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ABSTRACT

The endoplasmic reticulum (ER) is a complex organelle whose primary function is
concerned with protein folding and modification. However, occasionally unfolded proteins
accumulate in the ER, causing ER stress. In these cases, the unfolded response (UPR) is
activated in an attempt to restore ER homeostasis. There are three mammalian UPR signal
transducers. IRELa is the most ancient of these and has two functional domains. The RNase
domain is often regarded as promoting cell survival via splicing of XBP-1 mRNA to
generate the XBP-1(s) transcription factor. This domain has also been implicated in the
RIDD pathway where ER-localised mRNAs are degraded. The kinase domain is thought of

as proapoptotic due to its ability to activate the JNK signalling cascade.

However, recent work highlighted a potential role for IRE1a kinase activity in cell survival.
This project focussed on segregating cell fate decisions according to kinase and RNase
functions. This was done by comparing MEFs expressing human WT-IRE1a to MEFs
expressing a kinase-deficient IRE1a mutant, or a kinase- and RNase-dead form of IREla.
Western blotting, gPCR analysis and electron microscopy were principally used to identify
biochemical, transcriptional and physical differences between these cells. Western blot
analysis highlighted a correlation between the loss of IRE1a kinase activity and increased
expression of the proapoptotic marker, CHOP, during ER stress. Further strengthening this
observation, an increase in MRNA levels of TRB3, which is a downstream target of CHOP
was identified by gPCR. The latter technique also suggested that ERAD, the process by
which misfolded ER lumenal proteins are degraded, was also compromised. Finally, electron
micrographs clearly showed loss of the ability in cells expressing either IRE 1o mutants to
structurally organise the proliferating ER during stress. To conclude, the results strongly
argue that lack of the kinase domain negatively influences ER physiology and gene
expression when the UPR is active. Therefore, this study brings to attention the importance
of IRE1a kinase activity for cytoprotection which, in turn, has major implications on the role

of the UPR in several different diseases.
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Chapter 1

Introduction

15



1.1: ER stress and the Unfolded Protein Response

A defining feature of eukaryotic cells is the presence of a cell membrane and different
membrane-bound organelles. One of these organelles is the endoplasmic reticulum (ER).
The ER is a large, membranous organelle which serves as a store for calcium ions (Ca®") and
acts as a signalling platform. It is also responsible for synthesizing lipids and folding and
modifying secretory and transmembrane proteins. If these proteins cannot be folded
properly, maybe due to a mutation in their encoding gene, or a redox imbalance in the ER
lumen, the ER becomes stressed and a response is elicited. This response is called the
Unfolded Protein Response (UPR), which is activated to alleviate ER stress (Hussain and
Ramaiah, 2007). This pathway has three principal outputs which are associated with trying
to restore ER homeostasis: increased chaperone expression, translational attenuation, and
upregulation of ER-associated degradation (ERAD) components and activity (reviewed in
Lai et al, 2006).

When unfolded or misfolded proteins accumulate in the ER lumen, they bind the ER-
resident chaperone, GRP78 (also known as BIP). As a result, BIP is titrated away from the
three ER stress sensors: IRE1o, PERK and ATF6. IREla and PERK are also believed to
interact directly with unfolded proteins (Gardner and Walter, 2001; Korennykh and Walter,
2012) and oligomerisation and activation of these two signal transducers follows (Bertolotti
et al., 2000). Upon activation, the RNase activity of IRE1a induces non-conventional
splicing of an mMRNA encoding a bZIP transcription factor (XBP-1) which in turn
upregulates transcription of genes that help to relieve the unfolded protein load of the ER.
PERK on the other hand, phosphorylates eIF2o. to attenuate protein translation. This is
thought to provide the ER with more time to clear the unfolded proteins before processing
new polypeptides. Finally, ATF®6 is translocated to the Golgi apparatus, where it undergoes
cleavage. The cleaved product, known as ATF6(f), can then travel to the nucleus, where it

changes gene expression alongside spliced XBP-1 (reviewed in Ron and Walter, 2007).
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Figure 1.1: Early signalling events of the unfolded protein response.

UPR signalling can be studied relatively easily as ER-stress can be artificially induced using
several different drugs. One of these drugs is tunicamycin, which activates the UPR as it
blocks N-linked glycosylation of polypeptides in the ER (Takatsuki et al., 1975) which are
then unable to fold correctly. Thapsigargin is also regularly used, as it is a SERCA-pump
inhibitor (Lytton et al., 1991) and thus protein folding cannot happen normally due to loss of
ER calcium homoeostasis. DTT and subtilase ABs are two alternative ER-stress inducing
drugs which cause accumulation of unfolded proteins by inhibiting disulpide bond formation
(Karlin and Bartels, 1966) and BIP inactivation (Paton et al., 2006), respectively. Whether
or not a cell recovers from ER stress is dependent on many factors, and is the subject of
research carried out worldwide. It is generally believed that persistent activation of the UPR
will eventually lead to cell death, which plays a role in the pathogenesis of different human
diseases (Kim et al., 2008). My project will focus on the signalling downstream of IRE1a,

and how this influences cell fate decisions.

1.2: Activation of IREla

IRE1 is an ER-resident transmembrane protein which harbours both endoribonuclease
(RNase) and kinase domains (Tabas and Ron, 2011). Early experiments showed that during
ER stress, yeast Irelp was necessary for transcription of BIP and PDI (Cox et al., 1993).
Overexpression of either BIP, or PDI, which catalyses formation and isomerisation of

disulphide bonds within proteins (Formenko and Gladyshev, 2003), was able to reduce UPR
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signalling (Morris et al., 1997; Xu et al., 2005) suggesting ER homeostasis was being
restored. Therefore, both proteins are thought to help alleviate ER stress, highlighting the
protective role of IREL.

At this point, the mechanism of IRE1 activation and how it subsequently upregulated these
chaperones was unknown. Later discoveries elucidated that this transmembrane protein
became activated during ER stress by a process of homo-oligomerisation and trans-
autophosphorylation, with the latter process being fulfilled by the kinase activity of Irelp
itself (Shamu and Walter, 1996). In this study two Irelp mutants were used: a C-terminally
truncated form (‘tailless’) which still possessed the kinase domain, and the K702R mutant.
The latter mutant had previously been shown to possess massively reduced kinase activity,
whereas its close relative, K702A displayed no detectable kinase activity. The reason is
presumed to be because mutation of this residue interferes with phosphotransfer ability
(Mori et al., 1993). During ER stress, expression of ‘tailless’ Irelp was able to increase the
transcriptional response of the Irelp-K702R mutant from 25% to 80% compared to WT
Irelp. If the K702R mutation was introduced into the truncated mutant, the observed
‘rescue’ no longer occurred. Furthermore, the K702R mutant was found to be
phosphorylated on specific serine residues when expressed with the truncated form of Irelp.
It was shown that the K702R mutant was unable to undergo phosphorylation unless
expressed simultaneously with a kinase-active form of Irelp. These data along with the
finding that truncated Irelp could complex with the full length form of this protein, lead to
the conclusion that kinase activity of Irelp was required for oligomerisation of this protein.
In turn, trans-autophosphorylation of the subunits involved in the oligomer would result in
downstream signalling. It was thus concluded that only after oligomerisation Irelp is fully
active for signalling (Shamu and Walter, 1996). The different aspects of how IRE1 functions

in the UPR are discussed below.

1.3: Structure and function of IRE1

IRE1 is a type | transmembrane protein. Its N-terminus is located within the ER lumen and
in yeast this was shown to interact with the ATPase domain of BIP (Todd-Corlett et al.,
2007). The kinase and RNase domains of IRE1 are located in the cytosolic C-terminus
(reviewed in Schroder and Kaufman, 2005). There are several conserved amino acids in the
kinase catalytic core of this protein, which if mutated are known to abolish kinase and/or
RNase activities of this protein (Chawla et al., 2011; Lee et al., 2008; Mori et al., 1993;
Tirasophon et al., 1998). The general consensus is that RNase activity, which is responsible
for XBP-1 splicing, is stimulated by autophosphorylation of the activation loop, which is

located in the protein kinase domain (Lee et al., 2008 and Figure 1.2). However, the ATP-
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competitive inhibitor, INM-PP1 has been demonstrated to activate the IRELo RNase in
mutants lacking phosphotransfer capacity (Papa et al., 2003). Hence, it would seem that
kinase activity is actually unnecessary for activation of IRE1 by INM-PP1.

LD (1-526)

™
ER
(527-556) ~—— _‘%

Linker Cytosol

(557-672)—

Activation
loop

Kinase oo
(673-982)—

RNase >
(983-1115) —

Figure 1.2: Schematic showing the different domains of IRElea. LD is the lumenal
domain and TM is the transmembrane domain (figure from Korennykh et al., 2009).

The two IREL residues of importance to this project are K599 and D711. The catalytic lysine
at position 599 is required to enable the y-phosphoryl transfer reaction (Hodgson and
Schréder, 2011). Additionally, it is thought to be required for formation of a salt bridge with
the E612 residue, which in turn would play a role in the active conformation of the kinase
(Korennykh et al., 2011). It has been established that the point mutation formed by
substituting this basic lysine residue to a non-polar alanine residue (K599A-hIRE1a) results
in a form of IREL1a which lacks both RNase and kinase activity. It is hence unable to splice

XBP-1 or undergo autophosphorylation (Tirasophon et al., 1998).

