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Abstract

Endoplasmic reticulum stress and the unfolded protein response are implicated in a
number of diseases, from cancer to ankylosing spondylitis. Understanding the
mechanisms underlying this response and how these may differ between cell types
is important in beginning to address potential pharmacological therapies. This thesis
investigated the effect of the pharmacological endoplasmic reticulum stress inducer
tunicamycin, and the isoflavine tyrosine kinase inhibitor genistein on the
downstream pathways of the subsequent unfolded protein response. This was

investigated in the two human cell lines HelLa and HT1080.

The investigations in this thesis found that tunicamycin induced differential
activation of downstream unfolded protein response pathways in the two cell lines.
The first main finding was that the HT1080 cells exhibited chronic activation of stress
related phosphorylation pathways in comparison to the more transient response of
the Hela cells. Both cell lines showed a peak expression of the pro-survival proteins
after 10 minutes of tunicamycin treatment, as well as showing longer-term responses
to stress with later induction of the phosphorylated-Stat3 protein. This indicates that
both acute and chronic effects of ER stress occur in both cell types, but that HT1080
cells had a more consistent expression of stress related proteins. From live cell
imaging data, Hela cells were much more sensitive to tunicamycin induced motility
inhibition than the HT1080 cells, which may reflect a state of resistance to stress-
induced changes in motility in the HT1080 cells. Genistein decreased the

phosphorylation of stress related phosphoproteins slightly.

These findings reveal that consideration of the cell type must be made when devising
pharmacological routes to address conditions where endoplasmic reticulum stress is
a pathological factor. The differential response of cell lines to pharmacologically
induced ER stress could be exploited to create selective therapies specific to

individual cell types.
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1.1 Endoplasmic reticulum stress in context

Endoplasmic reticulum stress (ER stress) is a complex series of reactions that cells
undergo when subjected to the specific stress stimulus of misfolded proteins. This
introduction will outline the various factors involved in ER stress; from the pathways
activated to some diseases involved, and will also outline the rationale of the
experiments conducted for this project along with providing information about

exactly what the different pharmacological stress inducers do.

ER stress is involved in a plethora of diseases including type Il diabetes (Back and
Kaufman, 2012), cancer (Urra et al., 2016) and neurodegenerative diseases (Lindholm
et al.,, 2006). ER stress occurs when misfolded proteins accumulate in the ER.
Misfolded proteins may arise due to a number of reasons, such as mutations,
overloading of protein folding capacity and also due to pharmacological induction
using drugs to induce general or specific protein misfolding. Misfolding can
contribute to diseases such as AS, and may be a factor affecting disease progression
in other diseases such as cancer due to the augmenting effect of ER stress on
tumorigenesis, which will be later discussed. The presence of misfolded proteins in
the ER activates a cellular stress response called the unfolded protein response or

UPR.

Three specific and different pathways are activated in the cell during the UPR (Wang
and Kaufman, 2014), and these IREla, ATF6a and PERK pathways determine the
outcome of a stress response for the cell. These pathways will be discussed
molecularly in the following sections. The outcome is either apoptosis or resolution
of ER stress through an increase in folding capacity, decreased protein transport and
decreased protein synthesis. ERAD (endoplasmic reticulum associated degradation)
is increased with the activation of the UPR and this is when the misfolded proteins in
the ER are targeted for ubiquitination and degradation. ER stress has attracted
attention for the development of new therapies for a range of diseases. For example,
if ER stress can be modulated, or if different cell types behave differently under ER
stress, then there are implications for creating specific therapies that could target ER

stress in selective cells. As the diseases involving ER stress affect a wide range of
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bodily functions and areas, it is important to question whether the effects seen in
one group of cells will be the same in another cell type, and if differences are seen,
then perhaps this could unlock potential areas of investigation to establish why those

differences exist, which could in turn reveal potential therapeutic targets.

1.2 Protein Folding

Protein folding is an essential process within the cell, and is closely linked to
activation of ER stress and the UPR. Proteins need to be folded into a three-
dimensional shape. The protein begins as a random coil and sequence of amino acids,
which interact with each other to form covalent bonds that are the basis for a
protein’s 3D structure. The sequence of amino acids is the primary determinant for
its ultimate 3D functional structure (Anfinsen, 1972), but the exact process of how
the protein folds is affected by multiple factors. One of the main driving forces behind
the folding is related to the hydrophobic nature of specific amino acids such as
alanine, isoleucine, leucine, phenylalanine, valine, proline and glycine. In a solvent,
the hydrophobic amino acids are repelled by the solvent and therefore a hydrophobic
protein core is created, with this core being shielded from the solvent by non-
hydrophobic, polar amino acids. These polar amino acids include glutamine,
asparagine, histidine, serine, threonine, cysteine, methionine, tryptophan. The
process is much more complex than just this though and as the Levinthal paradox
demonstrates (Zwanzig et al., 1992), a protein left to fold without any external factors
would take a vast amount of time, too long to be biologically viable, due to the huge
number of possible folding conformations for the proteins. Kinetics therefore is
important for folding, with a bias against locally unfavourable conformations which

dramatically reduce the time taken to fold (Zwanzig et al., 1992).

While proteins can fold by themselves, often co-translationally (Fedorov and
Baldwin, 1997), an aid to folding often comes in the form of a group of proteins within
the cell called chaperones. As the nascent intermediate structures are produced by
the ribosome, the chaperones may come to assist the folding as well as helping fold
the full length product after release (Fedorov and Baldwin, 1997). Many chaperones

reside in the ER as a large amount of protein synthesis occurs here. The chaperones
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may aid primarily in protein folding, but others help prevent aggregation of proteins
by binding to their intermediate states. These two types of chaperones are classed
‘holdases’ and ‘foldases’ (Hoffmann et al., 2004) and help maintain homeostasis in
the cell, particularly under times of stress where the need for protein quality control
is increased. Under conditions of cellular stress such as elevated temperature or
denaturing conditions, chaperones are recruited to help alleviate this stress. Many
chaperones are in fact heat shock proteins (HSPs), which primarily act under stressed
conditions due to increased temperature for example acting as a protein denaturant.
A key protein heavily implicated in ER stress specifically is the HSP70 chaperone,
GRP78/BiP (Lee, 2005). This is an ER resident general chaperone, and has multiple
functions in both the translocation machinery and maintaining the newly synthesised
ER proteins in a stable state for translocation. Once bound to a substrate, BiP is able
to aid in protein folding and aggregate prevention. Aggregate prevention is achieved
through the combined work of HSP-70 chaperones and their co-chaperones; the J-
domain proteins (JDP). The chaperones bind to the hydrophobic regions of the non-
native proteins which prevents intermolecular interactions (demonstrating ‘holdase’
activity) (Mayer and Bukau, 2005). It is also a key component of the unfolded protein
response, functioning in the signal transduction for the three pathways involved in

the UPR.

ER stress is a term referring to an accumulation of unfolded or misfolded proteins in
the ER. The ER has a delicate homeostatic balance between protein load and protein
folding capacity (Oslowski and Urano, 2011), and this can be disturbed via
pathological and physiological insults which can result in the unfolded and misfolded
proteins collecting in the ER and putting pressure on the cell’s folding apparatus.
Unfolded proteins individually do not pose a strong threat to the cell, however when
the unfolded proteins start to aggregate, this can have a cytotoxic effect on the cell
so it is essential to clear up the potential threat of unfolded proteins to prevent
cytotoxicity and to maintain proper functioning of the ER. The cytotoxicity of the
aggregates stems from the excess activation of the ER stress response, and the push

towards apoptosis when the stress is unresolvable (Uchio et al., 2007).

1.3 Unfolded Protein Response
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The UPR is activated when misfolded and unfolded proteins are present in the ER
lumen. There are three signalling pathways in this stress response, all activated
through the same first step — sequestration of BiP by unfolded proteins present in
the ER. BiP has multiple roles, one of which is maintaining the three transmembrane
receptor proteins for each branch of the UPR in an inactive state. When unfolded
proteins begin accumulating in the ER, BiP is required for binding to help prevent
aggregation and aid in re-folding, and as the free BiP supplies decrease, the BiP bound
to the transmembrane receptors dissociates to meet the BiP demand and this
subsequently allows activation of the different UPR branches (Wang and Kaufman,
2014). The three pathways start with their respective transmembrane ER sensor
proteins: IREla, ATF6a and PERK (Wang and Kaufman, 2014). These pathways
resolve ER stress through increased folding capacity, increased protein transport out
of the ER and increasing the activation of ER associated protein degradation, while
preventing further protein synthesis — the adaptive response. If, however, the
unfolded protein load exceeds the capacity of the unfolded protein response, then
the cells undergo apoptosis (Wang and Kaufman, 2014). The pathways have many
downstream signalling cascades (Wang and Kaufman, 2014) - for example IREla
works via multiple different pathways including JNK signalling, XBP-1 splicing and
regulated IRE1 dependent decay, so each branch of the UPR can be regulated
individually. Cell fate determination is an important aspect of the UPR, and the
balance between the three different pathways is central to deciding whether the cell
undergoes apoptosis or survives. If the balance between survival and apoptosis is
uneven, then it may lead to diseases such as cancer, and this will be explored in depth
later. Over-active apoptosis, for example, could lead to degenerative diseases such
as Parkinson’s or Alzheimer’s (Chen and Brandizzi, 2013). Chronic UPR activation is
also closely linked with inflammation via phosphorylation of initiation factor 2 (elF2a)
by PERK; a translation initiation factor 2 kinase (elF2a kinase) (Hotamisligil, 2010).
This phosphorylation leads to translational suppression of inhibitory kappa B (IkB) ,
which acts as an inhibitor to the pro-inflammatory nuclear factor kappa B (NF-kB).
NF-kB then activates due to the regulation of inflammation mediators, resulting in

inflammation.
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1.4 IREla

The IREla branch of the UPR is a mammalian pro-survival pathway, but can also
cause apoptosis due to the decay of anti-apoptotic micro-mRNAs (Upton et al., 2012).
The IREla protein has a diverse downstream signalling cascade with two specific
pathways contributing towards a decision of cell fate (Chen and Brandizzi, 2013).
These pathways consist of unconventional splicing of the transcription factor, x-box

binding protein 1 (Xbp-1) and regulated IRE1 dependent decay (RIDD).

Originally it was believed that IREla signalling was terminated during chronic ER
stress to facilitate apoptosis (Hetz, 2012), however it is now debated that IREla is
persistently involved in UPR signalling and determines cell fate. After BiP dissociates
from the IREla transmembrane protein, the protein’s luminal domain
homodimerises, which consequently allows autophosphorylation of the cytoplasmic
domains due to close proximity (Ali et al., 2011). The phosphorylation site lies within
the central ~10 residues of the kinase segment (720-729), and the putative
phosphorylation site is on Ser724. This activates the cytosolic RNase domain which
carries out the splicing activity on Xbp-1 mRNA. By removing a 26 nucleotide intron
from the mRNA, the codon reading frame is shifted and this results in the generation
of a new COOH-terminal end that is a potent transactivation domain (Hetz et al.,
2011). The spliced XBP-1 (sXBP-1) can now activate multiple ER quality control and
ER stress genes to help the cell adapt to the stress. Downstream effects of the spliced
XBP-1 include upregulation of ER chaperones and ERAD associated genes (Yoshida et
al., 2001) including ER resident chaperone genes such as heat shock protein/
chaperone Dnal (Hsp40/Dnal), ER Degradation Enhancing a-Mannosidase-like
protein (EDEM) and HEDJ (Lee et al., 2003). XBP-1 has a well-documented role in the
UPR, and curiously one study purports that the unspliced form may negatively
regulate autophagy (Vidal and Hetz, 2013). An alternate pathway to XBP-1 splicing is
RIDD, which represses adaptive responses and activates apoptosis (Chen and
Brandizzi, 2013) due to IRE1a RNase cleaving multiple other mRNAs as well as XBP-1
(Wang and Kaufman, 2014). These cleaved mRNAs include many ER localised mRNAs
encoding secretory cargo proteins and proteins that promote folding (Han et al.,

2009). RIDD is also active during the switch between adaption and apoptosis and
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during this transition phase, it degrades selective UPR target genes, one of which is
BiP, ultimately increasing the ER stress intensity further shifting the balance towards
apoptosis. Once a stress intensity threshold is reached, the RIDD degrades anti
apoptotic micro-RNAs to induce apoptosis (Upton et al., 2012). These micro-RNAs
function as repressors of the translation of Caspase-2 miRNA. Caspase-2 is a protease
that plays an essential role in apoptosis (Vakifahmetoglu-Norberg and Zhivotovsky,
2010). Through inhibiting anti Caspase-2 miRNA, Caspase 2 is upregulated through
IREla activation, driving the cell towards apoptosis. This demonstrates how IREla
acts a molecular switch, able to determine whether the cell undergoes apoptosis, or

whether it adapts to the stress.

The cell fate determination through the IREla pathway is further affected through
cJUN NHz-terminal kinases (JNKs) during ER stress (Chen and Brandizzi, 2013). The
mitogen protein kinase JNK and apoptosis signal regulating kinase 1 (ASK1) form a
regulatory part of the IRE1la pathway. JNK along with RIDD, promotes apoptosis in
the cell and therefore also plays a role in cell fate determination. ASK1 activates
multiple downstream targets including MAPKs and JNK (HAYAKAWA et al., 2012). JNK
phosphorylates and activates transcription factors such as cJUN and ATF2 to regulate
gene expression levels while also regulating the stability of mRNA (Urano et al.,
2000). This pathway works via binding of TNF receptor-associated factor 2 (TRAF2)
to the activated IRE1la which recruits ASK1 and JNK. This in turn activates BCL-2
interacting mediator of cell death (BIM) and inactivates BCL-2 (Wang and Kaufman,
2014). BIM is an important pro-apoptotic protein (Gogada et al., 2012) which induces
the oligomerisation of the pro-aptotic Bax/Bak on mitochondria (BCL2 associated X,
apoptosis regulator). Bax increases the opening of the mitochondrial voltage
dependent anion channel, resulting in a loss of membrane potential and a release of
cytochrome C. BCL-2 is an anti-apoptotic protein and the inactivation of this protein,
coupled with the activation of BIM comprises the pro-apoptotic action of ASK1 and
JNK recruitment. Figure 1.1 highlights the three possible routes that the IREla

pathway may follow to result in either apoptosis or survival.
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Figure 1.1: The IRE1la pathway can direct cell fate determination.
The transmembrane receptor IREla homodimerises and autophosphorylates after

dissociation of BiP due to sequestration from unfolded proteins. This may result in XBP1
splicing, which is pro-survival, or may result in the apoptotic outcome of RIDD and the JNK

pathway.

1.5 ATF6a

The next UPR pathway to consider is the ATF6a pathway, and this is activated slightly
differently to IRE1a. Instead of autophosphorylation once BiP has dissociated, ATF6a
translocates from the ER compartment to the golgi apparatus where it is cleaved
from a full length protein (90 kDa), releasing a cytosolic fragment (50 kDa) (Zhang
and Kaufman, 2004). This process is called regulated intermembrane proteolysis and
it is a highly conserved process, whereby information is transferred to the nucleus
from the ER in the form of a functionally active protein fragment. There are two steps
in the cleavage of the protein, each using a different protease; the first being the

cleava
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ge of the protein substrate in the extra-cytoplasmic domain, and the second cleavage
occurs in the membrane spanning domain (Rawson, 2002). The cytosolic fragment
then migrates to the nucleus where it acts as a transcription factor, inducing ER stress
genes including the transcriptional induction of XBP-1 (Galindo et al.,, 2012).
Currently, ATF6 is only linked to the adaptive outcome of the UPR and no evidence

yet suggests a link between ATF6 signalling and apoptosis.
1.6 PERK

The third branch of the UPR is PERK and this protein is activated in the same fashion
as IRE1la. Once BiP disassociates, PERK homodimerises and autophosphorylates (Liu
et al., 2000). PERK activates elF2a via phosphorylation at S51, which attenuates
translation initiation through regulation of the translational activity of elF2. elF2
creates a ternary complex with GTP and the tRNAme: wWhich is the initiator. This
complex binds the 40S ribosomal subunit to make a 43S subunit — the preinitiation
complex. This binds to the 5’ end of mMRNA to scan downstream, and once a start
codon (AUG) is found, tRNAmet binds to the codon, and the GTPase activating protein
- elF5 activates elF2 hydrolysis of GTP. This results in the release of the elF2 complex
from the ribosome. Translation may then commence after the 60S subunit is
recruited and the 80S initiation complex is formed. For a new round of translation
initiation to begin, the GDP in elF2 must be exchanged for GTP, which is achieved
with the guanine nucleotide exchange factor elF2B — a step that is inhibited by elF5
(Wang and Kaufman, 2014). The elF2a is part of a heterotrimer that makes up elF2
along with a beta and a gamma subunit. The phosphorylated elF2a increases the
affinity of elF2 for GDP greatly and this inhibits the GDP to GTP exchange with elF2B,
instead forming an inactive complex with elF2 and sequestered elF2B. There is a low
ratio of elF2B to elF2, and this means that even small amounts of elF2a
phosphorylation can halt protein synthesis (Harding et al., 2000). Figure 1.2 shows a
simplified version of this signalling pathway and the cellular consequences as

discussed below.
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Figure 1.2: PERK activation results in general translational attenuation, but selective pro-
apoptotic or pro-survival translation.
Activated PERK phosphorylates elF2a, preventing elF2B from initiating translation via

exchanging GDP for GTP. This is due to the greatly increased binding affinity of GDP when
elF2a is phosphorylated, so elF2B is sequestered instead, forming an inactive complex with
elF2. This attenuates translation but selectively translates the mRNA for the transcription
factor ATF4 which aids the adaptive UPR. ATF4 in turn transcribes CHOP which is a pro-

apoptotic transcription factor.

