BiP S*/K* ATPase activity in the presence of Ca?*.
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3.5.5 Preferential interaction of BiP variants with ADP rather than ATP
Physical interactions of proteins with their ligands, cofactors, and substrates can
stabilize interacting protein domains and thus cause an increase in the melting
temperature of proteins. In keeping with the methods of others (Niesen et al.,
2007), DSF was used to analyse the melting temperature of all BiP variants in
the presence or absence of nucleotides. In the absence of ADP or ATP, the
melting temperatures of the BiP variants tested here ranged from 45.1 to 45.8°C
(Figure 3.10A). Thermal denaturation profiles demonstrated the unfolding of
the N-terminal (peak 1) and C-terminal (peak 2) of these proteins (Figure 3.10B)
similar to previously published results (Lamb et al., 2006). The N-terminal
denaturing temperatures were as follows: S*/K*: 46.6°C, S*/K": 46.8°C, S/K":
46.8°C and S/K": 46.6°C, while C-terminal denaturing temperatures were:
S*/K*: 62.8°C, S*/K™: 62.2°C, S/K*: 63°C and S/K"; 62.4°C.
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Figure 3.10: Biophysical characterisation of recombinant full-length
huBIiP and variant proteins thereof.

(A) Thermal stability analyses of recombinant full-length huBiP and three variant proteins
thereof were performed using DSF. The reaction mixtures contained 1 pM protein in 30 mM
HEPES-KOH, pH 7.8, 150 mM NacCl, and 1x Sypro orange. The melting temperatures of the
full length and variant proteins are in the range of 45.1 - 45.8°C. The calculated Tr, (e.g. the
maximum of the first derivative of the raw data), is shown as a mean of triplicate experiments
of three individual batches for each protein variants with respective standard deviation error
bars. An unpaired Student T-test was performed and a significant difference was observed
between S*/K* and S/K™ (P = 0.006). (B) Thermal denaturation profile of recombinant full-
length huBIiP and variants with omitted N- or C-terminal amino acids. The first peak (46.6°C
for S*/K*, 46.8°C for S*/K", 46.8°C for S/K*, and 46.6°C for S/K") indicates the unfolding of
the N terminus of these proteins whereas the second peak (62.75°C for S*/K*, 62.2°C for S*/K
, 63°C for S/K*, and 62.4°C for S/K") represents the unfolding of the C-terminal domain of
these proteins [8]. The thermal denaturation profiles of full-length huBiP and variant proteins
suggest that the N- and C termini of these proteins are properly folded. Representative melting
curves with calculated T are shown as a mean of three individual batches for each protein
variant. Their low values of standard deviations of the melting temperatures suggest a very
good reproducibility of the experiments (data not shown).

DSF was then used to study the binding affinity of ADP or ATP for BiP
variants, in the absence of cations (Figure 3.11, summarized in Table 3.1).
The Kq of ATP of all variants was as follows: S*/K*, 766 uM; S/K", 352 uM;
S*/K", 610 uM; S/K*, 945 uM (Figures 3.11A to 3.11D, Table 3.1). ADP
values were lower i.e., SY/K*, 138 uM; S7/K", 107 uM; S*/K", 188 uM; S/K",
98 uM. These findings indicate that in the absence of divalent cations, BiP
variants have a higher binding affinity for ADP than for ATP.
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Figure 3.11: Nucleotide-binding of huBiP variants.

In DSF experiments presented here of 1 uM protein was incubated in 30 mM HEPES-KOH,
pH 7.8, 150 mM NacCl, and 1x Sypro orange. The melting curve of the samples was measured
from 25°C to 95°C with 1°C increments increase in temperature. (A) The interaction of BiP
S*/K* and BiP S*/K- with ATP were measured in the absence of divalent cations. The
denaturation profiles of the proteins were studied in the presence of increasing amounts of
ATP (0-40 mM). (B) The interaction of BiP S*/K* and BiP S*/K"~ with ADP were determined
without divalent cations. Denaturation profiles of the proteins were studied in the presence of
increasing amounts of ADP (0-10 mM). (C) The interaction of BiP S/K™ and BiP S/K* with
ATP were measured with no divalent cations present. The denaturation profiles of the proteins
were studied in the presence of increasing amounts of ATP (0-40 mM). (D) The interaction of
huBiP S/K-and huBiP S/K* with ADP was determined without divalent cations. Denaturation
profiles of the proteins were studied in the presence of increasing amounts of ADP (0-10 mM).
In each diagram, the melting temperatures of the proteins as indicated (y-axis linear scale)
dependent on the nucleotide concentrations (x-axis in logarithmic scale) are presented. The Ky
values were calculated using Graph pad prism software under the assumption of a simple
cooperative model.

3.5.6 Divalent cations modulate nucleotide-binding properties of BiP

The optimisation of the ATPase assay conditions showed a strict dependence
on the presence of Mg?* and Mn?* divalent cations, whereas Ca?* did not support
ATPase activity (Figure 3.9A-C). To determine the effect of divalent cations on
nucleotide-binding in more detail, we focused on the longest (S*/K™) and
shortest (S/K") variants, as these represent the variants with the most significant

differences in their enzyme activities.
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Table 3.1: BiP Nucleotide-binding activity is modulated by the presence of
divalent cations.

BiP Nucleotide Cation Ka Standard deviation
variant  bound [pM] [eM]
None 766 157
50 uM 14 2
MgCl,
ATP | 12 )
1)
MnCl 5 M 27 3
CaCl, 2mM 30 4
SHK* None 138 16
MgCl, 50 uM 100 18
2mM 59 7
ADP 25 uM 13 2
MnCl 5 M 21 2
CaCl, 2mM 19 2
None 352 75
MaCl 50 uM 10 2
gllz
ATP 2 mM 13 3
25 uM 2 0.5
MnClL 5 M 3
S/K- CaCl, 2 mM 10 3
None 107 17
50 uM 77 9
MgCl,
ADP 2 mM 27 6
25 uM 15 2
MnClz
2mM 15 4
CaCl, 2 mM 5 0.48
SH/K- ATP None 610 233
ADP None 188 15
St ATP None 945 262
ADP None 98 11
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In the presence of divalent cations (Mg?*, Mn?*, Ca?") there was a several-fold

increase in the affinities of ATP and ADP with both variants, at low (50 uM of
Mg?*and 25 of uM Mn?*; Figures 3.12A and 3.12B; summarised in Table 3.1),
and high divalent cation concentrations (2 mM each of Mg?*, Mn?* and Ca?*,
Figures 3.12C and 3.12D, also see Table 3.1). Thus, the affinity of the two BiP

variants for both nucleotides increased 2-to-10-fold in the presence of divalent

cations (Table 3.1).
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Figure 3.12: Effect of divalent cations on BiP S+/K+ and BiP S-/K-
nucleotide-binding

In these DSF experiments, 1 uM protein was incubated in 30 mM HEPES-KOH, pH 7.8,
150 mM NacCl, and 1x Sypro orange. The melting curve of the samples was measured from
25°C to 95°C with 1°C increments increase in temperature. (A) The interaction of BiP S*/K*
in the presence of increasing amounts of ATP (0-10 mM) was studied using 50 uM Mg?*
and 25 M Mn? as indicated. (B) Interaction of BiP S*/K* with increasing concentrations
of ADP (0-10 mM) in the presence 50 UM Mg?* and 25 pM Mn?* was measured. (C) The
binding of BiP S*/K* to increasing amounts of ATP (0-10 mM) having 2 mM of divalent
cations (Mg?*, Mn?* and Ca?* as indicated) present was measured. (D) The interaction of
BiP S*/K* with increasing amounts of ADP (0-10mM) in the presence of 2 mM of divalent
cations (Mg?*, Mn?* and Ca?*) was analysed. In each diagram, the melting temperatures of
the proteins as indicated (y-axis linear scale) dependent on the nucleotide concentrations
(x-axis in logarithmic scale) are presented. The Kq values were calculated using Graph pad
prism software under the assumption of a simple cooperative model.
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In the presence of 2 mM of Mg?*, Mn?* or Ca?*, full-length BiP bound to ATP
with Kq values of 44 uM, 27 uM or 30 puM, respectively, whereas BiP S/K" had
at same divalent cation concentrations, Kq values of 13 pM, 5uM and 10 pM,
respectively, suggesting that under these conditions, S/K™ BiP has a greater
affinity than S*/K* BiP for ATP. The interaction of the two BiP variants with
ADP was similarly influenced by divalent cations. S*/K* BiP binds to ADP at
concentrations of 2 mM of Mg?*, Mn?* or Ca?* with Kq values of 59 uM, 21
MM, and 19 pM, respectively whereas ADP interacts with BiP S/K" in the
presence of the same divalent cations with Kq values of 27 puM, 15 pM, and 5
MM, respectively. Interestingly, these data revealed that under the same cation
conditions, full-length BiP had lower affinity for ATP and ADP than S/K" BiP.
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Figure 3.13: BiP ATPase activities in the presence of low concentrations of
divalent cations.

ATPase activity of huBiP was measured in the presence of MgCl; (50 uM) and MnCl; (25 uM).
Samples were prepared with a reaction volume of 160 pl containing 10 pg of protein, 30 mM
HEPES-KOH, pH 7.8, 150 mM NaCl, either 50 uM MgCl; or 25 uM MnClI; and increasing
concentrations of ATP (0 to 3 mM). Experiments were repeated twice in each case but only one
representative set of experiments is presented. (A) BiP S*/K* ATPase activity in the presence
of 50 pM Mg?* and 25 uM Mn?*. (B) BiP S/K- ATPase activity in the presence of 50 pM of
Mg?* and 25 pM of Mn?*. The Kn and Vmax Values were calculated using the Michaelis-Menten
equation and Graph pad prism software.

In summary, these studies demonstrate that for both BiP variants tested, the ratio
of Kg¢ (ATP)/Kqg (ADP) is larger than 1 in the presence of Ca?* (ratio: 1.6 — 2),
whereas the ratio of Kq (ATP)/Kq (ADP) is smaller than 1 with Mg?* (ratio: 0.23
— 0.37). These findings suggest that in the presence of Ca?*, BiP binds with
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higher affinity to ADP than to ATP, while in the presence of Mg?*, BiP shows
stronger binding to ATP than to ADP. This could explain at least in part why
Ca?* does not support BiP’s ATPase activity since in the presence of Ca®* it is
difficult for ATP to replace enzyme-bound ADP after hydrolysis, to allow its
reloading in the following ATPase reaction. In contrast, the higher affinity of
BiP for ATP than for ADP in the presence of Mg?* would suggest that with this
divalent cation, ATP can easily replace enzyme-bound ADP. The situation for
Mn?* is less clear and the ratio is about one for full-length BiP and BiP S7/K"
(ratio: 1.3 and 0.86) suggesting that ATP might be able to replace enzyme-
bound ADP in the presence of Mn?* and that it would happen more easily than
in the presence of Ca?*. From these nucleotide-binding data, a ranking of the
divalent cations for stimulating BiP enzyme activity would be Mg?* > Mn?* >

Ca?*, with the latter being most likely unable to support BiP ATPase activity.

3.5.7 Kinetic analysis of ATPase activity of BiP

We next addressed the question of whether or not the kinetics of ATPase activity
was significantly different when S*/K* and S/K" BiP variants were compared.
We were particularly interested in ATPase activities occurring at sub-millimolar
concentrations of Mn?*, as these represent normal physiological levels found
within the human brain. Specifically, a concentration of 20.0-52.8 mM is
recommended for the in vitro modelling of normal brain Mn?*, while
concentrations of 60.1-158.4 mM of Mn?* can be considered to represent
threshold pathological levels (Bowman and Aschner, 2014). Based on these
findings and on our Mg?* and Mn?*-dependent ATPase activity data (Figure
3.9), we used 50 uM of Mg?* and 25 pM of Mn?* for kinetic profiling. In the
presence of either cation, the ATPase reaction showed a hyperbolic function for
both BIiP variants (Figure 3.13). The Vmax values of both BiP variants with both
divalent cations were similar (see Table 3.2). However, in the presence of 50
UM Mg?*, S*/K* BiP had approximately a 20% higher Vmax than S7K™ BiP under
these conditions, whereas the three other Vmax values were very consistent and
they varied less than 5% from each other (Table 3.2).

In contrast, the Km values differed by a factor of up to 3.7 (Figure 3.13 and
Table 3.2). S*/K* BiP had a Kwm value of 18 uM in the presence of 50 uM of
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Mg?*, which was the lowest of all K values measured. Interestingly, this Km
is very similar to the Kq value of 14 uM for ATP suggesting that in the presence
of 50 uM of Mg?*, the binding of ATP to full-length BiP is the major
contributing factor for its ATPase activity (compare respective data in Table 3.1
and Table 3.2). In the presence of 25 uM Mn?*, the Km of 38 uM of full-length
BiP is twice as high as the Km value with 50 uM of Mg?*. Interestingly, the Km
of full-length BiP is also three times higher than the Kq of 12 uM for ATP under
the same Mn?* conditions (compare respective data in Table 3.1 and Table 3.2),
revealing the possibility of another mechanism being the rate-limiting step in
the ATPase reaction under this condition. For example, the formation of the
transition complex, or the possibility that a secondary nucleotide-binding site

may modulate the ATPase reaction.

Table 3.2: Kinetic analysis of BiP ATPase activity.

. Standard Standard
Protein Dlvqlent K deviation Vimax deviation
cation [uM] ) [nmol/h/mg] )
MgCl,
50 UM 18 9.9 371 14
ST MnCI
2
25 UM 38 4.2 311 18
MgCl,
50 M 61 21 293 21
SIK MnCl
2
25 UM 66 9.9 307 18

For the S/K variant, at 50 pM of Mg?* and 25 pM Mn?*, the Kwu values of 61
UM and 66 pM, respectively, are very similar, but both are higher (about 2 to 3
times) than the values found for full-length BiP, suggesting that the shorter BiP
variant needs higher ATP concentrations than full-length BiP to reach Vmax.
Interestingly, the difference between the measured Kwm values for BiP S/K™ and
the apparent Kq values for ATP, are 6-fold and 33-fold higher in the presence of
50 uM Mg?* or 25 uM Mn?*, respectively. This suggests that in contrast to full-

length BiP in the presence of Mg?*, additional steps, especially in the case of
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BiP S/K with 25 pM Mn?*, are controlling the ATPase activity of the shortest
variant. On the other hand, in the presence of 25 uM Mn?*, the determined Vmax
(307 nmol/h/mg) of BiP S/K" is comparable to the Vmax (293 nmol/h/mg) of
full-length BiP, indicating that at high ATP concentrations, ATP hydrolysis is
no longer influenced by this apparent inhibitory mechanism, which usually

would be regarded as a competitive inhibition.

A BiP S*/K* + ATP/ADP + Mg or Mn?*
Substrate

NBD Linker SBD NBD Linker SBD

B BiP S/K- + ATP/ADP + Mg?" (Mn?*)
Substrate

ih"" %ADP

ATP
—— a9
Me2" Me2* trate
NBD Linker SBD NBD Linker SBD

Figure 3.14: Model illustrating BiP-ATP- and BiP-ADP-bound
conformation.

(A) Full-length BiP tends to be in open conformation in the ATP-bound state (indicated by the
thick blue arrow) in the presence of metal ions (Me?*), enabling easy exchange of ATP. (B)
BiP S/Ktends to be in a closed conformation in the ADP-bound state in the presence of Ca®*
and the binding of ADP is tighter.
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3.6 Discussion:

BiP is an ER-resident chaperone with several intra- and extracellular functions.
The intracellular functions of BiP include calcium-binding, folding of unfolded
protein, supporting transport of proteins into the ER, trafficking of misfolded
proteins for degradation and regulating the unfolded protein response, whereas
in its extracellular activities, it interacts with the immune cells and has anti-
inflammatory properties in the context of Rheumatic Arthritis (Carvalho et al.,
2014; Henderson and Martin, 2014; Wang et al., 2017). All or most of these
functions require BiP-ATP or BiP-ADP interactions (Carvalho et al., 2014;
Wang et al., 2017). Nucleotide-binding of BiP causes a conformational change
of the protein and assists in its binding to newly-synthesised peptides to catalyse
their proper folding. To study the basic functions of huBiP we expressed four
variants, including the full-length protein and those lacking the signal peptide,
the KDEL ER retention sequence, or both. The purified recombinant proteins
show the correct size, varying slightly, depending on the presence or absence of
signal/KDEL peptides. Here, it is important to note that the presence of six
histidines has no effect on the biochemical properties of BiP, as previously
reported (Wei and Hendershot, 1995). Native BiP exits as a monomer, dimer
and in higher oligomeric forms (Ciplys et al., 2014; Preissler et al., 2015). All
these forms were also determined for the full-length recombinant BiP and its
variants studied here as shown by the native PAGE, which, with the DSF data,
suggests that these recombinant proteins are properly folded. These higher
oligomeric forms may act as a reservoir and can be instantly converted into
active monomeric forms upon demand (Preissler et al., 2015). Binding of ATP
can also convert BiP dimers to monomers (Carlino et al., 1992; Toledo et al.,
1993). Full-length huBiP and the shortest version were tested using native gels
for their oligomerisation in response to nucleotides and divalent cations and
were shown to behave similarly in the presence of ATP alone or in the presence
of ATP plus divalent cations and accumulation of monomeric BiP was found
reproducing the previous finding. In contrast, the addition of ADP to
recombinant BiP did not increase the appearance of monomeric forms in these
preparations and the presence of divalent cations had no influence on the protein

oligomerisation state.
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Previous reports showed that ATPase activity and nucleotide-binding properties
are conserved functions of heat shock proteins (Gauts and Hendershotsqv,
1993) and that divalent cations such as Mg?*, Mn?* and Ca®" impact on the
ATPase activity of non-human BiP (Kassenbrock and Kelly, 1989; Wang et al.,
2017; Wei and Hendershot, 1995). To further characterise the purified
recombinant huBIiP variants, we investigated their melting temperatures
including the melting temperature shift in the presence of nucleotides using DSF
and their ATPase activities. We determined that all variants had a similar
melting temperature and that the melting curves of all four variants were similar
to those previously described for non-human S/K* BiP (Lamb et al., 2006). For
the later, it has been reported that the thermal denaturing temperatures or
melting temperatures of the N-terminal and the C-terminal were 46.2°C and
67°C, respectively. Both melting temperatures are comparable to those of the
different huBiP variants reported here. It is important to note that unfolding of
the N-terminal ATP-binding domain happens first followed by the unfolding of
the C-terminal substrate-binding domains as previously described (Lamb et al.,
2006).

BiP has a low Mg?*-dependent ATPase activity (Flynn et al., 1989;
Kassenbrock and Kelly, 1989). Various reports have described the influence of
specific divalent cations on the functions of BiP and especially their impact on
its ATPase activity (Kassenbrock and Kelly, 1989; Wei and Hendershot, 1995).
Therefore, we decided to study the effect of cations on the ATPase activity of
huBiP variants, focusing on full-length (S*/K*) BiP and the S/K" variant.
Interestingly, in our assays, both Magnesium and Manganese ions very
efficiently and to a comparable extent stimulated the ATPase activity of full-
length BiP and the S/K" variant, at micromolar concentrations. In contrast, Ca®*
did not support the ATPase activity of full-length huBiP, which is in agreement
with the results previously described for mammalian BiP (Lamb et al., 2006;
Wei and Hendershot, 1995). This lack of stimulation in the presence of Calcium
could be due to the inhibition of nucleotide exchange e.g., a higher affinity of
BiP to ADP than to ATP in the presence of Ca?*, which is consistent with our
data and those previously described (Kassenbrock and Kelly, 1989; Lamb et al.,
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2006; Wei and Hendershot, 1995). The efficiency of Mg?* and Mn?* to stimulate
huBiP ATPase at low micromolar divalent ion concentrations was surprising,
since previously the optimal Mg?* concentration for mammalian BiP was
described as 1 mM and it was reported that Mn?* is significantly less efficient
than Mg?* at stimulating ATPase activity (Kassenbrock and Kelly, 1989; Wei
and Hendershot, 1995). Perhaps previous studies missed the stimulation if sub-
millimolar concentrations of cations were not examined closely (Kassenbrock
and Kelly, 1989; Wei and Hendershot, 1995). However, it is important to note
that the range of efficient stimulation of huBiP ATPase activity by Mn?* mirrors
the physiological concentrations found in the human brain. The concentration
of Mg?* in the ER has been described to be higher than that of Mn?* and is in
the range of 10 mM but only a fraction of this Mg?* is available as a free cation
(Romani, 2011). Although the concentration of free Mg?* in the ER has not yet
been determined it is thought to be similar as that in the cytoplasm and other
cellular compartments where submillimolar concentrations of free Mg?* were
measured (Romani, 2011). It is important to note that the potential for either
cation to influence BiP ATPase activity in vivo must depend on the particular

tissue and cellular context (Bowman and Aschner, 2014).