K599A-hIRE1a was used alongside the D711A-hIRE1a mutant in this project. This residue
is the conserved aspartate residue in all protein kinases, which is required for coordinating
the (two) Mg*" ions in the kinase catalytic core (Mori et al., 1993). This allows the
triphosphate group of ATP to be appropriately placed in the nucleotide binding pocket.
Therefore, mutating this aspartate to an alanine may inhibit phosphorylation due to
misplacement of the triphosphate group. As can be seen in the appendix (figure Al.1), this
mutant has preserved XBP-1 splicing capacity. Thus, the D711A-hIRE 1o mutant has
retained its RNase activity despite lacking kinase activity. By comparing these two mutants
to the WT-hIRE1a, it can be elucidated whether or not the kinase domain is required for

controlling certain aspects of cell survival downstream of the UPR being activated.
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1.3.1: IRE1e endoribonuclease activity is responsible for XBP-1 splicing

Results which were consistent with those regarding the expression of chaperone proteins
during ER-stress (Cox et al., 1993) highlighted a correlation in yeast between activated Irelp
and UPR induction by a spliced bZIP transcription factor, Haclp (Cox and Walter, 1996).
Using Northern blotting, the Walter group showed that a 252 nucleotide intron had been
removed from HAC1 mRNA. The splicing out of this intron essentially generates a form of
HAC1 where the N-terminal DNA-binding domain is now adjacent to a C-terminal
‘activation domain’. This event allows the translational block to be lifted, thus generating the
active transcription factor, Haclp (Mori et al., 2000). A similar system operates in
mammalian cells, where IREla is able to splice the HAC1 mRNA equivalent, XBP-1.
Translated XBP-1(s) is a more active transcription factor compared to XBP-1(u) and
therefore it can proceed to effectively amplify basal chaperone expression levels generated
by cleaved ATF6 (Yoshida et al., 2001). It is important to note however, that spliced XBP-1
acts later compared to ATF6, and thus the target genes of these two transcription factors
were not expected to overlap directly. This was indeed the case, and spliced XBP-1 was
found to be required for upregulation of certain ERAD pathway components (Yoshida et al.,
2003). Although ATF6 has recently been proposed to play a role in transcription of some
ERAD related genes (Shoulders et al., 2013), principal transcriptional control of these genes
by XBP-1(s) highlights the anti-apoptotic nature of this route, as a more effective ERAD
would presumably reduce the misfolded protein load in the ER lumen.

1.3.2: The role of the IRE1a-XBP-1 branch in cell fate

One would assume that loss of XBP-1 splicing would result in events that would make cell
death more favourable, due to the fact there would be less transcriptional control over genes
encoding chaperones and ERAD components. Loss of xbp-1 from embryonic liver cells
correlated with the elevated levels of apoptosis observed in this model (Reimold et al.,
2000). By default, one would expect that knockout of IRE1a should also help favour
apoptosis. Cell death does indeed occur in yeast, as growth assays display inhibition of

survival in irelA strains (Back et al., 2005).

However, the mammalian pathway is much less simple. The Papa group used the 1642G-
IRE1o mutant to investigate ER stress related cell fate decisions (Han et al., 2009). This
mutant has an enlarged kinase active site pocket which is predicted to be accessible to the
ATP-competitive drug, INM-PP1. Use of this drug supports XBP-1 splicing associated with
active IRE1a whilst abolishing kinase-mediated phosphorylation (Papa et al., 2003). Using

annexin V staining as a readout for cell death, it was demonstrated that ire/o” fibroblasts
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showed much better survival after ER stress induction, compared to their WT counterparts.
Although this initially seems to oppose the results obtained from the yeast system, this group
was able to show that the activated 1642G-IRE1a was able to further reduce the amount of
cell death detected in the irela™ cells (Han et al., 2009). These results support the role of

XBP-1(s) in cell survival.

It was later demonstrated that the irel«” fibroblasts were protected from ER-stress related
cell death as caspase-2 upregulation and subsequent cleavage were unable to occur.
Increased expression, but not cleavage of caspase-2 was observed in the INM-PP1-activated
1642G-IRE1a cells. Only the WT-IRE1a cells showed caspase-2 cleavage. Thus, it was
concluded that the presence of XBP-1(s) is separable from the ER stress-induced cell death
pathway (Upton et al., 2012).

Many groups have exploited XBP-1(s) to promote cell survival. By using an expression
vector encoding the spliced XBP-1 form, it was demonstrated that the presence of this
transcription factor caused a decrease in CHOP expression (Guo et al., 2012). CHOP, also
known as GADD153, is understood to contribute to ER stress-related cell death (Marciniak
et al., 2004) and thus downregulation of this protein protects cells from death. This is
consistent with data published by Sado et al (2009) who noted that CHOP expression
increased when inducing a Parkinson’s disease-like phenotype. They then successfully used
adenoviral XBP-1 expression to rescue the neuronal cells from death. A separate group also
demonstrated inhibition of cell death by sustained XBP-1 splicing. Interestingly, this was
achieved by overexpression of the chaperone, Hsp72 (Gupta et al., 2010). In general, it

seems this particular IRE1-associated route offers protection against apoptosis.

1.3.3: IRE1ae kinase activity leads to JNK activation

Over a decade ago, the Ron group highlighted the association between IREla kinase activity
and IRE1a-TRAF2 interaction. Using TRAF2 dominant negative mutants, they then went on
to show that the formation of active phospho-JNK required WT TRAF2 (Urano et al., 2000).
This evidence was reinforced by coimmunoprecipitation experiments which placed JINK
activation downstream of IRE1a-TRAF2 complex formation (Nishitoh et al., 2002). It was
elucidated that the specific MAP kinase cascade which leads to JNK activation uses the
MAPKKK, ASK1. It is believed that IRELa-TRAF2-ASK1 association into a heterotrimeric
complex is dependent on ER-stress activation. Formation of this complex leads to JINK
activation, which in turn can contribute to cell death (Nishitoh et al., 2002). This idea is
supported by the fact that ASK1-interacting protein 1 (AIP1), which also binds directly to
IRE1a, is required for cell death signalling via the JNK pathway (Luo et al., 2007).
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1.3.4: The TRAF2-IJNK arm encourages cell death

It was demonstrated that the kinase-dead 1642G-IRE1a mutant displays improved survival
(Lin et al., 2007). As described above, this mutant has lost phosphotransfer potential but
when bound to 1INM-PP1 has an active RNase (Han et al., 2008). This is suggestive of
segregation between RNase and kinase functions and their roles in promoting life and death,
respectively. This section discusses the process of cell death, followed by the relationship
between this and JNK activation.

The balance between cell life and death is dictated by the balance of Bcl-2 family members
(Figure 1.3). Antiapoptotic members of this family are able to sequester proapoptotic ones,
thus offering protection to the cell (Bassik et al., 2004). Conversely, proapoptotic proteins

belonging to this family are able to initiate a caspase cascade, which culminate in cell death.

The Bcl-2 proteins are thought to link the UPR to cell death. 13 years ago, it was found that
the two key proapoptotic members, BAX and BAK, which are located in the mitochondrial
membrane, potentiate ER stress signals (Wei et al, 2001). Both BAX and BAK are thought
to oligomerise to create a pore in the mitochondrial membrane. This disrupts the normal
calcium flux of this organelle, encouraging cell death (Eskes et al., 2000; Wei et al., 2000).
However, calcium mobilisation associated with apoptosis is not only a feature of the
mitochondria. BAX-deficient cell lines also show reduced calcium loss from the ER,
associated with increased cell survival (Nutt et al., 2002). In a set of experiments where bax
and bak double knockouts were reconstituted with a form of BAK targeted to the ER
membrane, it was found that this Bcl-2 protein also controlled ER membrane potential
(Zong et al., 2003).
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Figure 1.3: The role of Bcl-2 protein family members in influencing cell fate. As stated in
the text above, BAX and BAK are able to form a pore in the ER or mitochondrial
membranes where they can alter calcium ion flux. At the ER membrane, calcium ion
release is thought to be inhibited by the two anti-apoptotic proteins, Bcl-2 and Bcl-X,
(Nutt et al., 2002; Wang et al.,2011). Bcl-2 impairs BAX/BAK pore formation at the
mitochondrial membrane (Dlugosz et al., 2006). Conversely, tBid supports pore formation
(Wei et al., 2000).

Where proapoptotic Bcl-2 proteins become active, cell death ensues via caspase activation. It
was demonstrated that ER-localised procaspase-12 was only cleaved and activated as a
result of ER stress, when BAX and BAK were present (Zong et al., 2003). Despite the
mechanism of caspase-12 activation being unclear, it has been suggested that BAX and
BAK enhance IRE1a signalling via direct interaction (Hetz et al., 2006). This, in turn, may
allow more effective recruitment of TRAF-2, which itself has been implicated in cleavage
and subsequent activation of procaspase-12 (Yoneda et al., 2001). Alternatively, caspase-12
has been proposed to be cleaved by calpains, which in turn are activated by release of
calcium ions from the stressed ER (Tan et al., 2006). Whichever mechanism propagates
cleavage of this caspase during ER stress, a caspase cascade is initiated and ends with the

activation of the executioner caspase, caspase-3 (Morishama et al., 2004 and Figure 1.4).
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Figure 1.4: Caspase cascade triggered during ER stress-mediated cell death. The exact
input of TRAF2/BAX/BAK complex with IRElea is unknown.

So what makes JNK proapoptotic? In vitro kinase assays used in two different publications
show that JNK is able to phosphorylate and activate proapoptotic BimL and BimEL
isoforms (Lei and Davis, 2002; Putcha et al., 2003). The phosphorylation of BimL attenuates
its sequestration by dynein light chain 1. This ‘free form’ of BimL is able to induce
apoptosis, as shown by annexin-V staining (Lei and Davis, 2002). This cell death was found
to be mediated by mitochondrial BAX, as only reconstitution of this protein into BAX
knockout cells enabled cell death after Bim phosphorylation (Putcha et al., 2003).

JNK also phosphorylates Bcl-2, which effectively silences its antiapoptotic function
(Yamamoto et al., 1999). Thus, amongst its interaction with other proteins, Bcl-2 can no
longer inhibit the oligomerisation of BAX in the mitochondrial membrane — a process
thought to potentiate cell death (Mikhailov et al., 2001). This data was exploited by Bassik
et al., in 2004, who utilised a non-phosphorylatable form of Bcl-2 to enforce its

cytoprotective effects.