While the phosphorylation of elF2a results in a decrease of global mRNA translation,
a paradoxical increase in ATF4 mRNA translation amongst other select mRNAs is
observed due to selective translation (Harding et al., 2000). ATF4 is a transcription
factor that enters the nucleus and upregulates ER stress genes. One target of ATF4 is
activating the transcription of the growth arrest and DNA damage inducible protein
34 (GADD34), which in turn promotes de-phosphorylation of elF2a resulting in
restored global translation. The other important transcription target of ATF4 is C/EBP
homologous protein (CHOP), which has an important role in promoting apoptosis.
CHOP has a similar function to ASK1/JNK in that it can upregulate the pro-apoptotic
transcription of BIM (Puthalakath et al., 2007) as well as inhibiting anti-apoptotic BCL-
2 expression (McCullough et al., 2001). On top of this, BAX translocation to the
mitochondria is promoted by CHOP (Szegezdi et al., 2006). As well as CHOP mediated
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apoptosis, elF2a phosphorylation from PERK in chronic stress also leads to apoptosis
due to the attenuation of the two other UPR branches (Rutkowski et al., 2006). To
induce apoptosis, a strong chronic activation of PERK is required, namely because of
the short half-lives of ATF4 and CHOP (Rutkowski et al., 2006). It is possible that CHOP
and ATF4 do not directly induce apoptosis, but instead work through indirect routes.
This is supported by chromatin immunoprecipitation of ATF4 and CHOP, which
selectively enriches sequences of DNA bound to target proteins, and sequencing of
genes directly regulated by these two proteins (Han et al., 2013). This study
discovered that there was no enrichment of target genes involved in cell death, by
either CHOP or ATF4, when cells were under ER stress. Instead, it was found that
CHOP and ATF4 interact and form heterodimers which upregulate protein synthesis
and UPR genes. The expression of ATF4 and CHOP increases protein synthesis and
consequently protein folding, which can lead to increased reactive oxygen species
(ROS) creating oxidative stress and cell death. This data shows that the pro-apoptotic
action of these two proteins is not direct, but works instead through increased
protein synthesis, with resultant oxidative stress pushing the system towards an
apoptotic outcome. The transient phosphorylation of elF2a after stress halts protein
synthesis and the subsequent induction of ATF4 and CHOP acts to restore this
synthesis. However, if the protein folding homeostasis is not also restored by this
point, then the resulting ROS production will drive the cells to apoptosis (Han et al.,
2013). This explains how the PERK pathway and the IRE1a pathway act as molecular
switches to help cell fate determination through selective apoptosis of stressed cells.
ATF4 also aids in withstanding oxidative stress by interacting with Nuclear factor-like
2 (Nrf2) whose target genes encode antioxidant enzymes such as heme oxygenase-1
(HO-1) and NAD(P)H:quinone oxidoreductase (NQO) which help limit toxicity and
further induction of stress (He et al., 2001); however it does not prevent stress from
occurring altogether (Clarke et al., 2014). In addition to these antioxidants, the
dissociation of the Nrf2/Keap1 complex and activation of Nrf2 by PERK helps alleviate
oxidative stress due to Nrf2’s function in maintaining glutathione levels, which

functions as a buffer against rising ROS levels (Cullinan and Diehl, 2004).
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The ER has a delicate redox balance, changes to which can severely perturb protein
folding. The ER lumen is particularly sensitive to changes in the redox balance as
disulphide bonds form through oxidative protein folding, which is dependent on the
redox state of the cell. Under ER stress, the breakage and formation of disulphide
bonds may produce ROS which can lead to oxidative stress (Cao and Kaufman, 2014).
As well as this, ER stress can lead to mitochondrial dis-function which can result in an
increase of mitochondrial ROS too, contributing further to oxidative stress. There is
an interaction between ER stress and oxidative stress that acts as a positive feed-
forward loop, resulting in pro-apoptotic signalling and disrupted cell function (Cao

and Kaufman, 2014).

1.7 ER Stress in Disease

1.7.1 Cancer

ER stress is prevalent in many diseases and this provides a strong reason to continue
research on the area. Cancer in particular has had a lot of research undertaken in the
context of ER stress and how it affects tumorigenesis. In cancer, it is common for the
tumour cores to become hypoxic (starved of oxygen) and consequently the
availability of ATP is decreased. This in turn compromises the protein folding ability
of the cells in the hypoxic core and thus the UPR is activated (Clarke et al., 2014).
Multiple factors of the UPR make a difference to cancer prognosis and tumour
progression, with the IREla and PERK pathways specifically contributing to
tumorigenesis. Splicing of XBP-1 increases the resistance of tumour cells to hypoxia
in hypoxic tumours. In XBP-1 deficient cells there was increased apoptosis in hypoxic
conditions, and although a different system to tumour cells, this could indicate that
XBP-1 splicing leads to a poorer prognosis in tumours (Romero-Ramirez et al., 2004).
While XPB-1 knockout cells are not in the same system as tumour cells, there is
evidently a link between this component of the UPR signalling pathways and tumour

progression.

PERK and IREla both have roles in promoting tumour angiogenesis and
vascularisation is essential for tumour survival when hypoxia is an issue. Vascular

endothelial growth factor, which helps promote angiogenesis, is upregulated by the
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PERK-ATF4 branch of the UPR, and proangiogenic transcripts are upregulated in a
PERK dependent manner (Blais et al., 2006). PERK also downregulates angiogenic
inhibitors during glucose deprivation, and when PERK expression was silenced, the
induction of angiogenesis mediators was considerably decreased, resulting in slower
tumour growth (Wang et al., 2012). Due to the dual-action nature of the UPR
pathways, both pro-apoptotic and anti-apoptotic, the role of IREla and PERK
signalling is not always as clear-cut. PERK deletion has an effect on oxidative stress
also; PERK deficient cells have an increased ROS production as well as a decrease in
Nrf2 (Bobrovnikova-Marjon et al., 2010). Nrf2 was identified as a substrate for PERK,
and it is a transcription factor whose protein products mediate redox level, including
phase Il detoxifying enzymes which promote survival under the oxidative stress
conditions produced as a side effect of UPR activation (Cullinan et al., 2003). The
protective function of PERK against oxidative stress further strengthens the idea that
PERK is pro-tumorigenic; however, long term knockout can contribute to tumour
susceptibility due to genomic instability (Bobrovnikova-Marjon et al., 2010). Tumour
suppressive roles of CHOP have also been proposed, which is seemingly paradoxical
considering the pro-tumour activity of the PERK pathway. In a mouse model of K-ras
(G12V)-induced lung cancer, CHOP deletion appeared to significantly increase
tumour incidence (Huber et al., 2013), illustrating that there is a dichotomy within

the PERK pathway on which way it may affect tumorigenesis.

The role of the PERK-ATF4 arm in tumour progression is evidently a complex one and
there is a clear link between this branch of the UPR and tumorigenesis. The IRE1la
arm also has a role to play, being involved in the upregulation of angiogenic factors
and the downregulation of angiogenic inhibitors. Under-expressing IRE1a in a human
glioma model, a mouse orthotopic brain model and a chick chorio-allantoic
membrane assay demonstrated reduced tumour growth, angiogenesis and

invasiveness, as expected (Auf et al., 2010).

The IREla pathway has a role in plasma cell differentiation, due to the selective and
specific requirement of XBP-1 in terminal differentiation of B cell lymphocytes into
plasma cells (Reimold et al., 2001), and consequently, the IRE1la pathway has been

the subject of in depth research in relation to multiple myeloma — a cancer of plasma
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cells. In transgenic mice engineered to express the spliced isoform of XBP-1 through
Eu directed expression (an Ep enhancer binds to specific proteins to increase their
likelihood of transcription), multiple myeloma (MM) phenotypes were observed,
including the premalignant precursor to MM; monoclonal gammopathy of
undetermined significance (MGUS). The forced expression of spliced XBP-1 enhanced
B-cell proliferative potential and activated known pathways of MM (Carrasco et al.,
2007). Interestingly, loss of function mutations in XBP-1 and IRE1a were discovered
in multiple myeloma cell lines that showed resistance to proteasome inhibition
(Leung-Hagesteijn et al., 2013). Proteasome inhibitors are used as a non-curative
therapy for multiple myeloma which extends survival. The failure to cure MM with
proteasome inhibitors was partially explained through the discovery of sub-
populations of pre-plasmablasts with XBP-1 loss of function that as a result are
insensitive to proteasome inhibition. The cells with functioning XBP-1 show
sensitivity to the protease inhibitors, which increase the already higher basal levels
of ER stress in MM cells due to the inhibition of ERAD. However, in the
subpopulations where XBP-1 has a loss of function mutation, the ER load is
significantly less, due to a lower production of immunoglobulin (Ig) in these cells, and
Ig synthesis plays the most prominent role in the ER of the plasma cells. This means
that if less Ig is produced by these mutant plasma cells, they will not be sensitive to
the increased ER stress induced by the proteasome inhibitors as they are avoiding
the susceptibility to ER stress that arises from constant production of protein. The
reason for a de-commitment to Ig production in XBP-1 knockdown is not clear,

though this is the effect seen, and provides an explanation for the insensitivity to Pls.

As previously discussed, the UPR has a large role in cell fate determination under
stress conditions, and clearly, the active UPR in the hypoxic conditions of tumour cells
plays an adaptive and pro-survival role in the disease. Pre-malignant cells harbouring
mutations that inhibit the pro-apoptotic outcomes of the UPR may have selective
advantages (Wang and Kaufman, 2014) due to irremediable UPR activation allowing
constant survival of the tumour cells under stressed conditions. Because of the
selective nature of UPR activation in the tumour cells and not in normal cells,

targeting UPR activation in cancer could prove useful in selective cancer therapy (X.
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Li et al.,, 2011). The key to potential UPR related therapy in cancer could lie in
triggering the apoptotic pathways of the UPR over the adaptive pathways,
stimulating cell death in the tumours. The issue with using this therapy is due to
whether the selectiveness can be limited to solely cancer cells, and whether the
desired apoptotic outcome for the cancer cells can be triggered with minimal

downstream effects elsewhere.

1.7.2 Ankylosing spondylitis

Ankylosing spondylitis (AS) is a chronic inflammatory debilitating disease that affects
the axial skeleton and often severely impacts the quality of life for sufferers. People
with this disease have to cope with many related issues such as pain, functional
disabilities and sleep problems (Sieper et al., 2002) amongst other socio-economic
factors such as loss of income and additional disease related expenses (Sieper et al.,
2002). The prevalence of ankylosing spondylitis varies from region to region with a
mean AS prevalence of 23.8 per 10,000 (0.238%) in Europe and 16.7 per 10,000
(0.167%) in Asia (Dean et al., 2014). A main feature of the disease is enthesitis; an
inflammation of the area where the tendons, ligaments, capsules and fascia
incorporate into the bone (McGonagle, 2009) and along with other factors such as
synovitis, subchondral marrow inflammation and osteitis this makes a painful disease
that in severe cases can result in complete spinal fusion and rigidity. The role of MHC
class | proteins in AS is subject to much research and scrutiny, as there is a clear link
between the MHC class | gene HLA-B27*05 and the prevalence of AS. The normal
function of MHC class | proteins is to present cytosolic non-self protein fragments to
cytotoxic T cells, which elicits a rapid immune response, therefore bringing virally

infected cells to the attention of the immune system (Hewitt, 2003).

The pathophysiology of AS is still not fully understood, and there are multiple
potential mechanisms that may cause the disease. There is certainly a strong genetic
association with certain allotypes of the MHC class | allele HLA-B27 and AS. The MHC
genes are encoded on chromosome 6 and the encoded proteins are present on all
nucleated cell types (Shamiji et al., 2008). The HLA loci are incredibly variable, and

thus a different set of subtypes are expressed within each individual (Parham and
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Ohta, 1996). Around 90% of ankylosing spondylitis sufferers are positive for HLA-B27;
however, amongst HLA-B27 positive populations, only a small number of individuals
(1.3% - 13.6%) suffer from AS (van der Linden et al., 1984),(Braun et al., 1998). The
risk of developing AS amongst HLA-B27 positive individuals increases 16 fold with
HLA-B27 positive relatives (van der Linden et al., 1984), and HLA-B27 positive
individuals have a 20 fold higher risk of developing AS compared to negative
individuals (van der Linden et al., 1984). The genetic link is clear, however there must
be other contributing factors that work with HLA-B27 to cause progression of the
disease as the prevalence statistics show that HLA-B27 does not directly cause the
disease. A problem with the data from these two papers by Van der Linden et al. and
Braun et al. respectively is that the sample sizes are small, and the variance in
suggested percentage prevalence between the two papers reflects this. This paints a
picture that AS is not present in all HLA-B27 positive individuals but there is an

important link between the genotype and the disease that needs to be understood.

Four main theories seek to explain the role of HLA-B27 in the pathogenesis of AS:
arthritogenic peptide presentation, aberrant surface chains, protein misfolding and
enhanced microbial survival (Shamiji et al., 2008). Genetic information is important
for understanding AS; for example, the change of the amino acid residue aspartate
to histidine means that the allele from the AS associated HLA-B2705 changes to the
HLA-B2709 allele which as a result loses the association with AS (Del Porto et al.,
1994). This observation is consistent with the arthritogenic peptide presentation
theory, which suggests that the differences in peptide binding affinities between
different allotypes of HLA-B27 can result in the presentation of unique self-peptides
that exhibit molecular mimicry, resembling bacterial antigenic peptides. The mimicry
of these peptides can lead to autoimmune cross reactivity due to the action of
cytotoxic CD8+ T cells which causes tissue damage and inflammation (Shamiji et al.,
2008). The aberrant surface chain theory suggests that the HLA-B27 protein has a
tendency to form homodimers when the cell surface heavy chains lose PB-
microglobulin, which occurs during endosomal recycling (Allen et al., 1999). These
disulfide bridged homodimers elicit CD4+ T cell and NK cell autoreactivity which is

destructive. The theory suggesting that the HLA-B27 phenotype enhances
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intracellular microbial survival possibly has the weakest experimental support as
there is a lot of conflicting evidence (Shamiji et al., 2008). This theory proposes that
ineffective peptide loading onto HLA-B27 can cause abnormal immune cell
activation, which in turn allows bacteria and viruses to proliferate coupled with
decreased clearance of antigenic peptides (Shamiji et al., 2008). The final theory is
that protein misfolding of HLA-B27 is a causative factor of ankylosing spondylitis. This
theory suggests that the cellular ERAD response is exceeded, which results in
commonly toxic misfolded aggregates forming inside and outside the cell. Chronic
UPR activation here is a contributing factor towards AS, and there is evidence of
increased UPR activation in transgenic rats expressing human HLA-B27 (Allen et al.,
1999). Prolonged UPR activation increases ERAD and pro-inflammatory NF-kB
pathway activation (Shamiji et al., 2008), and with the pro-survival arms of the UPR

being favoured, the inflammation caused as a result is severe and chronic.

Further effects of prolonged UPR stress on cells were explored in a paper by Lamech
(Lamech and Haynes, 2015) which focuses on three stress response pathways in the
cells; the heat shock protein response, the UPR and the mitochondrial UPR. This
paper suggests there is a cytotoxic effect of continuous UPR stress. Multiple papers
have also corroborated the link between misfolded HLA-B27 and UPR stress,
including a 2007 study by Lemin et. al. (Lemin et al., 2007). This study demonstrated
that the spliced form of XBP-1 is present in lymphocytes with over-expressed HLA-
B27.XBP-1 is important in regulating the most conserved branch of the UPR, the IRE1
pathway (Lemin et al., 2007) which, as discussed, is key for cell fate determination.
The data showed that XBP-1 was spliced in the HLA-B27+ cells suggesting that the
unfolded protein response was active in these cells. Spliced XBP-1 is important for
normal cytokine expression, and under ER stress it may be involved in synergistic
induction (Colbert et al., 2014). In HLA-B27+ splenocytes from rats, there were higher
levels of XBP-1 splicing than in the non-transgenic rats relatively speaking, albeit still
with only a low absolute expression of spliced XBP-1 (Turner et al., 2007), further

suggesting that a low level of UPR is active in HLA-B27+ cells.

A paper by the Australo-Anglo-American Spondyloarthritis Consortium et al (TASC et

al., 2011), demonstrated that other genes are also involved in AS, uncovered from
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GWAS (genome-wide association studies). One such gene, ERAP1, acts as a molecular
ruler of sorts, trimming polypeptide precursors down to size for presentation as
antigenic peptides on MHC class | molecules (Chang et al., 2005). ERAP could play a
role in disease, potentially through aberrant peptide trimming. A recent paper by
Schittenhelm et al (Schittenhelm et al., 2015) revisited the arthritogenic peptide
theory and suggested that conversely to previous beliefs, a potential mechanism is
due to a quantitative change in the peptides, not a change in the type of peptides
binding. A recent paper by Cortes et al (Cortes et al., 2015) shows that ERAP1 loss of
function arising from Erap deficiency has a protective effect against ankylosing
spondylitis, reducing the presentation of an HLA-B27 immunodominant epitope due
to a loss of ERAP1 trimming function. Recently, through these multiple genome wide
association studies, 26 risk loci have been identified outside the MHC class 1 (Cortes
et al., 2015), and more risk alleles of HLA-B are being discovered including B*07:02,
B*13:02, B*40:01, B*40:02, B*47:01, B*51:01 and B*57:01 (Cortes et al., 2015).

In addition to the arthritogenic peptide theory, the aberrant surface chain hypothesis
involves specific proteins for example, the role of the KIR3DL2 protein, shown to be
expressed on the NK and CD4+ T cells in HLA-B27+ patients. This protein recognises
HLA-B27 homodimers (Chan et al., 2005), and therefore is important to the aberrant
surface chain hypothesis which suggests that HLA-B27 homodimers are recognised
by the autoreactive CD4+ T cells and NK cells. The KIR3DL2 protein therefore is one
such receptor responsible for recognising HLA-B27 and contributing to AS. While
there has been a large amount of in depth research on AS and the pathogenesis of

the disease, there is still much to be learnt.