Consistent with previous reports, DSF showed a two-phase melting-point
profile of huBiP with the early melting point most likely being due to the
melting of the N-terminal nucleotide-binding domain of hamster BiP (Lamb et
al., 2006), which is consistent with the finding that divalent cations as well as
ATP and ADP binding, stabilise this domain. Therefore, we also used DSF to
study BiP-ligand interactions and to measure the dissociation constants (Kgq) of
all the variants of BiP for ATP and ADP including the effect of cations (Mg?*,
Mn?* and Ca?*) on the nucleotide-binding, as previously described (Niesen et
al., 2007). In the absence of divalent cations, the Kq values of all the variants for
ADP are lower than Kq for ATP, indicating that ADP has a higher binding
affinity than ATP under these conditions. The addition of divalent cations Mg?*,
Mn?* and Ca?* reduced the Kq values of huBiP for both ATP and ADP by up to
80%, confirming that cations act as cofactors in the binding of BiP variants to
these nucleotides (Lamb et al., 2006). However, the Kq values of BiP for ATP
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and ADP appear to vary significantly, depending on the source of the protein
and the methods used to determine the binding of BiP and other heat shock
proteins to these nucleotides (Schmid et al., 1985). Heat shock cognate protein
71kDa (HSC70) prepared from the bovine brain or expressed in bacteria was
reported to have Kq values for ADP or ATP ranging from 10 to 10 (Schmid
et al., 1985). The values for huBiP variants, determined here, fall within that
range. Importantly we report here for the first time, the influence of the
concentration of divalent cations on the binding affinity of the BiP-nucleotide

interactions.

A detailed analysis showed that at low concentrations of divalent cation (50 uM
Mg?*), the Kgq value of S*/K* and S/K" for ADP is at least seven times higher
than the Kq of SY/K™ and S/K™ for ATP, meaning that the affinity of these
proteins for ATP is much greater than for ADP and that in the presence of Mg?*,
the exchange of ADP happens easily. In contrast, the presence of Manganese
even at a low concentration results in ADP being tightly bound to huBiP,
hindering its ATPase activity at least to some extent. However, as previously
reported for higher cation concentrations, the affinity of BiP for ATP is still
higher than it is for ADP, such that an exchange of ADP to ATP should still
happen. Thus, the lower efficiency of huBiP activity at low ATP concentrations
in the presence of Mn?* (meaning higher Kwm), can be explained by the affinities
of huBiP for ATP or ADP, at least in part. However, the higher Km of S7TK
cannot be explained simply by the binding model. Losing these two peptides
may result in a conformational hindrance or a kinetic problem affecting the
exchange between the two stages, i.e., the ATP- and the ADP-bound forms, or
it may cause a conformational change that affects the hydrolysis of ATP, since
the binding of ATP is not the limiting factor for the reaction of S/K" variant of
huBiP (see model in Figure 3.14). The stimulation of the ATPase activity could
be caused by the signal sequence acting as an intramolecular D-type domain, or
it may even act as a substrate and that this activity is enhanced by the C-terminal
KDEL sequence. It is worth remembering that classically, BiP binds to
polypeptides and is involved in their translocation into the ER. BiP interacts
with the J-domain of the Sec63p, a component of the Sec complex that plays a
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vital role in the translocation of polypeptides across the ER membrane
(Misselwitz et al., 1999). BiP in the ADP-bound confirmation blocks the
translocon and prevents protein translocation and Ca?* leakage, whereas the
ATP-bound state opens the translocon and assists in translocation (Alder et al.,
2005). BiP has more preference for aliphatic amino acids Alanine, Valine,
Leucine, and Proline. Leucine is the most preferred amino acid for binding to
BiP (Flynn et al., 1991b). Due to the presence of six leucines in the signal
sequence of BiP and the hydrophobic nature of the signal sequence itself, there
exists a possibility of intermolecular or intramolecular binding via the signal
sequence, perhaps leading to an enhanced ATPase activity of huBiP variants

that retain the signal sequence.

Furthermore, when considering the enzyme reaction, the affinities of each
flavour of huBiP for ATP and ADP is very important. The ATP-bound state has
a weak affinity for substrates (peptides) and the ADP-bound state has a higher
affinity for substrates, locking the peptides in the substrate-binding domain for
folding (see model proposed in Figure 3.14). In the presence of Mg?*, S*/K* and
S/K- both prefer to be in the ATP-bound conformation while under Ca?*
conditions, S7/K" and S*/K* both favour the ADP-bound state due to their higher
affinity for ADP than for ATP. For Mn?* the situation is less obvious, but it may
depend on its concentration i.e., low (micromolar) and physiological, or high

(millimolar) possibly pathological.

At concentrations, 50 pM of Mg?* the Kq value of S*/K* for ATP is similar to
the Kwm value obtained suggesting that ATP and ADP can freely exchange at the
BiP nucleotide-binding site. The binding of ATP to S*/K* does not hinder the
enzyme activity. In contrast, at low concentration, 25 uM, of Mn?* the K4 value
of S*/K* for ATP is lower compared to the K value obtained, revealing that
ATP is tightly bound but that the hydrolysis of ATP to ADP might be slower.
The increased Kwm value suggests that the enzyme needs a higher concentration
of nucleotide (ATP) to reach the same Vmax. At low divalent cation
concentration, 50 pM of Mg?* and 25 pM of Mn?*, the K4 values of S7/K for
ATP are lower compared to the Km values obtained suggesting that ATP is
tightly bound but that the hydrolysis of ATP to ADP is slow. This is also
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consistent with ATPase assay data suggesting these variants without the signal
sequence and KDEL are less active i.e., they need more nucleotide (ATP) to
reach the same Vmax. The enzyme activity might be hindered by the tight binding
of ATP to S/K" or kinetic hindrance of the formation of the ATP-containing
transition complex or its changes towards an ADP-bound complex including the
hydrolysis of ATP and the formation of ADP (see Figure 3.14).

The ATPase activity depends on the pH and the charge of the nucleotide-
binding domain of BiP. To study the kinetical parameters of huBiP ATPase
enzyme assays in the presence of increasing ATP concentration were performed
and Km and Vmax values were determined. Interestingly the specific enzyme
activity and Vmax values of ~300 nmol/h/mg for huBiP S/K’in comparison to
the literature are very similar although different setups and choices of buffers
were used. Wei and Hendershot measured the ATPase activity of recombinant
hamster BiP purified from bacteria and reported a Vmax of 5.2 pmol of ATP
hydrolysed/min/ug (312 nmol/h/mg) whereas 4.7 pmol of ATP
hydrolysed/min/ug (282 nmol/h/mg) was described for BiP purified from
canine pancreas (Kassenbrock and Kelly, 1989), which are comparable to each
other. In contrast, the Km values for these purified enzymes seems to vary more,
since published values of Ky = 1.48 £ 0.1 uM (purified recombinant haBiP
(Wei and Hendershot, 1995), Km = 0.1 uM (BIP purified from canine pancreas
(Kassenbrock and Kelly, 1989)), and Km of 0.4 puM for ATP (recombinant
murine BiP (Blond-Elguindi et al., 1993) have been previously reported
whereas we found Kwv of 18 to 66 uM depending on the Mg?* and Mn?*
concentrations. The difference in these value could depend on the assays such
as radioactive and non-radioactive assay system as well as the buffer conditions
used but also that here, low uM concentrations of divalent cations and not mM

concentrations of Mg?*were present in the assays

3.7 Conclusion:

We have purified recombinant human BiP variants from E. coli and these
variants behave similarly to previously analysed BiP in terms of size, melting
temperatures and conformation. Consistent with previous reports, divalent
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cations influence the binding of nucleotides and ATPase activity of purified

huBiP variants and they showed similar Vmax values to previously published

studies. Interestingly, we found very efficient functional interactions of BiP

with Mn®" at low physiological concentration. However, these differed in some

enzyme parameters such as Kd for nucleotides and Km values. All variants bind

ADP more tightly than ATP. Interestingly, the presence of the signal sequence
significantly influences the enzyme characteristics of huBiP. Most of this work
is already published (Bandla et al., 2019)(see Appendix 2.1).
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Chapter 4 : Effect of exogenous BIP

on spinal cord myelinating cultures
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4.1 Introduction

Binding immunoglobulin protein/glucose-regulated protein (BiP/GRP78) is a
chaperone protein that functions within a subcellular organelle called the
endoplasmic reticulum (ER). Under certain disease conditions, for example in
chronic neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s
disease and multiple sclerosis (MS), BiP may end up being secreted out of the
cell, leading to its detection in body fluids. The Fitzgerald group has shown that
ER stress-associated transcription factor ATF6 and downstream targets GRP94,
GRP78 and PDI are significantly up-regulated during developmental
myelination (Naughton et al., 2015). BiP is required for the survival of
oligodendrocytes under inflammatory conditions (Hussien et al., 2015). Due to
the significant upregulation of BiP during the production of myelin in the brain
we speculated that BiP could be a ‘super-therapeutic’, or that it could act as an
adjunct therapy, enhancing the effect of reparative compounds. Raised levels of
BiP could positively impact remyelination by, for example, increasing the
efficiency of the chaperoning of myelin proteins. Myelinating spinal cord
cultures were used for testing whether the exogenous addition of recombinant
BiP could accelerate or enhance myelin production by oligodendrocytes in vitro.
The in-house-generated and characterised BiP S-/K- was utilised for these
experiments as this variant was used by the Corrigall’s group (Corrigall et al.,
2004, 2001) for addressing the anti-inflammatory role of BiP when exogenously

added to cultured dendritic cells.

4.2 Hypothesis

BiP intake by brain cells present in cultured spinal cord explants could increase

the number of myelinated axons when compared to non-BiP-treated controls.

4.3 Aims

To determine the therapeutic potential or detrimental effects of BiP in in- vitro

models of myelination
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4.4 Specific aim

To determine if the exogenous recombinant BiP is taken up by different cell
cultures.

To study the effect of exogenous BiP on myelination in spinal cord myelinating

cultures.

4.5 Summary of methodology

4.5.1 Endotoxin quantification

A large batch (20 L) of recombinant BiP S/K™ protein was made endotoxin-
free using endotoxin removal high-capacity kits (PUR030, Biorad) (for using in
in-vitro experiments) according to manufacturer’s instructions. The endotoxin
levels were quantified using a competitive endotoxin quantification ELISA
(OKEH02559, Aviva biological systems) according to manufacturer’s
instructions (see chapter 2). Additionally, we performed ELISA for chemokines
as described in section (2.2.16). These experiments were carried in association
with Dr Sean Mc Carthy and Dr Daniel O Toole, REMEDI, National University

of Ireland, Galway.

4.5.2 Quantification of the effect of BiP S/K" on spinal cord explant-based
models of myelination in-vitro

A spinal cord explant model of myelination in-vitro was used to measure the
effect of exogenous addition of BiP S/K" on the ability of oligodendrocytes to
myelinate. Since this work was being done for the first time, cultures were
exposed to varying doses of BiP, to establish a suitable concentration of BiP to
use for further treatments. A dose of 20 pg/ml BiP was selected for further
experiments. The cultures were treated every other day with BiP S/K™ from DIV
18-28. Fixation and staining protocols were performed as described in Linder
and Linington, (2014) to quantify the following features: axon density,
myelination, number of microglia; number of cells of the oligodendrocyte
lineage; number of astrocytes. Images were captured with an Olympus BX51

microscope (Olympus, Germany) and analysed using CellProfiler software. A
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minimum of thirty images/parameter were analysed from three independent
explant cultures for each of three biological replicates (n = 3) from at least three

biological replicates per BiP concentration.

4.5.3 Uptake of labelled BiP S/K- protein by cell cultures

BiP S/K" was labelled with AnaTag™ 5 - FITC Protein Labelling Kit in order
to confirm the ability of in-house-produced BiP to be taken up by cultured cells.
Fluorescently labelled BiP S/K" was added to both B104 neuroblastoma cell
line and spinal cord myelinating cultures cells fixed at various time-points

before visualisation using a fluorescent and confocal microscope.

4.6 Results

4.6.1 Endotoxin quantification

The endotoxin quantities were found to be minimum in the recombinant BiP
sample. The endotoxin quantification ELISA was performed thrice. However,
we were able to generate values for endotoxin levels in only one experiment and
this was found to be less than 0.00002 EU/ug protein (see Figure 4.1). When
the experiment was repeated with different variants of BiP the endotoxins were
below the detectable levels (see Table 4.1). As a competitive ELISA was being
used for this experiment, it is worth noting that the higher the absorbance
readings, the lower the amount of endotoxin that was present. Moreover, we
attempted to study the cytokine IL-8 release from BEAS2B cells upon exposure
to BiP. BEAS2B cells respond to LPS and secrete I1L-8. The quantity of IL-8
secreted is 5-fold less than the 10 pg/ml LPS treated sample (see Figure
4.2). The possibility that BiP is responsible for the secretion of IL-8 should not

be ignored.
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Figure 4.1: Quantification of endotoxin levels in BiP S/K* before and after
purification with high capacity endotoxin removal Kits.

A dose of 50 pg/ml of BiP was used to measure the amount of endotoxin present. A
competitive endotoxin quantification ELISA was used to measure the levels of endotoxins.
Data presented are the mean + SD, n=1.

115



Table 4.1: Absorbance values of endotoxin quantification ELISA.

Standards | EU/mL 0.00001 0.015625 0.03125 0.0625 0.125 0.25 0.5 1
A 0.43719 0.33382 0.271598 | 0.170636 0.113753 0.071442 0.046182 | 0.034513
B 0.403776 | 0.332391 | 0.240676 | 0.186796 0.113303 0.070615 0.04793 | 0.03608
Samples Endotoxin-free
S*IK* S*IK S/K* STK STK STK Buffer
ABS 1.545851 | 1.609156 | 1.649367 | 1.623972 1.688935 1.708398 1.744104
1567326 | 1.665418 | 1.705626 | 1.651781 1.746378 1.739082 1.943663
Standards | EU/mL | 0 0.00001 0.03125 0.0625 0.125 0.25 0.5 1
A 0.455562 0.401783 | 0.162793 | 0.115241 0.074382 0.051379 0.033672 | 0.02812
B 0.616 0.352638 | 0.169254 | 0.093218 0.068729 0.051499 0.037308 | 0.029524
Samples Endotoxin- | FITC labelled-
free Endotoxin free
SYK* SHK S/K* SIK STK STK
ABS 0.584315 | 0.706526 0.71384 0.758628 0.802779 0.474862
0.794298 | 0.702776 | 0.696333 | 0.581165 0.718386 0.466509
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Figure 4.2: Exogenous rBiP-induced upregulation of IL-8 in
BEA2SB cells.

BEAS-2B cells were cultured for 48 h. An initial seeding density of 100,000/ml was used.
After 48 h, the cells were exposed to LPS or labelled and unlabelled BiP for 24 h. These cells
proliferate and produce IL-8 in response to LPS (J. Verspohl and Podlogar, 2012).
Quantification of I1L-8 was carried out using ELISA Kits (R and D Systems, DY 208, Duoset,
R and D systems. Wiesbaden, Germany. Data presented are the mean £ SD, n=1.

4.6.2 Dose-dependent uptake of fluorescently labelled BiP S/K" by B104
neuroblastoma cell line

BiP S/K" was fluorescently labelled as described in section 2.3.1. FITC-labelled
BiP S/K" was taken up by cells in a dose-dependent manner. Doses of 1, 5, 10,
20, 30, 40 pg/ml were added to the cells and incubated for 24 hours. Preliminary
observation indicated that the number of FITC-positive cells was directly
proportional to the dose added. The lower doses such as 1 and 5 pg/ml had no
FITC-positive cells or fewer numbers of FITC-positive cells when compared to
higher doses (Figure 4.3 and Figure 4.4).
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Figure 4.3: Dose-dependent uptake of FITC-labelled BiP by B104 cells.

B104 cultures were incubated with FITC-labelled BiP for 24 h at 37°C. Fixed cultures
were stained with DAPI and Rhodamine phalloidin (RP). Images were captured using a
20x objective on a confocal microscope. A, B: untreated control, C, D, E, F, G, H: 1 ug,

5 g, 10 pg, 20 pg, 30 pg, 40 pg FITC-labelled BiP, respectively. Scale bar=50 uM.
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Figure 4.4: B104 cells treated with 40 ug FITC-labelled BiP.

Samples were incubated with FITC-labelled BiP for 24 h at 37°C. B104 cultures were
stained with DAPI and Rhodamine phalloidin (RP). Images captured using a confocal
microscope. A: 40X magnification, scale bar=50 um and B: 60X magnification, scale bar=50
pm.

4.6.3 Time-dependent uptake of labelled BiP S/K- by B104 cells
Additionally, the cells were fixed at different time points such as 3 h, 8 h, and
24 h to study the time-course of uptake. BiP S/K" at a dose of 90 ug/ml was
taken up by the cells as early as 30 min. There was a significant increase in the
FITC positive cells at 3h (p<0.01), 8h (p<0.001) and 24 h (p<0.001) compared
to 0 h time point. (Figure: 4.5 and 4.6).

The dose-dependent effect of unlabelled BiP was studied only using spinal cord
myelinating cultures. As mentioned earlier, doses higher than 40 pg/ml of
unlabelled BiP were toxic to these cultures. Therefore, a dose of 40 pug/ml of
labelled BiP was added to study the uptake by spinal cord myelinating cultures.
On the other hand, B104 cultures survived a dose of 90 pug/ml of labelled BiP.
B104 cells were less sensitive to higher doses of labelled BiP compared to spinal

cord myelinating cultures.

Initial dose-dependent uptake experiment of labelled BiP was carried out in a
volume of 300 ul in 8 well chamber slide. Doses ranging from 20-40 ug had
prominent FITC positive cells. When the experimental setup was modified to

Petri dishes the dose of labelled BiP was increased to 90 pug/ml.
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Figure 4.5: Time-dependent uptake of FITC-labelled BiP by B104 cells.

A dose of 90 ng/ml of FITC-labelled BiP was added to B104 cells. The uptake was noticed
in a time-dependent manner. The maximum number of cells with FITC-labelled BiP were
noticed at 8 h and 24 h. Images were taken at 20 X magnification using an Olympus BX15
microscope. Cultures were stained with Texas Red Phalloidin (TRP) and DAPI. Scale bar=
50 pum.

120



xk%k

60- *%%
12
5 *%
Sz "
+U > 40- .
5
o A
- © ]
5= A [ ]
o T 204 —
C o (L A
o = %%, A A
>
<
O'M T T T
S > > S
2) ) Q>
Time (h)

Figure 4.6: BIP-FITC-positive cells peak 24 h post-treatment.

A dose of 90 pg/ml of FITC-labelled BiP was added to B104 cells. The uptake was noticed in
a time dependent manner. The maximum number of cells with FITC-labelled BiP were noticed
at 24 h. Data presented are the mean + SD, n=3, ***p< 0.001, (one-way Anova with Dunnett’s
Multiple comparison test).

4.6.4 Dose-dependent effect of labelled BiP S-/K- on myelinating cultures

Uptake of fluorescently labelled BiP S-/K- by myelinating cultures and
microglia (Ibal), neural precursors (nestin) To study the cell-specific uptake of
FITC-labelled BiP S-/K-, labelled BiP S-/K- was added to myelinating cultures
and incubated for 3 h, 24 h, and 48 h. Later the cells were stained with antibodies
specific for astrocytes (GFAP), neurons (MAP2), oligodendrocytes (Olig2).
We noticed a time-dependent increase in the number of FITC positive cells
(Figure 4.7) but we did not notice any cell type-specific uptake. High
magnification images of double-positive cells for MAP2/FITC were provided
in (Figure 4.8). We also attempted to stain these cultures with Ibal, Nestin, and

sox2 on other occasions, but no cell-type-specific uptake was noticed.
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Control

Figure 4.7: Time-dependent uptake of FITC-labelled BiP by spinal cord
myelinating cultures.

FITC-labelled BiP (40 pg/ml) was added to the spinal cord myelinating cultures and
incubated for 3h, 24h, and 48 h. A-D: Cultures were stained with Olig2, FITC-labelled BiP
and DAPI. E-H: Cultures were stained with MAP2, FITC labelled BiP and DAPI. I-L:
Cultures were stained with GFAP, FITC-labelled BiP and DAPI. Images were captured
using Olympus BX15 microscope, Scale bar=50 um, n=1.
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Figure 4.8: FITC-labelled BiP taken up by neurons.

FITC labelled BiP (40 pug/ml) was added to the spinal cord myelinating cultures and
incubated for 8h. Images were taken at 60 X magnification using the confocal
microscope. A, B: Cultures were stained with MAP2, FITC-labelled BiP and DAPI,
Scale bar=25 pym.

4.6.5 Dose-dependent effect of BiP S/K- on myelinating cultures

Myelinating cultures were treated with BiP S/K" at a range of doses, between
10-80 pg/ml for 10 days. Controls were left untreated. BiP S/K" at doses higher
than 40 pg /ml was toxic (Figure 4.9), and there was a trend towards a reduction
in overall cell numbers, which is absent in doses up to and including 40 pg/ml
(refer to 2.3.8) for details on quantification. A dose of 20 pug/ml of BiP S/K

was used for subsequent experiments.
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Figure 4.9: Dose-dependent effect of BiP on myelinating cultures.