However, it was later established that JNK also phosphorylates BAD, which subsequently
releases Bcl-X, (Yu et al., 2005). This in turn may oppose proapoptotic BAX activity. These
findings mean there is some debate about the contribution of JNK activation to ER stress-
induced cell death. To help resolve this debate, it should first be experimentally determined
that it is specifically the IRE1a kinase activity that causes these changes downstream of ER

stress, since many factors are known to activate JNK.
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Figure 1.5: Summary of the role of phospho-JNK in apoptosis via Bcl-2 protein family
members.

1.3.5: IRE1a kinase: a role in cell survival?

A different theory focussing on the IRE1 kinase activity and cell fate has recently been
proposed in yeast. It was shown that an active kinase within Irelp was required to complete
the cellular recovery ‘circuit’ after ER-stress had been resolved, and may thus play a
beneficial role (Rubio et al., 2011). The Walter group found that phosphotransfer
incompetent Irelp mutants were unable to recover from ER stress due to the fact that the
RNase function was not ‘switched off’. This complies with the theory proposed by Chawla
et al in 2011, who suggest yeast cell death was more likely if the Irelp RNase was not
properly deactivated by a fully functional kinase domain.

1.3.6: Other functions of IRE1a endoribonuclease which influence cell survival: the

RIDD pathway and beyond

Suspicions about the specificity of the RNase function of IRE1a were raised when it was
discovered that hIRE/a was able to cleave its own mRNA transcript in vivo (Tirasophon et
al., 2000). This fact was exploited by Hollien and Weissman in 2006, who, by microarray
analysis, found a particular collection of genes were downregulated during ER stress. The
possibility that this was due to blocking transcription was eliminated by experiments using
actinomycin D — a drug which inhibits RNA synthesis (Reich et al., 1961). The
downregulation was instead found to be a result of mMRNA cleavage by the endoribonuclease
of IREla (Hollien and Weissman, 2006).

25



This degradation route was later referred to as the RIDD (regulated IRE1-dependent decay)
function of IREla (Hollien et al., 2009). For the Weissman group the INM-PP1-activated
1642G-IRE1a mutant (described in section 1.3.2) served as a tool enabling them to
distinguish between different endonucleolytic activities of IRE1a. They observed that RIDD
only occurred under conditions of ER stress. However, in the absence of ER stress, this
mutant was still able to produce spliced XBP-1, suggesting that RIDD and ‘classical
splicing’ are different despite both requiring the endoribonuclease function of IRE1a. This
group concluded that since the majority of the mRNA transcripts targeted by RIDD normally
passed through the ER for modification, RIDD activity may contribute to reducing protein

load in the stressed ER, thus promoting survival (Hollien et al., 2009).

A separate group’s findings also support the fact that XBP-1 splicing and mRNA
degradation are separable. However they found that IRE1 must maintain its phosphotransfer
capacity to activate RIDD, and therefore the 1624G mutant would be insufficient.
Furthermore, their data argues that this type of mMRNA degradation correlates positively with
ER stress-mediated apoptosis (Han et al., 2009). Further studies on the RIDD pathway need

to be carried out in an attempt to reconcile the two models.

Finally, recent work involved in IRE1a RNase-mediated cleavage of microRNAs seems to
be gaining importance in terms of how this transmembrane protein influences cell death.
One group reported that cleavage of one particular micro-RNA (miR-17) permitted the
accumulation of TXNIP, which in turn was then able to engage with inflammatory
machinery thus paving the way for cell death (Lerner et al, 2012). At the time, it was not
known whether this was IRE1a specific cleavage, although a later study from the same
laboratory discovered that IRE1a mediated cleavage of miR-17, amongst others, gave rise to
an increase in the proapoptotic caspase-2 protein (Upton et al., 2012). These data point
towards a multifactorial function of the endoribonuclease activity of IRE1a that may help

and/or hinder cell life depending on several variables.

1.4: The interaction between IREla and ERAD

ER-associated degradation (ERAD) is a proteasomal degradation route used to eliminate
proteins that are unable to undergo appropriate folding in the ER lumen. Mammalian cells
normally have around 30,000 proteasomes, with the 26 S proteasome representing the best
characterised of all the different types (Lodish et al., 2008). Recognition of proteasomal
substrates precedes their retrotranslocation/dislocation out of the ER, probably via the Sec61

pore (Nakatsukasa and Brodsky, 2009). Proteins can subsequently be targeted for
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degradation by a process known as ubiquitination. Ubiquitin is activated courtesy of an E1
enzyme. In this ATP-dependent reaction, ubiquitin is linked to a cysteine residue of the E1.
The ubiquitin can then be transferred to an E2 ubiquitin-conjugating enzyme. In the final
step, the E3 ubiquitin ligase binds both the target protein to be degraded and the E2.
Addition of the ubiquitin ‘tag’ to the misfolded protein can then be conducted by the specific
E3 ligase (Hershko and Ciechanover, 1998). Normally, several molecules of ubiquitin are
added to the substrate forming a polyubiquitin chain. Once this process has been carried out,
the protein is translocated to the proteasome where it is degraded by resident proteases
(Lodish et al., 2008).

E2
E3
Sec61 ES

‘ ‘ ‘ Proteasomal

degradation
Polyubiquitin
ER chain
membrane

Figure 1.6: Schematic highlighting the process of ERAD: the misfolded protein is targeted
to the proteasome after addition of a K48 polyubiquitin chain.

It was crucially established that there was an important interplay between the UPR and ER-
associated degradation (ERAD) where the two processes could compensate for one another
(Travers et al., 2000). This fundamental study was used to demonstrate that the Irelp-Haclp
pathway in yeast was required for effective proteasomal degradation of misfolded proteins
via ERAD. It is known that in mammalian cells components of ERAD are upregulated upon
UPR activation by XBP-1(s) and ATF6(f) transcription factors (Shoulders et al., 2013).

HRD1 has been recognised as a key E3 ubiquitin ligase upregulated by the UPR to facilitate
ERAD (Travers et al., 2000 and Shoulders et al., 2013). The precise role of HRD1 is
intriguing as it was suggested there was a correlation between the presence of this protein
and the disappearance of IRE1, leading one group to believe HRD1 (also known as

synoviolin) was promoting proteasomal degradation of IRE1 (Gao et al., 2008).
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ER-localised EDEM is believed to play an important role in ERAD, as it facilitates the
degradation of glycoproteins. It was demonstrated that the IRE1a-XBP-1 branch of the UPR
was solely responsible for transcriptionally upregulating this gene (Yoshida et al, 2003).
This group also observed a correlation between a less responsive ERAD pathway and the
absence of the XBP-1(s) transcription factor, further highlighting the relationship between
the UPR and ERAD.

Finally, HERP, whose function has not been fully characterised (reviewed in Bernasconi et
al., 2013) has an N-terminal ubiquitin-like domain that has been proposed to function in the
dislocation of polyubiquitinated proteins from the ER (Ma and Hendershot, 2004). What is
known is that, unlike EDEM, it requires both ATF6 and XBP-1 pathways to converge to
produce the maximal transcriptional output (Ma and Hendershot, 2004).

These three genes represent a subset of ERAD components which require IREla
endoribonuclease to generate XBP-1(s) to drive their full expression. The capability of
ERAD to degrade unfolded proteins from within the ER lumen presumably renders it
‘protective’ in terms of the UPR. Indeed, it is well known that inhibition of the proteasome
by MG132 increases ER stress-induced cell death (Lee et al., 2003; Amanso et al., 2011,
Williams et al., 2013). However, it has been difficult to identify exactly which ERAD
components are essential for mammalian cell survival. A likely reason for this is probably
due to functional redundancy within the system. For example, it is now believed that there
are over 20 ER-localised E3 ligases which may target substrates for degradation from the ER
(Neutzner et al., 2011).

1.5: The relationship between IREle and autophagy

Apart from ERAD, autophagy is the other cellular degradation route and it has been
implicated in both cell survival and death (Kundu and Thompson, 2008). It involves the
delivery of polypeptides and entire organelles to the lysosome, where they can subsequently
be broken down (Lodish et al., 2008). The process of autophagy involves the formation of a
membrane which is able to form the autophagosome. This in turn fuses to the lysosome
forming the mature lysosome, or autolysosome, which contains an acidic lumen harbouring
several digestive hydrolases (Aredia et al., 2012). There are three types of autophagy:
macroautophagy, microautophagy and chaperone-mediated autophagy, each of which is
considered to be part of the protein quality control system within eukaryotic cells. Several

links between autophagy and the UPR have been postulated.
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Autophagy begins with an event known as nucleation, where the phagophore is formed. It is
thought that the ER is able to provide membrane to help generate this structure (Tooze and
Yoshimori, 2010). In the presence of the ATG16 homodimer, the ATG5-ATG12 complex is
believed to control extension of this structure (Mizushima et al., 2003). This complex is also
thought to target and encourage conversion of LC3-1 to LC3-11 by addition of
phosphatidylethanolamine in the growing phagophore membrane (Mizushima et al., 2001,
Fujita et al., 2008) This, in turn, further aids the elongation and completion of the
phagophore (Xie et al., 2008) which encompasses cargoes such as protein aggregates. Upon
completion of the phagophore, the double-membranes vesicle, known as the autophagosome

is formed.