Itis clear that in the pathogenesis of AS, many factors play a role and the importance
of cytokines must not be underestimated, specifically relating to the misfolded HLA-
B27 theory. The ER resident chaperone BiP/GRP78 is often induced by the signalling
pathways invoked by the UPR and this chaperone may promote cytokine production
from macrophages which causes inflammation (Zambrano-Zaragoza et al., 2013).
Interestingly BiP levels are 2 times higher in transgenic HLA-B27 rat splenocytes
(Turner et al.,, 2007), demonstrating a link to the UPR and AS. Increased and

prolonged interaction between BiP and HLA-B27 activates both the ERAD pathway
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and the inflammatory NF-kB pathway (Shamiji et al., 2008). The pro-inflammatory
cytokines involved in AS include TNF-a, IL-1 and IL-6. TNF-a levels are significantly
higher in patients with AS (Zambrano-Zaragoza et al., 2013) demonstrated in 143 AS
Taiwanese patients (Shiau et al., 2007) and 97 Iranian (Nicknam et al., 2009). Various
single nucleotide polymorphisms have been studied of the TNFA gene, which shows
a relationship between certain polymorphisms and AS. Specifically, the TNF-a
polymorphisms at amino acid positions 238 and 308 are significantly decreased in
individuals with AS and overrepresented in AS patients as compared to controls
(Nicknam et al., 2009). However, these polymorphisms do not seem to have a
relation to specific HLA-B27 subtypes. The -238 and -308 polymorphisms have been
associated with higher TNF-a levels. and some TNF-a polymorphisms are protective
in AS. TNF-a inhibition by etanercept shows an improvement of symptoms in patients
with AS (Gorman et al., 2002). This was investigated using a double blind study with
a placebo group in which 80% of the treated group showed an improvement in spinal
stiffness, enthesitis and quality of life. These improvements were seen in both the
treatment time (4 months) and in the longitudinal study (subsequent 6 months). The
placebo group only showed a 30% improvement in these indicators (Gorman et al.,

2002).

MIF (macrophage migration inhibitory factor) is also a key player in AS. It is believed
that this cytokine has an important role in oxidative stress. Stosic-Grujicic et. al.
suggested that MIF has an important role in the pathogenesis of autoimmune
diseases by inducing the production of NO (nitric oxide) which is an oxidative stress
mediator (Stosic-Grujicic et al., 2008). To see if MIF played a role in AS, the levels of
MIF were measured in AS patients in a study by Kozaci et al (Kozaci et al., 2009).
Though the sample size of this study was small, it was found that the MIF levels were
raised in 25 AS patients compared to 18 controls (12.2 + 7.7 and 7.5 + 3.7 ng/ml|,
respectively, p=0.01), and IL-10 levels were lower (210.9 + 100.4 vs. 527 + 191 pg/ml;
p\0.001) (Kozaci et al., 2009). MIF levels also correlated with BASMI, an index
reflecting spinal mobility and disease activity. The authors concluded that MIF could
potentially amplify or enhance the existing inflammatory signals in AS rather than

actually contributing to the pathogenesis of AS.
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While the four theories explaining the role of HLA-B27 in AS (arthritogenic peptides,
aberrant surface chains, microbial evasion, and MHC class | misfolding) all have
credence individually, it is highly likely that there is a lot of interplay between the
various proposed mechanisms of disease. The common factor between the theories
is the role of HLA-B27 which is undoubtedly linked to AS. The presence of HLA-B27
alone is not enough to induce AS, and there are many factors that work alongside the
MHC class | protein to contribute to the formation of AS. There is undoubtedly a link
between UPR activation and AS, which shows that as well as the involvement with
cancer with chronic UPR activation contributing to tumorigenesis, the UPR also plays
arole ininflammatory diseases. It is clear that some of the key factors that contribute
to AS include stress signalling pathways, such as that of XBP-1 which is spliced under
ER stress conditions and affects cytokine production. Cytokines are important too in
the pathogenesis of AS, as many pro-inflammatory cytokines are involved in
enhancing the inflammation encountered in AS. The multiple aspects underlying the
pathogenesis of AS demonstrate that one lone therapy may not be enough to
eradicate the disease. Instead, a synergistic approach that combines different

therapies to target different facets should be employed.

1.8 Stress inducers

The pharmacological stress inducers tunicamycin and DTT both cause ER stress in the
cell, however their mechanisms of action are different. Tunicamycin is an ER stress
inducer that inhibits the initial steps of glycoprotein biosynthesis. It does this by
inhibiting UDP-N-acetylglucosamine-dolichol phosphate N-acetylglucosamine-1-
phosphate transferase (GPT) (Oslowski and Urano, 2011). The treatment of cells with
tunicamycin results in a build-up of unfolded glycoproteins in the ER, which
ultimately triggers ER stress. The primary effect of tunicamycin is to trigger the UPR,
which closely mimics the in vivo activation of the UPR by unfolded proteins. DTT also
induces the UPR. It is a strong reducing agent that reduces disulphide bonds and
prevents disulphide bond formation, though this inhibition is not limited to just the
ER, making it a non-specific stress inducer (Oslowski and Urano, 2011). Multiple
studies have demonstrated the usefulness of these drugs in ER stress induction, with

tunicamycin inducing a slower onset of stress over a period of roughly 5 hours
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(Oslowski and Urano, 2011), and DTT eliciting a faster response (B. Li et al., 2011). A
plethora of studies use tunicamycin as an experimental tool to induce stress, and it
has proved very useful in mimicking the environment of misfolded proteins in the ER

that is prevalent in many ER stress linked diseases.

While tunicamycin is the main stress inducer used in the investigations in this thesis,
it is important to note that there are other ER stress inducers. Thapsigargin, for
example, is also commonly employed as a stress inducer (lurlaro and Mufioz-Pinedo,
2016; Sano and Reed, 2013; Zhang et al., 2014). Thapsigargin specifically inhibits the
endoplasmic/sarcoplasmic reticulum Ca?*ATPase, which results in a decrease of
calcium inside the endoplasmic reticulum. This means that calcium dependent
chaperones in the ER like calnexin lose their chaperone activity (Oslowski and Urano,
2011), resulting in an increase of unfolded proteins and consequently ER stress.
MG132 is another stress inducer, which specifically inhibits proteasome activity
resulting in decreased ERAD, therefore indirectly causing a build-up of unfolded

proteins in the ER.

1.9 Genistein

Genistein is an isoflavone found in soy based foods (Spagnuolo et al., 2015) and a
tyrosine kinase inhibitor, currently employed as a drug for use in chemotherapy trials
on animals and in vitro to target cancers. Tyrosine kinases transfer phosphate from
ATP to protein substrates. When functioning normally, tyrosine kinases have a role
in enhancing sensitivity to apoptosis and regulating cell growth by preventing
uncontrollable proliferation (Paul and Mukhopadhyay, 2004). Tyrosine kinases also
have an important role in cancer; for example, cancers often harbour mutations that
cause constitutive activation of tyrosine kinases. The consequence of this is a
constant activation of pathways that disrupts the normal regulation of cell growth
and apoptosis, and will push the cells towards uncontrollable proliferation, resulting
in the development of cancers. Genistein is of interest as an anticancer agent
because it can inhibit protein tyrosine kinase (PTK) signalling to attenuate cancer
development (BANERJEE et al., 2008). Tyrosine kinases are manifold, and another

target of interest is the MAPK pathway, which is also involved in ER stress. MAPK
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(ERK, JNK and p38) can induce NF-kB and drive cells toward survival under stress
stimuli (Seger and Krebs, 1995). P38 MAPK is tyrosine phosphorylated by the MAP
kinase kinases MKK3 and MKK6 (Zarubin and Han, 2005). Inhibition of these tyrosine
kinases with genistein could result in an inhibition of the MAPK pathway, which may

promote apoptosis due to inhibition of MAPK phosphorylation.

The high pleiotropy of genistein means it can alter apoptosis, the cell cycle and
angiogenesis via a synergistic effect on multiple biochemical pathways involved in
the development on cancer (Spagnuolo et al.,, 2015). However, many of its
downstream effects are not fully understood. Apoptosis induction by genistein was
achieved by downregulating the anti-apoptotic B cell ymphoma 2 (BCI2) protein and
upregulating the pro-apoptotic BAX in gastric cancer cells (Zhou et al., 2004).
Epidemiological studies have demonstrated that the intake of isoflavines through a
soy based diet appears to lower the incidence of breast cancer in Asian women in
particular (Wu et al., 2008). The particular type of soy food consumed may change
the relative risk, but when 15 epidemiological studies on soy consumption and 9
studies on isoflavines were compiled, it was found that intake of soy based products
also reduced prostate cancer in men, with a relative risk of 0.74 (95% Cl: 0.63, 0.89;
P =0.01). The protective effect of isoflavines was more prominent in Asian men, with
a relative risk of 0.52 (95% Cl: 0.34, 0.81; P = 0.01) compared to 0.99 (95% Cl: 0.85,
1.16; P = 0.91) for Western populations (Yan and Spitznagel, 2009).

Previous studies have found that genistein can inhibit the induction of GRP78/BiP
during ER stress (Zhou and Lee, 1998a). This may be due to the importance of tyrosine
kinase signalling in the pathways that lead to the production of chaperones such as
GRP78. TFII-l is a multifunctional transcription factor that binds to the ER stress
response element (ERSE) which is highly conserved across the promoters for ER stress
related genes, under ER stress conditions (Hong et al., 2005a). The GRP promoters
that promote transcription of essential chaperones, for example, contain multiple
copies of the ERSE. The TFII-I protein exhibits enhanced binding to the ERSE of the
GRP promoters under ER stress conditions. Specifically, a conserved GGC motif is
required for optimal binding and this is located in a 9 bp CG rich region of the ERSE
(Parker et al., 2001). The activity of TFII-l is mediated by phosphorylation, and TFlI-I
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is phosphorylated at specific serine and tyrosine sites. The tyrosine kinase
phosphorylation of tyrosine residues Tyr?*® and Tyr®'!is dependent on the kinase c-
Src (Cheriyath et al., 2002). Genistein has been shown to inhibit GRP78 production
(Zhou and Lee, 1998a), and the known inhibitory action of genistein on tyrosine
kinases may explain GRP78 inhibition due to the importance of tyrosine kinase
signalling in TFII-I signal transduction. Indeed, it has been shown that genistein

inhibits tyrosine kinase phosphorylation of two specific tyrosine residues on TFlI-I
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linked to ER stress; Tyr+*® and Tyr“*?, and that genistein can act as a general inhibitor
of ER stress induction (Hong et al., 2005a) due to its inhibition of thapsigargin and
tunicamycin induced GRP78 expression. Another possible mechanism by which
genistein inhibits GRP78 production is via interference with the key transcription
factor CBF/NF-Y (Zhou and Lee, 1998a), which also regulates the ERSE, binding to the
closest CCAAT site closest of the GRP78 promoter. The treatment of cells with
genistein does not appear to disrupt GRP78 already produced, and therefore
genistein is likely just to inhibit further production of the chaperone. Genistein-
mediated inhibition of GRP78 transcription works through the ERSE, and highlights
one particular role of tyrosine kinase activity in ER stress. Figure 1.3 shows how

tunicamycin induces stress in the cell, and the possible effect of genistein on the

stressed cell.

— Cytoplasm
ER

/ Tunicamycin

b Resolution through
] death.

19

UPR Pathways 4 Genistein

(ATF6a, IRE1q, PERK)

Increase in folding &
capacity and ERAD —
Production of more BiP.

Figure 1.3: The action of tunicamycin and the possible consequence of genistein treatment
on the stressed cell.
Tunicamycin blocks N-linked glycosylation and therefore causes a build up of unfolded

glycoproteins which leads to the sequestration of BiP, activating the three possible UPR
pathways (IREla, PERK, and ATF6a). Genistein is known to inhibit the production of more
BiP, which could possibly push the cell to an apoptotic fate due to an inability to adapt to the

stress.

32



Previous research in the laboratory has suggested that genistein can modulate ER
stress (Lemin, 2007). In the fibrosarcoma HT1080 human cell line, insufficient
tunicamycin induced ER stress could be overcome by genistein, allowing the
reactivation of stress signalling pathways and resolution of the cellular stress. In
contrast, the cervical cancer Hela cell line exhibited a robust response to tunicamycin
and there was less of an obvious effect of genistein. The different outcome of
tunicamycin-induced stress responses in the two cell types could be in part explained
by genetic differences in the cells. If irremediable stress can be resolved by the
addition of genistein, then there are certainly therapeutic implications in addition to
the already known effect of genistein on cancer. For example, in the chronic
inflammatory disease AS, there is clear evidence of UPR activation, and while this is
not the complete picture, genistein could prove to be useful as a therapeutic agent

if used in conjunction with other drugs targeting other aspects of the disease.

1.10 Hypotheses and aims

Through these investigations, the aim is to investigate the differential cell specific
responses between Hela and HT1080 cells to tunicamycin induced ER stress, and
whether genistein could modulate this to any extent. These differences will be
measured through investigating changes in expression of ER stress related proteins
through western blotting, and through changes in cellular phenotype and cell motility

via the use of live cell imaging.

It is hypothesised that there will be specific differences in how both cell lines respond
to tunicamycin induced stress, with protein expression levels changing in different
ways for each cell line, as well as possible variances in how cell motility is affected. It
is hypothesised also that genistein will rescue the effect of tunicamycin induced cell

stress, though it is unknown whether this will occur in both cell lines.
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Chapter 2: Methods

34



2.1 Cell Culture

Three cell lines were used throughout this study: human neonatal dermal fibroblasts
(HDFs) isolated from neonate foreskin, cervical cancer Hela cells and fibrosarcoma
HT1080 cells. The HT1080 and HDF cell lines were grown in Dulbeco’s Modified Eagle
Medium (DMEM, GibCo, Thermofisher Scientific) and the Hela cell line was grown in
Minimum Essential Medium (MEM, GibCo, Thermofisher Scientific). Both types of
medium were supplemented with 100 units ml? of penicilin, 100 pg ml? of
streptomycin, 2 mM glutamax (all GibCo, Thermofisher Scientific), and 8% foetal
bovine serum (Sigma). To keep the cells alive, they were passaged twice a week on
Mondays and Fridays, providing that they had reached 90% confluence. Confluency
was assessed by observing how many cells were adherent to the surface of the flasks.
To passage the cells, they were first washed in phosphate buffered saline (PBS)
(Sigma) twice before adding 0.05% trypsin (GibCo Thermofisher Scientific) to the
surface of the culture flasks. The cells were left to trypsinise for 2 — 5 minutes (the
sensitivity of the cells varied), and once the cells had detached from the surface of
the flask (ascertained by light microscopy), they were re-suspended in fresh medium,
warmed to 37°C. The medium containing the cells was added to fresh media in new
flasks at the dilutions of 1:2 for HDFs, 1:10 for Hela cells, and 1:10 for HT1080s. All

cell lines were culture in T75 flasks (Techno plastic products).

2.2 Chemical Treatment of Cell Lines

Cells were subjected to chemical treatments to induce or modify an ER stress
response. For western blotting experiments, the cells were treated using different
drugs for different time frames and for the spinning disc experiemnts all treatments
were for 6 hours. The treatments were either the addition of dithiothreitol (DTT) at
5 mM or tunicamycin at 1 ug ml%. These treatments were applied both on their own
and also in conjunction with genistein at 140 uM. For serum starving experiments,
serum free MEM and DMEM was applied to the cells in the place of serum containing
media for the duration of the chemical treatments. After washing the cells twice in
PBS, medium containing the chemicals was added to fresh medium in 6 cm plates for

lysis or 35mm p-Dishes (Ibidi) for the spinning disc experiments.
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2.3 UV treatment of cell lines

To induce UV related stress, both HeLa and HT1080 cells were exposed to UV-C, 40

J/m? UV over 5 seconds, using an 8 watt bulb.

2.4 Cell lysis

Two different lysis buffers were used to lyse the cells, MNT lysis buffer and RIPA lysis
buffer. MNT buffer is a general lysis buffer for protein extraction, however RIPA
buffer is versatile as it enables extraction of cytoplasmic, membrane and nuclear
proteins; the latter of which MNT lysis buffer cannot retrieve. MNT lysis buffer was
composed of 20 mM MES, 30 mM Tris-HCI, 100 mM NaCl, 1% (v/v) Triton x100;
supplemented with 1 pug/ml of the protease inhibitors: cystatin, leupeptin, antipain
and pepstatin A (Sigma Aldrich) and 20 mM NEM to inhibit disulphide bonds
reforming. RIPA buffer was composed of 1% (v/v) Triton x100, 50 mM Tris-HCI pH 8,
150 mM Nacl, 0.5 % Na-deoxycholate, 0.1% SDS, supplemented with 1 pg/ml of the
protease inhibitors: cystatin, leupeptin, antipain and pepstatin A (Sigma Aldrich) and
1% Phostop (Roche) which contains a cocktail of phosphatase inhibitors. Prior to lysis,
the cells were washed twice with PBS before being placed on a tray of ice. To start
with, two hundred pl of lysis buffer was applied and the cells in the dishes scraped to
encourage lysis. The sample lysates were then centrifuged for 10 minutes at 4 °C and
16,100 g to separate the nuclear pellet from the rest of the lysate. The supernatant
was then be removed and flash frozen to be used later on for SDS-PAGE and Western

Blotting.