The cultures DIV 18-28 were treated with different doses of BiP and controls were
untreated. The cultures were fixed and stained with antibodies against axons (SMI31),
MOG (Z2), nuclei (DAPI), Olig2 and PLP. DAPI positive nuclei, percentage of
myelination, axon density, and olig2 positive cells were calculated using Cell Profiler
software. PLP positive cells were counted manually. BiP induced cell death at
concentrations higher than 40 pg/ml. Data presented are the mean + SD, n=2, ***p<
0.001, (one-way ANOVA with Dunnett’s multiple comparison test).
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4.6.6 Increased microglial numbers in BiP-treated spinal cord myelinating
culture

The cultures were treated with 20 pg/ml of BiP S/K" on alternative days for 10
days, from DIV 18-28 and the following parameters were quantified: axon
density, myelination, microglia, and oligodendrocyte lineage cells. A significant
increase (p <0.001) in the microglia number (48.55 £ 14.90 in control cultures,
versus, 123.1 £ 17.41 in BiP S/K" -treated cultures, Figure 4.10 and 4.11). BiP
S/K" did not have any detectable effect on the other cell populations at this dose.
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Figure 4.10: Number of microglia increased in BiP-treated
myelinating cultures.

BiP did not have an effect on myelin, axonal density, Olig2-positive cells and AA3
(PLP)-positive cells. However, there was a significant increase in the microglia (Ibal
and ED1-positive cells) when compared to controls. Untreated and BiP 20 pug/ml treated
cultures (A, B) stained with SMI31/Z2; (C, D) stained with DAPI/Ibal/ED1; (E, F)
stained with DAPI/AA3/Olig2. Top row the images were taken at 10x magnification
(Scale bar indicates 100 um) and middle and the bottom row the images were taken at
20x magnification (Scale bar indicates 50 pum).
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Figure 4.11: The effect of 20 pg/ml of BiP on microglia in
myelinating cultures.

The cultures DIV 18-28 were treated with 20 pg/ml of BiP on alternative days during the
treatment. The cultures were fixed and stained with antibodies against axons (SMI31), MOG
(Z2), microglia (IBA1), activated microglia (ED1), Olig2 (oligodendrocyte lineage marker),
PLP (proteolipid protein) and nuclei (DAPI). DAPI-positive nuclei, % myelination, % axons,
olig2-positive cells, %GFAP, %MAP2 were calculated using Cell Profiler software. IBA1-
positive, ED1-positive, and PLP-positive were counted manually. A, B. BiP did not have any
significant effect on axonal density and myelination. C, D. BiP significantly increased
microglial cell numbers positive for IBA1 and ED1. E, F. BiP did not have any significant
effect on Olig-2 positive cells and PLP positive cells. G. BiP did not have any significant effect
on overall cell number. Data is presented as mean + SD (n =3). ***p< 0.001, (unpaired t-test).

Considering the lower values of endotoxin from the ELISA experiment, we
decided to use the following doses of LPS in myelinating cultures (1 EU/ml=
0.1 ng/ml or 100 pg/ml, 0.1 EU/mI=10 pg/ml, 0.01 EU/mI=1 pg/ml, 0.001
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EU/mI= 0.1 pg/ml). Since the BiP preparation had already been tested for the
presence of endotoxins, an experiment was performed using known levels of
endotoxins using lipopolysaccharides (0.1, 1, 10, 100 pg/ml) to compare the
sensitivity of microglia in myelinating cultures to known amounts of
endotoxin. Interestingly, even the cultures treated with 100 pg/ml of
endotoxin had fewer microglia compared to BiP S/K™ 20 upg/ml treated
cultures (Figure: 4.12). When compared to the controls, BiP S/K" -treated
cultures remarkably had a significantly higher number of microglia (DIV 28
Controls, 49.77 + 9.930, DIV 28, BiP S/K", 119.5 £ 6.950, p < 0.01) than
endotoxin treated groups. The morphology of the microglia of BiP S/K
treated cultures appeared to be activated compared to endotoxin treated

cultures (Figure: 4.13).
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Control

Figure 4.12: LPS-treated myelinating cultures had less microglia
compared to BiP-treated cultures.

Spinal cord myelinating cultures were treated with varying doses of LPS ranging from (0.1
pg/ml to 100 pg/ml) or BiP 20 pg/ml. The cultures were fixed after 10 days of treatment and
stained for microglia with Ibal and ED1. BiP-treated cultures had a significant increase in the
number of microglia compared to the LPS treated group. Images were taken at 20x
magnification (Scale bar = 50 um).
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Figure 4.13: LPS treated myelinating cultures had less microglia comparec
to BiP treated cultures.

Spinal cord myelinating cultures were treated with varying doses of LPS ranging from (0.1 pg/m

to 100 pg/ml) or BiP 20 pg/ml. The cultures were fixed after 10 days of treatment and stained fo
microglia with IBA1 and ED1. LPD 10pg/ml had a slight increase in the microglia numbe
(*p<0.005). BIP treated cultures had a significant increase in the number of microglia comparec
to LPS treated groups (***p<0.001). n=1, (one-way ANOVA with Dunnett’s multiple comparisot
test).

4.7 Discussion

FITC labelled BiP S/K" is uptaken by both B104 neuroblastoma cells and spinal
cord myelinating cultures.

Eukaryotic cells uptake macromolecules and particles using endocytosis,
leading to the formation of endocytic vesicles (Cooper, 2000). Endocytosis is
classified into phagocytosis and pinocytosis based on the molecular
mechanisms and the size of the endocytic vesicles. Vesicles with a diameter
greater than 250 nm are referred to as phagocytic vesicles and vesicles with a
diameter less than 150 nm are referred to as pinocytic vesicles. Pinocytosis is
classified into clathrin-mediated endocytosis, caveolae-mediated endocytosis
and micropinocytosis (Schmid, 2003). In the above-mentioned mechanisms,
the endosomes act as the sorting stations for the internalised materials. The
sorted materials are later transported to the cell organelles such as endoplasmic

reticulum, Golgi complex, mitochondria, nuclei, and lysosomes.
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The literature available on the exogenous addition of BiP to cell culture was
limited. FITC-labelled BiP S7/K" was used here to study BiP uptake by the B104
neuroblastoma cell line (Schubert et al., 1974) and spinal cord myelinating
cultures (Thomson et al., 2008). The dose-response and time-course studies
were carried out using the B104 cell line only. Uptake of the labelled BiP S/K"
followed a dose-dependent and the time-dependent pattern. When labelled BiP
S/K" was added to B104 cells, a few FITC positive cells were noticed as early
as 3 h and the number doubled at 8 h and further doubled at 24 h, respectively.
The localisation of FITC-BiP S/K™ was around the nucleus, consistent with the
endoplasmic reticulum. However, further investigation is required by dual
labelling FITC and markers specific for endoplasmic reticulum, such as PDI or
Calnexin. In a study conducted using microglia purified from mixed glial
cultures made from the cerebral hemispheres of newborn Wistar rats, BiP
increases the IL-6 and TNF alpha secretion from microglia. When microglial
cells were treated with AP (1-42) in the presence of 64 nM of BiP the
phagocytosis of Ap (1-42) by the microglia increased. In the same study, when
microglia were incubated with BiP, the extracellular BiP was thought to have
translocated to the endoplasmic reticulum of the microglia as confirmed by the
immunofluorescent staining, but this study failed to differentiate the
intracellular BiP and exogenously added BiP (Kakimura et al., 2001). It could
be possible that BiP might have interacted with one of the receptor partners on
the cell surface thereby enhancing the expression of BiP within the ER. Please
(refer to section 1.4.4) that describes the cell surface ligands and receptors that
interact with BiP. In a study conducted using the RAW264.7 macrophage and
THP-1 cell lines (human leukaemia monocytic cell line) (Chanput et al., 2014),
tumour-secreted BiP was uptaken by the cells and the maximum uptake was
noticed at 30 min (La et al., 2018). RAW264.7 macrophage cells were incubated
with 40 nM FITC labelled BiP up to 6 h. Instead of being on the plasma
membrane and mediating signals BiP enters macrophages through endocytosis,
phagocytosis, and micropinocytosis. (La et al., 2018). Tumour-secreted BiP was

taken up by cells via the Ajuba receptor in macrophages (La et al., 2018).
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Having noticed the cellular uptake of FITC labelled BiP S/K" by B104 cells, we
took advantage of the mixed population of the spinal cord myelinating cultures
to determine if there could be preferential uptake of BiP in mixed cell cultures.
Antibodies specific for astrocytes, microglia, oligodendrocytes, and neurons
were used, however, uptake by a single specific cell type was not observed. The
results suggest that the amount and time taken for uptake depend on the

concentration and cell type.

Yurinskaya et al studied the uptake and uptake kinetics of labelled recombinant
human HSP70 by different cells lines, THP-1 (human monocyte cell line), RAW
264.7, and human neuroblastoma cell line SK-N-SH. The difference in uptake
of HSP70’s by different cell lines is relative to the expression of toll-like
receptors on the cell surface. SK-N-SH cell had a slow, gradual uptake as they
do not have TLR on the cell surface and while THP-1 (human monocyte cell
line) and RAW 264.7, that express TLR, had a faster uptake. The proteins were
degraded instantly after uptake via the ubiquitin-proteasome system. The
involvement of proteasomes was confirmed by the use of MG 132 a potent
proteasome inhibitor. The inhibition of proteasome decreased the degradation
of HSP70 in the cells. The uptake and the degradation of HSP70 are cell-specific
(Yurinskaya et al., 2015). In the absence of TLR, the slow uptake of HSP70’s
by SK-N-SH could be due to simple diffusion. Along with TLRs, the adhesion
receptors such as CD11-b and scavenging receptors also participate in the
uptake of HSP70’s (CALDERWOOD et al., 2007; Srivastava et al., 2000). In
rat neuroblastoma B104 cell line, phospholipase D is involved in the uptake of
synthetic prion peptide (PrP)106-126 (Brandenburg et al., 2009). Use of another
labelled protein such as bovine serum albumin could be interesting to use as a
control to investigate whether it is trafficked to the same location as BiP. In the
spinal cord myelination cultures and in B104 neuroblastoma cultures the
possible mechanism of BiP uptake could be due to interaction with surface

receptors or endocytosis.
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Exogenous addition of unlabelled BiP S/K" to spinal cord myelinating cultures
causes moderate activation of microglia

From the published literature it is known that BiP is required for the survival of
oligodendrocytes under inflammatory conditions and it is upregulated during
developmental myelination (Hussien et al., 2015; Naughton et al., 2015). To test
the hypothesis that BiP enhances myelination in-vitro, BiP was added to spinal
cord myelinating cultures. Prior to cell culture experiments, BiP produced from
E. coli was passed through high capacity endotoxin removal columns to remove
endotoxins. The amount of endotoxin present in the recombinant proteins after
endotoxin removal was quantified using endotoxin quantification ELISA and as

explained before the quantities of the endotoxins were very low.

BiP doses higher than 40 pg/ml were found to be toxic to these cultures and a
dose of 20 pug/ml BiP S/Kdid not have any effect on myelination, although a
2.5-fold increase in microglia was observed. As we did not perform the heat
inactivation experiments, we could not differentiate whether the effect caused
was due to recombinant BiP itself or due to the low levels of contaminating

endotoxins.

BiP has been reported to induce microglial activation, enhance the release of
IL-6 and TNF-a by microglia and also enhance the phagocytosis of AP (1-42)
by microglia (Kakimura et al., 2001). Kitamura et al conducted a similar study
where the exogenous addition of BiP caused activation of microglia and
enhanced the cytokine production (Kitamura et al., 2002). In the study
conducted by Kitamura et al, both BiP and endotoxin were heat-inactivated and
exogenously added to cells (Kitamura et al., 2002). The cytokine production
was not decreased in the heat-inactivated LPS cultures, whereas heat-
inactivated BiP cultures produced reduced amounts of cytokines such as IL-6
and TNF-a. Therefore, microglial activation by BiP cannot be attributed to
endotoxin alone (Kitamura et al., 2002). This supports our observation that the
LPS treated cultures had reduced numbers of microglia compared to BiP treated
cultures. Taken together, all the results, there is a trend towards reduced

numbers of cells, axons, and myelin overall, which is absent in doses up to and
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including 40 pg/ml. More experiments need to be done to draw any conclusions.
We should perform heat inactivation experiments in the future, as endotoxins
are heat stable and proteins are heat sensitive. Using a denatured protein control
aids in differentiating the effects caused by protein and endotoxins. Based on
the exisiting literature we assume that the increase in the number of microglia
could be due to BiP itself.

4.8 Conclusion

B104 cells and cell types such as astrocytes, microglia and neurons uptake FITC
labelled BiP S/K. The uptake could be via endocytosis dependent,
phagocytosis, and micropinocytosis-mediated endocytosis pathways. BiP at a
dose of 20 pg/ml did not have an effect on myelination or oligodendrocytes but
increased the number of microglia. Alternative E. coli strains (LPS-free
derivatives of E. coli K-12 and BL21 (DE3) strains) that produce only
endotoxin precursor lipid 4., which does not cause an endotoxic response in
humans (Mamat et al., 2015) could be used to fix any problems caused by
endotoxin. Due to time constraints, heat inactivation experiments were not
performed and should be considered while using recombinant proteins prepared
from E. coli to differentiate the effects caused between endotoxins and the
protein itself. BiP failed to answer the preliminary research question in terms of
myelination, we utilised BIX (chemical inducer of BiP) for the later part of the
project to induce the expression of BiP in the cells rather than exogenous
addition of recombinant BiP and to study the effect on myelination.

134



Chapter 5: Effect of BIP chemical
Inducer-BIX on in-vitro and ex-vivo

models of myelination
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5.1 Introduction

The details of BiP chemical inducer X (BIX, 1-(3, 4-dihydroxyphenyl) -2-
thiocyanate-ethanone) were provided in the (section 1.4.7). BIX preferentially
induces the expression of endoplasmic reticulum (ER) chaperone B cell-
immunoglobulin-binding protein (BiP) through the activated transcription
factor 6 (ATF6) arm of the unfolded protein response (UPR) (Kudo et al., 2008).
BiP has also been shown to be significantly upregulated during normal
myelination (Naughton et al., 2015) and its presence enhances the survival of
myelinating oligodendrocytes in an EAE model of inflammatory demyelination
(Hussien et al., 2015). Therefore, we sought to determine if myelination could
be enhanced via the induction of the expression of BiP using BIX in two in-
vitro models of myelination.

Spinal cord myelinating cultures were first used to study the effect of BIX
on myelination. These mixed glial cell cultures partially replicate the CNS,
enabling different types of CNS cells to interact with each other (see sections
1.5.1 for a more detailed description). These cultures produce myelin with a
thickness that is consistent with that seen in-vivo, as shown by G ratio (axonal
diameter to total myelinated fibre diameter) (Thomson et al., 2008, 2006). At
33 DIV the G ratio of myelinated axons was 0.81+0.07 (mean + SEM)
(Thomson et al., 2006). To support the myelinating cultures, a neurosphere-
derived astrocyte monolayer was first produced, and it acts a scaffold on which
axonal development and myelination occur. The dense fibres form bridging
networks between the adjacent ‘nodes’ and these dense sheets of myelinated
fibres facilitate synapse formation and the development of electrical activity,
which further promotes and supports myelination (Bijland et al., 2019;
Demerens et al., 1996; Stassart et al., 2018; Thomson et al., 2006). The murine
spinal myelinating cultures were also used to study the glial- axonal interactions
(loannidou et al., 2012). Myelinating cultures were used to screen compounds
such as a glycomolecules for CNS repair (McCanney et al., 2019) and study the
role of stem cells (Lindsay et al., 2016, 2013).
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Next, we exploited organotypic slice cultures, which offer an alternative
experimental platform that preserves the 3D structural architecture of brain
tissue (see section 1.5.2 for a more detailed description). These ex-vivo cultures
have been established using different regions of the CNS, including the
cerebellum, hippocampus, spinal cord, cortex and striatum (Gahwiler et al.,
1997; Humpel, 2015a, 2015b; Lossi et al., 2009; Zhang et al., 2011). The age of
the postnatal donors is vital for the survival of the tissue ex-vivo. Postnatal day
8-10 has been found to be an ideal period for setting up brain slice cultures on
inserts, as tissue from most regions can survive for several months (Marksteiner
and Humpel, 2008). The organotypic slices have been used successfully for the
study of oligodendrocyte fate, proliferation and myelination (Healy et al., 2016;
Llufriu-Dabén et al., 2019; Sekizar and Williams, 2019; Sherafat et al., 2018).
Cerebellar tissue is a popular choice within the MS field, due to its prominent
white matter tracts. When used in combination with chemicals such as
lysophosphatidylcholine (Birgbauer et al., 2004) or immune myelin antibodies
plus complement protein, (di Penta et al., 2013; Harrer et al., 2009),
myelination, demyelination and remyelination can be examined in detail.
(Zhang et al., 2011). For example, cerebellar slices were used for screening of
drugs such as Fingolimod, progesterone, 5-methyl-7-methoxyisoflavone,
edaravone, losartan and lovastatin for increased myelination (Eleuteri et al.,
2017; Ghoumari et al., 2003; Huang et al., 2011; Miron et al., 2010). We used
pl0 rat cerebellar slice cultures to determine if data obtained using 2D
myelinating cultures could be replicated in the more complex 3D system. The
following sections summarise the methodology and results obtained.

5.1.1 Cerebellum

Vertebrate cerebella are located at the rostral roof of the fourth ventricle. The
cerebellum has a consistent laminar organisation throughout, which includes the
granular layer, Purkinje cell layer, and the molecular layer. The granular layer
(GL) is the layer where mossy fibre afferents meet the Golgi cells and the
granular cells and GL is internal to the Purkinje cell layer. The Purkinje cell

layer (PCL) comprises the somata of the Purkinje cells and lies between the
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granular layer and the molecular layer. The molecular layer (ML) is exterior to
the PCL and consists of interneurons, Purkinje cells dendritic arbors, and
parallel fibres. Internal to the molecular layer is the white matter layer (WML),
which conveys the Purkinje fibres to the cerebellar nuclei (Voogd and
Glickstein, 1998) (Figure 5.1).

Four main types of neurons form the building blocks of the cerebellar cortex,
including granule cells (GCs), Purkinje cells (PCs), the Golgi cells and the
stellate or basket cells, the latter two are inhibitory in nature. The extra-
cerebellar afferents received by the cortex are the climbing fibres, mossy fibres
and the mono-aminergic and cholinergic afferents (Voogd and Glickstein,
1998).
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Figure 5.1: Enlarged view of single cerebellum folding.

The Purkinje layer lies between the molecular and granular layer. The axons in the white
matter travel into and out of the folia. The afferents of the cerebellum are the mossy fibres and
the climbing fibres. Granule cells axons divide into parallel fibres in the molecular layer and
interact with the mossy fibre dendrites. Climbing fibres directly reach the Purkinje fibre and
interact with the Purkinje dendrites. (Source: Sravanthi Bandla)

5.1.2 Glial Cells

Glial cells include astrocytes, oligodendrocytes and microglia. Similar to
neurons some of the glial cells develop from the stem cells of the germinal
matrix. Upon migrating to their designated locations they acquire a mature
phenotype and physiological function. Glial cells are capable of proliferating
after migrating to their final destinations (Molofsky and Deneen, 2015). Each
of them has a specific function but also influences each other. Astrocytes
participate in brain defence, creating the brain environment and architecture,
regulating the development of neural cells, maintaining extracellular ion
homeostasis, synaptic stability, supplying energy substrates, processing
information and also offering functional connection with the surrounding
circulation(Buffo et al., 2013)(De Zeeuw and Hoogland, 2015).
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Oligodendrocytes are the major myelin-forming cells in the CNS. Some
oligodendrocytes such as satellite oligodendrocytes present in the grey matter
do not produce myelin. Oligodendrocytes also support the axon integrity apart
from producing myelin. Astrocytes secrete promyelinating factors such as
CNTF (ciliary neurotrophic factor) that promote myelination (Nash et al., 2011).
Astrocytes, oligodendrocytes and neurons participate in myelination Microglia
are the innate phagocytic cells which not only involves in cleaning the cellular
debris but also participate in pruning synapses in the postnatal brain. Microglia
also participate in the defence against pathogenic factors (Kettenmann et al.,
2016). Microglia interact with neuronal and non-neuronal elements both
structurally and functionally. Some of these interactions include phagocytosis
of synaptic structures during postnatal development, alteration of the
perisynaptic environment and phagocytosis of newly born neurons during adult
neurogenesis. The neuronal plasticity and functions are influenced by these
interactions. Microglia play vital role in pathological conditions as well as in
healthy brain(Paolicelli et al.,2011)(Tremblay and Majewska, 2011)(Wake et
al., 2009).