Early studies in 2006 indicated that the kinase activity of IREla was required to promote
autophagosome formation, via an undefined TRAF2-JNK signalling cascade. This also
correlated with an increase in cell survival (Ogata et al, 2006). To determine this, a truncated
IREla mutant lacking the RNase domain was compared to the K599A-hIRE1a mutant,
which lacks both RNase and kinase activities. Only the K599A-hIRE1a mutant displayed a
decrease in autophagic activity. JNK inhibition and introduction of a dominant negative
form of TRAF2 displayed similar effects. Using the knowledge that Bcl-2 is a INK
phosphorylation substrate (Bassik et al., 2004) and that the uncoupling of Bcl-2 from Beclin-
1 could be required for activation of autophagy (Pattingre et al., 2005), the mechanism for
how JNK promotes autophagy has been elucidated (Wei et al., 2008). Using both jnk1” and
jnk2”" MEFs, it was demonstrated that JNK1 was required to mediate the phosphorylation
and subsequent release of Bcl-2 from Beclin-1 under conditions of stress. This free Beclin-1
was then able to bring about the autophagic response (Wei et al., 2008). These data all infer

that kinase function is beneficial to the cell via the autophagic route.

Despite the above evidence, a separate group demonstrated that a functional kinase domain
actually impaired autophagy, and consequentially led to the accumulation of mutant
huntingtin (Lee et al., 2011). For these experiments, autophagy was measured using a
doubly fluorescent form of LC3, alongside accumulation of p62. These studies may comply
with a model concerning mTORCL1. This complex inhibits autophagy and was shown to
stabilise the IRE1a-TRAF2-JNK arm (Kato et al., 2012).
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Controversy over the regulation of autophagy by the IRE1a-XBP-1 arm also exists. Whilst
overexpressing the spliced form of this transcription factor did not alleviate accumulation of
mutant huntingtin in SH-SY5Y cells (Lee et al., 2011), the conversion of unspliced XBP-1
(XBP-1(u)) to spliced XBP-1 (XBP-1(s)) correlated with the clearance of misfolded
rhodopsin in photoreceptor cells (Chiang et al., 2011). On the other hand, knockdown of
XBP-1 using short hairpin RNA showed an increase in autophagy and cell survival in a
familial ALS motor neuron-like model (Hetz et al., 2009).

The role of each of the IRE1a arms in controlling degradation processes is likely to be
complex and dependent on a number of variables, such as severity of stress and cell type. It
is likely that both autophagy and ERAD play an important role in the UPR, and that these
two processes are not mutually exclusive. For example, although a damaged proteasome
would undoubtedly compromise the cells’ ability to recover from the stress of unfolded
proteins, it has been shown that lysosomal degradation is able to share some of the burden
when ERAD is blocked chemically (Chiang et al., 2011).

1.6: How does IRE1a affect the physiology of the ER?

The ER is a very plastic compartment and forms a complex network of interconnected
tubules and sheets. Interest regarding the morphology and biogenesis of the ER has recently
been building and could help provide an alternative and complementary mechanism for the
UPR to restore homeostasis to this organelle. Using fibroblasts, Sriburi et al., (2004)
demonstrated that retroviral expression of the spliced form of XBP-1 induced an increase in
the levels of phosphatidylcholine and phosphatidylethanolamine. These two lipids are
located within the membranes of intracellular structures (Lykidis and Jackowski., 2001).
This correlated with the observed increase in size and volume of the ER seen in electron
micrographs. They proceeded to analyse aspects of the Kennedy pathway, which is
responsible for producing a large proportion of cellular phosphatidylcholine. It was
discovered that the activities of both the rate-limiting enzyme and the enzymes involved in
the final stage of the pathway were both higher in cells expressing spliced XBP-1 compared

to cells transfected with an empty control vector (Sriburi et al., 2004).

The same group later elucidated that increased translation of the o isoform of the rate-
limiting choline cytidylyltransferase (CCT) downstream of XBP-1(s) expression was, at
least, partially responsible for the synthesis of ‘excess’ ER membrane lipids (Sriburi et al.,
2007). The dependence of ER proliferation and expansion on the spliced transcription factor
downstream of IRE1a RNase activity was also discovered in yeast (Schuck et al., 2009). By
blocking the splicing of HAC1 mRNA, the ER became disorganised and ‘tangled’.
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The importance of the change in ER morphology during the UPR is highlighted in
mammalian cells, as it was reported that there was a degree of redundancy between
XBP-1(s) and ATF6a(f). Overexpression of an ATF6a fragment was able to increase ER
volume independently of XBP-1(s), however, the stage of the Kennedy pathway affected
was different compared to the changes induced by the latter mentioned transcription factor
(Bommiasamy et al., 2009).
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1.7: Final remarks

This introduction has highlighted the crucial role of IREla in cell fate decisions. ER stress-
mediated cell death has gained recent importance as it is known to play a role in several
diseases, including Parkinson’s disease and diabetes (Kim et al., 2008; Scheuner and
Kaufman, 2007). Restoring ER homeostasis whilst avoiding the apoptotic pathway is the key
to finding therapeutic targets to help treat disease. First though, many remaining questions
regarding UPR signalling must be answered. This project attempted to elucidate whether
IRE1a kinase activity contributes to cell survival independent of its endoribonuclease
function. Different techniques were used to try and answer how the kinase activity was

achieving this, in order to further understand the complexity of this signalling pathway.
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1.8: Hypotheses and objectives:

A former PhD student in the Schroder lab, Dr. Louise Sutcliffe, generated three Flp-In T-
Rex MEF cell lines encoding, WT-#IREIa, D711A-hIRE o or KS99A-hIREIq, in an irela”
background. It was demonstrated that there were increased PARP-1 cleavage levels in the
mutants (figure Al.2) when tetracycline was added to induce expression of the different
forms of hIRE 1« (See section 2.3 and figure 2.1). MTT tests carried out over 48 h of
tunicamycin treatment showed similar decreases in viability in both mutants compared to the
WT-hIRE1a, which was more able to survive ER stress (figure Al.2). For the latter
experiment 100 ng/ml of the ER-stressor, tunicamycin was used despite the fact that much
higher concentrations of this drug have been used (Urano et al., 2000; Nishitoh et al., 2002).
The low concentration of tunicamycin used in this project allows the protective function of

the kinase activity to be uncovered as ER stress is less severe.

From these data, it was proposed that IRE1a kinase activity protects from cell death
downstream of UPR activation. This kinase domain may control this by a number of
mechanisms which include: upregulation of ERAD and/or autophagy, control of the RIDD
pathway, and change in gene expression. The following aims were proposed to test these

ideas:

1a) Comparison of levels of apoptotic cell death markers between WT-hIRE1a, D711A-
hIREla, and K599A-hIRE1a cells to establish and confirm previous results suggesting
kinase activity protects cells from ER stress. This will be done by Western blotting against

PARP-1 and caspase-3 cleavage.

b) Since JNK activation is implicated in ER stress related cell death, characterisation of this

protein by analysing total INK and phospho-JNK forms from cell lysates will follow.

¢) Characterisation of the status of eIF2a phosphorylation and CHOP activation downstream

of PERK signalling will be analysed using Western blotting.

2) Quantitative RT-PCR will be carried out to obtain a partial transcript profile of the WT-
hIRE 1o and mutant cells. The genes being analysed can be separated into genes induced by
the UPR, and genes whose mRNA is cleaved by the RIDD pathway (Hollien et al., 2009).
This may help address which mRNAs are induced in the different cell lines as a result of the
UPR being activated and whether or not RIDD functions in the D711A-hIRE1a cells.

3) Preparation and characterisation of plasmids encoding ATF6, mCherry-GFP-LC3b, and
ERAD substrates. The first plasmid will allow the study of changes in ATF6 activity in the
different cell lines. The mCherry-GFP-LC3b plasmid will enable the question regarding

33



whether autophagy is defective in the mutant cells to be answered. Finally, it will be able to
be determined whether there are any changes in ERAD activity between the three cell lines,
by using plasmids encoding ERAD substrates. For these experiments, [*°S]-methionine pulse

chase experiments will be carried out following transient transfection.

4) It is possible that its kinase activity may play a role in the proliferation and/or
organisation of the ER during the UPR. Transmission electron microscopy will be used to
analyse untreated and treated cell lines, to estimate the average width of the ER. ER-tracker
will also be used to obtain an estimate for the volume of the ER.
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Chapter 2

Materials and Methods
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2.1: List of antibiotics, reagents and chemicals

Name

Product Number

Company

25 % glutaraldehyde

5xFirst Strand Buffer

5xgreen GoTaq®Flexi Buffer
Acetic acid (HOACc)

Agar 100 Resin kit

Agarose (electrophoresis grade)
Ampicillin

B-Mercaptoethanol

Blasticidin S-HCI in HEPES buffer

Bovine serum albumin

Bromophenol blue

Complete mini protease inhibitors

DAPI

dATP

dCTP

DEPC

D-Glc

dGTP

DMSO

DTT (0.1M for reverse transcription)
dTTP

R1012

Y02321

M891A

A/0360/PB17

R1031

MB1200

A0104

M-6250

B1105
A2153-50G

11439

11836 153 001

D9642

R0141

R0O151

A0300574

G/0500/61

RO161

D5879-100ML

Y00147
RO171

Agar Scientific, Stansted,
UK

Invitrogen, Paisley, UK
Promega, Southampton, UK
ThermoFisher,
Loughborough, UK

Agar Scientific, Stansted,
UK

Melford, Ipswich, UK
Melford, Ipswich, UK
Sigma-Aldrich, Gillingham,
UK

Melford, Ipswich, UK
Sigma-Aldrich, Gillingham,
UK

Sigma-Aldrich, Gilliangham,
UK

Roche, Welwyn Garden
City, UK

Sigma-Aldrich, Gillingham,
UK

ThermoFisher,
Loughborough, UK
ThermoFisher,
Loughborough, UK

Acros Organics,
Loughborough, UK

Fisher Scientific,
Loughborough, UK
ThermoFisher,
Loughborough, UK
Sigma-Aldrich, Gillingham,
UK

Invitrogen, Paisley, UK

ThermoFisher,
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EDTA

ER-Tracker™ Red
Ethanol

Ethidium bromide

Fish gelatin

Glycerol

Glycine

Glycogen RNA-grade

Hygromycin B

LB-Agar LENNOX

LB-Broth LENNOX

Lead nitrate
Methanol

MgCl, (25mM for PCR)
Na,EDTA-2H,0

Oligo(dT)ss (50 pM)