2.5 BCA Assay

The BCA assay (Thermofisher Scientific) was used to quantify protein concentration
in cell lysates. A colour change from green to purple is seen in the assay, which works
through the highly selective sensitive colorimetric capability of the cuprous cation
(Cu*l). This uses the bicinchoninic acid (BCA) contained in the working reagent, in
combination with the biuret reaction; the reduction of Cu*? to Cu*! by protein when
in an alkaline medium. The colour change to purple is seen because two BCA

molecules are chelated with a cuprous ion. This colour change shows a linear
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relationship with protein concentration and was therefore a suitable method to use

(“Pierce BCA Protein Assay Kit - Thermo Fisher Scientific,”).

For a typical protein determination assay, nine BSA protein standards of increasing
concentrations (0, 25, 125, 250, 500, 750, 1000, 1500, 2000 pg/ml of BSA) were
prepared. The working reagent consists of working reagent A and B and these were
mixed using 50 parts of reagent A and 1 part of reagent B (50:1). The standards were
made with different dilutions of the same lysis buffer that was used to lyse the cells,
along with a 2 mg ml? albumin standard. Once made, 50ul of the standards and
samples were placed into appropriately labelled Eppendorf tubes along with 1 ml of
the mixed working reagent. These were then incubated for 30 minutes at 37°C and
afterwards removed and cooled to room temperature. Once cooled, a
spectrophotometer set to the BCA setting (562 nm) was used to measure the
absorbance, starting by blanking the machine to the standard | (which contains no
protein) and reading the rest of the standards first before measuring the samples.
Then using graphical software, a standard curve was plotted and the protein

concentration of the samples was measured.

2.6 Sample preparation

To prepare the samples for gel electrophoresis, frozen lysates were thawed slowly
on ice to reduce protein degradation, and fresh lysates on ice were used straight
away. For each lysate, the protein concentration was used to calculate the volume of
lysate needed in each sample to achieve a uniform final protein concentration. This
was calculated for every sample using the standard curves obtained from the BCA
assays. Gel electrophoresis samples were then prepared using 2x Laemmli sample
buffer (4% (w/v) SDS, 20% glycerol, 120 mM Tris-Cl, 0.02% (w/v) bromophenol blue
(BioRad)) and 50 mM DTT (to reduce disulphide bonds) and the lysate plus lysis buffer
if required to equalise protein concentrations. Samples were boiled for 5 minutes at
95°C in a heating block, then centrifuged for 5 minutes at 16,100 g. The samples were

either loaded onto SDS-PAGE gels, or were flash frozen for subsequent analysis.

2.7 SDS-PAGE
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To analyse proteins by Western blotting or Coomassie staining, the proteins in the
samples were separated out by SDS-PAGE, which allows separation of the proteins
according to size. This is achieved by running a voltage through a gel, causing
negatively charged proteins to migrate away from the negative electrode (cathode)
and towards the positive electrode (anode). The proteins are separated out by size
due to smaller proteins being able to migrate more easily though the pores in the gel.
The proteins become negatively charged through the addition of sodium dodecyl
sulphate (SDS) into the gel mixture, which disrupts covalent bonds in the proteins

and denatures them.

A Hoefer mighty small dual gel caster was set up with glass and ceramic plates to cast
10% SDS-PAGE gels. Table 1 shows the quantities of each chemical needed for 10%

resolving gels, with a quantity enough to cast 2 gels.

Table 2.1: Volumes of solutions used to cast 10% SDS-PAGE gels.

10% resolving gel stacking gel
H20 4.8 ml 2.2 ml
40 % Acrylamide 2.5 ml 0.4 ml
1.5 M Tris (pH 8.8) 2.5 ml 0.4 ml
10% SDS 0.1 ml 0.03 ml
10% APS 0.1 ml 0.023 ml
TEMED 0.004 ml 0.002 ml

Once set, the gels were taken out of the casting kit and moved to the electrophoresis
apparatus (Hoefer mighty small basic unit 8 x 7 cm). Pre-chilled running buffer (25
mM Tris, 192 mM Glycine, 0.1 % (w/v) SDS; BioRad) was then poured into the central
chamber of the apparatus and into the bottom reservoir, ensuring that there was
buffer in the wells of the gel. After taking the comb out, 6 ul of molecular weight
marker (Precision Plus Protein™ Dual Color Standards, BioRad) containing a mixture
of 10 recombinant proteins (10 — 250 kDa)) was loaded alongside the samples. For
the 10-well comb gels, 20ul of sample was loaded and for the 15-well comb gels, 10pul

of sample was used.
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Once loaded, the gel was run at 40 mA for ~1 hour, until the dye front reached the
bottom of the gel. The gels were then removed from the plates for use in either

Western Blotting or Coomassie staining.

2.8 Coomassie Staining.

Coomassie brilliant blue staining was used to visualise the proteins after SDS-PAGE.
The coomassie dye binds to the proteins, which stabilises the anionic (negatively
charged) form of the dye which results in the production of a blue colour (Chial et
al.,, 1993). For the coomassie staining process, the gels were placed in a tray
containing fixating solution (7% acetic acid and 40% methanol, made to 50 ml with
dH20) and rocked for 10 minutes in a fume hood. After this, the gels were transferred
to a tray containing the coomassie stain (80% brilliant blue G colloidal (Sigma) made
to 50 ml with dH;0) and left on a rocker to stain overnight. Because the coomassie
stains the polyacrylamide gel as well as the proteins, destaining was required. This
was done by leaving the stained gels in destain solution (10% acetic acid, 25%
methanol, made to 50ml with dH,0) for 10 minutes and then leaving the gel
overnight in a secondary destain (25% methanol made to 50ml with dH,0). Once
destained, the gel could be removed and scanned onto a computer using a CANON

LiDE 120 scanner.

2.9 Western Blotting

Western blotting was used to transfer the proteins from an SDS-PAGE gel to a PVDF
(polyvinylidine difluoride) membrane, which was then probed for the expression of
proteins of interest. The transfer step of the western blotting works through
electroblotting, which uses an electrical current to pull the proteins in the gel onto
the PVDF membrane. After transfer, non-specific membrane binding was blocked by
incubating the membranes in a 5% milk solution. Then the proteins on the membrane
were probed with a primary antibody, specific for a target protein or group of
proteins. To visualise the protein expression, a secondary antibody conjugated to
horseradish peroxidase (HRP) was applied to the membrane, and this binds to a

species-specific region on the primary antibodies attached to the protein of interest.
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The horseradish peroxidase catalyses a chemiluminescent ECL reaction, which
luminesces in proportion to the antigenic protein concentration. A strip of
photographic film was laid over the membranes once they had been incubated with
the ECL solution and the exposure was made for different times according to protein
expression levels. Figure 1 highlights the key features and principals behind SDS-
PAGE and western blotting.

For every gel, 4 pieces of filter paper and 1 piece of PVDF membrane (pore size 0.45
um (Millipore)) were cut to the same size as the gel. Ten minutes before transfer, the
PVDF membrane was primed in methanol for 30 seconds, and then placed in a tray
containing pre-chilled transfer buffer (25 mM Tris-base, 190mM glycine, 20%
methanol, made to 1 litre with dH;0), where it was soaked for 10 minutes. When
ready for transfer, a transfer cassette was prepared with two sponges (one on each
side), four pieces of filter paper (two on each side) and the PVYDF membrane (towards
the anode). The membranes were soaked in transfer buffer before placing the
washed gel on top of the PVDF membrane. The cassette was closed and loaded into
the transfer kit (Mini Trans-Blot®; BioRad) which was filled with transfer buffer and
kept cold with an ice pack. The transfer was carried out for 2 hours at 150 mA or

overnight at 30 V and 4°C.

After transfer, the PVDF membrane was removed from the transfer apparatus and
blocked by incubating it in 5% dry, nonfat milk in 1xTBS-T (0.1% v/v) Tween, 150 mM
NaCl, 2.68 mM KCl, 10 mM Tris base) for one hour. Depending on the antibody, the
membrane was washed in TBS-T three times before incubating in the primary
antibody. The primary antibody was diluted to the required amount (see Table 2.2)
in either 1 ml of 5% milk and 2 ml of TBS-T, or 5% BSA in 1x TBS with 0.1% Tween.
After the first incubation, the primary antibody mix was removed and the
membranes washed 5 times in TBS-T, allowing 5 minutes on a roller for each wash.
The secondary antibody dilution was then prepared, using GAMPO (goat anti-mouse
peroxidase; DAKO) if a murine monoclonal primary antibody was used, or SARPO
(swine anti-rabbit peroxidase; DAKO) if a polyclonal rabbit primary was used. The
secondary antibodies were both diluted to 1:3000 in 1 ml of 5% milk and 2 ml of TBS-

T, and the membranes incubated for another hour. Once this incubation step was
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complete, the membranes were washed 5 times in 5 ml of TBS-T for 5 minutes each,
then they were removed from the tubes and placed in a tray of TBS for 10 seconds
before being dabbed on tissue paper and placed onto saran wrap. An ECL solution
was made by mixing 250 ul of detection reagent 1 and 250 ul of detection reagent 2
(Amersham ECL Prime Western Blotting Detection Agent) to make 500 ul of ECL per
membrane, which was spread over the membrane by folding over the saran wrap
and smoothing the mix out over the membrane. The membranes were then
removed, the excess ECL dabbed off and the membranes placed on fresh saran wrap.
A phosphorescent sticker was attached to the corner to allow alignment of the blot
after development. The wrap was then cut to the size of the membrane, placed in a
cassette and exposed to photographic film (Kodak) in a darkroom. Common exposure
times were 30 seconds, 2 minutes and 5 minutes, though this varied according to the
antibody and experiment. The photographic film was then processed using an X-

OMAT developing machine.
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Figure 2.1: Simplified diagram showing the process of SDS-PAGE (left) and Western
blotting (right). The samples are run through a gel alongside a molecular weight marker,
and they migrate towards the positive anode. Once the proteins are separated they are
transferred to a PVDF membrane (step not shown), which is probed for a target protein

using primary and secondary antibodies.

2.10 Antibodies

Multiple primary antibodies were used for protein detection in the western blots.

Table 2.2 shows detailed information about the antibodies used.

2.11 Live Cell Imaging Microscopy

To study cell morphology and the response to ER stress, cellular behaviour was
monitored using live cell imaging. Time lapse movies of HT1080 or Hela cells were
taken over an extended period of time to investigate cellular behaviour e.g. motility
and ER morphology. Cells were grown on 35 mm p-dishes with glass bottoms (Ibidi)
and were washed twice with PBS, before applying the lipid staining ER-Tracker Blue-
White DPX (Thermofisher) dye at a 1:800 dilution in fresh DMEM or MEM medium.
The cells were incubated with the dye for 1 hour. The dye is specific for the

endoplasmic reticulum.
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Table 2.2: Table showing all the antibodies used in this thesis.
The manufacter, the dilution of primary and secondary antibody, used, the incubation time,
and the medium required for incubation are also shown.

Antibody Manufacturer | Dilution Secondary Incubation Incubation
time medium

STAT 3 Cell Signalling 1:2000 GAMPO Overnight 5% BSA in
Technology 1x TBS with
0.1% Tween

Phospho Cell Signalling 1:2000 SARPO Overnight 5% BSA in
STAT 3 Technology 1x TBS with
0.1% Tween

ASK 1 Cell Signalling 1:1000 SARPO Overnight 5% BSA in
Technology 1x TBS with
0.1% Tween

Phospho Cell Signalling 1:1000 SARPO Overnight 5% BSA in
ASK 1 Technology 1x TBS with
0.1% Tween

Phospho Cell Signalling 1:1000 SARPO Overnight 5% BSA in
JNK Technology 1x TBS with
0.1% Tween

P-Tyrosine Cell Signalling 1:2000 GAMPO Overnight 5% BSA in
Technology 1x TBS with
0.1% Tween

PDGFR Cell Signalling 1:2000 SARPO Overnight 5% BSA in
(MAPK) - Technology 1x TBS with
PathScan 0.1% Tween

PYCOX Abcam 1:10000 SARPO Overnight 5% BSAin
1x TBS with
0.1% Tween

HC10 (Stam et al., 1:200 GAMPO 1 Hour 5% milk in
1986)* 1x TBS with
0.1% Tween

W632 (Barnstable et | 1:200 GAMPO 1 Hour 5% milk in
al., 1978)* 1x TBS with
0.1% Tween

1B5 * 1:1000 GAMPO 1 Hour 5% milk in
1x TBS with
0.1% Tween

BiP Santa Cruz 1:500 GAMPO 1 Hour 5% milk in
Biotechnology 1x TBS with
0.1% Tween

GRP94 Cell Signalling | 1:1000 SARPO Overnight 5% milk in
Technology 1x TBS with
0.1% Tween

B-Actin Abcam 1:10000 GAMPO 1 Hour 5% milk in
1x TBS with
0.1% Tween

PDI (Benham et al., | 1:1000 SARPO 1 Hour 5% milk in
2000) 1x TBS with
0.1% Tween
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* A gift from Prof. J. Neefjes, Netherlands Cancer Institute, The Netherlands

After a 1 hr incubation, the cells were again washed twice with PBS before treating
them with ER stressors as described in section 2.2. The CO; levels of the incubation
chamber were set to 5% at 3 litres per hour and the temperature was set at 37.4°C.
An Andor Revolution XD spinning disc confocal microscope was used to image the
cells. The microscope was set to an exposure of 60 ms, a laser exposure intensity of

25, and an EM gain of 300.

The absorbance and emission spectra of ER-Tracker Blue-White DPX can be seen in
Figure 2 and the 405 nm laser was selected to visualise the dye with the microscope.
The imaging was carried out for 6 hours, with a photograph of the cells being taken

every minute, resulting in a time-lapse movie composed of 360 frames.

2.12 Data Analysis

To track the movement of the cells, the Image) plugin MTrack2 was used which
allowed tracking of individual cells by moving through each frame of the time-lapse
movie and creating a path for each cell by clicking on its location for each frame.
Every visible cell was tracked, and once the scale had been set, it was possible to view

the Len values (length in um) for each cell’s pathway.

These values were then inputted into Graphpad’s Prism software, where the 1-way
ANOVA T-test was used to determine if there were any significant differences
between the conditions, and Tukey’s test was used to individually compare each
condition to all other conditions and determine which treatments had significant

differences with others.

The parametric one-way ANOVA T-test was used due to its ability to compare
significance between multiple groups at once. The one-way ANOVA T-test assumes
that the data is normally distributed, and to test for this, the D’Agostino and Pearson
normality test was used on the data. This test demonstrated that the data was

normally distributed and therefore the one-way ANOVA T-test was applicable.
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Chapter 3: Results
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3.1 Investigation into the change of downstream protein expression

between Hela and HT1080 cells after induced ER stress.

3.1.1 Initial investigation into the action of tunicamycin and DTT on the expression

of UPR associated chaperones and MHC class | glycosylation.

The preliminary experiments were designed to investigate the effect of DTT and
tunicamycin on the stress response of HT1080 and Hela cells (Figure 3.1.1). The cells
were treated with medium supplemented with either DTT for 30 minutes or
tunicamycin for 6 hours, based on previous research in the laboratory. It has been
shown that induction of XBP1 processing by DTT was effective in both cell lines after
30 minutes of 5 mM DTT treatment; however, the induction of XBP1 processing by 1
ug/ml tunicamycin was efficient in Hela cells but not HT1080 cells, indicating that
the two cell types differ in their response to dysregulation of N-linked glycosylation
(Lemin et al FEBS Lett and unpublished). Cell lysates were analysed by SDS-PAGE
followed by immunoblotting to ascertain the expression of MHC class | molecules,
and two heat shock proteins, GRP78/BiP and GRP94 (Hsp90). B-actin expression was
used as a control to demonstrate the equal loading of protein across the samples.
Antibodies raised against GRP94 and BiP/GRP78 were used to investigate chaperone
expression in the cells. BiP and GRP94 are ER resident chaperones, and both are
heavily linked to ER stress, with roles in assisting ERAD and interacting with ER folding

proteins (Eletto et al., 2010).

GRP94 could be detected in both cell lines, whereas the detection of BiP was variable,
and reproducible results with the santa-cruz anti-BiP antibody (catalogue number sc-
13539) could not be achieved. The GRP94 expression was slightly raised in DTT and
Tun treated HT1080 cells, but this was not significant when compared to the actin
control (Figure 3.1.1, compare lanes 1 and 3). It is also possible that the expression
of GRP94 even went down slightly in the Hela cells with the DTT and tunicamycin
treatments, however the small fluctuations were not reproducible in subsequent
experiments. MHC class | expression was detected with the HC10 antibody, raised

against HLA-B heavy chains (Stam et al., 1986). MHC class | was detected in both cell
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Figure 3.1.1: The effect of Tunicamycin and DTT on GRP94, BiP and MHC class |
glycosylation.
Western blot of HT1080 and Hela cell lysates from cells treated with either DTT (lanes 2 and

5) or tunicamycin (lanes 3 and 6) or untreated (lanes 1 and 4) to detect B-Actin (first panels),
GRP94 (second panels), BiP (third panels) and MHC class | heavy chains (fourth panels). UT =
Untreated, Tun = 6 hours 1 pg/ml tunicamycin, DTT = 30 minutes 5 mM DTT. GRP94 is
observed at a molecular weight of around 125 kDa, BiP at around 75 kDa, and HC10 at about
48 kDa.
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Figure 3.1.2: Initial DTT and Tunicamycin treated cell lysates are loaded in equal concentrations.
Coomassie Brilliant Blue stain of gels loaded with HT1080 and Hela cell lysates treated with either DTT (lanes 2 and 5) or

tunicamycin (lanes 3 and 6) or untreatd (lanes 1 and 4). UT = Untreated, Tun = 6 hours 1 pg/ml tunicamycin, DTT = 30 minutes 5
mM DTT.
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lines as expected. It was hypothesised that the addition of tunicamycin might
decrease the molecular weight of a subset of immature heavy chains, since
tunicamycin inhibits the early stages of N-linked glycosylation. No decrease in
molecular weight could be visualised, probably because of the heterogenous nature
of the total MHC heavy chain pool. However, there was a small and reproducible
decrease in the total class | pool from tunicamycin treated cells when compared with
DTT treated cells (see also Figure 3.1.3). The samples shown in Figure 1 were also
analysed by Coomassie staining (Figure 3.1.2). This acted as an extra control to
demonstrate consistent loading. While faint, the Coomassie confirmed that the
samples had been loaded equally, and that the BCA assay used to equalise protein

concentration was accurate.