5.1.3 RNA sequencing

Next-generation sequencing of multiple RNA sequences also called RNA-seq
or whole transcriptome shotgun sequencing gives information of the whole
transcriptome. RNA-seq provides an advantage for identifying and quantifying
the expression of genes at the same time (Conesa et al., 2016). It has several
applications such as differential gene expression, pathway analysis, alternative
splicing, co-expression network and data pre-processing (Han et al., 2015).
Various studies have successfully applied pathway analysis to large-scale
genetic datasets for Rheumatic arthritis, type-2 diabetes, Parkinson’s disease
and schizophrenia (Elbers et al., 2009; Giacomelli and Covani, 2010; Lesnick
etal., 2007; Luo et al., 2010).

Identifying shared pathways between diseases is also a new area of interest, for
example, rheumatic arthritis and systemic lupus erythematous (Lee et al., 2012),
schizophrenia and type 2 diabetes (Liu et al., 2013). Initially, RNA sequencing

generated differential gene expression data from bulk tissue covering a range of
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organisms such as Zea mays (Emrich et al., 2007), Arabidopsis thaliana (Lister
et al.,, 2008), Saccharomyces cerevisae (Nagalakshmi et al., 2008), Mus
musculus (Mortazavi et al., 2008) and Homosapiens (Marioni et al., 2008).
Sequencing of RNA molecules was originally developed by Sanger in the 1960s
(Brownlee et al., 1967), since then it was used universally for several
applications in molecular biology (Emrich et al., 2007; Lister et al., 2008). One
of the most common applications of RNA-seq is differential gene expression
and it has not changed much since its initial development. The standard
workflow includes RNA extraction, removal of ribosomal RNA, cDNA
synthesis, adapter-ligated sequencing library preparation. Between 10 and 30
million reads per sample depth is frequently used for sequencing the library on
a high throughput platform such as Illumina. Alignment of sequences to a
transcriptome, quantifying the reads that match the transcripts, normalising and
filtering between samples and statistically modelling differentially expressed
genes within the sample or between samples are the common steps followed in
analysing RNA-seq data. To date, there are different methods derived from the
RNA-seq protocol and most of them are based on Illumina short-read RNA-seq.
The most common workflow is depicted in (Figure 5.2). Imperfections and
biases can be introduced at several points during the sample preparation and
computational analysis. This may limit the capacity of the RNA-seq

experiments to answer biological questions (Djebali et al., 2012).

o0 0 0 0 ¢

Experimental Sequencing Quality Read Differential Pathway
design control alignments  gene Analysis
expression

Figure 5.2: RNA sequencing workflow.

To summarise RNA isolated from the cells is converted into a library of cDNA fragments.
Sequence adapters are added to each cDNA fragment. The short fragments are sequenced
using high-throughput screening. Quality control was performed for RNA sequences. The
sequenced reads are mapped to a reference genome. Followed by quantifying differential
gene expression and pathway analysis.
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5.2 Aims

1. To determine if BIX is therapeutic or toxic in in-vitro models of
myelination.
2. To confirm whether the selective toxicity of BIX towards myelin,

microglia, and oligodendrocytes observed in the spinal cord explant model is

reproducible in an ex-vivo model of myelination.

5.3 Hypotheses

We hypothesis that BIX induces the expression of BiP, thereby enhancing

myelination in in-vitro models of myelination

5.4 Summary of methodology

5.4.1 Myelinating spinal cord cultures

Myelinating spinal cord cultures were generated as described in Thomson et al.,
(2008). The cultures were treated every other day with BIX or DMSO (vehicle
control) at DIV18-28, or between DIV 28-38, based on the specific objectives
of the experiments. Fixation and staining protocols were performed as described
by Linder and Linington (2014), to quantify the following parameters: axonal
density, myelination, microglia, cells of the oligodendrocyte lineage and
astrocytes. Images were captured with an Olympus BX15 microscope and
analysed using Ocular, CellProfiler software, (http://www.cellprofiler.org/) and

ImageJ. A minimum of thirty images/parameter were analysed from three
independent cultures for each biological replicate and from at least three
biological replicates per condition (n > 3) (unless otherwise specified). For more
details please refer to Sections (2.3.6, 2.3.7, 2.3.8)

5.4.2 Ex-vivo Myelinating cerebellar slice cultures

As described in section 2.4.2, cerebella were isolated from the brains of P10
Sprague Dawley rats and two or three slices of the sagittally-sectioned tissue
were cultured per Millipore culture insert. The cultures were maintained at
37°C, 5 % CO2 in culture media. Treatment with BIX was started on DIV-7 and
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was continued on alternate days. The slice cultures were fixed on DIV12 or at
other specified time-points with 10% formalin for 2 h, followed by 3X5 min
washes with 1X PBS. The staining protocol was described in Section 2.4.3.
Slices were imaged as indicated in section 2.4.4. To quantify tissue changes,
four random images per slice were taken from 5-6 slices per condition, from
three biological replicates per condition (n=3). The slices had an approx.
diameter of 0.5 cm. The edges were avoided while capturing images to avoid
the edge effect. The images include both grey matter and white matter.
Oligodendrocyte lineage cells, microglia, and astrocytes were quantified in
these cultures. We were not successful in staining and quantifying myelin in
these cultures.

5.4.3 RNA sequencing and Bioinformatics

RNA samples were prepared from 5 pg/ml BIX-treated samples and 1 pl/ml
DMSO-treated samples at 24 h time-point. RNA samples were analysed by
Glasgow polyomics and the FASTQ files were sent to Siobhan Cleary,
Bioinformatics group, National University of Galway, Ireland. Siobhan Cleary
performed the quality analysis and differential gene expression analysis of the
FASTQ files and Prof. Christopher Linington, University of Glasgow
performed the pathway analysis using the Reactome Pathway Browser. The
details were described in 2.3.11. In short, the FASTQ files provided by Glasgow
Polyomics were analysed using the following software:

1. Prior to the alignment, the quality of the sequences within the FASTQs for

readl and read2 for each sample was analysed using FASTQC.

2. Alignment Statistics output was analysed using Hisat2 Aligner (Kim et al.,
2015).

3. Qualimap was used to assess the quality of the alignment files (Okonechnikov
etal., 2015).

4. Picard Mark Duplicates was used to analyse the read duplication rates
(http://broadinstitute.github.io/picard/).
5. Feature Counts R package was used to assess the rRNA contamination (Liao

etal., 2013).
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6. MultiQC tool was used to produce a single report of the steps from 1-4.

7. Differential Gene expression analysis was carried out using the DeSeq2 R

package.

8. Pathway analysis was carried out using the Reactome pathway browser

version 3.6.

5.4.4 Statistical Analysis

Graph Pad Prism 5.0 (Graph Pad, San Diego, CA, USA) was used to analyse
the data. A two-tailed unpaired t-test or one-way ANOVA with Dunnett’s
multiple comparison test or Two way ANOVA was used to determine the
statistical difference and data is presented as mean = SD. Significance was set

at P<0.05. All the experiments were carried out in triplicates unless mentioned.

5.5 Results

5.5.1 BIX treatment of spinal cord myelinating cultures

In below description of results DIV refers to the number of days in-vitro and
dayl, day 5 or day 10 refers to the number of days post-treatment with DMSO
or BIX. Myelinating cultures were treated with BIX at doses between 0.05 and
10 pg/ml and were evaluated for various parameters, as described in Section
2.3.7. Higher doses such as 10 pg/ml of BIX were toxic in general to the
cultures. A dose of 1 pug/ml of BIX or lower did not have any significant effect
on the cultures when compared to DMSO-treated controls (Figure 5.3, Figure
5.4, Figure 5.5 and Figure 5.6). Unexpectedly, in a pilot experiment, a dose of
5 pg/ml of BIX was shown to selectively inhibit myelination and selectively
decrease the number of microglia dramatically (Figure 5.3). Therefore, a dose

of 5 ug/ml of BIX was used for subsequent experiments.
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Figure 5.3: Dose-dependent reduction of microglial numbers in spinal
cord myelinating cultures.

The cultures were treated with 5 ng/ml of BIX from DIV-18 to DIV-28. Cultures were fixed
with 4% PFA on DIV-28 followed by immunofluorescent staining with Ibal and EDI.
Microglia were greatly reduced in 5 ug/ml BlX-treated cultures and higher doses. Cultures
treated with DMSO (A), 0.05 pg/ml of BIX (B), 0.1 ug/ml of BIX (C), 0.5 pg/ml of BIX (D),
1 pg/ml of BIX (E), 5 pg/ml of BIX (F), 10 pg/ml of BIX (G), scale bar=50 pm.
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Figure 5.4: Dose-dependent reduction of myelin in the spinal cord
myelinating cultures.

The cultures were treated with 5 pg/ml of BIX from DIV-18 to DIV-28. Cultures were fixed
with 4% PFA on DIV-28 followed by immunofluorescent staining with SMI31 and Z2.
Myelin was greatly reduced in 5 pg/ml BIX-treated cultures and higher doses whereas axons
were less effected. Cultures treated with DMSO (A), 0.05 pug/ml of BIX (B), 0.1 ug/ml of
BIX (C), 0.5 pg/ml of BIX (D), 1 pg/ml of BIX (E), 5 ug/ml of BIX (F), 10 pg/ml of BIX
(G), scale bar=50 pum.
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Figure 5.5: Dose-dependent reduction of oligodendrocyte lineage
cells in spinal cord myelinating cultures.

The cultures were treated with 5 pg/ml of BIX from DIV-18 to DIV-28. Cultures were
fixed with 4% PFA on DIV-28 followed by immunofluorescent staining with Olig2
and AA3 (PLP). Myelin was greatly reduced in 5 pg/ml BlX-treated cultures and
higher doses whereas axons were less effected. Cultures treated with DMSO (A), 0.05
ng/ml of BIX (B), 0.1 pg/ml of BIX (C), 0.5 pg/ml of BIX (D), 1 pg/ml of BIX (E), 5
ng/ml of BIX (F), 10 pg/ml of BIX (G), scale bar=50 pm.
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Figure 5.6: Dose-dependent effect of BIX on myelinating spinal cord
myelinating cultures.

A pilot dose-response study (0.05-10 pg/ml) revealed that BIX (5 pug/ml) is selectively
toxic with respect to myelination, microglia, oligodendrocyte-lineage cells. Data is
presented as mean £ SD (n=2). *p< 0.05, **p< 0.01, ***p< 0.001, (one-way ANOVA
with Dunnett’s Multiple Comparison).

The cultures were treated with 1ul/ml of DMSO or 5 pg/ml of BIX on alternate
days, from DIV 18 to DIV 28 and the following parameters were quantified:
axonal density, myelination, microglia, oligodendrocyte-lineage cells and
astrocytes. In the cultures treated with BIX, the axonal density was least
effected (DMSO, 64.9 £ 4.2%; BIX, 63.3 = 8.3%; p=0.5126), whereas the
myelination significantly was reduced approximately 5-fold (DMSO, 5.9 £
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3.1%; BIX, 1.0 £ 0.5 %; p < 0.001). Additionally, 90% of IBA1 micrgolia were
lost (DMSO, 49.3 + 14.3; BIX, 5.3 £ 6.1; p<0.001), and ED1" microglia were
reduced by 80% (DMSO, 11.8 + 4.4; BIX, 2.2 + 1.5; p < 0.001). Olig2™ cell
numbers decreased by 50% (DMSO, 172.2 + 23.7; BIX,93.5+ 35.4; p<0.001).
There was also a slight reduction in PLP*cells but this was not significant
(DMSO0, 40.3 £12.9; BIX, 32.8 + 13.8; p=0.2383). Additionally, the percentage
of GFAP* staining (DMSO, 55.1 + 1.3%; BIX, 52.6 £ 2.7%, p < 0.05) and the
percentage of MAP2" staining (DMSO, 45.2 + 1.9%; BIX, 42.4 + 3.4%; p =
0.0764) were not effected (Figure 5.7 and Figure 5.8). Representative images at

higher magnification are provided in Figure 5.9.
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Untreated

Figure 5.7: Representative images of BIX-treated spinal cord explant
myelinating cultures on DIV-28.

The cultures were treated with 5 pg/ml of BIX from DIV-18 to DIV-28. Cultures were fixed
with 4% PFA on DIV-28 followed by immunofluorescent staining. Myelin, Olig2-positive
cells and microglia were greatly reduced in 5 pg/ml BIX-treated cultures. Axons, astrocytes
and MAP2-positive neurons were less effected. Untreated, DMSO and 5 pg/ml of BIX-
treated cultures stained with SMI31/Z2 (A-C), Olig2/AA3 (PLP) (D-F), IBA1/ED1 (G-I),
GFAP/MAP?2 (J-M). Top and bottom rows, scale bar=100 um; middle rows, scale bar=50um.
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Figure 5.8: Selective toxicity of 5 pg/ml of BIX on myelin and microglia

in spinal cord myelinating cultures.

BIX (open circles) did not have any significant effect on axonal density when compared
to DMSO controls (solid diamonds) (A). BIX significantly reduced myelination (B),
microglial cell numbers positive for IBA1 and ED1 (C, D) and Olig2-positive cells (E).
PLP-positive cells are less effected (F). BIX did not have an effect on % GFAP and %
MAP2 (G, H). Data are presented as mean + SD (n > 3). ***p< 0.001, (unpaired t-test).
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DMSO 1 pl/ml BIX 5 ug/ml

Figure 5.9: Representative images of BIX-treated myelinating cultures
on DIV-28.

The cultures were treated with 5 ug/ml of BIX from DIV-18 to DIV-28. Cultures were
fixed with 4% PFA on DIV-28 followed by immunofluorescent staining Myelin, Olig2-
positive cells and microglia were greatly reduced in 5ug/ml BIX-treated cultures. DMSO
and 5ug/ml of BIX-treated cultures stained with SMI31/Z2 (A-B), Olig2/AA3 (PLP) (C-
D), and IBA1/ED1 (E-F). Scale bar=50um.

Initial experiments were conducted for a duration of 10 days and the cells were

fixed on day 10. Later the effect of BIX on myelination and axonal density was

152



studied at different time points such as 1 day, 5 days, and 10 days post-
treatment. This experiment was conducted only once. The effect of BIX on
myelination was noticeable as early as 5 days post-exposure to BIX (Figure 5.10
and Figure 5.11). There was no significant effect of 5 pg/ml of BIX on
myelination on day 1. Myelination only increased in DMSO- treated groups and
not in BIX-treated groups on day 5 and day 10 compared to baseline day 0
(Figure 5.10 and Figure 5.11). There was no significant effect of 5 ug/ml of BIX
on the axonal density on day 1 and day 5. A slight increase in the axonal density
was noticed on day 10 in cultures treated with 1 pl/ml of DMSO and 5 pg/ml of
BIX compared to baseline. They also have a significant difference between each
other (DMSO, 62.6 + 1.1; BIX, 67.1 + 0.3; p < 0.05). However, this effect was

not reproduced in other experiments carried out using the same conditions.
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Baseline-d0

L 3

Figure 5.10: Effect of BIX on myelin in DIV28 spinal cord myelinating
cultures.

Cultures were treated with 1 ul/ml of DMSO or 5 pg/ml of BIX on alternate days, between
DIV28 and DIV38 and later fixed and stained for SM131/Z2. Baseline (d0) conditions (A)
and following 1d of DMSO treatment (B). The degree of myelination was not found to be
different when images at 5d (C) and 10d (E) of BIX-treatment were compared. Myelin
staining increased when DMSO-treated cultures at 10d were compared to those at 5d (B,
D). Scale bar indicates 100 pm.
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Figure 5.11: Time-course of the effect of BIX on myelin in DIV18 spinal
cord explant cultures.

Cultures were treated with 1 pl/ml of DMSO (solid diamonds) or 5 pg/ml of BIX (open
circles) for 1d, 5d or 10d and later stained for SM131/Z2. (A) The axonal density significantly
increased on day 10 in both DMSO and BIX-treated cultures compared to baseline and also
significant difference was noticed between these two groups. (B) In the BIX-treated cultures,
myelin did not increase significantly compared to DMSO at the same time points. BIX
inhibited myelination and the vehicle-treated controls had a significantly higher percentage
of myelin on day 5 and day 10. Data are presented as mean + SD (n = 1). ). Two way ANOVA
was used. *p< 0.05 versus respective DMSO treatments; #p< 0.05 vs baseline 0d.

Following on from the initial experiments demonstrating that BIX inhibits
myelination, an experiment was conducted to discover if it is capable of causing
demyelination. To address this, the same 1 pl/ml of DMSO or 5 pg/ml of BIX
treatment was repeated at a later time-point for 10 days, from DIV 28 to DIV
38, as the cultures on DIV 28 are already myelinated. The outcome of these
experiments was in agreement with the previous results in terms of axonal
density, myelination, and number of microglia. That is, on DIV 33 (day 5) and
DIV 38 (day 10), there was no significant effect on the axonal density except
that axonal density decreased in DMSO group at day 10 compared to baseline
day 0. BIX did not cause demyelination but it was found to inhibit myelination,

as before (Figure 5.12).
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Figure 5.12: Effect of BIX on myelinated spinal cord explant cultures
from DIV28-38.

Cultures were treated with 1 pl/ml of DMSO or 5ug/ml of BIX from DIV28-38 and later
stained for SMI31/Z2 or IBA1/ED1. (A) DMSO on day 10 has significant low axonal density
compared to baseline. (B) In the BIX-treated cultures myelin did not increase significantly
and also BIX did not affect the pre-existing myelin compared to DMSO at the respective time
points. (C, D). BIX treatment significantly reduced IBALl-positive and EDZ1-positive
microglia at day 5 and 10 compared to baseline; BIX-treated cultures had less number of
microglia compared to DMSO-treated cultures at respective time points. Data are presented
asmean £ SD (n =2). Two way ANOVA was used. **p< 0.01, ***p< 0.001 versus respective
DMSO treatments; #p< 0.01, ##p< 0.001 vs baseline 0d.

The degree of myelination in cultures differs between different biological
preparations because of which the data from these experiments had huge error
bars. In the controls, as anticipated, myelination continued to increase, while in
the BIX-treated cultures, the amount of myelin remained the same as that seen
at day 28, indicating that BIX did not cause demyelination but stops or reduces
further myelination. Additionally, the effect of BIX on microglia was also
studied at these time points. As expected, BIX reduced more than 95% of the
microglia in the experiments conducted at a later stage (DIV 33-day 5, DMSO,
55.9+21.4;BIX, 0.68 £0.2; p<0.001) (DIV 38-day 10, DMSO, 67.57 + 13.7,
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BIX, 0.45 +0.3; p<0.001), (Figure 5.12). Irrespective of the age of the culture
DIV 18-28 or DIV 28-38, BIX treatment reduced the number of microglia to
the same extent.

To further understand whether the effect of BIX on microglia and myelin were
reversible, withdrawal experiments were performed. The cultures were treated
from DIV 18-23 with BIX, followed by the transferal of the coverslips to fresh
medium until DIV 28. The coverslips were washed in fresh medium a couple of
times to remove any residual BIX. An 8-fold reduction in microglia number was
observed in the BIX-treated groups at (DIV 23, DMSO, 52 + 24.4; BIX, 6.7 £
6.8; p < 0.05) and when the cultures were transferred to fresh medium for an
additional 5 days, there was no significant increase in the number of microglia
(DIV 23, BIX, 6.7 £6.8; DIV 28, BIX, 21.5 £ 19.0; p=0.1485). Under the same
experimental conditions, the withdrawal effect on myelination and axonal
density were also studied. As mentioned before, the axonal density was
unaffected by BIX treatment and the percentage of myelination decreased on
DIV 23 and did not improve on withdrawal of B1X, suggesting that BIX inhibits
OPC proliferation and maturation (Figure 5.13).

Note: Long-term storage of BIX at 4°C reduces its potency. Two batches of

BIX were used in these experiments. The first batch, which was stored at 4° C

for a few months, was less potent than the new batch.
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Figure 5.13: Selective and irreversible toxicity of 5 pg/ml of BIX on
myelination and microglia in spinal cord explant myelinating cultures.

The DIV 18-23 cultures were treated with 5 ug/ml of BIX or 1 pl/ml of DMSO (vehicle
control) on alternate days before being transferred to fresh media for another 5 days i.e., until
DIV 28. (A) BIX did not have any significant effect on axonal density. (B) BIX inhibited
myelination compared to DMSO-treated cultures at day 5, withdrawal of BIX did improve
myelination (C) BIX treatment significantly reduced IBA1-positive at day 5 compared to
baseline; BIX-treated cultures had less number of microglia compared to DMSO-treated
cultures. Microglial cell numbers did not improve upon BIX withdrawal. Data are presented
as mean = SD (n> 1). Two way ANOVA was used. *p< 0.05, **p<0.01, ***p<0.001 versus
respective DMSO treatments; p< 0.05, #p< 0.01, #*p< 0.001 vs baseline 0d; *p< 0.01, $%p<
0.001, DMSO 5d versus DMSO 10d or BIX* 5d versus BIX" 10d treated cultures.
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5.5.2 BIX treatment of ex-vivo cerebellar slice cultures

Representative images of cerebellar slices were provided in Figure 5.14). A pilot
experiment with different doses of BIX was performed using 1 pg/ml, 5 pg/ml
and 10 pg/ml on cerebellar slice cultures (Figure 5.15). The higher doses were
lethal, and the lower dose did not have any effect on any specific cell type.
Hence, a dose of 5 pg/ml was used for subsequent experiments, which had
selective toxicity towards microglia and oligodendrocytes. Changes between

the doses were estimated by eye from a small number of imaged slices.