Paraformaldehyde

Pepstatin A

PhosSTOP

Potassium hydroxide pellets

Propan-2-ol

D/0700/53

E34250
E/0650DF/25

E1510-10ML

G7765

G/0650/17

BP381-1

R0551

40052

LBX0202

LBX0102

C008
M/4000/PC17

A351H
D/0700/53

C1101
R1018

BIMI2205

04906837001

P/5600/53

P/7490/17

Loughborough, UK
ThermoFisher,
Loughborough, UK
Invitrogen, Paisley, UK
ThermoFisher,
Loughborough, UK
Sigma-Aldrich, Gillingham,
UK

Sigma-Aldrich, Gillingham,
UK

ThermoFisher,
Loughborough, UK
ThermoFisher,
Loughborough, UK
ThermoFisher,
Loughbourough, UK
Calbiochem, Nottingham,
UK

Formedium Ltd, Hunstanton,
UK

Formedium Ltd, Hunstanton,
UK

EMScope, Ashford, UK
ThermoFisher,
Loughborough, UK
Promega, Southampton, UK
ThermoFisher,
Loughborough, UK
Promega, Southampton, UK
Agar Scientific, Stansted,
UK

Apollo scientific, Stockport,
UK

Roche, Welwyn Garden
City, UK

ThermoFisher,
Loughborough, UK

ThermoFisher,
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Loughborough, UK

RNasein® ribonuclease inhibitor N221A Invitrogen, Paisley, UK

Sodium cacodylate R1102 Agar Scientific, Stansted,
UK

Sodium chloride S/3120/65 ThermoFisher,
Loughborough, UK

Sodium citrate 10242 BDH, Poole, UK

Sodium deoxycholate D6750 Sigma-Aldrich, Gillingham,
UK

Sodium dodecyl sulphate BPE116-500 ThermoFisher,
Loughborough, UK

Sodium hydroxide S/4920/53 ThermoFisher,
Loughborough, UK

Tetracycline 87130 Sigma-Aldrich, Gillingham,
UK

Trichloroacetic acid (TCA) T4885-500G Sigma-Aldrich, Gillingham,
UK

Tris (hydroxymethyl) methylamine T/3710/60 ThermoFisher,
Loughborough, UK

Triton X-100 282103-5G Sigma-Aldrich, Gillingham,
UK

Tunicamycin 645380 Calbiochem

Tween 20 P1379-500ml Sigma-Aldrich, Gillingham,
UK

Uranyl acetate 102088 BHD, Poole, UK

2.2: List of cell culture chemicals

Note that all chemicals used for cell culture were sterile-filtered and only opened under
sterile conditions in a microbiolgical safety cabinet which was cleaned with 70% (v/v)
ethanol. If necessary, filter sterilisation was carried out using a 0.2 um sterile filter and

syringe.

Name Product Number  Company

0.25% (w/v) Trypsin-EDTA T4049-100 ml

Solution

Sigma-Aldrich, Gillingham, UK
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DMEM high glucose

DMEM high glucose w/o L-

glutamine w/ sodium pyruvate

Dulbecco's phosphate
buffered saline (PBS)
Fetal bovine serum
L-glutamine
Penicillin-streptomycin,
solution stabilised, sterile-
filtered, suitable for cell
culture

Tetracycline-free fetal bovine
serum

Trypan blue solution 0.4%
(wiv)

D5671 (500 ml)

LM-D1112/500

D857 (500 ml)

S1830
G7513-100 ml
P4333-100 ml

FB-1001/500

T8154 (100 ml)

Sigma-Aldrich, Gillingham, UK

Biosera, Uckfield, UK

Sigma-Aldrich, Gillingham, UK

Biosera, Uckfield, UK

Sigma-Aldrich, Gillingham, UK
Sigma-Aldrich, Gillingham, UK

Biosera, Uckfield, UK

Sigma-Aldrich, Gillingham, UK

2.3: List and description of cell lines used in cell culture

Cell type Genotype Source

MEF irela” MEF stable Flp-In T-Rex Schroder Lab, Durham
IRE1la/Tet transfected cells hIREla University, UK

MEF irela” MEF stable Flp-In T-Rex Schréder Lab, Durham
IREla/Tet transfected cells hIREla-  University, UK
D711A

MEF irela” MEF stable Flp-In T-Rex Schréder Lab, Durham
IREla/Tet transfected cells hIREla-  University, UK
K599A

HEK?293 Cann Lab, Durham University,

UK
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The irela”™ MEFs were received from the Kaufman lab and generation of the three stable
MEF cell lines listed above was carried out by Dr. Louise Sutcliffe. Initially, the
pFRT/LacZeo plasmid was transfected into the cells, introducing the FRT site and the zeocin
resistance gene. Once positive cells had been selected with zeocin, the cells were transfected
with pcDNAG6/TR. This plasmid encodes the gene for the tetracycline repressor (TR) and the
blasticidin resistance gene. After selection with blasticidin, these cells were co-transfected
with pcDNA5-FRT-TO-hIRE1a and pOG44. The former plasmid encodes the tetracycline
operator (TO), hIRE 1o and the hygromycin resistance gene, and the latter expresses Flp
recombinase. This enzyme allows the exchange of the zeocin resistance gene with the open
reading frame of the pcDNAGS plasmid. Again, cells were selected, this time with
hygromycin. This procedure was carried out with pcDNA5-FRT-TO-hIRE 10, pcDNAS5-
FRT-TO-D711A-hIREla and pcDNA5-FRT-TO-D711A-hIRE1a. Thus, the Flp-In system

allowed stable integration of the three forms of the ZIRE 1o gene into the MEF genome.

BGH poly(A) - 31

D711 - 7377

Io42 - 7164

S5V40 early poly(A) - 1746
K399 - 7034 v poly(4)

pcDNAS/FRT/TO-hIRE1alpha
8877 bp

tetO2 - 4893
TATA box - 4877

Figure 2.1: The pcDNAS5/FRT/TO-hIRE1a vector from Sutcliffe, 2012.

Tetracycline binds the tetracycline repressor. This causes a conformational change in the tet
repressor and it thus dislocates from the tetracycline operator, allowing expression of
hIRE]a. This way, the role of ZIRE I« can be closely studied, as its expression can be finely
controlled using tetracycline and also because there are no ‘background’ effects from

endogenous /RE a.
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2.4: List of commercially available kits

Name

Product Number

Company

Amersham™ ECL™ Western
Blotting Detecting Reagents
Criterion™ TGX™ Precast
Gels 4-20%

DC™ Protein Assay reagent A

DC™ Protein Assay reagent B

DC™ Protein Assay reagent S

EndoFree® Plasmid Maxi Kit
(10)

EZ-RNA Kit (Solution A & B)
GeneRuler™ 1 kb DNA Ladder

GeneRuler™ DNA Ladder Mix

GoTag® gPCR MasterMix
jetPRIME

PageRuler™Plus Prestained
Protein Ladder

Pierce® ECL Plus Western
Blotting Substrate

Precision 2xreal-time PCR
MasterMix with SYBR Green
Precision FAST 2xreal-time
PCR MasterMix with SYBR
Green

Restore ™ Western Blot
Stripping Buffer

RunBlue SDS Precast Gels 4-
12% 10cmx10cm
Wizard®SV Gel and PCR
Clean-Up System

RPN2009

567-1094/95

500-0113

500-0114

500-0115

13262

K1-0120
SMO0311

SMO0331

A6002
114-07

26619

32132

Precision

Precision-R

21059

NXG41212/27

A9282

ThermoFisher, Loughborough,
UK

Bio-Rad, Hemel Hempstead,
UK

Bio-Rad, Hemel Hempstead,
UK

Bio-Rad, Hemel Hempstead,
UK

Bio-Rad, Hemel Hempstead,
UK

Qiagen, Manchester, UK

Geneflow, Lichfield, UK
ThermoFisher, Loughborough,
UK

ThermoFisher, Loughborough,
UK

Promega, Southampton, UK
Polyplus transfection™,
Illkirch, France
ThermoFisher, Loughborough,
UK

ThermoFisher, Loughborough,
UK

PrimerDesign, Southampton,
UK

PrimerDesign, Southampton,
UK

ThermoFisher, Loughborough,
UK

Expedeon, Manchester, UK

Promega, Southampton, UK
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2.5: List of Escherichia coli strains

Name Genotype Source

DH5a F ®80lacZAM15 A(lacZYA- Agilent, Stockport, UK
argF)uiee recAl endAl
hsdR17(r,, m") phoA
SUPE44 thi-1 gyrA96 relAl1 A

XL10-GOLD Tet" A(mcrA)183A(mcrCB- Agilent, Stockport, UK
hsdSMR-mrr)173 endAl
SUpE44 thi-1 recAl gyrA96
relAl lac Hte [F’ proAB
laclZ AM15 Tn10 (Tet") Am”

Cam']

2.6: List of plasmid maps

Sall - 9544 - G'TCGA _C
BssHII - 711 - G'CGCG _(

Sall - 7356 - G'TCGA _C
H8428 - 2610

Psil - 3162 - C_TGCA'G

Psl - 6437 - C_TGCA'G Xhol - 3528 - C'TCGA_G

EcoRI - 3544 - G'AATT C
BssHII - 3877 - G'CGCG_C
BssHII - 5674 - G'CGCG_C

Xhol - 4277 - C'TCGA_G
Psil - 5205 - C_TGCA'G

Figure 2.2: Plasmid map for the mCherry-GFP-LC3b construct. The restriction sites of
the enzymes used for diagnostic digest characterisation are shown. The oligonucleotide
used to sequence this plasmid is marked (H8428) and these sequences can be found in the
list of oligonucleotides in section 2.8. The ORF encoding murine LC3b is highlighted in
red. Other ORFs are coloured yellow, whereas promoters are blue.
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H8833 - 525

T237A - 1386
delta(TC) - 1703

H8834 (Revers) - 2077

Figure 2.3: Plasmid map of pREP9-NHK-alAT. The oligonucleotides used to sequence
this plasmid are marked (H8833 and H8834) and these sequences can be found in the list
of oligonucleotides insection 2.8. The point mutation (T237A4) and the deletion (ATC) are
also highlighted. The ORF for the Hong Kong null al-antitrypsin is shown in red. Other
ORFs are coloured yellow, whereas promoters are blue and origins are green.