3.1.2 Investigation into the effect of ER stress on downstream tyrosine

phosphorylation and Stat3 expression.

Previous research in the laboratory suggested that DTT and tunicamycin induce
different downstream stress responses in HT1080 and Hela cell lines. Preliminary
evidence suggested that changes in tyrosine phosphorylation could be involved
(Masose and Benham, unpublished results). To investigate this further, HT1080 and
Hela cells were Mock treated, treated for 30 minutes with DTT, treated for 30
minutes with tunicamycin and treated for 6 hours with tunicamycin (Figure 3.1.3). In
addition to these treatments, both the HT1080 and Hela cells were UV treated (UV-
C, 60 J/m?) to induce a stress response as a positive control (Tournier et al., 2000). B-
Actin was used as a loading control (Figure 3.1.3, first panel) and demonstrates equal
loading of the samples. The expression of MHC class | heavy chains diminished
somewhat after 6 hours of tunicamycin treatment, most noticeably for the HT1080
cells (consistent with Figure 3.1.1). The status of Stat3 was assessed, because Stat3
is a cell cycle regulator that controls autophagic responses in stressed cells, and
induces pro-inflammatory cytokines (Meares et al., 2014). Blotting with an antibody
raised against Stat3 revealed two bands in both HT1080 and Hela cells: a strong band
at around 86 kDa and a weaker shadow band at around 79 kDa (Figure 3.1.3, lanes 3
and 7). These are likely to be two isoforms of Stat3; the upper - Stat3a (86kDa) and
the lower - Stat3pB (79kDa).
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Figure 3.1.3: Stat3 expression dips in the 6 hour tunicamycin treatment for both cell lines.
Western blot of HT1080 and Hela cell lysates from cells treated with either UV light (lanes 1

and 2), DTT (lanes 4 and 8) or tunicamycin (lanes 5,6 and 9.10) to detect B-Actin (first panel),
MHC class | heavy chains (second panel), Stat3 (third panel) and P-Tyrosine (fourth panel).
UT = Untreated, UV = UV-C, 60 J/m?, T30 = 30 minutes 1ug/ml tunicamycin, T6 = 6 hours 1
pg/ml tunicamycin, DTT =5 mM DTT. HC10 is observed at a molecular weight of around 48
kDa, STAT-3 at about 96 kDa.
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The difference in function between these isoforms is unknown. Both are produced
from the same gene product via alternate splicing. However Stat3 has prolonged
nuclear retention compared to Stat3a (Huang et al., 2007). Figure 3 suggests that the
Stat3p isoform decreased after 6 hour tunicamycin treatment in the HT1080 cells and
decreased after 30 minutes and 6 hours of tunicamycin treatment in the Hela cells.
In the HT1080 cells, the Stat3a isoform expression seemed to decrease after 6 hours
of tunicamycin treatment. The levels of Stat3a were elevated in the UV controls
indicating a differential stress response to tunicamycin compared to UV stress. It
would appear that the Stat3B isoform is more susceptible to stress related
suppression of expression, and this seems to be specific to tunicamycin due to the
absence of any effect with DTT. Further experiments will be required to determine

the functional significance of this change in expression.

Next, tyrosine phosphorylation was investigated using a pan phospho-tyrosine
antibody that detects all phosphorylated tyrosine kinases. This was performed to
examine if there were any changes in the level of tyrosine phosphorylated proteins
between stress treatments and cell lines. The pan-Tyrl00 antibody gave variable
results, though when comparing the untreated HT1080 cells with the UV control,
there seemed to be induction of a protein at around 200 kDa (Figure 3.1.3 white
arrow) after UV induced stress. In the Hela cells, there was already a higher level of
expression of this protein. Due to inefficient transfer at the top right hand corner of
this blot, it was not possible to conclude whether this protein was expressed after
the 6 hour tunicamycin treatment in the Hela cells. Figure 3.1.4 shows a Coomassie
gel of the lysates analysed in Figure 3.1.3 as an additional loading control. The band

that seems to increase in prominence may be due to residual BSA in the media.

3.1.3 Genistein

Previous experiments in the laboratory have suggested that the isoflavone genistein
can potentiate the effect of tunicamycin-induced ER stress in HT1080 cells (Lemin,
Masose, Benham, unpublished observations). To assess whether the changes in Stat3
and GRP94 expression could also be modulated by genistein, HeLa and HT1080 cells

were subjected to 30 minutes mock treatment, 30 minutes 5 mM DTT, 10 minutes 1
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pug/ml tunicamycin, 30 minutes 1 pg/ml tunicamycin, and 6 hours 1 pg/ml
tunicamycin, all with or without 140 uM genistein (+/-). The cells were lysed after
treatment and the lysates subjected to western blotting (Figure 3.1.5). The B-actin
control shows that protein recovery and loading was equal in all lanes for these
samples (3.1.5, first panel). The chaperone GRP94 was examined and the blot
suggests that genistein may reduce the expression of this chaperone to some extent
(lanes 2,8,10,14,18 and 20). In the HT1080 cells, the genistein treatment on its own
(UT+) seemed to result in less GRP94 expression than the mock without genistein,
and though this could be an air bubble (lane 2), that pattern is reflected in the 30
minute (lane 8: T30+) and 6 hour tunicamycin (lane 10: T6+) with genistein when
compared to those treatments without genistein, albeit to a lesser extent. The Hela
cells treated for 30 minutes and 6 hours with tunicamycin also show the same pattern
as the HT1080 cells, with the addition of genistein seemingly decreasing the amount
of GRP94 present. This corroborates with the fact that genistein regulates the DNA
binding affinity of CBF/NF-Y; a transcription factor that binds to the promoter of
GRP78 as well as GRP94 (Zhou and Lee, 1998b). GRP94 production has also been
shown to be dependent on the presence of the transcription factor TFII-I, which is
also a possible target for the inhibitive effects of tunicamycin (Hong et al., 2005b).
The inverse of this pattern seems to be the case however in the other HelLa conditions
with genistein increasing GRP94 expression in the untreated (lane 12: UN+) and 10

minute tunicamycin timepoint (lane 16: T10+).
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Figure 3.1.4: Coomassie stain acts as a loading control for HT1080 and Hela cell lysates using different lengths of tunicamycin treatment.
Coomassie Brilliant Blue stain of gel loaded with HT1080 and Hela cell lysates from cells treated with either DTT (lanes 2 and 6) or
tunicamycin (lanes 3,4 and 7,8) or untreated (lanes 1 and 5). UT = Untreated, T30 = 30 minutes 1 pg/ml tunicamycin, T6 = 6 hours 1 ug/ml

tunicamycin, DTT =5 mM DTT.
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In the Stat3 blot, the two isoforms of Stat3 were present, and in the Hela cells, the
shadow band — Stat3p again decreased slightly in the 6 hour tunicamycin treatment
(lanes 19, 20: T6+/-), however there was not an observable decrease in the 30 minute
tunicamycin which contrasts with the decrease seen in the first Stat3 blot. The
HT1080 cells did not seem to show any noticeable decrease; however, due to the
high intensity of the bands, it is difficult to make this a certain conclusion.
Interestingly, there was an additional band seen in the Hela cells that was not seen
in the first Stat3 blot. This band appears just below 150 kDa (labelled with the white
arrow) and acted as a useful control in subsequent experiments, however there was

not enough time to fully explore the identity of this band.

Given that tunicamycin-induced changes in glycosylation were difficult to
visualise with the MHC class | antibody HC10, PCYOX was investigated as a putative
indicator of immature N-linked glycosylation status, as PCYOX is lysosomal
oxidoreductase with 3 N linked glycans. The PCYOX antibody (Figure 3.1.5, fourth
panel) did not detect a major difference in the molecular weight of PCYOX when
comparing untreated cell lysates with tunicamycin treated cell lysates (compare
lanes 1 and 2 with 5-10 and 11 and 12 with 15-20). There may have been a small
decrease in the migration of the protein upon treatment with DTT (due to reduction;
compare lanes 11 and 12 with lanes 13 and 14). Pulse-chase experiments and
experiments using lower percentage polyacrylamide gels would be required to
explore this further. With the Hela cells, there does seem to be an increase in
migration after 6 hours of tunicamycin treatment (lanes 19,20: T6+/-). This could
indicate a lower molecular weight which is possibly due to inhibition of glycosylation.
A coomassie stained gel of the lysates shown in Figure 3.1.6 showed equal protein

recovery and loading of proteins after the various treatments.
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Figure 3.1.5: Tunicamycin and Genistein treated HT1080 and Hela cells exhibit different expression profiles of GRP94 and Stat3.

Western blot of HT1080 and Hela cell lysates from cells treated with either DTT (lanes 3,4 and 13,14), tunicamycin (lanes 5-10 and 15-20) or genistein
alone or in combination with the previous treatments (lanes 2,4,6,8,10,12,14,16,18,20) to detect B-Actin (first panel), GRP94 (second panel), STAT3
(third panel) and PCYOX (fourth panel). UT = Untreated, T10 = 10 minutes 1 pug/ml tunicamycin, T30 = 30 minutes 1 pg/ml tunicamycin, T6 = 6 hours
1 pug/ml tunicamycin, DTT = 5mM DTT, - = without genistein, + = 140 uM genistein. GRP94 is observed at a molecular weight of around 125 kDa, Stat3
at around 80 kDa and PCYOX at around 70 kDa.
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Having observed some changes in the appearance of STAT3 isoforms after stress
treatments, the phosphorylation status of STAT 3 was examined in HT1080 and Hela
cells that had been treated with tunicamycin (Figure 3.1.7). Firstly, the Stat3a
isoform (86 kDa) followed a similar pattern to the first Stat3 blot, with the HT1080
cells particularly showing a decrease in Stat3a expression after the 6 hour
tunicamycin time point (lane 8: T6). The Hela cells also showed a decrease in Stat3
expression after 6 hours of tunicamycin treatment (lane 7: T6) but possibly to a lesser
extent. This result shows that the decrease in the expression of the Stat3a isoform in
the HT1080 cells particularly, is reproducible. The Stat3p isoform also showed a
reproducible decrease in expression in both cell lines after the 6 hour tunicamycin
treatment (lanes 7,8: T6) but the Hela cells did not show a noticeable decreased
expression of the Stat3p isoform after the 30 minute tunicamycin timepoint (lane 5:
T30) which was seen in the first Stat3 blot. The unidentified ~150 kDa band appeared
in all the Hela lysates, but not the HT1080 lysates (Figure 3.1.7, second panel,
compare lanes 1, 3, 5 and 7 with lanes 2, 4, 6 and 8). This result acted as a control to
demonstrate correct loading. The Stat3 result again showed a decreased expression

of the shadow band, this time both in the Hela cells and HT1080 cells.
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Figure 3.1.6: Coomassie gels loaded with lysates created from Genistein, DTT and Tunicamycin
treated Hela and HT1080 cells.
Coomassie Brilliant Blue stain of gels loaded with Hela (first panel) and HT1080 (second panel) cell

lysates from cells treated with DTT (lanes 3,4) and tunicamycin (lanes 5-10). UT = Untreated, T10 =
10 minutes T1 pg/ml tunicamycin, 30 = 30 minutes 1 pg/ml tunicamycin, T6 = 6 hours 1 pg/ml
tunicamycin, DTT = 5mM DTT, - = without genistein, + = 140 uM genistein.
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Figure 3.1.7: The expression of phosphorylated Stat3 differs between HeLa and HT1080 cells after exposure to tunicamycin.
Western blot of HT1080 and Hela cell lysates from cells treated with tunicamycin (lanes 3-8) to detect B-Actin (first panel), Stat3 (second

panel) and phosphorylated-Stat3 (third panel). UT = Untreated, T10 = 10 minutes T1 pg/ml tunicamycin, T30 = 30 minutes 1 pg/ml
tunicamycin, T6 = 6 hours 1 pg/ml tunicamycin, HT = HT1080 cell lysates, HE = Hela cell lysates. STAT3 is observed at a molecular weight
of around 80 kDa, and P-STAT3 at around the same MW; 80 kDa
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The P-Stat3 blot did not seem to reflect the Stat3 pattern, with an unexpected
appearance of P-Stat3 expression in the HT1080 cells, showing induction of P-Stat3
in the HT1080 untreated sample and then a dip in expression in the 10 minute
tunicamycin sample. Another rise of expression was seen in the 30 minute and 6 hour
tunicamycin samples. This seemed to indicate that there was a baseline expression
of P-Stat3 in the mock HT1080 cells that then undergoes an immediate dip and
subsequent rise over time. In contrast, the Hela cells showed a delayed induction of
P-Stat3 in the 6 hour tunicamycin sample. It is possible that HT1080 cells have an
elevated baseline expression of P-Stat3 and Stat3 in general compared to Hela cells,
and that tunicamycin has the immediate effect of reducing these expression levels,
with a resurgence of P-Stat3 occurring later on. This indicates a potential build-up of
irremediable stress after an initial UPR adaption of the cell. It appears that the UPR
is already active to an extent in the HT1080 cells but it may be the case that itisin a
chronic state of UPR activation, as seen by the high baseline level of P-Stat3. A
previous study on the induction of P-Stat3 in astrocytes using the pharmacological
stress inducer thapsigargin seemed to indicate a peak of P-Stat3 expression at around
2 hours (Meares et al., 2014). It is possible that these results reflect both acute and
chronic effects of P-Stat3 induction, particularly in the HT1080 cells. The HT1080 cells
contain an endogenous N-Ras mutation that may be causing constitutive P-Stat3
activation, which could account for the signal seen in the untreated HT1080 cell

lysates (Gupta et al., 2000). This will be discussed further in the discussion.

3.1.4 Phosphorylated MAPK p44/42 expression is transiently increased after

tunicamycin induced stress.

The same lysates were analysed by western blot using the PathScan® PDGFR activity
assay (Figure 3.1.8). This cocktail of antibodies detects the activation of multiple
pathways including phospho-p44/42 MAPK, phospho-SHP2 and phospho-Akt. These
cells were not stimulated with the addition of PDGF and therefore phosphorylation
of PDGFR was not detected. The results suggest that DTT and tunicamycin treatment
do not result in the non-specific induction of the PDGFR receptor. Interestingly,

downstream signalling molecules were detected; with a
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Figure 3.1.8: The expression of phosphorylated p44/42 MAPK differs between HelLa and HT1080 cells after exposure to tunicamycin and
genistein, but peaks in both cell lines after 10 minutes.

PathScan® western blot of HT1080 and Hela cell lysates from cells treated with DTT (3,4 and 13,14), tunicamycin (lanes 5-10 and 15-20) and
genistein on its own or in combination with the previous treatments (2,4,6,8,10,12,14,16,18,20) to detect multiple proteins including Phospho-AKT,
Phospho-p44/42 MAPK, and the loading control elF4E. UT = Untreated, T10 = 10 minutes T1 pg/ml tunicamycin, T30 = 30 minutes 1 pg/ml
tunicamycin, T6 = 6 hours 1 ug/ml tunicamycin, DTT = 5mM DTT, - = without genistein, + = 140 uM genistein.
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very clear peak of phosphorylated p44/42 MAPK expression in both cell lines after 10
minutes of tunicamycin treatment (Figure 3.1.8, lanes 5,6 and 15,16: T10+/-). The 10
minute tunicamycin treatment was included because through other work in this
laboratory, it was found that tunicamycin induced a peak of phosphorylated
MAPK/p44/42 expression at 10 minutes, and therefore this time point was included
to see if a short-term ER stress response was occurring. This blot indicated that there
was a baseline activation of P44/P42 MAPK in the untreated samples in both cell
types. Even with this baseline MAPK phosphorylation, the peak signal in the 10
minute tunicamycin treatment was very clear in both cell types. Both cell lines
seemed to exhibit a dip in MAPK phosphorylation after the 10-minute peak, with the
30 minute tunicamycin treated HT1080 cell signal (lanes 17,18: T30+/-) falling to a
similar level of phosphoprotein expression as the untreated cells (lanes 11,12: UT+/-
). Another smaller rise in MAPK and P44/P42 activation was observed in the 6 hour
tunicamycin treated HT1080 cells. The Hela cells, on the other hand, had a smaller
reduction in phosphorylated p44/42 expression in the 30 minute tunicamycin lysates
(lanes 17,18: T30+/-), with the expression at 6 hours of tunicamycin treatment (lanes
19,20: T6+/-) less than the level of expression observed in the untreated lanes (lanes

11,12: UT+/-).

The HT1080 and Hela cells exhibited slightly different patterns in phosphorylated
p44/42 expression within the tunicamycin treatments (Figure 3.1.8), and with the 30
minute DTT treated samples there seemed to be a difference too, with the HT1080
cells dropping in phospho-p44/42 expression but the Hela cell signal rising slightly.
When comparing the effect of the addition of genistein to the cells, it had little effect
on phosphorylated p44/42. The only exception to this would appear to be after 6
hours of tunicamycin treatment, where the addition of genistein to Hela cells
induced an increase in phospho-p44/42 expression compared to the 6 hour
tunicamycin sample without genistein. The internal elF4E loading control was
detected in all the samples, with the only potential difference being in the samples
in lanes 10, 11 and 20, which could be due to uneven protein transfer to the
membrane. If the loading was normalised, it would appear that the HT1080 6 hour

tunicamycin sample with genistein showed an increased expression of MAPK.
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A component of the pro-survival pathway, PI3K/AKT (Dai et al., 2010) was visible in
this blot due to the probe for the phosphorylated AKT protein. Observation of the
phosphorylation pattern of this protein could suggest whether genistein potentiates
the ER stress response and pushes the cells towards a particular fate (e.g. apoptotis).
The phospho-AKT protein can be seen in this blot, however it is fainter than MAPK,
and the phospho-P44/P42 bands are thus harder to interpret. As seen from the
phospho-P44/P42 bands, the 10 minute tunicamycin treatment seemed to induce a
similar peak of expression in the phospho-AKT in both cell lines. Genistein did seem
to have an effect in this case, with the phospho-AKT expression decreasing in both
cell lines with the addition of genistein to the 10 minute tunicamycin treated samples
(lanes 6, 16: T10+) as opposed to the 10 minute tunicamycin treated samples without
genistein (lanes 5,15: T10-). The effect was more pronounced in the Hela cells as the
peak of phospho-AKT at 10 minutes was higher than in the HT1080 cells and hence
the subsequent decrease in signal with genistein was larger. Aside from the 10
minute tunicamycin treated samples, the phospho-AKT bands did not seem to

appear, precluding further analysis.