In the below description of results DIV refers to the number of days in-vitro and
day 1, day 3 or day 5 refers to the number of days post-treatment with DMSO
or BIX. Slices were treated with BIX or DMSO from DIV 7 to DIV 12. When
BIX was added to slice cultures, there was almost 20 percent decrease in lbal*
cells following exposure to 5 pg/ml of BIX after day 3 (Figure 5.16 and Figure
5.18). Oligodendrocyte numbers reduced by 5-fold on day 1 (Figure 5.16 and
Figure 5.18). However, astrocytes seem to be less effected (or not affected at all,
Figure 5.17 and Figure 5.18). The percentage of GFAP* staining was not
effected in BIX-treated cultures. These results agree with the results obtained from
spinal cord myelinating cultures.

An attempt was made to stain neurons using MAP2* and myelinated axons
using PLP, but this staining was not successful. Myelin staining was fragmented
and was not useful quantification (see Appendix). Occasionally PLP* axons
were noticed irrespective of the treatment group. This could be attributed to the
survival of neurons in organotypic slice cultures. Various parameters can
influence the survival of neurons in slice cultures, which include the age of the
donor, growth factors in the media, serum, lack of thinning of slices, preparation

speed, sterility and axotomy. (Humpel, 2015a).
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Figure 5.14: Representative images of organotypic cerebellar
slice cultures on DIV-7.

Organotypic slice cultures were prepared from P10 Sprague Dawley rat pups and
maintained on cell culture inserts in the slice culture medium. Images were
captured using EVOS XL Core microscope, 4X magnification, Scale bar-1000

pm.
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Figure 5.15: Dose-dependent effect of BIX on cerebellar slices
stained for Ibal/Olig2.

The cultures were treated with 5 ug/ml of BIX from DIV-7 to DIV-11. Cultures were
fixed with 10% neutral buffered formalin on DIV-12 followed by immunofluorescent
staining with Ibal and Olig2. No difference was observed between untreated and
DMSO-treated cultures. However, Olig2* cells and Ibal* microglia were greatly
reduced in 5 pg/ml and 10 ug/ml BIX-treated cultures. A-B. Untreated cultures. C-D.
DMSO-treated cultures. E-F. Cultures treated with 1ug/ml of BIX. G-H. Cultures
treated with 5 pg/ml of BIX. I-J. Cultures treated with 10 ug/ml of BIX. Images were
taken at 20x magnification on the confocal microscope. Scale bar=100 pm.
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5d DMSO

Figure 5.16: Time-course of BIX-treated cerebellar slices stained fol
Ibal/Olig2.

Cultures were treated with 1 pl/ml of DMSO or 5ug/ml of BIX and fixed at different time
points (TO, day 1, day 3 and day 5). Reduction in oligodendrocytes number was observed after
1 d in treatment with BIX. Reduction in Iba* cells was observed after 3 days of BIX treatment.
A.TO = day 0 of treatment. (B-D) Untreated, DMSO and 5 pg/ml of BIX-treated cultures on
1d of treatment. (E-G) Untreated, DMSO and 5 pg/ml of BlX-treated cultures on 3d of
treatment. (H-J). Untreated, DMSO and 5 pg/ml of BIX-treated cultures on 5d of treatment.
Images were taken at 20x magnification on confocal microscope. Scale bar=100 pm.
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Untreated- 5d

DMSO 1 pliml-5d Bix 5 pug/ml-5d

Figure 5.17: Representative images of BIX-treated cerebellar slices
stained for GFAP/PLP.

Cultures were treated with 1 pl/ml of DMSO or 5pg/ml for 5 days and later stained for GFAP
(astrocytes) /PLP (proteolipid protein present in myelin). No difference was observed
between untreated, DMSO-treated cultures or BlX-treated cultures. A.TO = day 0 of
treatment. B. Untreated cultures. C. DMSO-treated cultures. D. Cultures treated with 5ug/ml
of BIX. Images were taken at 20x magnification on the confocal microscope. Scale bar=100
um.
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Figure 5.18: Selective toxicity of 5 pg/ml of BIX to microglia and
oligodendrocyte in organotypic slice cultures.

Each dot indicates an independent slice. (A) BIX significantly reduced IBAL" microglia
after 3d of treatment. (B) BIX significantly reduced OIigZ+ cells after 1d of treatment.
(C) BIX did not have any significant effect on GFAP" cells. Data is presented as mean
+ SD (n= 3). Two way :ANOVA was used. ##p< 0.01, ###p< 0.001 vs baseline 0d; £p<

0.05 versus DMSO 3d, p< 0.05 versus untreated 5d; ** p< 0.01, *** p< 0.001 versus
untreated at respective time points; *** p< 0.001 versus DMSO at respective time

points.

Note: %lbal and %GFAP were quantified using Cell profiler software and Olig2* cells

were quantified using Fiji (Image J).
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Table 5.1: Summarising the effects of BIX-treatment in in-vitro models.

Myelinating cultures Markers Effect of BIX treatment
Oligodendrocyte lineage Olig2/PLP Reduced

cells (AA3)

Microglia Ibal and ED1 Reduced

Myelin Z2 (MOG) Reduced

Astrocytes GFAP Less effected

Neurons MAP2 Not effected

AXxons SMI31 Not effected

Total cell numbers DAPI Reduced

Organotypic slice culture

Oligodendrocytes Olig2 Reduced
Microglia Ibal Reduced
Astrocytes GFAP Not effected
Myelin MOG and PLP Not quantified

5.5.3 RNA sequencing-based analysis of pathways activated by BIX in the
spinal cord myelinating cultures

RNA samples were prepared from 5 pg/ml BIX treated cultures and 1 pl/ml
DMSO treated cultures at 24 h time point and the summary of the results is

provided here.
Sequence counts

Sequence counts for each sample are provided. The duplicate level in the whole
file was estimated by analysing the first 100,000 sequences in each file. An
exact match over the whole length of the sequence is required for duplication
detection (Figure 5.19 A).
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Mean Phred score

The quality of the sequences is good and therefore used for further analysis. The
per sequence quality score gives information about the quality of the read
instead of individual bases. The histogram is skewed to the right for good
quality data (Figure 5.19B and Figure 5.19C). The mean Phred score remains
above the cutoff of 30 which indicates good quality data sequences.

Per Base Sequence Content

The proportion of individual bases (A, T, G, C) was drawn as a line across the
length of the read. All 12 FASTQ files were marked as a failure. This occurred
due to the priming step of the library preparation. During the reverse
transcription of mMRNA to cDNA, hexamer primers are used and due to the usage
of these hexamer primers in the library preparation, bias towards certain bases
in the sequences within the samples arises (Conesa et al., 2016). This is a
common feature in RNA sequencing experiments. The sequences did not
require any additional processing and were used for downstream analysis. An
example plot is provided in (Figure 5.19 D).
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Figure 5.19: Quality control analysis of RNA-seq data

A. Sequence count chart represents the total number of reads divided into unique reads and duplicate reads. B. Mean quality score represents the mean quality value
across each base position in the read, the higher the score the better the base call C. Per sequence quality score chart. The confidence with which a base is called is
given a score and higher the score the better the quality of the read (Ewing et al., 1998). The mean Phred quality score for the entire sequences remains above 30.
The accuracy of the base call is 99.9% when the mean Phred score is 30. This graph facilitates in identifying subsets of sequences with poor quality D. Per base
sequence content chart. The proportion of each base position in a file for which each of the bases has been called. Example graph of percentages of bases (BIX-S16-

R1) file.

168



Per base GC content

Among all the files provided (BIX Read2) failed and 4 other files had a
warning, the slight deviation from the normal GC content is less likely due to
contamination and more likely to be due to the uneven distribution of GC
content (Figure 5.20 A). The samples deviated slightly from the GC content.
There was an issue with only one file and did not cause any problems with

alignment. The slight peak at 100% could be due to contamination.

N content
When a sequencer fails to call a particular base with sufficient confidence, the
base is substituted with N. This graph represents the percentage of base calls at

each position for which an N was called (Figure 5.20 B).

Over-represented sequences

A couple of files BIX1 Read2 and DMSO3 Read 2 had a high number of over-
represented sequences (Figure 5.20 C). There was no adaptor contamination in
these files as confirmed by the adaptor content analysis. The possible reason
could be over-representation of these sequences in the overall library.

Sequence length distribution

All the files were flagged indicating that some fragments differed in read length.
Most of the fragments had 75 bp, and some fragments had 71-74 bp. The
FASTQ files were already trimmed to exclude bad quality bases at the end of
the fragment (Figure 5.20 D).

Sequence Duplication levels

FASTQC assumes all the reads are equally distributed in the library which is a
feature of DNA sequencing experiments. But RNA sequencing experiments
differ from this based on the low expressed and highly expressed genes. In
general, high duplication level is expected for sequences that belong to highly
expressed genes (Figure 5.20 E). In this data, all the 12 files are flagged for high
duplication rate and this could be due to PCR artefacts but not due to highly

expressed transcripts.

169



5 6 BIXI S16 RL
; BIX1 S16 R2
4 N 5 BIX2 $17 R1
Y \ | BIX2 S17 R?
% / \ S4 BIX3 518 R1
z 3 1 .
H \ z. BIX3 518 R2
¢ ;-'n 3 DMSO1_S13 Rl
&2 f \ % DMSO1 _S13 R2
/ 5 2 DMS02_S14_R1
1 / & DMS02_S14_R2
J \\ | 1 DMSO3 S15 RI
0 et - — DMS03 S15_R?2
0 l—
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 0% 2% 4% 6% 8%  10% 12% 14% 16% 18% 20% 22%
% GC Position in Read (bp)
54
25000000 80
20000000
- 60
= [
Z 15000000 54
v 2
3 gL
g -
22 10000000 e
$
5000000 0
0 0
I 4 45 50 55 60 65 70 75 1 2 3 4 5 6 7 8 9 >1p >50 >100 >500 o1k Sk

Sequence Length (bp) Sequence Duplication level

t
Figure 5.20 : Quality control analysis of RNA-seq data.

A. Per sequence GC content plot depicts the distribution of GC content per read. Under ideal conditions the GC distribution of the samples should be
similar to the theoretical distribution. B. Per base N content plot shows indistinguishable bases as a function of base position of the read. In a good

quality data, the values are expected to be close to zero. C. Overrepresented sequences in FASTQC refer to the extremely high frequency reads. D.
Sequence length distribution plot depicts the length distribution of the reads. E. Sequence duplication level in FASTQC reflects the extent of repeated
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sequences in the library. All the 12 files were flagged for high duplication rate and this could be more due to PCR artifacts than highly expressed
transcripts being overexpressed.
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Alignment:

Uniquely mapped reads for the samples exist between 78.2% and 83.8%, which
is characteristic of RNA sequencing experiment. Qualimap requires files as the
gene transfer format and it reconstructs the exon structure of the known
transcripts. This allows the mapped reads to group them based on their origin as
exonic, intronic or intergenic (Figure 5.21 A). Qualimaps computes the
coverage depth at each base position of each annotated transcript and plots a
graph between coverage depth and transcript position. The number of high
quality reads that map to the transcript at that position (Sims et al., 2014).
Among the mapped reads 78.2-79.6% reads are classified as exonic and 6.5%-
7% were classified as intronic. The number of reads mapped to the intronic
regions is due to the nascent or unspliced transcripts (Hansen et al., 2010). These
values are typical for RNA-seq experiment. Gene coverage profile indicates that

the samples have a uniform covering pattern across transcripts (Figure 5.21 B).
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Figure 5.21: Quality control of alignment sequencing data using Qualimap.

A. This plot depicts the positional biases that occur due to poor quality RNA such as accumulation
of mapped reads at 3" end. Based on the origin of reads, the reads can be classified into exonic,
intronic and intergenic. The graph shows the proportion of mapped reads assigned to different
regions and the amount of useful RNA data. B. The mean distribution of coverage depth across the
length of all mapped transcripts is uniform.
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Bowtie 2 is used for aligning the sequencing reads to the reference sequence.
The percentage of unique reads ranges from 78.2-83.8% (Figure 5.22 A).
Picard Mark Duplicates identifies the duplication rate in samples. Library
construction during PCR can cause duplicates and highly expressed genes are
usually a source of read duplicates as well. It is an important parameter to check
as low-quality RNA with few transcripts can be amplified in PCR causing read
duplicates. The duplication rate in the samples is between 13.9 %-16.4% (Figure
5.22 B).
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Figure 5.22: Sequence alignment to the reference and duplication rates.

A. Paired-end (PE) alignment score developed using Bowtie 2. The 6 possible outcomes of
alignment include PE mapped uniquely: Pair has only one occurrence in the reference genome;
PE one mate mapped: one read of a pair occurs once; PE mapped discordantly uniquely: The
pair has one occurrence, but not with a proper pair; PE multimapped: The pair has several
occurrences; PE one mate multimapped. One of a pair occurs several times in the genome. PE
neither mate aligned: Neither of the pair has occurred in the genome. B. Picard mark
deduplication stats shows the duplication rate in samples. Read pair unique: The number of
reads that are not marked as duplicates; Unpaired read unique: Reads that are unique but not
paired; Read pair not optic duplicates: The number of read pairs that were caused not due to
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optic duplication; Read pair optic duplicates: The number of read pairs that were caused due to
optic duplication; Unpaired read duplicates: The number of fragments marked as duplicates;

Unmapped reads: Total number of unmapped reads.

Principle component analysis
Based on the clusters formed, the PCA plot shows that the difference between
the groups is due to the treatment type (BIX treated group vs DMSO treated
group) (Figure 5.23).
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PC1: 79% variance
Figure 5.23: PCA plot of all samples.

The samples cluster based on the treatment type and the source of variation is caused due to

treatment type.
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Table 5.2: General Statistics data of RNA sequencing data.

Sample Name

5'-3" biasM Aligned % Dups % Aligned % Dups % GC Length M Seqs

BIX1_S16_R1 001

BIX1_S16_R2_001

BIX1 S16_ hisat.stdout

BIX1 S16__ hisat_sorted

BIX2_S17_R1 001

BIX2_S17_R2 001

BIX2_S17__ hisat.stdout

BIX2_S17__hisat_sorted

BIX3 S18_R1 001

BIX3_S18_R2 001

B1X3_S18_hisat.stdout

B1X3_S18 hisat_sorted

DMSO1_S13_R1_001

DMSO1_S13 R2_001

DMSO1_S13_hisat.stdout

DMSO1_S13 hisat_sorted

56.9%
51.2%
92.8%
1.50 56.9 21.8%
56.6%
54.0%
95.4%
1.47 62.9 20.1%
58.0%
53.2%
93.7%
151 62.8 21.8%
58.2%
54.9%
94.5%
1.45 61.4 22.3%

50%

52%

49%

50%

49%

51%

50%

51%

75bp  30.6

76bp 30.6

76bp 33.0

75bp  33.0

75bp 335

75bp 335

76bp 325

75bp 325

Sample Name

5'-3" biasM Aligned % Dups % Aligned % Dups % GC Length M Seqs
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DMS0O2_S14 R1_001 56.9% 50% 76bp 314

DMS02_S14 R2_001 50.2% 52% 76bp 314

DMSQO2_S14 hisat.stdout 93.9%

DMSO2_S14 hisat_sorted 1.53 59.0 20.1%

DMSO3_S15_R1_001 57.7% 50% 76bp 313

DMSO3_S15_R2_001 52.8% 520 75bp 313

DMSO03_S15_hisat.stdout 93.4%

DMSO3_S15_hisat_sorted 1.50 58.5 22.9%

General statistics summarise all the data for each sample from different modules. 5’-3" bias
(Qualimap); M-Aligned stands for reads aligned in millions (Qualimap); % Dup stands for
percentage duplicate reads (Picard mark duplicates); % Aligned stands for overall alignment
rate (Bowtie 2); % GC average percentage GC content (FastQC); length indicates the average
length of the sequences (FastQC); M sequences indicates total sequences in millions
(FastQC).

Differential gene expression analysis

To study the differentially expressed genes between the DMSO treated group
and BIX treated group, differential gene expression analysis was carried out
using the DESeg2 R package. Upon applying an adjusted p-value of 0.05, 6077
genes were either upregulated or downregulated between the BIX-treated
groups or the DMSO treated groups. The 10 most upregulated and
downregulated genes are listed in (Table 5.3 and Table 5.4).

184



Table 5.3: Top-10 most upregulated genes based on the adjusted p-value.

baseMean | log2FoldChange | IfcSE | stat | pvalue padj
Aldhlal 775 -4.02 0.172 | -23.3 | 1.63e-120 | 2.95¢e-116
Ppmlj 442 -4.86 0.246 | -19.8 | 4.15e-87 | 3.76e-83
AC128848.1 | 2781 -2.15 0.130 | -16.5 | 5.55e-61 | 2.01e-57
Lpin3 357 -2.59 0.171 | -15.1 | 1.15e-51 | 2.97e-48
Tesc 278 -3.99 0.265 | -15.1 | 1.90e-51 | 4.31e-48
Chrna3 463 -3.75 0.252 | -14.9 | 4.38¢-50 | 8.81e-47
Comp 184 -4.52 0.321 | -14.1 | 3.81le-45 | 6.27e-42
Gehfr 281 -2.55 0.182 | -14.0 | 1.24e-44 | 1.73e-41
Abcg2 251 -3.79 0.273 | -13.9 | 8.08¢-44 | 1.05e-40
Mt1 627 -2.44 0.181 | -13.5 | 1.57e-41 1.78e-38

Based on the adjusted p-value 0.05 the top 10 upregulated genes were listed. Aldhlal: Aldehyde
dehydrogenase 1 family member A1; Ppmij: Protein Phosphatase, Mg?*/ Mn?* dependent 1J;
Lpin3: Lipin family member; Tesc: Tescalcin; Chrna5: Cholinergic Receptor Nicotinic Alpha
5 subunit; Comp: Cartilage Oligomeric matrix protein; Gehfr: GTP Cyclohydrolase 1 feedback
regulator; Abcg2: Binding cassette subfamily G member 2; Mt1: Metallothionein 1

Table 5.4: Top-10 most downregulated genes based on the adjusted p-

value.
baseMean | log2FoldChange | 1fcSE | stat | pvalue padj
Top2a 650 4.11 0.221 | 18.6 | 3.86e-77 | 2.33e-73
Gprl7 | 781 4.71 0.260 | 18.1 | 2.00e-73 | 9.06e-70
Lims2 436 3.68 0.233 | 15.8 | 1.68e-56 | 5.08e-53
Kifl1 231 3.66 0.256 | 14.3 | 2.17e-46 | 3.93e-43
Aqp4 27828 2.60 0.185 | 14.0 | 9.12e-45 | 1.38e-41
Sme2 543 2.08 0.152 | 13.7 | 1.50e-42 | 1.81e-39
Nusapl | 170 4.18 0.310 | 13.5 | 1.79e-41 | 1.91e-38
Ldlr 734 2,71 0.203 | 13.3 | 1.68e-40 | 1.70e-37
Cena?2 149 4.46 0.347 | 12.9 | 7.83e-38 | 7.09e-35
Tace3 249 3.43 0.268 | 12.8 | 1.44e-37 | 1.24e-34

Based on the adjusted p-value 0.05 the top 10 downregulated genes were listed. Top2: DNA
topoisomerase Il alpha; Gprl7: G protein-coupled receptor 17; Lims2: LIM zinc finger domain
containing 2; Kifll: Kinesin family member 11; Agp4: Aquaporin 4; Smc2: Structural
maintenance of chromosomes protein 2; Nusapl: Nucleolar and spindle associated protein 1;
Ldlr: low density lipoprotein; Ccna2: Cyclin A2; Tacc3: Transforming acidic coiled-coil
containing protein 3.

Reactome pathway browser

As the topmost upregulated or down-regulated genes do not reflect the overall
picture, due to the diversity of the genes. We continued our further analysis
using the Reactome pathway browser to study the pathways involved. To reduce
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the 6077 differential genes to a more manageable number, transcripts with a log
fold change + 2 were used as an input for the Reactome pathway browser. The
most significant pathways based on p-values were listed below (Table 5.5 and
Table 5.6).
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Table 5.5: Top 25 significant pathways (Logz Fold change > -2).