H8832 (Revers) - 1925

Figure 2.4: Plasmid map of pcDNA3-TCRa. The oligonucleotides used to sequence this
plasmid are marked (H8428 and H8832) and details of these can be found in list 2.8. The
ORF encoding TCRa is highlighted in red. Other ORFs are coloured yellow, whereas

promoters are blue and origins are green.
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Xhol - 1091 - C'TCGA_G

Notl - 2418 - GC'GGCC_GC

Figure 2.5: A plasmid map of pCl-neo-R1332-6xHA. The restriction sites of the enzymes
used for diagnostic digest characterisation are shown. The ORF for R1332 is coloured red,
whereas other ORFs are yellow. Promoters and origins are blue and green, respectively.

2.7: List of enzymes

Name Product Number Company

BssHII 11168851001 Roche, Welwyn Garden City,
UK

EcoRlI ER0271 ThermoFisher, Loughborough,
UK

GoTag® DNA Polymerase M830B Promega, Southampton, UK

Notl ERO591 ThermoFisher, Loughborough,
UK

Pstl ER0611 ThermoFisher, Loughborough,
UK

RNaseA R-4875 Sigma-Aldrich, Gillingham,
UK

Sall ER0641 ThermoFisher, Loughborough,
UK

Superscript® 111 Reverse 56575 Invitrogen, Paisley, UK

transcriptase

Xhol ER0691 ThermoFisher, Loughborough,
UK

Xmal R01805 NewEngland BioLabs, Ipswich,

UK
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2.8: List of oligonucleotides

Primers were all ordered lyophilised and were diluted in 1XTE (1 part 10 x TE buffer, 9 parts

sterile H,O) buffer to a concentration of 100 uM. This was used as a stock concentration

from which 10 uM working dilutions were prepared using RNase and DNase-free water.

List of oligonucleotides, where F = forward and R = reverse. The annealing temperature is
generally, approximately 5°C below the lowest melting temperature of each of the primer

pairs. PCR and qPCR were used to optimise annealing temperatures using mouse cDNA.

Inventory  Purpose Sequence Annealing
Number temp/°C
H8428 pcDNA3 5’ primer CAAAATCAACGGGACTTTCC 50
H8778 CHOP F mouse TCTTGAGCCTAACACGTCGAT 55
H8779 CHOP R mouse CGTGGACCAGGTTCTGCTTT 55
H8780 GADD34 F mouse TCTCTTCCAGGTGGCCTTCTA 55
H8781 GADD34 R mouse GAAGTGTACCTTCCGAGCTT 55
H8784 GAAGAAAAGGCGTCGGTAGG 50
RAMP4 F mouse

H8785 RAMP4 R mouse CTAGGGCATCGAACATCAGG 50
H8786 ERO1L-a F mouse GCGGACCAAGTTATGAGTTCC 55
H8787 ERO1L-a Rmouse  GAAACAGGCACATTCCAACC 55
H8792 GRP94 F mouse TAGAAAAGGCTGTGGTGTCG 55
H8793 GRP94 R mouse GGGTGTCTAGGATTGATTTCG 55
H8794 p58'™ F mouse CGGGAAGGCTTAGAGAAAGC 55
H8795 p58'"™ R mouse GAAATTATCTGGATGCCACTGC 55
H8796 EDEM1 F mouse TGGAAAGCTTCTTTCTCAGC 55
H8797 EDEM1 R mouse ATTCCCGAAGACGTTTGTCC 55
H8798 HERP F mouse TGATGAGATAAACCGAGACTGG 55
H8799 HERP R mouse CCTCTGTCTGAACGGAAACC 55
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H8802

H8803

H8804

H8805

H8808

H8809

H8810

H8811

H8812

H8813

H8814

H8815

H8818

H8819

H8820

H8821

H8824

H8825

H8826

H8827

H8832

H8833

H8834

H8944

HGSNAT F mouse
HGSNAT R mouse
BLOS1 F mouse
BLOS1 R mouse
PDGFRB F mouse
PDGFRB R mouse
PMP22 F mouse
PMP22 R mouse
COL6al F mouse
COL6al R mouse
EPHRINB2 F mouse
EPHRINB2 R mouse
SRp20 F mouse
SRp20 R mouse
TRIM16 F mouse
TRIM16 R mouse
ERdj4 F mouse
ERdj4 R mouse
BiP F mouse

BiP R mouse
pcDNA3 3' primer
pREP9 5' primer
pREP9 3' primer

HEDJ F mouse

CTGCTTTGCCTTCTTCATCC

TCTTTGTGTGACTGCTCATCC

GTTGGTGGATCACCTCAACG

TCCCCAATTTCCTTAAGTGC

CATCATCCCCTTACCTGACC

CTTGCTGTGGCTCTTCTTGG

GCCAGCTCTTCACTCTCACC

GATGTAGGCGAAGCCATAGG

CTGGGCCAGATGAGTGTGAG

CATCCTTGCTCAACCGGTCA

AATCACGGTCCAACAAGACG

AATAAGGCCACTTCGGAACC

GGCGCAGATCCCCAAGAAG

TTTGCAAACTGGTCTTCTATTTCC

TCAAGTGTCTGCCATTGTCC

GTGGTGTTGGTGACCTTGC

GGGGCGCACAGGTTATTAGA

TTTGATTTGTCGCTCTGAGGC

GTGTGTGAGACCAGAACCGT

TCCTTCTTGTCCTCCTCCTCGG

GGCACCTTCCAGGGTCAAGG

GGACGAACCACTGAATTCCG

GGTTACAAATAAAGCAATAGC

CCTCATCGGGACTGTGATCG

55

55

55

55

55

55

69

69

55

55

55

55

55

55

55

55

65

65

55

55

60

55

50

55
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H8945

H8952

H8953

H8954

HB8955

H8956

H8957

H8960

H8961

H8962

H8963

HEDJ R mouse
HRD1 F mouse
HRD1 R mouse
GALNT10 F mouse
GALNT10 R mouse
ERO1L-f F mouse
ERO1L-$ R mouse
MAP7d1 F mouse
MAP7d1 R mouse
TRB3 F mouse

TRB3 R mouse

CTTGGGGGTCATCAGGGTTC

TCTTCCACTGCCGCATCG

CCATGGTCATCAGAATGGCG

AGGCCTGATAAGGACCCGAA

ATTGGGCACACGATGGTCTT

AAACCTTCCGGAGAACAGCC

TGTGCTGCAACAACGCTTTA

CAGCTCCCCTGGACGTAAGA

CTGCGATTTCTACTGGGGGA

TTTGGAACGAGAGCAAGGCA

CCACATGCTGGTGGGTAGG

55

55

55

55

55

55

55

55

55

55

55

2.9: List of primary and secondary antibodies

Primary antibodies used for Western blotting. In general dilutions were made in 5% (w/v)
fat-free milk solution. If the antibody was specific to a phospho-form, then the dilutions

were made in 5% w/v BSA solution. In the ‘host’ column, R = rabbit, M = mouse and G =

goat. In the ‘clonality’ column, M = monoclonal and P = polyclonal.

1° AB Host Clonality Supplier Product Dilution MW/kDa
no.
anti-HA R P Sigma- H6908 1:1000  Dependent on
(mouse) Aldrich, tag
Gillingham,
UK
BIP R P Abcam, ab-53068 1:500 78
Cambridge,
UK
Caspase- R P Cell 2202 1:1000 42,55
12 Signalling,
Hitchin, UK
Caspase-3 R M Cell 9665 1:1000  17,19,35
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CHOP

elF2a

GAPDH

Human
TcRa

Human

alAT

IREla

INK

LC3B

PARP-1

p-elF2a

p-IREla

p-IJNK

Mo

Mo

Signalling,
Hitchin, UK
Cell
Signalling,
Hitchin, UK
Santa-Cruz,
Heidelberg,
Germany
Sigma-
Aldrich,
Gillingham,
UK
Santa-Cruz,
Heidelberg,
Germany
Source
Bioscience,
Nottingham,
UK

Cell
Signalling,
Hitchin, UK
Cell
Signalling,
Hitchin, UK
Cell
Signalling,
Hitchin, UK
Cell
Signalling,
Hitchin, UK
Cell
Signalling,
Hitchin, UK
Epitomics,
Cambridge,
UK

Cell

2895

sc-11386

G8795

sc-31275

GTX2763

3294

9258

2775

9542

9721

pS724

4668

1:1000

1:1000

1:20,000

1:200

1:2000

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

1:1000

27

36

37

34

52

130

46,54

14,16

116,89

38

110

46,54
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Signalling,
Hitchin, UK

The dilutions for all the secondary antibodies were made in a 5% (w/v) fat-free milk
solution.

Secondary Host Supplier Product Dilution

Antibody number

Anti-goat Mouse  ThermoFisher, 31400 1:20,000
Loughborough, UK

Anti-mouse Goat ThermoFisher, 31432 1:20,000
Loughborough, UK

Anti-rabbit Goat Cell Signalling, Hitchin, UK 7074S 1:1000

Anti-rabbit Donkey ThermoFisher, 31458 1:20,000

Loughborough, UK

2.10: Solutions and buffers

Type | laboratory H,O was used to make the following solutions. This is defined as having:
resistivity of less than 18 Q-cm; total organic content of less than 10 parts per billion; less
than 10 bacterial CFU/ml; and less than 0.03 EU/ml. Here, CFU stands for ‘colony forming

unit’ and EU is ‘endotoxin units’.