To further understand the role of MAPK kinases in the cellular response to ER stress,
the HT1080 cells and Hela cells were serum starved and treated with or without
tunicamycin (Figure 3.1.9). The process of serum starving was used to induce cell
cycle arrest, which may lead to increased sensitivity to tunicamycin treatment as well
as controlling for possible unknown effectors of the MAPK pathway contained in the
FBS. The first point of interest from this data comes from the untreated samples from
both cell lines. The untreated samples from this experiment (lanes 1,2 and 7,8) were
dissimilar to the MAPK and phospho-P44/P42 expression seen in the untreated
samples from the previous experiment (lanes 1,2 and 11,12). All of the PDGFR
pathway blots exhibited reproducible results for the treated cells, but the first
experiment shows inconsistency with mock treated cells. Subsequent experiments

showed similar p44/42 expression in the untreated samples as this blot.
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Figure 3.1.9: Serum starvation decreases the effect of tunicamycin on the induction of phosphorylated p44/42 MAPK in HeLa and HT1080 cells.

PathScan® western blot of HT1080 and Hela cell lysates from cells treated with tunicamycin (lanes 5-10 and 15-20) and serum starvation (2,4,6,8,10,12) to
detect multiple proteins including Phospho-AKT, Phospho-p44/42 MAPK, and the loading control elF4E. UT = Untreated, T10 = 10 minutes T1 pg/ml
tunicamycin, T6 = 6 hours 1 pg/ml tunicamycin, SS = serum starvation, HE = Hela cell lysates, HT = HT1080 cell lysates.



It is possible that the HT1080 cells showed a similar expression of phospho-p44/42
MAPK to the previous experiment (which used cells grown in media containing 8%
FBS); however, the Hela cells exhibited a noticeably lower expression in these bands
than previously. Aside from the untreated samples, the phospho-P44/P42 expression
profile is similar to what was observed previously, with a clear peak occurring in the
10 minute tunicamycin treatment for both cell lines with a subsequent dip in
expression for the 6 hour tunicamycin treated samples. The 6 hour tunicamycin
treatment resulted in a relatively low expression of phospho-p44/42 MAPK for the
Hela cells, and a slightly higher expression for the HT1080 cells. Serum starving the
cells seemed to have a clear effect on the Hela cells, specifically with the 10 minute
tunicamycin treatment and at the 6 hour timepoint. Strangely, this showed the
converse of what was expected, with a pronounced reduction in activation of the
phospho-P44/P42 expression in the 10 minute tunicamycin treated, serum starved
Hela cells (compare lanes 3 to 4). The difference that serum starving makes to
phospho-p44/42 MAPK expression in HT1080 cells is not pronounced, however there
does still seem to be a minor decrease in expression in the 10 minute tunicamycin
serum starved lane (compare lanes 9 to 10). The elF4E loading controls indicated
even loading. The phospho-AKT bands were very faint in these blots however there
does seem to be a slight increase in phospho-AKT expression in the non-serum
starved 10 minute tunicamycin lanes for both cell lines; more so in the Hela cells,

which was also the case in the previous experiment.

The Coomassie brilliant blue stain of the gels containing serum starved lysates (Figure
3.1.10) acted as a control for lysis and sample recovery. One distinct ~50 kDa band
was absent in all the serum starved lysates, and this band is likely to be residual

albumin.

After seeing the discrepancy of phospho-p44/42 MAPK expression between the
untreated samples in different experiments on the same gel, lysates from both sets
of MAPK experiments were loaded next to each other to observe whether
phosphorylation patterns differed within what should be the same treatments
(Figure 3.1.11). The genistein and serum starved treatments were excluded, and just

the untreated, 10 minute tunicamycin and 6 hour tunicamycin treatments were used.
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Figure 3.1.10: Coomassie stain of gel containing lysates created from serum starved HelLa and HT1080 cells acts as a loading
control.

Coomassie Brilliant Blue stain of HeLa and HT1080 cell lysates from cells treated with tunicamycin (lanes 2-12), and serum starving
(2,4,6,8,10,12). UT = Untreated, T10 = 10 minutes T1 pug/ml tunicamycin, T6 = 6 hours 1 ug/ml tunicamycin, HE = Hela cell lysates,
HT = HT1080 cell lysates, SS = serum starved.

65



HE HE HE HE HE HE HT HT HT HT HT HT
uT uT T10 T10 T6 T6 uT uT T10 T10 T6 T6
OoLD NEW OoLD NEW  OLD NEW OLD NEW OLD NEW OLD NEW

75
Phospho-AKT
50
Phospho-ERK1/2
MAPK 37
elF4E 25

1 2 3 4 5 6 7 8 9 10 11 12

3.1.11: Comparison between two sets of lysates (old and new) created from HT1080 and Hela cells acts a control for differences in phosphorylated
p44/42 MAPK expression between two experiments.

PathScan® western blot of HT1080 and Hela cell lysates from cells treated with tunicamycin (lanes 3-12), comparing older and newer lysates to detect
multiple proteins including Phospho-AKT, Phospho-p44/42 MAPK, and the loading control elF4E. This was used to detect if there were any differences in
phospho-p44/42 MAPK expression between experimental repeats. UT = Untreated, T10 = 10 minutes T1 pg/ml tunicamycin, T6 = 6 hours 1 pg/ml
tunicamycin, HE = Hela cell lysates, HT = HT1080 cell lysates, OLD = initial lysates, NEW = experimental repeat.
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Both cell lines having the older (genistein experiment) and newer (serum starved
experiment) samples loaded next to each other for each treatment. The results show
that between the experiments, the phosphorylated p44/42 is weak but consistent
apart from the HT1080 untreated samples where the MAPK and phospho-P44/P42
expression is clearly stronger in the newer sample generated for the second
experiment. The 10 minute tunicamycin exhibited the clear peak of phospho-p44/42
MAPK expression here which demonstrates that across all experiments, there is an
early, reproducible and almost immediate effect of tunicamycin on MAPK pathways.
The subsequent dips in expression are the same, with the Hela cells showing a very
weak signal in the 6 hour tunicamycin treatment compared to the 10-minute
treatment. The HT1080 cells again show a dip in expression in the 6 hour tunicamycin

but it is stronger than the expression in the Hela cells.

3.2 Live cell imaging of cells subjected to ER stress

3.2.1 The effect of tunicamycin on the motility of HeLa and HT1080 cells

In order to assess the effect that tunicamycin had on the morphology and the motility
of the two cell lines (HT1080 and Hela), a series of live cell imaging studies were
performed. Using a spinning disc microscope allowed motility assays to be performed
on the cells, but also provided useful qualitative information about how the cells
responded to the treatments in general. In these experiments, HT1080 cell and Hela
cells were either mock treated, tunicamycin treated (1 pg ml?), genistein treated
(140 uM) or a combination of genistein and tunicamycin treated to assess whether
genistein either potentiated or reduced the effect of tunicamycin. The cells were
then stained with ER tracker blue-white DPX which enabled visualisation of the
endoplasmic reticulum. The cells were then imaged using the Andor Spinning Disc
microscope for 6 hours with an image of the cells being taken every minute to create
a time-lapse movie of 360 frames. The data was then analysed using image J and the
Mtrack2 plugin was used to track each individual cell’'s movement. In multiple
conditions, some cells disappeared from the field of view and therefore these were

excluded from analysis as they may skew the results due to truncated measurements.
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Panels from typical microscope images are shown in Figures 3.2.1 to 3.2.4. Figure
3.2.1 shows the mock and tunicamycin treated Hela cells. The beginning of the 6
hour imaging session for the mock treated Hela cells is shown in panel A of Figure
3.2.1, and the morphology of the endoplasmic reticulum appeared varied, however
in each cell the ER was mainly perinuclear. After 6 hours of mock treatment (Figure
3.2.1B), the cell tracking lines suggest that each cell has moved a considerable
distance; with an average distance travelled of 0.139 um, with the direction of
migration appearing random. The majority of tunicamycin treated Hela cells appear
morphologically normal at the beginning of the 6-hour measurement (Figure 3.2.1C),
apart from cell number 7, for example, which seems to have an enlarged ER with
what could be described as a bubbly appearance. After the 6 hours of tunicamycin
treatment (Figure 3.2.1D), it is evident that multiple cells have migrated much less in
comparison to the 6 hours of mock treatment, with an average distance of 0.0676
pum. Figure 3.2.2 shows the genistein and the tunicamycin + genistein treated Hela
cells. Figure 3.2.2A shows the genistein treated Hela cells at the beginning of the 6-
hour treatment, and the morphology of the ER seems similar to the mock treated
Hela cells; with clear ER staining. Figure 3.2.2B shows the Hela cells after 6 hours of
genistein treatment. While the staining was faded (likely due to photobleaching), the
morphology still seemed normal, and the migration of the cells appears to be high
with an average distance of 0.109 um. The first frame of the genistein + tunicamycin
treated cells is shown in Figure 3.2.2C, and there were a few cells with shrunken ERs
compared to the previous conditions (cells 15,14,2). After 6 hours of the genistein +
tunicamycin treatment (Figure 3.2.2D), the migration did not appear to be noticeably
lower than the genistein treated Hela cells, with mean migration distances of
0.065896552 um and 0.051852941 um respectively. Due to photobleaching, it is

difficult to comment on the comparative morphology here.

Figure 3.2.3 shows the mock and tunicamycin treated HT1080 cells, and the mock
cells at the first frame (Figure 3.2.3A) seem very similar morphologically to the Hela
cells. In terms of migration, the HT1080 cells did not seem to have migrated as much
as the Hela cells after 6 hours of mock treatment, with an average distance of 0.0958

um (Figure 3.2.3B). The tunicamycin treated HT1080 cells do not show any
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differences in morphology at the beginning (Figure 3.2.3C) and were photobleached
considerably after 6 hours (Figure 3.2.3D). It is noticeable here that the cells migrated
a lot after 6 hours, with an average distance of 0.189 um, and have travelled in more
extended distances compared to the mock HT1080 cells which moved in a more
restricted area despite being seeded at a similar density. The genistein and genistein
+ tunicamycin treated HT1080 cells are shown in Figure 3.2.4, and Figure 3.2.4A
shows the genistein treated HT1080 cells at the beginning of the 6-hour treatment.
The morphology here was very similar to the both the Hela cells and the HT1080 cells
analysed at the start of other treatments, as expected. After 6 hours of genistein
treatment (Figure 3.2.4B), the HT1080 cells did not appear noticeably affected in
terms of migration with mean migration distances of 0.073961538 um and
0.074821429 um for 6 hour mock and 6 hour mock with genistein respectively. The
morphology of the genistein + tunicamycin treated HT1080 cells at the first frame
(Figure 3.2.4C) was not different. After 6 hours of genistein + tunicamycin treatment,

the cells’ migration was not inhibited with a mean migration of 0.06562069 um.

3.2.2 Statistical analysis shows that Hela cells are sensitive to motility inhibition

after treatment with tunicamycin.

The different ER stress treatments had visible effects on the behaviour of the cells
but the magnitude of the effect differed between the two cell lines. Hela cells were
much more sensitive to the addition of tunicamycin, resulting in a visible reduction
of movement which was quantitatively demonstrated through the significantly
reduced movement seen in the tunicamycin treated Hela cells in comparison with
the mock condition (Figure 3.2.1,3.2.5 and Table 3.2.1), with the mock treated Hela

cells moving on average 0.0616 pm more than the tunicamycin treated Hela cells.

69



Figure 3.2.1: Live cell imaging of Hela cells shows that tunicamycin treatment decreases
motility.

Live cell imaging pictures taken of mock treated (A,B) and tunicamycin treated (C,D) Hela cells
all stained with ER tracker dye DPX. Panels A and C represent the first frame taken from the 6
hour time-lapse movie of the cells. Panels B and D represent the last frame from the 6 hour
time-lapse movie. The coloured lines and dots represent the tracking of individual cells.
Tunicamycin treatment = 1 ug/ml. While the laser power remained consistent between
conditions, photo-bleaching can be observed in panel B and this may be because of inefficient
washing, meaning more residual dye in the media, resulting in the noisier image. In the future,
the use of different ER tracker dyes could be explored that may be less susceptible to photo-
bleaching.
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Figure 3.2.2: Live cell imaging of Hela cells shows that genistein does not appear to affect

motility when combined with tunicamycin.
Live cell imaging pictures taken of genistein treated (A,B) and tunicamycin + genistein treated

(C,D) Hela cells all stained with ER tracker dye DPX. Panels A and C represent the first frame
taken from the 6 hour time-lapse movie of the cells. Panels B and D represent the last frame
from the 6 hour time-lapse movie. The coloured lines and dots represent the tracking of
individual cells. Tunicamycin treatment = 1ug/ml, Genistein treatment = 140 uM
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Figure 3.2.3: Live cell imaging of HT1080 cells shows that tunicamycin treatment seems to

increase motility.
Live cell imaging pictures taken of mock treated (A,B) and tunicamycin treated (C,D) HT108 cells

all stained with ER tracker dye DPX. Panels A and C represent the first frame taken from the 6
hour time-lapse movie of the cells. Panels B and D represent the last frame from the 6 hour
time-lapse movie. The coloured lines and dots represent the tracking of individual cells.

Tunicamycin treatment = 1 ug/ml
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Figure 3.2.4: Live cell imaging of HT1080 cells shows that genistein does not appear to affect

motility when combined with tunicamycin.
Live cell imaging pictures taken of genistein treated (A,B) and tunicamycin + genistein treated

(C,D) HT1080 cells all stained with ER tracker dye DPX. Panels A and C represent the first frame
taken from the 6 hour time-lapse movie of the cells. Panels B and D represent the last frame
from the 6 hour time-lapse movie. The coloured lines and dots represent the tracking of
individual cells. Tunicamycin treatment = 1ug/ml, Genistein treatment = 140 uM
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The response of Hela cells to the treatments was reproducible in repeat experiments
(microscopy images not shown, Figure 3.2.5), with the mock (untreated) Hela cells
exhibiting the highest level of motility and the most noticeable difference being
between the untreated and the tunicamycin treated cells. Overall, the genistein
treatment on its own did appear to inhibit migration significantly (Table 3.2.1) — with
an average motility reduction of 0.0483 um, but the error bar for the combined result
is quite high, as in the individual experiments it was not as clear cut. The genistein +
tunicamycin condition resulted in a marginally lower motility than the genistein
treatment only in both Hela experiments, however the average motility is still slightly
higher than that of the tunicamycin on its own in both experiments. There was an
example in the genistein + tunicamycin treatment of the Hela cells where the cells
appeared to be shrinking drastically and blebbing (Figure 3.2.2C,D). This could be
indicative of possible apoptosis, although this cannot be concluded with certainty

without direct analysis of apoptotic markers.

The HT1080 cells on the other hand were more variable (Figure 3.2.3,3.2.4,3.2.6 and
Table 3.2.2). The tunicamycin treated HT1080 cells elicited a strong and significant
increase in motility in the first experiment with an average increase of 0.0936 um,
but only a slight increase in the repeat, with an average increase of 0.00525 pum. In
fact the repeat had no significant changes between the treatments. On one hand this
does show that tunicamycin did not decrease motility in the HT1080 cells and
confirms that Hela and HT1080 cells respond differently to tunicamycin induced ER
stress. The genistein treated HT1080 cells showed no significant change in motility
compared to the mock treatment in either experiment, however the genistein +
tunicamycin treated cells exhibited a significant decrease in motility compared to the
tunicamycin treatment on its own, suggesting that genistein rescues the effect of
tunicamycin. The combined data indicates that tunicamycin significantly increased
migration in the HT1080 cells, however the error bar is very wide indicating a lot of
variability. It is clear though that tunicamycin does not inhibit migration in the

HT1080 cells as opposed to the clear inhibition seen in the Hela cells.
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Figure 3.2.5: Graphs showing the migration of Hela cells shows that tunicamycin inhibits
migration in this cell line.
Graphs from the two live cell imaging experiments (1,2) with the combined data

(combined) showing the mean distance (um) travelled by Hela cells under the different
treatments: Mock = untreated, Tun = 1 ug/ml tunicamycin, Gen = 140 uM genistein.
Standard deviation is shown in the error bars
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Figure 3.2.6: Graphs showing the migration of HT1080 cells shows that tunicamycin does
not inhibit migration in this cell line.
Graphs from the two live cell imaging experiments (1,2) with the combined data

(combined) showing the mean distance (um) travelled by HT1080 cells under the different
treatments: Mock = untreated, Tun = 1 ug/ml tunicamycin, Gen = 140 uM genistein.
Standard deviation is shown in the error bars
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Table 3.2.1: Statistical analysis reveals that tunicamycin significantly decreases migration

in Hela cells.

Tukey'’s test (parametric) table showing all comparisons between treatments for the Hela

live cell imaging experiments and the combined results.