Pathway name #Entities #Entities Entities Entities Entities #Reactions #Reactions Reactions
found total ratio pValue FDR found total ratio

Cell Cycle 51 682 0.048 1.41E-08 5.98E-06 194 410 0.034
Resolution of Sister Chromatid Cohesion 20 134 0.009 1.76E-08 5.98E-06 7 8 6.55E-04
Signaling by Rho GTPases 39 457 0.032 2.88E-08 6.52E-06 41 117 0.010
Cell Cycle, Mitotic 44 570 0.040 6.24E-08 8.10E-06 180 322 0.026
Mitotic Prometaphase 24 207 0.015 7.51E-08 8.10E-06 14 15 0.001
Amplification of signal from the kinetochores 16 94 0.007 8.35E-08  8.10E-06 4 4 3.28E-04
Amplification of signal from unattached 16 94 0.007 8.35E-08  8.10E-06 4 4 3.28E-04
kinetochores via a MAD?2 inhibitory signal

Mitotic Spindle Checkpoint 17 110 0.008 1.28E-07 1.09E-05 7 7 5.74E-04
RHO GTPase Effectors 29 326 0.023 8.08E-07 6.06E-05 36 112 0.009
RHO GTPases Activate Formins 18 149 0.011 1.82E-06 1.24E-04 10 27 0.002
Separation of Sister Chromatids 20 194 0.014 5.21E-06 3.18E-04 7 8 6.55E-04
Polo-like kinase mediated events 7 23 0.002 1.04E-05 5.78E-04 13 15 0.001
Cell Cycle Checkpoints 24 279 0.020 1.24E-05 5.78E-04 13 56 0.005
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Pathway name #Entities #Entities Entities Entities Entities #Reactions #Reactions Reactions

found total ratio pValue FDR found total ratio
Neutrophil degranulation 34 480 0.034 1.26E-05 5.78E-04 10 10 8.19E-04
Innate Immune System 70 1324 0.093 1.28E-05 5.78E-04 206 685 0.056
Mitotic Anaphase 20 208 0.015 141E-05 5.92E-04 7 11 9.01E-04
Mitotic Metaphase and Anaphase 20 211 0.015 1.72E-05 6.90E-04 8 12 9.83E-04
Immune System 124 2803 0.198 2.52E-05 9.34E-04 351 1586 0.130
Immunoregulatory interactions between a Lymphoid 25 316 0.022 3.22E-05 0.001 15 43 0.004
and a non-Lymphoid cell
GO and Early G1 8 38 0.003 3.40E-05 0.001 12 27 0.002
Transcription of E2F targets under negative control 6 20 0.001 4.86E-05 0.002 6 8 6.55E-04
by p107 (RBL1) and p130 (RBL2) in complex with
HDAC1
Phosphorylation of Emil 4 8 5.65E-04 1.34E-04 0.004 2 2 1.64E-04
Trafficking and processing of endosomal TLR 5 16 0.001 1.73E-04 0.005 7 7 5.74E-04
Adaptive Immune System 52 998 0.070 2.65E-04 0.007 73 261 0.021
M Phase 26 390 0.028 3.34E-04 0.009 44 66 0.005

Reactome pathway browser v3.6 was used to identify the 25 most significant downregulated pathways. Entities found: the number of curated molecules of the
type selected with results type that are common between the submitted data set and the pathway named; Entities total: The total number of curated molecules of
the type selected with results type within the pathway named; Entities ratio: It is the ratio of entities from this pathway that are molecules of the type selected

with results type vs. all entities of the type selected with results type; Entities p-value: The result of the statistical test for over-representation, for molecules of
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the results type selected; Entities FDR : False discovery rate values corrected over-representation probability; Reactions found: The number of reactions in the
pathway that are represented by at least one molecule in the submitted data set, for the molecule type selected with results type; Reactions Total: The number of
reactions in the pathway that contain molecules of the type selected with results type; Reactions ratio: It is computed as the ratio of reactions from this pathway
that contain molecules of the type selected with results type vs. all Reactome reactions that contain molecules of the type selected with results type.

189



Table 5.6: Top 25 significant pathways (Logz Fold change > +2).

Pathway name #Entities #Entities Entities Entities Entities #Reactions #Reactions Reactions
found total ratio pValue FDR found total ratio
Calcitonin-like ligand receptors 4 11 7.76E-04  0.002 0.705 3 4 3.28E-04
Cellular hexose transport 6 28 0.002 0.002 0.705 4 17 0.001
Tight junction interactions 6 30 0.002 0.003 0.705 2 3 2.46E-04
YAP1- and WWTR1 (TAZ)-stimulated gene expression 4 18 0.001 0.01 0.767 2 9 7.37E-04
Activation of TRKA receptors 3 10 7.06E-04  0.011 0.767 8 8 6.55E-04
Butyrophilin (BTN) family interactions 3 12 8.47E-04  0.018 0.767 3 8 6.55E-04
TP53 Regulates Transcription of Genes Involved in 5 33 0.002 0.019 0.767 9 25 0.002
Cytochrome C Release
TRKA activation by NGF 2 5 3.53E-04  0.022 0.767 4 4 3.28E-04
TFAP2 (AP-2) family regulates transcription of other 2 5 3.53E-04 0.022 0.767 2 2 1.64E-04
transcription factors
Activation of NOXA and translocation to mitochondria 2 6 4.23E-04  0.031 0.767 5 5 4.10E-04
Cell-cell junction organization 7 67 0.005 0.036 0.767 4 21 0.002
Oncogene Induced Senescence 5 42 0.003 0.045 0.767 12 18 0.001
TNFs bind their physiological receptors 4 30 0.002 0.05 0.767 5 13 0.001
NGF-independant TRKA activation 2 8 5.65E-04  0.052 0.767 4 4 3.28E-04
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Pathway name #Entities #Entities Entities Entities Entities #Reactions #Reactions Reactions

found total ratio pValue FDR found total ratio
Relaxin receptors 2 8 5.65E-04  0.052 0.767 4 4 3.28E-04
Voltage gated Potassium channels 5 44 0.003 0.053 0.767 1 1 8.19E-05
PIWI-interacting RNA (piRNA) biogenesis 4 31 0.002 0.055 0.767 13 15 0.001
RUNXS3 regulates YAP1-mediated transcription 2 9 6.35E-04  0.064 0.767 2 3 2.46E-04
Regulation of gene expression in endocrine committed 2 9 6.35E-04  0.064 0.767 1 4 3.28E-04
(NEUROG3+) progenitor cells
Cell junction organization 8 94 0.007 0.069 0.767 8 37 0.003
POUS5F1 (OCT4), SOX2, NANOG activate genes related 3 21 0.001 0.072 0.767 3 16 0.001
to proliferation
Class B/2 (Secretin family receptors) 8 99 0.007 0.086 0.767 5 20 0.002
MGMT-mediated DNA damage reversal 1 2 1.41E-04  0.087 0.767 2 2 1.64E-04

Reactome pathway browser v3.6 was used to identify the 25 most significant upregulated pathways. Entities found: the number of curated molecules of the
type selected with results type that are common between the submitted data set and the pathway named; Entities total: The total number of curated molecules
of the type selected with results type within the pathway named; Entities ratio: It is the ratio of entities from this pathway that are molecules of the type selected
with results type vs. all entities of the type selected with results type; Entities p-value: The result of the statistical test for over-representation, for molecules of
the results type selected; Entities FDR : False discovery rate values corrected over-representation probability; Reactions found: The number of reactions in the
pathway that are represented by at least one molecule in the submitted data set, for the molecule type selected with results type; Reactions Total: The number
of reactions in the pathway that contain molecules of the type selected with results type; Reactions ratio: It is computed as the ratio of reactions from this
pathway that contain molecules of the type selected with results type vs. all Reactome reactions that contain molecules of the type selected with results type.
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Further to the immunofluorescent analysis, we proceeded to perform RNA-seq
to understand the genes and pathways that are associated with the toxic effects
of BIX. A 24 h time point was selected to capture the early transcriptome
changes upon exposure to BIX. The quality of the sequence provided by
Glasgow Polyomics was good and did not require any further processing for

downstream analysis.

Initial analysis of the differential gene expression with an adjusted p-value 0.05
had few genes related to the ATF6 pathway such as Bip, Pdia5, Calr3, Atf4,
Asns, Atféb, Xbp, the expression of these genes was slightly altered (Table 5.7).
UPR related genes such as Wfs1, Nck1, Nck2, Bax, Bakl, Asns, Bax, Bid, Fas,
and Bad were slightly altered (Table 5.7). To exclude the genes with minimal
fold change, the Log> fold change cutoff was increased to + 2, these genes
except Bik no longer appeared in the list indicating that the change in expression
level was minimal. The effects of these genes could be masked by the effects of
other genes which are highly expressed. Some of the UPR genes altered were
proapoptotic, for example, Bax, Bid, Bad, Bik, and Fas (Table 5.7). The change
in the expression level of genes related to UPR in response to BIX treatment

was minimal.

From the immunofluorescence data, we noticed a significant reduction in
Oligodendrocytes, Myelin, and microglia. Therefore, we looked at the change
in expression of cell-specific genes in astrocytes, neurons, oligodendrocytes,
oligodendrocyte precursor cells, and microglia. Astrocyte markers such as
Aqp4, Slc25a18, Gfap, Gjb6 were downregulated. The following neuron-
specific genes Reln, Vip, Gad2, DIx1, Penk, Sytl, Gadl, Synpr, Stmn2, Gpr83,
Sst, Zmat4, Snap25, Rab3c, Scg2 were absent in the log> fold change * 2 gene
list, however, Tac3, Tmem130, Nelll, Gabrg2 genes were below log, fold
change + 2. A large number of Oligodendrocyte specific genes Mbp, Plpl1, Mag,
Opalin, Klk6, Fa2h, Enpp6, Tmem125, Anin were downregulated. And a few
Oligodendrocyte precursor marker genes Pnlip, Fam180a, Gprl7 were also
downregulated. A large number of Microglial marker gene Ccl3, Ccl4, Clgb,
Trem2, Gprl83, Clqc, Csflr, Cd300a, Laptm5, C3arl, Cx3crl, Ptafr, Clga

were also downregulated (see Table: 5.8). The information from the gene
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expression along with the pathway analysis fits well with our

immunofluorescence data.

BIX effects several pathways, the top 25 upregulated and downregulated
pathways were provided in the table (5.5 and 5.6). Pathways related to cell
cycle, mitotic division, cytoskeletal reorganisation, cellular transport,
trafficking via Rho GTPases, innate and adaptive immune systems are
downregulated (See Table 5.5). Upregulated pathways include hexose

metabolism, potassium voltage channels, cellular junction organisation,

oxidative stress. (See Table 5.6).

Table 5.7: Genes related to unfolded protein response.

baseMean log2FoldChange IfcSE stat pvalue padj Gene
2548.291966 0.765592168 0.149548103 -5.119370643 3.06557E-07 4.25562E-06 Asns
4427585408  -0.530711188 0.101665045 5.22019329 1.78736E-07 2.64479E-06 Atf4
10179.50996  -0.489070807 0.158241456  3.090661696 0.00199711 0.008783601 Hspab
1464.256436 0.635194775 0.123013652  -5.16361203 2.42229E-07 3.45318E-06 Bax
744.9200112 0.55137962 0.142453984 -3.870580537 0.000108576 0.000748467 Bid
568.6347361 1.114094454 0.255807504 -4.355206304 1.32942E-05 0.00012072 Fas
1079.147301 -0.69151514 0.106412619 6.498431745 8.11616E-11 2.48786E-09 Bad
1080.975146  -0.725077404 0.144307418 5.02453315 5.04659E-07 6.53962E-06 Xbpl
1425.099487 1.918905476 0.160932054 -11.92369967 8.90638E-33 5.56372E-30 Wfsl
959.5041313 0.396661877 0.126087419 -3.145927484 0.00165561 0.00749826 Nckl
681.8609603 0.613647103 0.204273437  -3.00404747 0.002664138 0.011115503 Nck2
1464.256436 0.635194775 0.123013652  -5.16361203 2.42229E-07 3.45318E-06 Bax
750.8618853  -0.559296698 0.150942681  3.705358189 0.000211092 0.001322776 Bakl
2279.301678  -0.283425375 0.097358523  2.911151133 0.003600998 0.014268521 Atf6b
98.62476738 1.942305695 0.256014672 -7.586696794 3.28164E-14 1.8695E-12 Pdia5
143.3278475 1.236239113 0.390880748 -3.162701465 0.001563125 0.007137902 Calr3
8.810017365 3.212289203 1.093683678 -2.937128228 0.003312671 0.013339041 Bik

Genes related to unfolded protein response.

Calreticulin 3.

Asns: Asparagine Synthetase; Atf4: Activated
transcription factor 4; Hspa5: Heat Shock 70kDa protein 5; Bax: Bcl2 associated X; Bid: BH3
interacting domain death agonist; Bad: Bcl2 associated agonist of cell death; Xbpl: X-box Binding
Protein-1; Wfs1: Wolframin ER transmembrane glycoprotein; Nck1l: NCK adapter protein 1; Nck2:
NCK adapter protein 2; Bax: Bcl2 associated X; Bakl: Bcl2 antagonist/killer 1; Atf6b: Activating
transcription factor 6 beta;Pdia5: Protein disulphide isomerase family A member 5; Calr3:
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Table 5.8: Genes downregulated in the different cell populations (Logz Fold change > -2).

baseMean log2FoldChange IfcSE stat pvalue padj
27828.14 -2.60 0.19 14.04 9.12046E-45 1.37689E-41
4837.75 -2.14 0.25 8.62 6.58159E-18 6.97263E-16
64242.19 -2.22 0.27 8.12 4.60272E-16 3.77298E-14
165.86 -2.04 0.52 3.93 8.33817E-05 0.000591905
33323.55 -2.63 0.67 3.90 9.57671E-05 0.001
33894.09 -2.75 0.62 4.46 8.30689E-06 7.91624E-05
598.16 -2.77 0.83 3.34 0.001 0.004
2674.80 -4.08 0.40 10.26 1.08632E-24 2.98178E-22
9.26 -3.71 1.15 3.24 0.001186769 0.005711879
226.14 -2.81 0.36 7.84 4.48168E-15 3.01822E-13
63.99 -2.79 0.59 4.76 1.97949E-06 2.20544E-05
265.58 -2.08 0.50 4.20 2.69003E-05 0.000222523
109.19 -2.16 0.42 511 3.18785E-07 4.40511E-06
169.06 -3.09 0.37 8.30 1.07797E-16 9.47984E-15
36.94 -2.40 0.68 3.54 0.0004 0.002

781.47 -4.71 0.26 18.13 1.9999E-73 9.05756E-70
23.20 -2.80 0.61 4.61 4.11658E-06 4.26636E-05
2743.16 -2.30 0.26 8.68 4.0011E-18 4.41975E-16
333.51 -3.60 0.33 11.05 2.17336E-28 8.74947E-26
105.50 -3.46 0.43 8.10 5.6704E-16 4.58593E-14

gene
aqp4
slc25a18
gfap
gjb6

mbp
plpl
opalin
mag

kik6
fazh
enpp6
tmem125
anin

pnlip
fam180a

gprl7

ccld
clgb
trem2
gpri83

Cell type

Astrocytes
Astrocytes
Astrocytes
Astrocytes

Oligodendrocytes
Oligodendrocytes
Oligodendrocytes
Oligodendrocytes
Oligodendrocytes
Oligodendrocytes
Oligodendrocytes
Oligodendrocytes
Oligodendrocytes

Oligodendrocyte
precursor cells
Oligodendrocyte
precursor cells
Oligodendrocyte
precursor cells

microglia
microglia
microglia
microglia
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baseMean log2FoldChange IfcSE stat pvalue padj gene Cell type
74.31 -2.55 0.43 5.92 3.18071E-09 6.94238E-08 cd300a microglia
969.67 -2.81 0.32 8.81 1.22112E-18 1.47479E-16 laptm5 microglia
2414.79 -2.24 0.25 8.88 6.52272E-19 8.4404E-17 clgc microglia
2875.76 -2.86 0.29 9.74 2.00207E-22 3.89996E-20 csflr microglia
142.61 -3.00 0.33 9.04 1.50406E-19 2.07996E-17 c3arl microglia
300.39 -3.08 0.40 7.66 1.83208E-14 1.07759E-12 cx3crl microglia
129.82 -2.82 0.46 6.07 1.30565E-09 3.12048E-08 ptafr microglia
2558.94 -2.56 0.26 9.85 7.05579E-23 1.5038E-20 clga microglia
8753.41 -0.86 0.27 3.23 0.001 0.006 tmem130 Neurons
1046.41 -0.74 0.29 2.57 0.010 0.033 nelll Neurons
1075.34 -1.03 0.31 3.31 0.0009 0.004 gabrg2 Neurons
72.44 -0.94 0.36 2.63 0.008 0.029 tac3 Neurons

Differentially expressed genes with log, fold change +2 were listed in the table. Agp4: Aquaporin 4; Slc25a18: Solute carrier family 25 member 18 protein encoding
gene; Gfap: Glial Fibrillary acid protein; Gjb6: Gap junction protein beta 6; Mbp: Myelin basic protein; Plp1: Proteo lipid protein 1; Opalin: Oligodendrocyte myelin
paranodal and inner loop protein; Mag: Myelin associated glycoprotein; KIk6: Kallikrein related peptidase 6; Fa2h: Fatty acid 2-hydroxylase; Enpp6: Ectonucleotide
pyrophosphatase/phosphodiesterase 6; Tmem125: Transmembrane protein125; Anin: Anillin actin binding protein; Pnlip: Pancreatic lipase; Fam180a: Family with
sequence similarity 180 member; Gprl7: G protein-coupled receptor 17; Ccl4: C-C Motif chemokine ligand 4; C1gb: Compliment C1q B chain; Trem2: Triggering
receptor expressed on myeloid cells 2; Gprl83: G protein-coupled receptor 183; Clgc: Compliment C1g C chain; Csflr: Colony stimulating factor 1 receptor;
Cd300a: Cluster of differentiation 300a; Laptm5: Lysosomal protein transmembrane 5; C3arl: Complement C3a receptor 1; Cx3crl: CXC3 chemokine receptor 1;
Ptafr: Platelet activating factor receptor; Clga: Compliment C1g A chain; Tmem130: Transmembrane protein 130; Nell1: Neural EGFL like 1; Gabrg2: Gamma-

aminobutyric acid type A receptor gammaz2 subunit; Tac3: Tachykin
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5.6 Discussion

It is challenging to compare our data regarding BIX treatments to those reported
in the literature because most published studies were performed in-vivo in acute
models of disease, such that long-term effects were not considered. In our hands,
the chronic treatment with BIX has proved to be fatal for microglia and
oligodendrocyte lineage-cells in spinal cord myelinating cultures and
organotypic cerebellar slice cultures. Myelin-producing oligodendrocytes
produce large amounts of myelin through the secretory pathway during the
active myelination phase. Therefore, any factors that interrupt the endoplasmic
reticulum homeostasis could be playing a vital role in cell survival. The toxic
effects observed after BIX treatment were could be due to the imbalance in the
ER homeostasis caused by BIX.

BIX was identified in a chemical high throughput screening performed in a
search for compounds that selectively induce BiP mRNA (Kudo et al., 2008).
Several studies describe BIX as a therapeutic agent and tested this compound
in-vitro and in-vivo, but the outcome of our experiments was different from the
published literature. Different doses of BIX were used in different cell lines. A
dose of 1-50 uM BIX was added to SK-N-SH (human neuroblastoma cell line)
to study the expression of BiP, this study was focused on the ER stress-induced
neuronal death. The highest induction of BiP was noticed at 50 uM with little
toxicity, however, doses higher than 50 um were proved to be cytotoxic (Kudo
et al., 2008). A dose of BIX 5 pg/ml falls within this range and it is equivalent
to 23 um BIX. A dose 1-5 um of BIX was used in experiments conducted using
SH SY5Y cells (Oida et al., 2008). Doses as high as 150 um were also utilised
in RGC-5 (a rat ganglion cell line) to study BiP induction and effects on other
chaperones, such as GRP94, Calreticulin, protein kinase inhibitor of 58 kDa and
asparagine synthetase (Inokuchi et al., 2009). It seems likely that the sensitivity
of the cultures to BIX is cell- and tissue-specific. The duration of the treatment
should also be considered. In both the spinal cord myelinating cultures and the

organotypic slice culture BIX had specific toxicity towards microglia and
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oligodendrocytes at a dose of 5 pug/ml. This effect has yet to be reported by any

other groups.

The therapeutic potential of BIX has been tested in several animal models of
disease (Inokuchi et al., 2009; Nakanishi et al., 2013; Oida et al., 2010). The
B1X doses, routes of administration and the disease models utilised are diverse.
Nevertheless, BIX was always characterized and found to have a beneficial
effect.