The autoclave cycle was at 121°C for 20 min at 1 atm.

Name of Composition Quantity Recipe

buffer/solution

0.2NNaOH + 0.2 N NaOH 500 ml 4 g NaOH and 5 g SDS were

1% (w/v) SDS 1% (w/v) SDS dissolved in ~450 ml H,O. H,O was
then added to a final volume 500 ml.
This solution was stored in a
polyethylene bottle.

1M Tris-sHCI 1 M Tris-HCI (pH 60.57 g Tris were dissolved in ~ 400

(pH 8.0) 8.0) ml DEPC-H,0. The pH was adjusted
with concentrated HCI. DEPC-H,0
was added to a volume of 500 ml.
The solution was then autoclaved.

10 mg/ml 10 mg/ml 10 ml 100 mg tetracycline were dissolved

tetracycline tetracycline in ~9 ml EtOH. EtOH was added so
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10 mg/ml

tunicamycin

10 x SDS-
PAGE buffer

10 x DNA gel
electrophoresis
sample loading
buffer

10 x semi-dry
transfer buffer

10 x TBS

10 x TE (pH
8.0)

100% (w/v)
Trichloroacetic

acid

10 mg/ml 1ml
tunicamycin in
DMSO

1.92 M glycine 11
0.248 M Tris
10 g/l SDS

20% (w/v) Ficoll 50 ml
400

0.1 M EDTA

1% (w/v) SDS

259/

bromophenol blue

121.1 g Tris base 11
144.13 g Glycine

24.2 g Tris base 11
80 g NaCl

100 mM Tris-HCI 41
(pH 8.0)
10 mM EDTA

100% (w/v) 100 ml

trichloroacetic acid

as the total volume was 10 ml. After
filter sterilisation 1 ml aliquots were
placed into brown 1.5 ml
microcentrifuge tubes and stored at
-20°C.

1 ml DMSO was added to 10 mg
tunicamycin and mixed until
dissolved. 50 pl or 100 pl aliquots
were stored at -20°C.

144.13 g glycine, 30.03 g Tris and
10.00 g SDS were dissolved in 900
ml H,0 to ~ 900 ml. Once
completely dissolved, H,O was
added to a total volume of 1 I.

35 ml of H,O were added to 10 g
Ficoll 400, 125 mg bromophenol
blue, and 10 ml 0.5 M EDTA (pH
8.0). After dissolving, the volume
was adjusted to 45 ml with H,O and
the solution was autoclaved. 5 ml of
10% (w/v) SDS were then added.
900 ml H,O were used to dissolve the
Tris base and glycine. After the
constituents had dissolved, the final
volume was adjusted to 1 .

H,0O was used to dissolve the Tris
base and NaCl and the pH was
adjusted to 7.6 using conc. HCI.
400 ml 1 M Tris-HCI (pH 8.0) were
mixed with 80 ml 0.5 M EDTA. H,O
was added to a total volume of 4 |
and the solution was then autoclaved.
100 g trichloroacetic acid was
dissolved in ~80 ml H,0. H,O was
then added to make 100 ml total

volume.
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2 mM dNTPs 2 mM dATP 1 ml

2mM dCTP

2 mM dGTP

2mMdTTP

1 mM Tris-HCI

(pH 8.0)
30% (v/V) 30% (v/v) glycerol 500 ml
glycerol
4% (w/v) PFA 4% (w/v) PFA 100 ml
16% (w/v) 16% (w/v) PFA 50 ml
PFA

5M KOAc,pH 5MKOAc, pH4.8 500 ml
4.8

50 mg/ml 50 mg/ml 50 ml

ampicillin ampicillin

910 pl H,O and 10 pl 100 mM
Tris-HCI (pH 8.0) were mixed
together. The following were then
added: 20 pl 100 mM dATP, 20 pl
100 mM dCTP, 20 pl 100 mM dGTP,
and 20 pl 100 mM dTTP.

189 g glycerol was dissolved in H,O
400 ml, and mixed well by stirring.
The remaining H,O was added and
the solution was autoclaved.

90 ml of PBS was added to 4 g of
PFA powder. The solution was
heated to 60°C and 1 M NaOH was
added dropwise until the PFA
powder had dissolved. The pH was
then adjusted to 7.4. PBS was added
to achieve a final volume of 100 ml.
50 ml H,O was added to 8 g PFA.
This was heated to 60-65 °C until the
solution turned milky white. 1 N
NaOH was added dropwise while
stirring, until the solution cleared.
This was then cooled to room
temperature prior to use.

147.5 ml HOAc was placed in a
bottle and H,O was added to a
volume of ~ 450 ml. The pH was
adjusted to 4.8 using KOH pellets
while cooling in an ice/H,0O bath.
H,O was then added to a final
volume of 500 ml and autoclaved.
2.5 g ampicillin was dissolved in 40
ml H,0, and then a further 10 mi
H,O was added. The solution was
filter sterilized and stored in 1.0 ml
aliquots at -20°C.
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50 mM D-Gilc,
25 mM
Tris-HCI (pH
8.0), 10 mM
EDTA

50 x TAE

6 x SDS-PAGE

sample buffer

DEPC-H,0O

LB Broth

PBG

RIPA buffer

50 mM D-Glc
25 mM Tris-HCI
(pH 8.0)

10 mM EDTA

2 M Tris-HOAc
0.1 M EDTA
pH~ 8.5

350 mM Tris-HCI,
pH 6.8

30% (v/v) glycerol
10% (w/v) SDS
0.5/l
bromophenol blue
2% (vIv) B-

mercaptoethanol

H,O

2% (w/v) LB broth

1% (w/v) BSA
0.5% (w/v) fish

gelatin

50 mM Tris-HCI,
pH 8.0

150 mM NacCl

1% (v/v) Triton X-

50 ml

11

10 ml

11

100 ml

10 ml

250ml 1 M D-Glc,1.25ml 1 M
Tris-HCI (pH 8.0), 1.00 ml 0.5 M
EDTA and 45.25 ml H,O were mixed
together and stored at 4°C.

242 g Tris, 57.1 ml HOAc and 37.2 g
Na,EDTA-2H,0 were added together
and mixed. H,O was added to a total
volume of 1 I.

3.50 ml 1 M Tris-HCI, 3.78 g
glycerol, 1.00 g SDS, 500 pul 10 g/l
bromophenol blue and 200 pl -
mercaptoethanol were added
together.

9 ml H,0O were added to these
constituents. The solution was
dissolved overnight if necessary. H,O
was added to a final volume of 10
ml.

1 ml DEPC was added to 1 | type |
laboratory H,O and stirred
vigorously for 30 min at room
temperature. The solution was
autoclaved.

20 g LB powder was vigorously
stirred into 1 | H,O until it had
dissolved. The solution was then
autoclaved.

90 ml PBS was added to 1 g BSA
and 0.5 g fish gelatin. The pH was
then adjusted to 7.4 and the final
volume was adjusted to 100 ml using
PBS.

0.5 ml 1M Tris-HCI pH 8.0, 0.3 ml 5
M NacCl, 0.1 ml Triton X-100, 0.5 ml
10% (w/v) sodium deoxycholate, and
0.1 ml 10% (w/v) SDS were added
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100

0.5% (w/v) sodium

deoxycholate

0.1% (w/v) SDS

together. 8.5 ml H,O were then
added to the mixture. The solution
was stored at 4°C.

One Roche CompleteMini protease
inhibitor tablet and one Roche
phosSTOP phosphatase tablet were
dissolved in this solution

immediately before use.

TBST
80 g NaCl

1 ml Tween 20

24.2 g Tris base

11

The salts were added together, ~900
ml H,0O were added and the solution
was stirred. The pH was adjusted to
7.6 using HCI. 1 ml Tween 20 was

added and H,O was added to a final

volume of 1 .

2.11: List of specialist equipment

Name

Product Number

Company

24 well plate Adherent

6 well plate Adherent
CellView™ Cell Culture Dish,
Glass-Bottomed

DNA Engine® Thermal Cycler
PVDF Transfer Membrane
(0.45pm pore size)
Rotor-Gene Q

Tissue Culture dish

Tissue culture flask 175
Adherent

Tissue culture flask 75
Adherent

83.1836
83.1839
627965

N/A
RPN303F

N/A

83.1802

83.1812

83.1811

Sarstedt, Leicester, UK
Sarstedt, Leicester, UK
Greiner, Stonehouse, UK

Bio-Rad, Hemel Hempstead, UK
ThermoFisher, Loughborough, U

Qiagen, Manchester, UK
Sarstedt, Leicester, UK

Sarstedt, Leicester, UK

Sarstedt, Leicester, UK

K
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2.12: Protocols

2.12.1: Cell Culture (Davis, 2002)

2.12.1.1: Preparation of DMEM culture media and culture conditions

Reagents (See list 2.2 for details)

e L-glutamine solution
o Tetracycline-free FBS
¢ High-glucose DMEM (without glutamine, with sodium pyruvate)

A 500 ml solution of DMEM with 4.5 g/l D-glucose, 10% (v/v) FBS, 2 mM L-glutamine,
110 mg/l pyruvate was prepared. This was done by adding 50 ml FBS and 5 ml 200 mM L-
glutamine to 445 ml DMEM.

Please note that any reference to DMEM/culture medium specifically means DMEM, high
glucose, +10% FBS, +2 mM glutamine, unless otherwise stated. Revival of any of the three
MEF cell lines was carried out using this medium and antibiotics (hygromycin and
blasticidin-HCI) were added 24 h later to achieve final concentrations of 100 pug/ml and 10
ug/ml, respectively. All cells were grown in the 37°C incubator with a humidified, 5% CO,
atmosphere. These cell culture conditions are assumed when referring to the CO, incubator,

unless stated otherwise.