Compared Treatments (1) Significance Mean Difference
Mock vs. Tunicamycin *Ax 0.07109
Mock vs. Genistein ns 0.02949
Mock vs. Genistein Tun i 0.05053
Tunicamycin vs. Genistein ns -0.0416
Tunicamycin vs. Genistein Tun ns -0.02057
Genistein vs. Genistein Tun ns 0.02103
Compared Treatments (2) Significance Mean Difference
Mock vs. Tunicamycin EEEL 0.05783
Mock vs. Genistein R 0.04359
Mock vs. Genistein Tun e 0.05465
Tunicamycin vs. Genistein ns -0.01424
Tunicamycin vs. Genistein Tun ns -0.003179
Genistein vs. Genistein Tun ns 0.01106
Compared Treatments Significance Mean Difference
(Combined)
Mock vs. Tunicamycin ke 0.06833
Mock vs. Genistein Ak 0.04680
Mock vs. Genistein Tun Ak 0.06084
Tunicamycin vs. Genistein ns -0.02154
Tunicamycin vs. Genistein Tun ns -0.007493
Genistein vs. Genistein Tun ns 0.01404

ns P>005

* P<0.05

** P<0.01

> P <0.001

wene P = 0.0001 (For the last two
choices only)
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Table 3.2.2: Statistical analysis reveals that tunicamycin does not inhibit migration in

HT1080 cells.

Tukey’s test (parametric) table showing all comparisons between treatments for the

HT1080 live cell imaging experiments and the combined results.

Compared Treatments (1) Significance Mean Difference
Mock vs. Tunicamycin HokEx -0.09356
Mock vs. Genistein ns 0.005769
Mock vs. Genistein Tun ns 0.0325
Tunicamycin vs. Genistein Hok Ak 0.09933
Tunicamycin vs. Genistein Tun HokEx 0.1261
Genistein vs. Genistein Tun ns 0.02673
Compared Treatments (2) Significance Mean Difference
Mock vs. Tunicamycin ns -0.005246
Mock vs. Genistein ns -0.01128
Mock vs. Genistein Tun ns -0.01599
Tunicamycin vs. Genistein ns -0.006038
Tunicamycin vs. Genistein Tun ns -0.01074
Genistein vs. Genistein Tun ns -0.004705
Compared Treatments Significance Mean Difference
(Combined)
Mock vs. Tunicamycin *x -0.04593
Mock vs. Genistein ns -0.0008599
Mock vs. Genistein Tun ns 0.008341
Tunicamycin vs. Genistein *k 0.04507
Tunicamycin vs. Genistein Tun xS 0.05427
Genistein vs. Genistein Tun ns 0.009201

ns P> 0.05

* P<0.05

** P<0.01

** P <0.001

e P < 0.0001 (For the last two
choices only)
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Within the first experiment on the HT1080 cells there is no observable apoptosis of
cells in the areas viewed, however in the repeats, the genistein + tunicamycin does
seem to show some cells shrinking and blebbing. This could indicate the effect of
genistein ‘rescuing’ ER stress in the cells; removing the barrier to the stress, and
allowing a typical stress reaction to occur which may lead to apoptosis, due to the
mechanisms of genistein mentioned earlier in the introduction. It is clear however
from these live cell imaging experiments that Hela cells and HT1080 cells have a
different response to tunicamycin induced stress, with inhibition of motility occurring
within Hela cells, indicating sensitivity to tunicamycin, whereas the HT1080 cells did
not display not any significant sensitivity to tunicamycin in terms of motility

inhibition.
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Chapter 4: Discussion
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4.1 Discussion overview

The aim of this project was to investigate differences between two human cell lines,
Hela cells and HT1080 cells, in their responses to pharmacological or chemically
induced stress. This was investigated in combination with the effect of the tyrosine

kinase inhibitor genistein, which previously showed promise in modulating ER stress.

4.2 Differential protein expression as a result of pharmacologically

induced ER stress in HT1080 and Hela cells.

4.2.1 The effect of ER stress on the expression of heat shock proteins and

glycosylation in HT1080 cells and Hela cells.

The western blot experiments for expression of GRP94 and HC10 (Figure 3.1.1, Figure
3.1.3 and Figure 3.1.5) were undertaken to investigate whether the protein pool of
heat shock proteins changes as a result of chemically induced ER stress, and whether
ER stress affects the expression or glycosylation of MHC class | molecules. GRP94 is
known to be upregulated under ER stress (Marzec et al., 2012, p. 94), and for the
experiments here it was intended for use as an ER stress indicator. Previous findings
have demonstrated that MHC class | plasma membrane expression on the cell surface
is significantly decreased when the cells are exposed to chemically induced stress
from both tunicamycin and thapsigargin (Ulianich et al., 2011). This was also shown
in a previous study, but the decreased surface expression was induced by palmitate
instead (Granados et al., 2009). This study also indicated that the overall intracellular
protein levels of MHC class | were not altered with the induction of ER stress. It would
seem from these papers that the processing of MHC class | proteins is perturbed but
the expression remains unaffected. The experiment undertaken for this thesis
investigated whether the overall expression would differ according to cell type, and
while it does not measure surface expression, observing any change in glycosylation

could indicate impaired processing.

The GRP94 showed a clearer result in Figure 3.1.5 compared to Figure 3.1.1, after
using lysates with multiple tunicamycin treatment time points and in combination

with genistein. With this result, the HT1080 cells certainly showed an increase in
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GRP94 with the tunicamycin treatments, but the Hela cells less so at the earlier time
points - at least in the 10 minute tunicamycin treated lysates. The blot showed an
interesting effect of genistein on GRP94 expression in the Hela cells, with an increase
of GRP94 expression when genistein is added in both untreated and 10 minute
tunicamycin conditions. With DTT and the 10 minute tunicamycin timepoint, the
GRP94 expression is slightly decreased when genistein is added. Inversely, in the
HT1080 cells a pronounced reduction of GRP94 expression is seen in the untreated +
genistein condition, with an increase in expression seen in DTT and 10 minute
tunicamycin in the presence of genistein. This pattern is the opposite of what is seen
in the Hela cells, however in the 30 minute and 6 hour tunicamycin time points, there
is a reduction of GRP94 expression with genistein which is similar to the Hela cells.
The different expression patterns of the stress indicator GRP94 between the cell two
cell lines highlights cell specific differences in the reaction to genistein. The raised
expression of GRP94 does point towards activation of stress pathways in both cell
lines, with an increase in the chaperone GRP94 indirectly indicating an increase in
ERAD and protein folding. The difference seems to lie in the time point of stress
activation with the HT1080 cells surprisingly expressing an increase in GRP94 earlier
than the Hela cells. The Hela cells do have a higher expression of GRP94 than the
HT1080 cells at the 6 hour tunicamycin treatment point. There is a bell-shaped curve
type stress response with the HT1080 cells, which could explain the potential reason
a ‘barrier’ to stress was seen by previous research in this lab as it is possible the stress
response is activated earlier in the cells and earlier time-points are needed to
highlight this. It could be that the ER stress response decreases to a small extent in
the HT1080 cells towards the later time points perhaps due to an adaption to the
stress in the cellular machinery after the initial high response. In the Hela cells,
however it is possible that the stress pathways activate more slowly in comparison
to the HT1080 cells, and instead reach a peak at the 6 hour tunicamycin treatment.
The use of GRP94 as readout was intended to show differences in UPR induction
between the cell lines, and although the effect on the overall protein pool were not
as clear as if RT-PCR analysis of gene expression was used, this still hinted at a

temporal difference in the activation of stress pathways between the cells.
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For both cell lines, the initial results indicated a reproducible decrease in the overall
protein expression in the tunicamycin treated cells when compared to DTT
treatment. No change in glycosylation was observed however. This result was seen
at the 6 hour tunicamycin treated timepoint in subsequent experiments suggesting
that the overall protein pool does decrease after 6 hours of treatment. This longer
treatment of tunicamycin was not included in the aforementioned paper (Ulianich et
al., 2011), which had not seen a decrease in overall expression of GRP94 but only
with a 30 minute tunicamycin treatment. The findings suggest some avenues for
further exploration, particularly when coupled with previous research produced by
this laboratory. Looking further into the effects of tunicamycin on glycosylation and
the expression of MHC class | molecules between cell lines may reveal some

interesting differences.

A further test for the ability of tunicamycin blocking glycosylation was performed in
the blot for PCYOX1 or prenylcysteine oxidase 1 (Figure 3.1.5, bottom panel).
Prenylcysteine oxidase has three N-glycosylated sites at positions 196, 323 and 353
(Liu et al., 2005), and therefore disruption of N-glycosylation by tunicamycin could
be potentially be seen in the western blots. This blot did not show any strong
differences in glycosylation between timepoints or treatments in either of the cell
types. A known effect of tunicamycin is the inhibition of N-glycosylation (Esko and
Bertozzi, 2009), and therefore an expected result would be increased migration due
to less glycosylation and a lower molecular weight. This was not entirely clear from
the experiments in this thesis. Therefore, it is possible that the minimal changes seen
are due to a pre-existing high number of PCYOX glycoproteins, which masks any
change in glycosylation states for newly synthesised proteins due to a stronger
expression. These data could indicate that tunicamycin is not effective at blocking

glycosylation for proteins with longer half lives.

4.2.2 P-STAT3 - A role for STAT3 in differential ER stress responses?

The role of STAT3 in the UPRis not entirely clear. There is however evidence of STAT3
signaling downstream of the PERK UPR branch, via JAK-1 phosphorylation of PERK

which then goes on to recruit and activate STAT3 via phosphorylation, allowing it to
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carry out its function as a transcription factor inducing pro-inflammatory cytokines
including the ER stress linked interleukin 6 (IL6) (Meares et al., 2014). The activation
of the STAT3 signaling pathway is therefore dependent on PERK (Meares and
Benveniste, 2013), and this suggests that the presence of STAT3 may useful as an
indicator of PERK pathway activation, particularly when looking at the
phosphorylated form. Interestingly one study showed that obesity related ER stress
inhibited STAT3 phosphorylation in mice hepatocytes (Kimura et al., 2012), by
comparing the induction of STAT3 phosphorylation by interleukin 6 (IL6) in
combination +/- tunicamycin. The fact that this was studied in vivo, with tunicamycin
administered intraperitoneally 8 hours before analysis, and on a different cell type
may explain the differences between the results seen here, but it is interesting
nonetheless that tunicamycin induced ER stress seems to inhibit phosphorylation
induction. It also is notable that tunicamycin appeared to have no effect on STAT3

phosphorylation when applied on its own in this study either.

The P-STAT3 (Figure 3.1.7) blot indicates a late tunicamycin induced increase in
phosphorylated STAT3 with the Hela cells after 6 hours of tunicamycin treatment.
The HT1080 cells however show a pre-existing expression of P-STAT3 in the
untreated samples, which then declined after 10 minutes of tunicamycin treatment,
and rose again for 30 minutes and 6 hours of tunicamycin treatment. Due to the
untreated samples exhibiting P-STAT3, it is possible that the phosphorylation of
STAT3 may not just be reflecting pharmacologically induced ER stress. For example,
HT1080 cells contain an endogenous N-Ras mutation (Gupta et al., 2000) and Ras
may be an upstream component of the STAT3 signalling pathway. The activity of Ras
was shown to be important in the mediation of p38 and JNK signalling in the
transcriptional activation of STAT3 (Turkson et al., 1999), and therefore if there is a
mutation causing constitutive activation of Ras in the HT1080 cells, then it is likely

that the P-STAT3 baseline activity would be raised.

The STAT3 phosphorylation is a valid reflection of Stat-3 activation and when coupled
with the inherent mutations in HT1080 cells, it is highly likely that the presence of P-
STAT3 in the untreated HT1080 cells is indicative of constitutive Stat-3 activation.

However, this activation seems to become lower when exposed to tunicamycin, and
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rise back up after longer exposures of cells to the drug. Therefore, it is possible that
with HT1080 cells, stress induction interferes with the constitutive phosphorylation
of STAT3 via an unknown mechanism. But equally, this could reflect published data
on the inhibition of STAT3 phosphorylation seen in mouse hepatocytes treated with
tunicamycin (Kimura et al., 2012). It is possible that the acute tunicamycin induced
ER stress inhibits phosphorylation, but chronic tunicamycin induced ER stress
promotes it. Thus, either by the accumulation of stress or through a restoration of
the constitutive phosphorylation, the STAT3 becomes active again. Either way, it
appears that the HT1080 results may not indicate ER stress alone, and this
consideration means that further study would be needed to differentiate the effects
of inherent mutations and pharmacological inducers on the presence of P-STAT3, and

whether there is any synergistic effect between the two.

The STAT3 results seem to show a consistent pattern of fading of the shadow band —
STAT3p — at the later timepoints, though this fading occurs more readily in the Hela
cells. This lower band at around 75 kDa disappears at the 6 hour tunicamycin
treatments in both the Hela cells and HT1080 cells, but is also decreased in the 30
hour tunicamycin treatments in Hela cells indicating a possible difference to HT1080
cells (Figure 3.1.3). Areduction in either isoform of STAT3 may be indirectly indicative
of phosphorylation. While the upper STAT3a band does not seem to change, a
reduction in STAT3B expression could show sequestration of the available non-
phosphorylated STAT3B due to a higher amount of phosphorylated Stat-3. If this
were the case, however, the expected result would most likely show lower STAT3
expression in both the untreated and 30 minute tunicamycin treated HT1080
samples, but this is not the case. It is possible that the expression of STAT3 is not
directly related to the levels of P-STAT3. It is worth noting that in the Hela cells, there
is an unusual band consistently expressed at around 150 kDa which currently eludes

explanation.

4.2.3 The MAPK/ERK/Akt pathway and the stress responses of HeLa and HT1080

cells.
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The PDGF-R signalling pathway analysis is particularly interesting due to the patterns
seen in the phospho-P44/P42 MAPK bands. The p44/42 MAPK (or Erk1/2) can be
activated downstream of the active Ras-GTP, which activates Rafl via translocation
to the plasma membrane from the cytosol (Marais et al., 1995). This then proceeds
to activate the MEK1 and MEK2 MAPKs which in turn activates the p44/42 MAPKs
seen in the experiments presented here. The p44/42 MAPKs are translocated to the
nucleus where they activate a variety of transcription factors through
phosphorylation. These transcription factors regulate cell growth and proliferation
(Plattner et al., 1999). These results (Figures 3.1.8, 3.1.9 and 3.1.11) were of interest
both because of how ER stress may affect the phosphorylation of p44/42 MAPK and
because of the endogenous N-Ras mutation present in HT1080 cells resulting in
constitutively active Ras-GTP in the cells (Gupta et al., 2000). The differing effect of
pharmacologically induced stress between the HT1080 cells and the Hela cells may

reveal how this mutation affects the stress related MAPK response.

The pattern of phosphorylation in the untreated samples across both cell lines was
unfortunately inconsistent between the different experiments. It seems however
from Figure 3.1.11, which compares two sample sets, that the Hela cells exhibit a
low baseline of phospho-P44/P42 expression in the untreated samples, and the
HT1080 cells demonstrate a slightly higher expression to start with. Both cell lines
demonstrate a peak of MAPK activity at the 10 minute tunicamycin treatment,
however the Hela cells seem to show a bell-shaped curve, with a tailing off of MAPK
activity in the 6 hour no genistein tunicamycin treatment. The HT1080 cells on the
contrary still demonstrate some MAPK activity in the 6 hour tunicamycin treatment,
suggesting a continuous, unresolved stress response. There is a definite link between
short term tunicamycin activity and the activation of MAPK p44/42 pathways, with a

possible attenuation of activity towards the later stages.

An important pro-survival pathway in cells is PI3K/AKT, which is involved in inhibiting
apoptosis by promoting stability of the GRP78 protein, especially during endoplasmic
reticulum induced stress (Dai et al., 2010). Inhibition of this pathway has been shown
to induce the pro-apoptotic CHOP and promote ER stress induced apoptosis in cells

(Hyoda et al., 2006; Dai et al., 2010), and therefore it may help indicate what fate the
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tunicamycin treated cells here will be pushed towards. Both in the Hela cells and
HT1080 cells, there is a visible increase of phospho-AKT at the 10 minute tunicamycin
treatment, and a slight induction at the 6 hour tunicamycin treatment in the HT1080
cells more so than the Hela cells. This could be indicative of active pro-survival
pathways in the cells during these treatment points, suggesting that while there is
clearly a potent immediate effect of tunicamycin; the cells compensate by AKT
phosphorylation which in turn promotes GRP78 recruitment to help compensate for

the stress and keep the cells alive.

The activation of MAPK is not necessarily an exclusive indicator of ER stress, but it is
a downstream signalling component in ER stress pathways (Ron and Walter, 2007).
The activity of MAPK signalling as a consequence of stress in the cell was seen in a
study by Wei et al. who discovered that mice brain cells under ER stress induced by
heart failure showed higher levels of phosphorylated p44/42 MAPK, and the
upregulation of excitatory and inflammatory mediators (Wei et al., 2016a). Enhanced
ERK (p44/42) activity was found to mediate cyto-protective effects in cells pre-
conditioned with ER stress (Usuki et al., 2013), alongside inhibition of p38/JNK
pathways. This could suggest that a higher phosphorylation of p44/42 in the HT1080
cells at the 6 hour timepoint compared to the Hela cells is indicative of both an
eventual attenuation of the pro-survival pathways in the Hela cells, and a continuous
push towards survival in the HT1080 cells. It is also possible that MAPK signalling —
while downstream of ER stress — may work as a feed forward mechanism to further
induce ER stress, possibly through the production of pro-inflammatory cytokines.
This possible mechanism of MAPK signalling was discovered through the observation
that ER stress is decreased when MAPK signalling is inhibited (Wei et al., 2016b). This
may add credence to the possibility that treated HT1080 cells are maintained in a
state of prolonged ER stress, which could be unresolvable due to a consistent push

towards survival.