Oida et al studied the effect of BIX on tunicamycin-induced cell death in SH-
SY5Y cells and forebrain ischemia in Gerbils. Pre-treatment with a dose of 2 or
5 ug of BIX reduced the cell death in SH-SY5Y cells and a dose of 10 or 40 ug
injected via intracerebroventricular injection reduced the number of TUNEL-
positive cells in the hippocampal CA1 subfield (Oida et al., 2008). Inokuchi et
al studied the effect of BIX against tunicamycin-induced cell death in RGC-5
and tunicamycin or N-methyl-D-aspartate (NMDA)-induced retinal damage in
mice. A dose of 1 or 5 uM protected against tunicamycin induced cell death.
Intravitreal injection of BIX (5 nmol) induced BiP expression in the mouse
retina. Administration of BIX (5 nmol) along with tunicamycin or NMDA
reduced CHOP expression and cell death in the ganglion cell layer (Inokuchi et
al., 2009). Nakanishi et al studied the effect of BIX against photoreceptor cell
death in light-exposed retinas. Treatment with BIX (3 pM) induced BIP
expression, reduced CHOP expression, and reduced the photoreceptor cell death
in light-exposed 661W cells (photoreceptor cell line) (Nakanishi et al., 2013).
Middle cerebral artery occlusion induces ER stress-induced apoptosis in the
penumbra and pre-treatment with BIX decreased this ER stress-induced
apoptosis. The area of infarction in the penumbra was also reduced in the BIX
pre-treated group. BIX has proved to be therapeutic in ER stress-induced
neuronal cell death (Kudo et al., 2008). Pre-treatment with BIX reduced cell
death and reduced TUNEL-positive cells in the hippocampus CAL1 subfield and
ischemia-induced neuronal cell death in forebrains of gerbils (Oida et al., 2008).
Also, post-treatment with BIX after middle cerebral artery occlusion in mice
had a protective effect against neuronal damage caused by acute ischemia and

reduced the number of TUNEL-positive cells in the ischemic penumbra (Oida
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et al.,, 2010). Pre-treatment with BIX significantly reduced the renal
ischemia/reperfusion injury (Prachasilchai et al., 2009). BIX increased the
osteoblast induced bone formation and prevented bone loss in a model of
osteoporosis (Hino et al., 2010).

Most of the published literature had a similar pattern of experiments. BIX was
co-administered or given prior to induction of ER of stress in in-vitro and in-
vivo models, followed by measurement of expression of BiP gene expression
and other UPR upregulated genes such as Eif2a, Edem, Pdi, Chop, Grp94,
P58k, Calr, and Asns. All these published works had a BIX exposure time of
24 h or less and most of them were single doses for their in-vitro experiments.
The published literature has always focused on apoptotic markers such as
CHOP, caspase 3/4/7 and Hoechst and TUNEL staining was employed to
measure cell viability. Our study is unique due to the complexity of the culture
system and treatment duration in which the organotypic slice cultures and spinal
cord myelinating cultures received 3-5 doses of 5 pg/ml of BIX over the
treatment period 7-10 days, respectively. The published work used cell lines
(see Table 5.9) to study the effect of BIX and did not explore the effect of BIX
on oligodendrocytes, astrocytes, microglia, and neurons derived from primary
cultures. The information regarding the stability of BIX at 37 °C was also left

out in the published literature.
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Table 5.9: Studies conducted using BIX

treatment with BIX
decreased this ER

were given BIX 30
min before the start

stress-induced of ischaemia.
apoptosis. The area of | Controls did not
infarction in  the | receive any BIX
penumbra was also | pretreatment.

reduced in the BIX | BIX mainly induces
pre-treated group BiP along with

Disease model Cell Duration Dose Route of | Animal model Outcome Other information | Reference
type Admin.
Tunicamycin or N- | RGC-5 12 hiin-vitro | 1-150 uM in- | Intra vitreous | Male adult ddY | BIX 5 nmol | BIX also affects the | (Inokuchi et
methyl  D-aspartate | Rat 7 days in- | vitro injection mice preferentially induced | expression of other | al., 2009)
induced retinal | ganglion | vivo 0.5 Thy-1-cyan BIP expression in- | ER stress-
damage in mice cell line | experiments fluorescent protein | vivo associated  genes
or (CFP)  transgenic | Coadministration of | such as Calreticulin,
mice BIX 5nmol with | GRP94, and protein
5 nmol in- ER stress-activated | tunicamycin or | kinase inhibitor of
Vivo indicator (ERAI) - | NMDA significantly | 58 kDa and
experiments transgenic mice reduced the CHOP | asparagine
expression levels in | synthetase.
the ganglion cell layer | Used 5% DMSO in
and also reduced the | PBS as vehicle
retinal cell death control for in -vivo
experiments.
Neuronal cell death | SK-N- 12 hiin-vitro | 1-50 UM in- | Intra Focal Cerebral | Middle cerebral artery | Focal cerebral | (Kudo et al.,
caused by | SH 24 h in-vivo | vitro cerebroventric | ischemia model | occlusion induces ER | ischemia was | 2008)
Tunicamycin induced- | Neurobl | experiments | 50r20ugin- | ular injection | (male adult ddY | stress-induced caused by middle
ER stress (in vitro) or | astoma Vivo (ICV) mice) (24-34 g | apoptosis in  the | cerebral artery
ischemia (in vivo) cell line experiments weight) penumbra and Pre- | occlusion. Animals
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Disease model Cell Duration Dose Route of | Animal model Outcome Other information | Reference
type Admin.
slight induction of
GRPY4,
Calreticulin,  and
CHOP.
Neuronal cell death | SH- 24 h in-vitro | 1-5 pM in- | Single Male adult | Pre-treatment  with | Both carotid arteries | (Oida et al.,
caused by forebrain | SY5Y experiments | vitro stereotaxic Mongolian Gerbils | BIX reduced cell | were occluded | 2008)
ischemia in gerbil cell line | 7 days in- | experiments | injection into | (60-80 g weight) death and reduced the | using Sugita No.50
Neurobl | vivo 10 or 40 pg | the lateral TUNEL positive cells | temporary
astoma experiments | in-vivo ventricle in the hippocampus | aneurysm clips. 5 pl
cell line experiments | (ICV) CAL1 subfield of 10% DMSO in
SK-N- saline was used as
SH cell vehicle control.
Neurobl Animals were
astoma treated 30 min
cell line before the
occlusion.
Permanent middle | NA 24 h in-vivo | 1,50r 20 ug | Intra Male adult ddY | Post-treatment with | 2 ul of 10% DMSO | (Oida et al.,
cerebral artery experiments cerebroventric | mice (26 -32 g | BIX is protective | in saline. BIX was | 2010)
occlusion (MCAO) ular injection weight) against ischemic | administered at 5
(post-MCAO) neuronal damage and | min, 3 h, and 6 h
reduced the number of | after ischemia.
TUNEL positive cells
in the ischemic
penumbra
Renal NA 24 h in-vivo | 2 mg/kg Sub renal | Male ddY mice (7- | Pre-treatment  with | Drugs were | (Prachasilchai
ischemia/reperfusion experiments | 15 mg/kg capsule week-old) BIX significantly | administered in a | etal., 2009)
injury in-vivo injection reduced the | volume of 100 pl
experiments | Intraperitoneal ischemia/reperfusion
injection injury. Co-treatment
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Disease model Cell Duration Dose Route of | Animal model Outcome Other information | Reference
type Admin.
of tunicamycin with
BIX did not have any
additional protection.
Bone loss in a murine | Primary | 24 h in-vitro | 5 uM in- | Oral Female ICR mice | BIX increases | 0.5% sodium | (Hino et al.,
model of osteoporosis | Osteobla | experiments | vitro administration | (20-36-week-old) osteoblast  induced | carboxymethyl 2010)
sts 24 h in-vivo | experiments bone formation and | cellulose was used
culture experiments | 10 or 30 prevents bone loss as a vehicle control
mg/kg/day
Paclitaxel induced ER | SK-N- 24 h in-vitro | 0.5-10 uM | NA NA BIX attenuated the | DMSO was used as | (Tanimukai et
stress SH experiments | in-vitro ER stress caused by | avehicle al., 2013)
Neurobl experiments Paclitaxel thereby
astoma preventing apoptosis
cells or
MCF
cells
Light-induced retinal | 661W 3,60r30h |3 pM in- | NA NA BIX attenuated the | BIX was dissolved | (Nakanishi et
cell death cells vitro ER stress caused by | in DMSO and later | al., 2013)
Photorec experiments exposure to light diluted with FBS
eptor
cell line
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The RNA sequences met the quality requirements and were used for
downstream analysis. As mentioned in the results section 5.5.3 the genes related
to UPR such as Xbpl, Atféb, Wfs1, Nck1, Nck2, Bax, Bakl, Asns, Atf4, Hspab,
Bax, Bid, Fas, Bad are slightly altered, the selective induction of BiP through
ATF6 pathway is questionable at least in spinal cord myelinating cultures. The
downregulation of cell-specific genes partially explains the BIX effects on
microglia and oligodendrocytes. A few number of astrocyte and neuron-specific
genes were also downregulated but they seem to be more resistant to BIX related
toxicity.

There is no single pathway that is upregulated in response to BIX treatment.
There are several pathways related to cell cycle, mitotic division, cytoskeletal
reorganisation, cellular transport, trafficking via Rho GTPases, innate and
adaptive immune systems that are downregulated, we conclude that BIX is
targeting rapidly diving cells, such as microglia and oligodendrocytes precursor
cells and cell with high metabolic rate such as oligodendrocytes (see Table 5.6).
The pathways derived from upregulated genes include hexose metabolism,
potassium voltage channels, cellular junction organisation, oxidative stress (See
Table 5.5). Taken together the gene expression analysis and pathway analysis,
BIX proves to be toxic. The reproducibility of BIX effects in cerebellar slice

cultures makes the toxic effects of BIX trustworthy.

5.7 Conclusion

Significant inhibition of myelination and loss of microglia was observed after 5
days (5 pg/ml) in the absence of any significant effect on axonal density or
astrocytes. Withdrawal experiments demonstrated that these effects on
myelination and microglia were irreversible. Although BIX inhibited
myelination we found it was unable to mediate primary demyelination. BIX,
therefore, appeared to have selective toxicity towards oligodendrocyte-lineage
cells and microglia. Therapeutic use of BIX to protect against ER stress should
be considered with caution. BIX significantly downregulates various genes

related to oligodendrocytes and microglia. We conclude that BIX is targeting
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rapidly diving cells, such as microglia and oligodendrocytes precursor cells and
cell with high metabolic rate such as oligodendrocytes (see Table 5.4 and 5.5

for details of the pathways)
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BiP, a highly conserved ER chaperone, belongs to the HSP70 family of proteins.
It is an ER chaperone with a multitude of diverse biological functions. BiP on
the cancer cells involves in the cell signalling and viability and produces a
chemotherapeutic resistant phenotype. BiP also facilitates the entry of viruses
into the cells. In rheumatic arthritis, increased levels of BiP and BiP auto-
antibodies were reported (Corrigall et al., 2001; Park et al., 2014). Cardiac
dysfunction is attributed to BiP and Ca?* dysregulation in the ER (Roe and Ren,
2013). Additionally, BiP can suppress the formation of the atherosclerotic
plaque (Ni and Lee, 2007). BiP may play a role in the pathogenesis of various
neurodegenerative disorders such as Huntington’s disease (Lajoie and Snapp,
2011), Parkinson’s disease (Hara et al., 2011), Multiple Sclerosis (Hussien et
al., 2015) and Alzheimer’s (Sakono and Kidani, 2017). It is associated with
metabolic disease such as diabetes mellitus (Synofzik et al., 2014). The
association of BiP with several diseases and the underlying mechanism are
depicted in (Figure 6.1). Among the plethora of BiP functions, we attempted to
explore the effects of BiP on myelination by exogenous addition of BiP to
myelinating cells and slice cultures and by chemically inducing BiP with BIX

in the same models.

Cardiovascul
ar disease

Neurodegene
rative disease

Induction

Metabolic
disease

BiP

Autoimmune
disease

Inhibition

Infectious
disease

| Cancer /viral
disease

Figure 6.1: Clinical importance of BiP (source: S. Bandla).

The involvement of BIiP in disease: Cardiovascular diseases, mainly heart failure;
neurodegenerative diseases such as, Alzheimer’s and prion disease; autoimmune disorders such
as rheumatic arthritis and multiple sclerosis; metabolic disease such as diabetes mellitus and
obesity; infectious disease including prokaryotic and eukaryotic pathogens utilizing BiP
homologs; Cancer and viral diseases that depend on host’s BiP expression. The underlying
mechanisms, including unfolded protein response, ER-associated degradation (ERAD), Ca%
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homeostasis and other signalling pathways involved are shown. Inhibition or induction of BiP
expression can be used as a treatment. Inhibition affects the survival of the cancerous and
infected cells, whereas induction protects the cells from misfolded proteins, ER-stress, and
apoptosis. ( Adapted from (Wang et al., 2017)).

The unfolded protein response is regulated by the three molecular sensors IREL,
ATF6 and PERK (section 1.3) and activation of these pathways cause the
induction of proteins and chaperones that assist in restoring normal ER function.
The UPR can be either beneficial or detrimental based on whether it is
supporting survival or apoptosis. When prolonged ER stress overtakes the
protective mechanisms, signals may become proapoptotic (Oyadomari and
Mori, 2004). Inflammatory demyelination and neurodegeneration in MS are
related to ER stress (Deslauriers et al., 2011).

Accumulating evidence hints that ER stress-associated signalling pathways
could be a therapeutic target in neurodegenerative disorders such as MS. For
example, our group reported the upregulation of ER stress molecules such a
CHOP, XBP-1 and BiP within MS lesions. Increased expression of BiP, CHOP,
and XBP1 was observed in acute lesions of MS patients and at the edges of the
chronic active lesions (Mhaille et al., 2008). Increased expression of CHOP, BiP
and ATF4 transcripts was also observed by our group in the normal-appearing
white matter (NAWM), compared to non-MS controls. The presence of
increased levels of CHOP transcript was observed in the peri-lesional area of
the active lesions (Cunnea et al., 2011). We also detected ER stress molecule
upregulation in grey matter MS lesions and in NAGM (McMahon et al., 2012).
Other groups showed via microarray analysis upregulated HSP genes in active
MS lesions (Graumann et al., 2006; Mycko et al., 2012). Also, exogenous
addition of HSP70/90 chaperones was proved to be therapeutic in a model of
Alzheimer's disease (Dou et al., 2003; Magrane et al., 2004).

Elimination of BiP during development and adulthood was shown to have a
detrimental effect on myelinating cells, such as oligodendrocytes and Schwann
cells, causing hypomyelination in the central and peripheral nervous system
(Hussien et al., 2015). During myelination, the secretory pathway plays an
important role in the glial cells. BiP regulates the unfolded protein response and
elimination of BiP actually leaves the stress sensors of the unfolded protein

response in an activated state. For example, the PERK and ATF6 arms were

206



proved to be activated in the absence of BiP in OL-BiP***° mice. Chronic ER
stress causes apoptosis by upregulating the transcription factor CHOP (Hussien
et al., 2015). Inadequate availability of BiP can also cause ER stress (Vitale et
al., 2019). Amongst the upregulated UPR genes, we focused on BiP as it is
required for the survival of oligodendrocytes and Schwann cells. Our group had
also reported the upregulation of BiP during rat developmental myelination
(Naughton et al., 2015).

As mentioned earlier, BiP is present in different cellular organelles such as the
ER, cytoplasm, nucleus, mitochondria, and on the cell surface and it can be
released into extracellular space (Casas, 2017). Chaperoning and regulating the
UPR are considered the main functions of BiP (Pobre et al., 2019). However,
the interactions of BiP with cell-surface ligands and receptors (described in
section 1.4.4) and the functions of BiP in the cytoplasm, mitochondria and
nucleus should not be underestimated (Cook, 2019; Ni et al., 2011; Quinones et
al., 2008). The normal physiological or pathological functions of BiP have been
thought to be related to its intracellular function. However, detection of BiP
within body fluids of healthy and diseased individuals (Giusti et al., 2010a; Ni
etal., 2011; Tsunemi et al., 2010) and its secretion from cells under stress hints
that BiP has extracellular functions, as a receptor, immune modulator and cell
signalling molecule. Several possible mechanisms for extracellular localisation
of BiP have been proposed that include cleavage or masking of the KDEL
retention motif, surpassing the KDEL receptor function (Zhang et al., 2013),
alternative splicing of BiP that escapes from the ER (Corrigall et al., 2004;
Zhang et al., 2010), or association with membrane proteins (Ni et al., 2011,
Wiest et al., 1997; Xiao et al., 1999; Zhang et al., 2010) (refer to section 1.4.3
for more details).

Cell-Surface BIiP interacts with several ligands and receptors (refer section
1.4.4). Some of these ligands and receptors such as alpha 2 macroglobulin (.-
M), MHC-1 class-related gene A (MICA), low density lipoprotein receptor-
related protein 1 (LRP1), urokinase plasminogen activator surface receptor
(UPAR), insulin-like growth factor-1 (IGF-1), epidermal growth factor
receptor (EGFR) have been linked to MS (see Table 6.1). The possibility that
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BiP interacts with these molecules in the context of MS still exists and warrants

further study.

Table 6.1: Role of BiP interacting molecules in the context of MS.

Molecule

Role in MS

Reference

Ol2- M

MICA

Transthyretin

Low-density
lipoprotein receptor-
related protein 1

Urokinase
plasminogen activator
surface receptor
(UPAR)

Insulin-like  Growth
factor 1 (IGF-1)

Epidermal growth
factor receptor
(EGFR)

T-cadherin

Native and transformed oM levels were
increased in patients with MS

Clinical behaviour of MS in patients is
regulated by MHC-1 class-related gene

Post-translational modification of
transthyretin at cysteine in the position ten are
connected with multiple sclerosis

LRP1 is expressed on all the cell types and

mediate uptake of myelin vesicles

UPAR was expressed on monocytes in
relapsing-remitting patients.

IGF-1-1 increases myelin production and the
number of oligodendrocytes.

The EGFR is expressed in astrocytes present
in the glial scar in multiple sclerosis

Endothelial barrier function

(Jensen et al., 2004)

(Fdez-Morera et al.,
2006)
(Pieragostino et al.,

2013)

(Gaultier et al., 2009)

(Balabanov et al.,
2001)
(Costales and

Kolevzon, 2016).

(Holley et al., 2003)

(Andreeva et al,,

2009)

The published literature is quite ambiguous in defining the presence or absence

of signal or KDEL sequences in circulating BiP. As there was no clear evidence

regarding peripheral BiP having a signal and/or ER retention sequence, here we

produced and biochemically characterised four variants of BiP (S*/K*, SY/K", S’

/K* and S/K"). S refers to signal sequence and K refers to KDEL. The most

commonly used bacteria in biotechnology for gene cloning is E. coli. Protein

expression using E. coil is one of the cheapest methods (Baneyx, 1999). Because
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of the well-explored genome (approximately 4400 genes), simple growth
conditions and replication rate, working with E.coli is very convenient (Blattner
etal., 1997; Rosano and Ceccarelli, 2014). E. coli is available in a wide variety
of strains and it is important to select the suitable expression hosts in order to

achieve required protein expression.

The optimisation of protein expression was carried out using Rosetta 2 (DE3)
pLysS and BL21- CodonPlus (DE3)-RIL strains at 26°C and 37°C. Based on the
level of protein expression (Figure 3.4), all four variants were purified from the
BL21-CodonPlus (DE3)-RIL strain. Expressed proteins had a C-terminal
histidine-tag; all variants were purified using affinity (nickel) chromatography.
The physicochemical characterization proved the proteins to be of the right size
(approximately 78 KDa) as confirmed by SDS PAGE gels. The proteins were
present as monomers, dimers and oligomers, in keeping with published
literature. We found that oligomers and dimers were converted to monomers in
the presence of nucleotides (ATP and ADP) or nucleotides and cations (Ca?*,
Mg?*, Mn?*). The ATPase assay was used to measure the enzyme activity of
these proteins and the S*/K™ had the highest ATPase activity. As a part of the
protein characterisation, the influence of cations Ca?*, Mg®* and Mn?*
(millimolar and submillimolar concentrations) on the enzyme Kkinetics and
binding affinity of nucleotides (ATP and ADP) was assessed (see sections 3.5.4-
3.5.7). Using Differential Scanning Flourimetry, the melting temperatures of
these proteins were measured and found to be 45.1 - 45.8°C. Binding affinities
of ATP and ADP were measured in the using Differential Scanning Flouirmetry.
In the absence of cations, all the variants had a higher affinity for ADP than
ATP. In the presence of cations, the Kq values decreased by up to 80% indicating
that cations act as cofactors in the binding of nucleotides to BiP. The Kq values
reported in the literature vary within a range of 107 to 10 based on the source
of the protein or the methods used for measuring Kq (Schmid et al., 1985). We
found that in the presence of 50 pM Mg?* the Kgq values were higher for ADP
than ATP for S*/K* and S7K". These results suggest that in the presence of Mg?*
the binding affinity is higher for ATP and the exchange of ATP to ADP happens
easily. In the presence of Mn?*, the binding affinity was higher for ADP than
ATP. The reduced activity could be due to the tighter binding of ADP than ATP
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or the presence of a second mechanism. The Km and Vmax values obtained from

the kinetics experiments support this observation.

Mg?* and Mn?* had a stimulating effect on the ATPase activity, whereas Ca?*
did not have any stimulatory effect. The lack of stimulation in the presence of
calcium could be due to the stronger binding of ADP when compared to ATP.
In the published literature, the effect of Mg?* and Mn?* at sub-millimolar
concentrations were not examined. The concentration of Mg?* in the ER was

around 10 millimolar but only a fraction of it is freely available (Romani, 2011).

At sub-millimolar concentrations such as 10 pM and 30 pM, Mg?* effectively
stimulated BiP S*/K* ATPase activity. Mn?* was more efficient at these lower
concentrations at stimulating ATPase activity than Mg?*. At concentration
above 100 pM, Mn?* was less effective than Mg®* (See figure: 3.9). The
physiological concentration of Mn?* in the brain is 20-50 uM, while higher
concentrations of 60-150 puM are considered pathological (Bowman and
Aschner, 2014). Mg?* had stimulatory effect at concentrations as high as 10
mM which was not noticed with Mn?*,

In summary, cations do influence the ATPase activity and binding affinity of
nucleotides to BiP variants (refer section 3.6). Further characterisation of BiP
using mass spectrometry would aid in the understanding of the folding and
function. X-ray diffraction, CD spectroscopy could be performed to study the

crystal structure of BiP variants.

On completion of the biochemical characterisation of all BiP variants, we
studied the effect of exogenous addition of BiP S/K™ on myelination.
Considering the cost involved in making four large batches of endotoxin-free
protein, we narrowed down the focus to one variant (BiP S/K"). The decision to
make the S/K" variant in large quantities for cell culture experiments was made
based on the Corrigall's group published literature in which BiP lacking the
signal and KDEL sequences was added exogenously to peripheral blood
monocyte cell cultures (Corrigall et al., 2004, 2001). In a clinical trial conducted
on patients with Rheumatic arthritis, a range of doses were administered
systemically (1, 5 and 15 mg). Administration of a single dose of BiP (5 orl5
mg) was proved to be therapeutic and safe (Kirkham et al., 2016). On the other
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hand, BIiP is essential for the angiogenesis and proliferation of synoviocytes
which are the hallmarks of rheumatic arthritis (Yoo et al., 2012). BiP also
promotes the proliferation of T cells, antibody secretion and the production of
proinflammatory cytokines (Ehrenreich et al., 2007; Park et al., 2014).
Therefore, it appears that the location of the BiP and its association with other

molecules dictates BiP’s role as a ‘friend’ or a ‘foe’.

We eluted BiP S/K" in endotoxin-free PBS and passed it through endotoxin
removal high-capacity columns to make it endotoxin-free for cell culture
experiments. The FITC-labelled BiP was made from the same batch. (see
section 2.3.1) for more details). Both B104 neuroblastoma and spinal cord
myelinating cultures demonstrated the uptake of FITC-labelled BiP in a time-
and dose-dependent manner. FITC-labelled protein aggregates were also
noticed in spinal cord myelinating cultures which is one of the reasons for not
quantifying these FITC positive cells in spinal cord myelinating cultures. These
are preliminary observations and further investigation is required to study the
mechanism of uptake.

The endotoxin amounts were quantified and found to be less than 0.015 EU/m
in our BiP preparation (see section 4.6.1), but we could not determine if the
effect on microglia was due to BiP or endotoxins or small amounts of co-
purified proteins. To rule out the possibility that the increase in microglia was
due to the presence of endotoxins, we suggest performing the protein heat
inactivation experiments. As endotoxin is heat-resistant and proteins are heat-
sensitive, the impact of the endotoxins can be differentiated from that of the
protein, once the protein is denatured. Others have shown that commercial
compounds having residual endotoxin less than 1 EU is sufficient to drive
immune response (Schwarz et al.,, 2014). Most commercially available
recombinant protein products have residual endotoxin amounts of less than 1
Endotoxin Unit, which is equivalent to 100 pg (Dawson et al 1988). CD 1c*
Dendritic cells are sensitive to endotoxin levels as low as 0.002 ng/ml which is
equivalent to the residual endotoxin in commercial preparations (<1 EU)
(Schwarz et al., 2014). Corrigall et al reported endotoxin levels less than 5 ng
per 20 g/ml of BiP protein (Corrigall et al., 2004). Brownlie et al reported an
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endotoxin value of less than 95 EU/mg (Brownlie et al., 2006). Very low
concentration, such as 0.1 ng-0.001 ng of endotoxins are enough to elicit
cytotoxicity in monocytes (Ziegler-Heitbrock et al., 1986). To avoid problems
associated with endotoxin we suggest using alternative methods of protein
expression such as human embryonic kidney cells -HEK?293 cells (Subedi et al.,
2015) (non-bacterial protein expression systems) or E. coli strains (LPS-free
derivatives of E. coli K-12 and BL21 (DE3) strains) that produce only
endotoxin precursor lipid 4., which does not cause an endotoxin response in
humans (Mamat et al., 2015). The possibility of BiP proteins getting
contaminated with bacterial components such as peptidoglycans or lipoproteins
also exists (Gorbet and Sefton, 2005). The half-life of BiP varies across
different species and different tissue from few hours -15 days (Wang et al.,
2017). The stability of the recombinant BiP variants in the in-vitro experiments

is another factor to investigate.

Because of the possible unpredictable effects of recombinant BiP on microglia
present in our explant cultures, we decided to discontinue the use of
recombinant BiP. Instead, we studied the effect of chemical induction of BiP on
myelination by using BIX.

As described before BIX is 1-(3, 4-dihydroxyphenyl) -2-thiocyanate-ethanone
or 2-(3, 4-dihydroxyphenyl)-2-oxoethyl thiocyanate which is a member of

thiocyanates that is 3, 4-dihydroxyacetophenone.

Disappointingly, when spinal cord myelinating cultures were treated, BIX was
found to be severely toxic towards myelin, oligodendrocytes, and microglia. In
it unclear whether the microglial activation comes first, or if the microglia are
activated by myelin debris. As microglia take up debris it is possible that the
myelin debris is uptaken by microglia causing their activation. Alternatively,
B1X might have activated microglia that exerts toxic effects on myelination.

Microglia develop from the yolk sac and enter the CNS during embryonic
development. They participate in neurodegenerative disorders such as
Alzheimer's, Nasu-Hakola, neuropathic pain, Rett syndrome. Elimination of

microglia seems to be appealing for certain disorders, but these cells are also
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important for synaptic pruning, plasticity, the clearing of cellular debris and in

programmed cell death.

In our models, the least-affected cell types were astrocytes and neurons. To-
date, BIX has been portrayed as a protective agent in the published literature
(see Table 5.7). BIX was proved to be therapeutic in models of brain
ischemia (Kudo et al., 2008; Oida et al., 2008), retinal damage (Inokuchi et al.,
2009), photoreceptor death (Nakanishi et al., 2013), bone loss (Hino et al.,
2010) and acute kidney injury (Prachasilchai et al., 2009). Most of the
published in-vitro experiments were designed around tunicamycin or ER stress-
induced apoptosis. Possible chronic effects were ignored. However, we
demonstrated that BIX is toxic for chronic treatments, at least at the 5pg/mi
dose. The usage of BIX for chronic treatments should be carried out with
caution. The stability of this chemical should also be investigated. There is no
evidence that BIX is transported to the ER to induce the ATF6 pathway. This

has not been described in the literature.

The molecular mechanisms underlying BIX toxicity were explored using RNA
sequencing. RNA was isolated from BIX-treated cultures or DMSO control
cultures after 24 h of treatment. The sequencing was carried out by Glasgow
polyomics. The sequences passed the quality test and were used for differential
gene expression analyses. The top 10 upregulated and downregulated genes (see
Tables 5.2 and 5.3). were filtered with a log-fold threshold of 1.5 and an adjusted
p-value of 0.05. The diversity of the genes did not lead us towards any
conclusions. The generation of differentially expressed genes is only the
beginning of an understanding of the biological context. The appropriate
interpretation of differentially expressed genes is vital to draw conclusions.
Genes always function collectively in a biological context by involving inter-
dependent signalling pathways. Occasionally, a minute expression change of a
few genes participating in a pathway might create a phenomenal change in the
biological processes. Therefore, the Reactome pathway browser was used to
understand the pathways involved. The differentially expressed genes with a
log> fold change of + 2 were used for identifying the pathways involved. The
top 25 upregulated pathways and downregulated pathways were listed in (see

Tables 5.4 and 5.5). The downregulated pathways include cell cycle, cell cycle
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mitotic division, resolution of sister chromatic cohesion, mitotic spindle
checkpoints, separation of sister chromatids, cell cycle checkpoints, mitotic
anaphase, and metaphase, which clearly indicate that BIX interferes the cell
cycle and cell division. The rapidly diving cells such as microglia and
oligodendrocytes which have a heavy burden of making myelin were most
effected. The upregulated pathways include cellular hexose transport, yes
associated protein one (YAP1) - and WW domain-containing transcription
regulator one-WWTR1 (TAZ) gene expression. These are transcriptional
coactivators with downstream targets involving the control of proliferation and
apoptosis; Tumour p53 activates the proapoptotic target genes such as p53
upregulated modulator of apoptosis (PUMA), proapoptotic member of Bcl2
family (NOXA), Bcl-2 like protein 4 (BAX), BH3 interacting domain death
agonist (BID) (Maritsi et al., 2006). Other up-regulated signals include those
associated with nerve growth factor, which mediates neuroprotective activities
by binding Tropomyosin receptor kinase A (TRKA) receptor. The cell-cell
junctions (tight junctions, adhesion junctions, and desmosomes), which
participate in forming barriers, paracellular transport and signalling were also
affected by BIX. The tight junctions also participate in cell proliferation (Garcia
et al., 2018). Other pathways include oncogene-induced senescence which can
be obtained via retinoblastoma protein and p53-pathway activation (Chandeck
and Mooi, 2010). Inhibition of proliferation, interference with the cell cycle,
cell division, metabolism and activation of proapoptotic genes justifies the cell
death caused by BIX.

There are alternative chemicals that could be used to induce the expression of
BiP. Exendin-4 and Forskolin are agonists of Glucagon-like peptide (GLP-1)
and have been shown to protect pancreatic 3 cells from free fatty acid-induced
ER stress. Exendin-4 and Forskolin also protect the pancreatic f cells from
Salubrinal-induced stress and apoptosis by upregulating protective mechanism
(eg. BiP, Bcl-2, and JunB) (Cunha et al., 2009). Other chemicals such as
Salubrinal, Bortizomib also upregulate the expression of BiP (Boyce, 2005;
LeBlanc et al., 2002) In a high throughput screen conducted for ER stress
inducers Spiperone and AMI-193 activated all the three arms of the UPR, while
amlodipine and Roxindole upregulated the ATF6 and PERK pathways.
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Primaquine and 6-thioguanine only induced the ATF6 pathway (Bi et al., 2015).
All six molecules induced the expression BiP (Bi et al., 2015). The selective
upregulation of BIP is questionable as all these chemicals upregulate BiP via
the UPR. Chaperones such as GRP94, CHOP, PDI are often upregulated, along
with BiP (Kudo et al., 2008). The therapeutic activity of these chemicals is yet

to be explored.

In conclusion, functionally active recombinant proteins can be produced
from E. coli in a cost-effective manner, but the risk associated with endotoxins
should be considered. The existing literature on BIX did not shed light on the
long-term and chronic effects of this compound in in-vivo or in-vitro disease
models. Factors such as dose, duration and the type of model influence the
therapeutic characteristics of BIX. These factors should be stringently
optimised prior to the therapeutic application of BIX. Spinal cord myelinating
cultures revealed the unforeseen toxic effects of BIX and BiP thereby

contributing to the principles of 3R’s.
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Appendix
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Figure A 1.1: A comparision of the amino acid sequence of the Homosapiens BiP

(https://www.uniprot.org/uniprot/P11021) and the Rattus Norvegicus

BiP

(https://www.uniprot.org/uniprot/P06761). Query (Homosapiens-Human BiP), Shjct (Rattus

Norvegicus-Rat BiP) were aligned using BlastP and identities are shown as dots, mismatches

are shown in red.
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Score Expect Identities Gaps Strand

2654 bits(1437) 0.0 1789/1965(91%) 0/1965(0%) Plus/Plus
Query 1 ATGAAGCTCTCCCTGGTGGCCGCGATGCTGCTGCTGCTCAGCGLGGLGCGGGCCGAGGAG 6O
sbjet 1 ...... T..A.TG....... G...GC.....civnvnn GT.T....Te.vun Gu'vvuns 60
Query 61 GAGGACAAGAAGGAGGACGTGGGCACGGTGGTCGGCATCGACCTGGGGACCACCTACTCC 120
Sbject 61 ..., T Ao e e B I L T... 12@
Query 121 TGCGTCGGCGTGTTCAAGAACGGCCGCGTGGAGATCATCGCCAACGATCAGGGCAACCGC 18@
Sbjct 1212  ........ P Bt e 180
Query 181 ATCACGCCGTCCTATGTCGCCTTCACTCCTGAAGGGGAACGTCTGATTGGCGATGCCGCC 240
Sbjet 181 ..... A..... G..... Gvnenennsanannnnnnns Gt e nan s G... 240
Query 241 AAGAACCAGCTCACCTCCAACCCCGAGAACACGGTCTTTGACGCCAAGCGGCTCATCGGC 300
Sbjet 241  ........ Ao Givennnnn Guviennnn C.ovvnn Covnnnnnenns Covvnnnnn A 300
Query 301 CGCACGTGGAATGACCCGTCTGTGCAGCAGGACATCAAGTTCTTGCCGTTCAAGGTGGTT 360
sbjet 301 ..... Tt iiennn L Aiiiiiiinnnn 360
Query 361 GAAAAGAAAACTAAACCATACATTCAAGTTGATATTGGAGGTGGGCAAACAAAGACATTT 420
Sbjet 361 ... Tt et inanaas Coviinnnnnnnnns Covinnnnnn 420
Query 421 GCTCCTGAAGAAATTTCTGCCATGGTTCTCACTAAAATGAAAGARACCGCTGAGGCTTAT 480
Sbjct 421 o Tttt it tnetinanannen G...nw T..Co.... G... 4B8e
Query 481 TTGGGAAAGAAGGTTACCCATGCAGTTGTTACTGTACCAGCCTATTTTAATGATGCCCAA 540
Sbject 481 ...l N Govrvernnenns T..C..Coovvvunn A..G 540
Query 541 CGCCAAGCAACCAAAGACGCTGGAACTATTGCTGGCCTAAATGTTATGAGGATCATCAAC 600
sbjct 541 T e I 114
Query 601 GAGCCTACGGCAGCTGCTATTGCTTATGGCCTGGATAAGAGGGAGGGGGAGAAGAACATC 660
sbjct 601 L P + 151
Query 661 CTGGTGTTTGACCTGGGTGGCGGAACCTTCGATGTGTCTCTTCTCACCATTGACAATGGT 720
sbjct 661 A P .5
Query 721 GTCTTCGAAGTTGTGGCCACTAATGGAGATACTCATCTGGGTGGAGAAGACTTTGACCAG 788
Sbjct 721 ..... LI Givviennanncnnnans Covvnnnnennnann Gevvvnennnnn T... 788
Query 781 CGTGTCATGGAACACTTCATCAAACTGTACAAAAAGAAGACGGGCAAAGATGTCAGGAAA 840
Sbjct 781 B Govevevannnn Goieinnantarnnanas Y C I A..G 848
Query 841 GACAATAGAGCTGTGCAGAAACTCCGGCGCGAGGTAGAAAAGGCCAMACGGGCCCTGTCT 908
Sbjct 841 ..... Gt et tennanasnannnns Tttt ienaranans GA.A...vununn 208
Query 9@1 TCTCAGCATCAAGCAAGAATTGAAATTGAGTCCTTCTATGAAGGAGAAGACTTTTCTGAG 960
Sbjct 981 ... T S C..A... 960
Query 961 ACCCTGACTCGGGCCAAATTTGAAGAGCTCAACATGGATCTGTTCCGGTCTACTATGAAG 1828
Sbjct 961 ..... LT Govivvrnnn Covinnnnn [ SR C.ovunn A 1le2e
Query 1021 CCCGTCCAGAAAGTGT TGGAAGATTCTGATTTGAAGAAGTCTGATATTGATGAAATTGTT 1080
Sbjct 1621 .. .T.....c.eieiininnnaaaaCuinnn o L P 10880
Query 1881 CTTGTTGGTGGCTCGACTCGAATTCCAAAGATTCAGCAACTGGTTAAAGAGTTCTTCAAT 1148
Sbjct 16881 B I L GT. G. it ininiennans 1148
Query 1141 GGCAAGGAACCATCCCGTGGCATAAACCCAGATGAAGCTGTAGCGTATGGTGCTGCTGTC 1288
Sbjct 1141 ........ G..G.vevniannns L Guvwnnnnn Avevinnns Covrvnnn 1200
Query 1201 CAGGCTGGTGTGCTCTCTGGTGATCAAGATACAGGTGACCTGGTACTGCTTGATGTATGT 1268
Sbjct 1201 ........... Gttt tnatanererasansnssnannanns Teiinennnnn G... 1l2p@
Query 1261 CCCCTTACACTTGGTATTGAAACTGTGGGAGGTGTCATGACCAAACTGATTCCAAGGAAC 1320
Sbjct 1261 Tt it ittt a st as e . G..ovonw 1320
Query 1321 ACAGTGGTGCCTACCAAGAAGTCTCAGATCTTTTCTACAGCTTCTGATAATCAACCAACT 1380
Sbjct 1321 B o o G..C..C 138@
Query 1381 GTTACAATCAAGGTCTATGAAGGTGAAAGACCCCTGACAAAAGACAATCATCTTCTGGGT 1448
Sbjct 1281 e Covinnnnnn ettt e sasanassans Civinnnnnn 1448
Query 1441 ACATTTGATCTGACTGGAATTCCTCCTGCTCCTCGTGGGGTCCCACAGATTGAAGTCACC 1588
Sbjet 1441 ... Covnnnnnnnn Covnnnnns - o 1500
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Query 1501 TTTGAGATAGATGTGAATGGTATTCTTCGAGTGACAGCTGAAGACAAGGGTACAGGGAAC 1560
Shict 1501 L. e e et s A..G..... A... 1560

Query 1561 AAAAATﬁAGATCACAAT(ACCAATGAC(AGAATCGCCTGACACCTGAAGAAATCGAAAGG 1620
sbject 1561 ..... C..A.....C..oiiiniinn A..C........ L 1620

Query 1621 ATGGTTAATGATGCTGAGAAGTTTGCTGAGGAAGACAAAAAGCTCAAGGAGCGCATTGAT 1686
Sbjct 1621 ..... C..... O L C 1680

Query 1681 ACTAGAAATGAGTTGGAAAGCTATGCCTATTCTCTAAAGAATCAGATTGGAGATAAAGAA 1740
sbjct 1681 ..G..G..... Avvieiinenninns T..C..un Teeran Covuns Civvvnnnnnnn G 1740

Query 1741 AAGCTGGGAGGTAAACTTTCCTCTGAAGATAAGGAGAC(ATGGAAAAAGCTGTAGAAGAﬁ 1800
sbjet 1741 ..., G..G..TC..........A...........G........ .G 1800

Query 1801 AAGATTGAATGGCTGGAAAGCCACCAAGATGCTGACATTGAAGACTTCAAAGCTAAGAAG 1860
Sbjct 1801 ..... Cnniii st ssaaaaaaas G..... Aviieiainniaas Tovwinans A... 1860

Query 1861 AAGGAA(TGGAAGAAATTGTTCAACCAATTATCAGCAAACTCTATGGAAGTGCAGGCCCT 1920
Shjct 1861 ... AL Gl G 19206

Query 1921 CCCCCAACTGGTGAAGAGGATACAGCAGAAAAAGATGAGTTGTAG 1965
Sbjct 1921 ... Teevesanarersnsncnana 1965

Figure A 2.1: A comparison of the nucleotide sequence of the Homosapiens BiP

(https://www.ncbi.nlm.nih.gov/nuccore/NM 005347.5) and the Rattus Norvegicus

BiP (https://www.ncbi.nlm.nih.gov/nuccore/NM 013083.2) Query (Homosapiens-

Human BiP), Subject (Sbhjct :Rattus Norvegicus-Rat BiP) were aligned using BlastP and

identities are shown as dots, mismatches are shown in red.

A 3.1 Scientific communications

Publication

Bandla, S., Diaz, S., Nasheuer, H.P., FitzGerald, U., 2019. ATPase activity of
human binding immunoglobulin protein (BiP) variants is enhanced by
signal sequence and physiological concentrations of Mn *. FEBS Open Bio
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Presentation
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‘Microglia and Myelin are susceptible to BiP inducer x (BIX)-induced
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