The known induction of p44/42 under ER stress correlates nicely with these results
(Figures 3.1.8, 3.1.9 and 3.1.11) which clearly indicate a potent effect of the
pharmacological stress inducer tunicamycin on the activity of p44/42 MAPK,

therefore indirectly suggesting that the tunicamycin induces ER stress in these cells.
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Discounting the inconsistent untreated samples, HT1080 cells perhaps have an
earlier and prolonged signalling response after induced ER stress in comparison with
the Hela cells, which is also seen in the P-STAT3 results. It is possible that the Hela
cells are more sensitive to induced ER stress than the HT1080 cells, possibly due to a
pre-existing low level ER stress response active in the HT1080 cells. With the Hela
cells showing a decrease in both the phosphorylation p44/42 MAPK at the 6-hour
mark, but an increase in the phosphorylation of STAT3, it may be that the activation
of p44/42 MAPK has some consequent effect on the phosphorylation of STAT3. It has
been detailed that induction of the c-src - p44/42 MAPK cascade leads to
phosphorylation of STAT3 (Tkach et al., 2013), which provides context to the link
between the P-STAT3 and MAPK blots. This suggests that when phosphorylation of
p44/42 MAPK is seen, the phosphorylation of STAT3 may follow, and certainly this
could concur with the results seen in these blots. Again, with the N-Ras mutation in
the HT1080 cells, the higher baseline activity of both p44/42 and STAT3 makes
biological sense when compared to Hela cells, which carry wild type Ras genes

(Leblanc et al., 1999).

Serum containing media is optimal for cell growth however in experimental
situations, the poorly defined makeup of serum in formats such as foetal bovine
serum may present unwanted variables (Kramer et al., 2005). Serum contains many
growth factors and cytokines (Pirkmajer and Chibalin, 2011) that could feasibly
influence the signalling pathways under scrutiny in cell biology. In addition to this, a
side effect of serum starvation can be cellular stress responses and apoptosis due to
a lack of necessary growth factors and cytokines (Pirkmajer and Chibalin, 2011).
Serum starvation is thus commonly used as a means to induce a form of physiological
cellular stress (Arrington and Schnellmann, 2008). Serum starvation also helps create
a more homogenous cell population due to the induced Go/Gi cell cycle stage

quiescence in the starved cells.

The serum starvation experiment (Figure 3.1.9) shows an interesting pattern in that
it seems to decrease the expression of phosphorylated p44/42 MAPK in comparison
to non-serum starved blots. This is possibly due to the absence of extra growth

factors that may trigger the MAPK pathway. What it does show is that the induced
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p44/42 MAPK activation seen in these experiments is attributable to the action of
tunicamycin and not other cytokines present in the serum that may have affected
signalling. Due to the untreated serum starved samples still exhibiting less
phosphorylated p44/42 than the serum starved tunicamycin samples, this does show
that it is not just serum starved induced stress acting on the cells, and that
tunicamycin does potentiate p44/p42 activation. Comparing the untreated to the
untreated serum starved samples in both Hela cells and HT1080 cells, there may be
a slight rise in phosphorylated p44/42 MAPK expression which could indicate a small

increase in cellular stress due to the serum starvation itself.

4.2.4 Does genistein potentiate ER stress signalling responses.

In Figure 5, the action of the tyrosine kinase inhibitor genistein on p44/42 activity
(Figure 3.1.8) is more potent than its action on GRP94 (Figure 3.1.5). With the Hela
cells particularly, it appears to induce a higher activity of p44/42 in the 6 hour
tunicamycin treated timepoint. This could suggest that genistein makes the Hela
cells more susceptible to prolonged ER stress. If genistein inhibits GRP78/BiP, then
an exaggerated stress response would make sense, as an adaptive resolution to the
stress via increased protein folding is not as readily achievable. Interestingly, the
HT1080 cells show little cell specific effect of genistein, which was unexpected as it
was hypothesised that genistein may rescue the HT1080 cells from the continuous
low level stress response seen in the other experiments (Figure 3.1.7). However, both
the HT1080 cells and Hela cells did show a clear effect of genistein on the induction
of the pro-survival phospho-AKT in the 10 minute tunicamycin timepoint. The
genistein seemed to decrease the expression of phospho-AKT in the presence of
tunicamycin which could indicate that the known action of genistein inhibiting GRP78
could be exerted indirectly via inhibiting the PI3K/AKT pathway, and it is possible that

the drive towards the apoptotic cell fate is happening here with the genistein.

4.2.5 Summary

From the experiments in Figures 3.1.1 to 3.1.11, there are obvious differences in the
reactions of the two cell lines to pharmacologically induced stress. The STAT3

activation is interesting due to reflecting a possible constitutive STAT3
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phosphorylation in HT1080 cells, while still showing a compounding effect of
tunicamycin on the phosphorylation. In the Hela cells, a late appearance of P-STAT3
indicates later activation of stress-related signalling pathways compared to the
HT1080 cells. The difference may be due to the pre-existing STAT3 phosphorylation
in HT1080 cells lowering the threshold for further phosphorylation under additional
stress stimuli. p44/42 may be a precursor for STAT3 activation as aforementioned,
and this makes sense in conjunction with the P-STAT3 blots as the HT1080 cells show
a more prolonged expression of phosphorylated p44/42 and they also show a more
prolonged P-STAT3 activation. The issue with the PathScan blots lies in the untreated
samples which are inconsistent between different blots. It is possible that this was
down to human error or biological variability. However, the samples treated with

tunicamycin show reproducible results and therefore conclusions can still be made.

It can be concluded that the Hela cells exhibit a more conventional cellular response
to stress stimuli, undergoing a gradual increase in ER stress as the timepoints
progress, with the bell shaped activation of p44/42 MAPK possibly acting as an

upstream signalling component in the stress response.

With the HT1080 cells, the stress response is different, with earlier indicators of
stress existing; possibly indicating a pre-existing low level ER stress response in the
cells, or simply reflecting the result of the endogenous N-Ras mutation. Tunicamycin
still affects the HT1080 cells and appears to do so more rapidly than the Hela cells,
but from these data it is difficult to conclude if there would be any clinical
consequences with using tunicamycin as a treatment for different cell types.
Therefore, the live cell imaging data provides phenotypic context to these results;
enabling analysis on how the cell behaviour (motility) changes under treatment, and

whether there are any morphological changes or apoptosis present.

4.3 The effect of stress on cell movement

The action of both tunicamycin and genestein on cells was investigated by live cell
imaging (Figures 3.2.1 to 3.2.4). Whilst there is limited research on the links between
ER stress and motility, there is certainly an existing link between increased stress and

decreased cell migration. Activation of ERAD by the UPR results in the formation of
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ERAD complexes which recognise subsets of misfolded proteins (Kim et al., 2015).
One such complex consists of the ER-membrane resident ubiquitin ligase Hrd1l
complexing with SEL1L which nucleates this ERAD complex (Mueller et al., 2008).
Over-expression of SEL1L inhibits cellular migration of human pancreatic cancer cells
(Cattaneo et al., 2005). This is through induction of the PTEN protein that causes G1
stage cell cycle arrest and is known to inhibit cell proliferation, growth and motility
(Kim et al., 2015). If cells are pushed towards an apoptotic phenotype, it makes sense
that the motility would also decrease in this instance if the cells are dying. Previous
studies have demonstrated that tunicamycin has an inhibitory effect on migration,
both in vivo with epithelial sheet movement using organotypic cell cultures (Gipson
et al., 1984) and in vitro with human airway epithelial cell wound repair (Dorscheid
et al.,, 2001). The activation of the IRE1 and ATF6 pathways by tunicamycin also
appeared to inhibit PDGF-BB induced migration in vascular smooth muscle cells (Yi
et al., 2012). There is evidently a knock on effect with ER stress and migration but
this may ultimately depend on the tissue environment in which the stressed cells lie
(Saez et al., 2014); as in cancer, ER stress promotes angiogenesis and invasion which

contrasts somewhat to the discussed effects of tunicamycin.

4.3.1 Does tunicamycin affect cell motility differentially between HelLa and HT1080

cells?

The results seen here were certainly varied between cell types, with the Hela cells
showing a consistent change in phenotype when treated with tunicamycin. The
graphs indicate that for both the repeat and the initial experiment, the tunicamycin
does indeed inhibit the motility of the cells significantly (as confirmed by the 1 way
ANOVA T-test). This significant decline in cellular migration fits with the known action
of tunicamycin, and suggests that the stress response is affecting the behaviour of
the cells in a way that is expected in vitro. The HT1080 cells however show a different
pattern with a significant increase in motility seen in the tunicamycin treatment. This
result is more variable than the Hela cells however, and could indicate random
variability in the cell motility when compared with the large replicable decline in
migration in the Hela cells. If the combined data is used to summarise and average

out the data pools then it shows that the decline in motility seen in the mock vs
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tunicamycin on the Hela cells has a P value of <0.001 whereas in the HT1080 cells,
the increase in motility between these two conditions has a P value of <0.01 which is
significant to a lesser extent. Tunicamycin clearly affects the Hela cells potently,
inhibiting their motility, but with the HT1080 cells, the effect is less potent, and the

trend — if any —is an increase in motility.

When looking at the action of genistein in conjunction with tunicamycin, the Hela
cells do not show any significant difference to the tunicamycin treatment alone. The
genistein with tunicamycin treatment does show a similar decrease in motility
compared to the mock, but it is clear that here, genistein does not have a synergistic
effect with tunicamycin. Interestingly; the genistein on its own vs the mock treatment
does show a decrease in motility that is significant. This could potentially be due to
the genistein causing an increased susceptibility of the cell to any natural stress that
may occur. The Hela results show a nicely uniform pattern of how both tunicamycin
and genistein affect the cells. Again though, in the HT1080 cells, the pattern of
genistein action on the cells is variable, with a difference between the initial
experiment and the repeat. The first experiment certainly showed a decrease of
motility in the genistein with tunicamycin treatment when compared to just the
tunicamycin, but this may be simply due to the possibly anomalous large increase in
motility seen in the tunicamycin condition. In the second experiment, there is no
significant difference with the addition of genistein. When looking at the combined
result for the HT1080 cells, genistein + tunicamycin significantly decreases the
motility of the cells compared to just the tunicamycin alone. This suggests that
genistein does rescue the effects of tunicamycin on the HT1080 cells by restoring the
cell motility to levels comparable with the mock treatment. Also no decrease in
motility is seen in response to genistein treatment alone when compared to the

mock.

Interestingly, the cell specific reactions to genistein here reflects what was seen in
the earlier blot for GRP94. In the Hela cells, untreated cells with genistein elicited an
increase in the expression of the stress marker which reflects the decrease in motility
seen in the presence of genistein in the Hela cells (like the decrease in motility seen

with tunicamycin). However, in the HT1080 cells GRP94 expression was decreased in

92



the untreated cells with genistein; the lower levels of this stress marker in the
presence of genistein backs up the fact that no change in motility was seen when

genistein was added to the untreated cells.

The cell morphology did not change at a gross level during live cell imaging; apart
from the cells that are undergoing apoptosis. It is important to note that the images
seen do not visualise the cell membrane however and instead are visualising the
endoplasmic reticulum, and therefore changes in morphology may still be occurring

beyond what can be seen in these experiments.

From these data, the clearest conclusion is that tunicamycin differentially affects
Hela cells and HT1080 cells in terms of their motility, with the Hela cells showing a
significant decrease in motility with tunicamycin as opposed to HT1080 cells which
show either an increase in motility, or no change. The genistein itself seems to have
no clear-cut effect on the motility of the cells, which may be simply because the
pathways genistein acts upon do not affect motility. However if genistein was
restoring ER stress and driving the cells towards apoptosis, a further decrease in

motility would be expected when genistein is combined with tunicamycin.

4.4 Overall conclusions

In conclusion, the results here have demonstrated a differential protein expression
profile between different cell types when subjected to pharmacologically induced
stress. The P-STAT3 results have clearly shown a higher baseline level of activation in
the HT1080 cells which is likely due to the N-Ras mutation inherent to this cell line.
The P-STAT3 expression in the Hela cells is likely indicative of PERK pathway
activation in the UPR, but in the HT1080 cells, it may not be as clear cut due to the
constitutive STAT3 activation. In terms of ER stress seen in the cells, it would appear
overall that the HT1080 cells exhibit a low level, chronic stress response which may
be transiently increased by tunicamycin, but ultimately this cell line seems to be
showing a pro-survival phenotype when looking at the blots in conjunction with the
live cell imaging. The Hela cells on the other hand do not seem to exhibit the same
initial low level stress response. The Hela cells do seem to show an immediate

reaction to tunicamycin with the expression of phospho-p44/42 like the HT1080 cells,
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but ultimately seem to have a less constant and later activated response to the stress

compared to the HT1080 cells.

It may ultimately be that the HT1080 cells and Hela cells both react initially to the
tunicamycin in the same way, but it is the later response that differs, with other stress
indicators in the Hela cells taking longer to appear, compared to the more
continuous stress in the HT1080 cells. When viewed in conjunction with the live cell
imaging it becomes clear that the Hela cells are more sensitive to tunicamycin
induced ER stress than the HT1080 cells, due to a significant inhibition of Hela
motility which may possibly precede apoptosis. This may be because the HT1080 cells
have inherent mutations (N-Ras) that mean particular stress related pathways are
already active. Therefore, it is possible that the threshold for ER stress to overwhelm
the HT1080 cells and push them towards apoptosis instead of survival may be higher
than the Hela cells, due to a native stressed cellular environment in the HT1080 cells.
This may suggest that the higher baseline stress response in the HT1080 cells results
in irremediable stress that cannot be conventionally dealt with. The Hela cells show
increased sensitivity to stress, the effects of which are only evident towards the 6
hour timepoint in the blots, but are clearly evident in the live cell imaging via the
gradual arrest of cell motility. The effects of genistein are mostly not evident,
although a particularly interesting point is the decrease in phosphorylated AKT seen
when genistein is added to the 10 minute tunicamycin treatment. This justifies the
need for further investigation into how genistein may affect other stress related
pathways, even if it does not noticeably influence aspects such as cell motility or
observable apoptosis. Figure 4.1 indicates the temporal differences in the expression

of the main proteins that indicated reactions to the induced ER stress.

While the modulation of ER stress via genistein is still unclear; the differential
reaction of the cells to tunicamycin suggests that therapy for ER stress related
diseases such as ankylosing spondylitis and specific cancers may require specific
drugs for different cell types. Inducing ER stress can clearly inhibit migration in Hela
cells but the lack of response seen in HT1080 cells may suggest that certain mutations
can block the traditional response to increasing ER stress by creating an environment

in the cell and ER that allows unresolvable stress to exist without interfering with
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important cellular functions involved in disease pathology such as migration which is

key for tumorigenesis.
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Figure 4.1: Temporal differences in ER stress induced protein expression between Hela and
HT1080 cells.

Flow chart showing how the expression of 4 proteins of interest (GRP94, STAT3, P-STAT3 and
phospho-p44/42 MAPK) changes after various timed tunicamycin treatments. Initial
untreated blots shown for comparison. Each change is relative to the previous time point,
with a box representing no change, an upwards arrow indicating an increase in expression
and a downwards arrow indicating a decrease in expression.
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The difference between how the two cell lines react to induced ER stress may seem
abstract, but it is likely due to the highly complex interlinking of various pathways
involved in ER stress, and the possibility that mutations in various pathways and
differing proteomes may also affect the cell behaviour. Figure 4.2 shows the main
observed consequences of tunicamycin induced ER stress in both Hela cells and
HT1080 cells, helping indicate the differences between the cell lines. It is also
important to consider that these two cells are different cell types; with HT1080 cells
being isolated from a fibrosarcoma (fibroblasts) and Hela cells being isolated from a
cervical adenocarcinoma (epithelial cells) Inherently; fibroblasts have a large and
highly elaborate endoplasmic reticulum to fit their purpose as major components in
ECM secretion (Baum and Duffy, 2011). Epithelial cells may also have a large
endoplasmic reticulum for fat absorption and enzyme secretion (Friedman and
Cardell, 1977); but perhaps a difference in purpose of the ER in these cell types may
cause differential re-organisation of the ER when subjected to stress. These two cell
types are also two very different types of cancer with distinct and different activating

mutations that may well affect how they respond to stress.

4.5 Future directions

There is plenty of scope for further investigation after these results. Primarily, the
reason behind the differential cellular response to stress needs to be investigated. Is
this because of the mutations in HT1080 cells, or due to the different functions of
these cell types? The action of genistein on modulating ER stress needs further
investigation, and obtaining clean blots for the P-tyrosine expression profile would
be a starting point. Then looking at more direct stress indicators such as a working
BiP blot and other phosphorylated proteins involved in the UPR signalling pathways
such as JNK would flesh out the data, and would demonstrate exactly what pathways

were being activated in the UPR.
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Figure 4.2: Tunicamycin induced stress elicits a differential response in HeLa and HT1080 cells.
Treatment of both HelLa and HT1080 cell lines resulted in an increase of GRP94 expression across both cell lines. In the Hela cells, P-STAT3 expression

was increased — a possible consequence of PERK activation. In the HT1080 cells, P-STAT3 expression decreased from a higher baseline level after 10
minutes of tunicamycin treatment and then increased again — the initial P-STAT3 expression possibly due to the endogenous N-Ras mutation in the
HT1080 cells. In the Hela cells, phospho-p44/42 MAPK increased at first and then decreased after 6 hours, whereas in the HT1080 cells, the expression
was raised more consistently after tunicamycin treatment. P44/42 activity may have contributed to STAT3 phosphorylation. Motility was decreased in
the Hela cells after tunicamcycin treatment, but not in the HT1080 cells. While not directly observed, the live cell imaging results pointed to the Hela
cells moving towards apoptosis, and the HT1080 cells surviving under the ER stress.
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