2.12.1.2: Cell revival

9 ml warmed DMEM medium were pipetted into a 75cm? adherent cell culture flask. The
cells were taken from the liquid N, tank and immediately placed into a 37°C water bath. 500
ul of medium was pipetted into the cell vial when its contents had started to thaw. The
mixture was pipetted up and down a few times. 500 ul of this mixture were pipetted into the
culture flask. The process of adding medium to the cells being thawed was repeated at least
another two times so as to dilute the DMSO in the freeze mix, thus preventing cell damage.
The contents of the vial were then all transferred into the flask. The flask was placed in the

CO, incubator for approximately 24 h, after which any necessary antibiotics were added.

2.12.1.3: Trypsinisation of cells

The DMEM medium was placed in a 37°C water bath for 30 min prior to passaging the
cells. The medium from the adherent cell culture was aspirated. The cells were gently
washed with 10 ml sterile PBS. Film trypsinisation was then carried out by covering the
cells evenly using 2 ml of 0.25% (w/v) trypsin-EDTA, and then removing the trypsin. The
cells were incubated in the CO, incubator for 3 min after which they were suspended in 10
ml culture medium. Depending on the desired seeding density, a specific volume was then
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transferred into a fresh flask containing new media. Antibiotics were added accordingly to
the flask which was then transferred to the CO, incubator. The final volume in the flask was
10 ml for a 75 cm? flask, and 25 ml for a 125 cm? flask.

2.12.1.4: Cell counting with a Neubauer chamber (haemocytometer)

The haemocytometer was first cleaned using 70% (v/v) ethanol. Using a 10 ul pipette, a few
drops of water were placed on the mounting supports either side of the grooves. The glass
cover slip was carefully positioned over the area which contained the water drops and the

counting grids.

Mounting supports

Coverslip

Figure 2.6: Basic schematic depicting a Neubauer chamber and the position of the cover
slip.

A 1:1 ratio of trypan blue solution : cell suspension was made in a 1.5 ml microcentrifuge
tube. Approximately 10 ul of sample was loaded underneath the cover slip, onto the loading
groove. Each of the two counting grids were visualised using the 4 x objective lens of a
microscope. The cells within a square of area 0.04 mm? were counted on both of the

counting grids and the average number of cells was calculated.
The number of cells per ml was then calculated using the following equation:
Number of cells per ml = Average number of cells - 10*- 2

In this equation, 2 takes into consideration the dilution factor created as a result of mixing

the given volume of cell suspension with an equal volume of trypan blue solution.

2.12.1.5: Generation of frozen cell stocks

Cells were grown until they reached 95% confluency. The above protocol for passaging cells
was followed up to and including the trypsinisation stage. The cells were then resuspended
in a volume of 90% (v/v) FBS, 10% (v/v) DMSO. The volume of freeze mix was determined

by the number of cryotubes to be filled, with 1 ml of freeze mix per cryotube. For cells
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grown in a T75 flask, 4 ml freeze mix were used. The cell suspension was transferred into
the cryotubes and these were placed in the -80°C storage in an insulated container (CoolCell,
BioCision) to slow the rate of freezing. The vials were removed from the container the

following morning and transferred to storage in a liquid nitrogen freezer.

2.12.1.6: Treatment of MEFs

Cells were seeded at 15% confluency on a 10 cm plate. To induce expression of human
IRE1a, each of the three MEF cell lines were treated with 1 pug/ml tetracycline. A 10 mg/mi
tetracycline stock solution in ethanol was diluted tenfold in absolute ethanol. This 1 mg/ml
tetracycline solution was diluted 1:1000 in culture media to yield the final concentration of 1
ug/ml. The culture media containing tetracycline was then added to the cells. Control
cultures received the same volume of absolute ethanol added to the media. This tetracycline
dilution was only stored for a week at -20°C due to its photosensitivity.

Similarly, 100 pl of the stock of 1 mg/ml tunicamycin was added to 900 pul DMSO. Thus,
when 1 pl of this 100 ng/pl concentration was pipetted into 1 ml media, the final
concentration of 100 ng/ml was achieved. This media was then added to the cells. As a

control, cells were treated with the same volume of DMSO in culture media.

2.12.1.7: Transfection of HEK293T cells

Cells were seeded at around 30% confluency in a 6-well plate and allowed to adhere and
double in number over approximately 24 h. The volume required for 2 pg plasmid DNA was
calculated and added to 200 pl of jet-PRIME buffer. 4 ul of jet-PRIME was then added to
the mixture and centrifuged briefly using a benchtop centrifuge. It was then incubated at
room temperature for 10 min before 200 pl were added to each well. 200 ul of a mixture
containing only jet-PRIME buffer and jet-PRIME transfection agent were added to control
wells so as any background expression of the gene in question could be taken into account.
The cells were placed in the 37°C CO, incubator and 4 h later the media was refreshed.
Lysates were collected after 3 washes in 1 ml PBS using 100 ul RIPA buffer, 24 and 48 h
after the media had been changed. Protein expression of the transiently transfected gene was

analysed by Western blotting.

2.12.1.8: Protein extraction

Reagents

e Phosphate buffered saline (PBS)
e 10ml ice-cold RIPA buffer (containing 1 Complete mini protease inhibitor cocktail

tablet, and 1 phosSTOP phosphatase inhibitor cocktail tablet)
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The media was removed from the plates and the cells were gently washed with 3x1 ml room
temperature PBS. For protein extraction the plates were placed on ice, 100 pl RIPA buffer
were added to the plates and evenly spread by gently using a cell scraper. After about 2 min
the surface of the plate was thoroughly scraped using the blade-edge of a cell scraper, to
collect the cell lysate at one end of the plate. The lysates were transferred into a 1.5 ml
microcentrifuge tube and stored at -80°C.

The protein samples were thawed and then centrifuged at 13,000 g for 15 min at 4°C. The
supernatant containing the protein was transferred into a fresh 1.5 ml microcentrifuge tube

prior to carrying out a protein assay.

2.12.1.9: RNA isolation (GeneFlow)

Reagents

e EZ-RNA Solution A (contains guanidine thiocyanate)

o RNA-grade pipette tips and 1.5 ml microcentrifuge tubes were used

For RNA extraction, 500 pl of EZ-RNA Solution A were added to the plates. A pipette tip
was used to dislodge the cells from the plate using the lysis buffer. The samples were
collected in RNase-free 1.5 ml microcentrifuge tubes and stored at -80°C.

After thawing the samples in EZ-RNA Solution A, 500 ul of EZ-RNA Solution B was
added. Each sample was inverted vigorously for 15 s to mix the contents. The mixtures were
incubated at room temperature for 10 min before being centrifuged at 12,000 g for 15 min at
4°C. 500 ul ice-cold isopropanol were added to fresh tubes. The supernatant which formed
as a result of centrifugation was added to the isopropanol. The mixtures were shaken. At this
stage, the samples were either stored overnight at -20°C, or at -80°C for 1 h or longer before
the remainder of the protocol was carried out. Storage at these low temperatures was
particularly useful if the amount of RNA harvested was believed to be low, as it helped to

increase the final yield.

0.5 ul of 20 mg/ml RNA-grade glycogen was added to aid RNA precipitation. The samples
were then centrifuged at 12,000 g for 10 min ™ at 4°C. The supernatant was discarded using
a pipette. 1 ml of 75% (v/v) EtOH in DEPC water was added and the samples were gently
shaken. Again, one was able to store at -20°C at this stage, especially if cDNA synthesis was
not going to follow immediately.

2 at

The final stage of the protocol consisted of a centrifugation step at 7,500 g for 5 min ~
4°C. The supernatant was discarded carefully using a pipette. The samples were left to air-
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dry for about 20 min at RT. 20 pul DEPC water was added to each RNA pellet and the
preparations were incubated in a heat block at 55°C for 10 min before being stored at -80°C

for future use.

Note, to improve RNA yields centrifugation " should be carried out at 16,000 g for 30 min,
and centrifugation at 16,000 g for 15 min.
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2.12.2: Protein chemistry

2.12.2.1: Preparation of a standard curve for use in protein assay

100 ul of 20 mg/ml BSA stock were added to 900 pl RIPA buffer. 500 ul of this 2 mg/ml
dilution were added to 500 pul RIPA buffer to create a 1 mg/ml dilution. The process of
adding 500 pl of the most recently created dilution to 500 ul RIPA buffer was repeated,
creating the serial dilutions of 0.5 mg/ml, 0.25 mg/ml, 0.125 mg/ml and 0.0625 mg/ml.

2.12.2.2: Protein assay (Bio-Rad)

Using RIPA buffer 1.5 dilutions of the protein samples were made in separate 1.5 ml
microcentrifuge tubes. In a 96-well plate, 5 ul RIPA buffer was loaded as the blank sample.
5 ul of each of the standard curve dilutions and the protein samples were loaded into wells.

Each sample including the blank was in duplicate.

A solution containing 5 ml DC™ Protein Assay reagent A and 100 ul of DC™ Protein
Assay reagent S was made. This was shaken vigorously prior to use to ensure that DC™
Protein Assay reagent S had not precipitated out. 25 pl of this solution were added to each
well. 200 ul DC™ Protein Assay reagent B were subsequently added to each well. The plate
was incubated at room temperature for 15 min on a shaker. Using the SpectraMAX 190 plate
reader and version 5.3 of the SoftMaxPro software, the absorbance values at 750 nm were

determined against the standard dilutions to generate protein concentrations of the samples.

2.12.2.3: TCA (trichloroacetic acid) protein precipitation

1 volume of 20% (v/v) TCA was added to 1 volume of protein sample and mixed. This was
incubated on ice for 30 min. The protein sample was centrifuged at 12,000 g, for 15 min at
4°C. The supernatant was carefully discarded, thus leaving a white pellet behind. 200 pl
10% (v/v) TCA were added ad the pellet was resuspended. This mixture was centrifuged at
12,000 g for 5 min at 4°C. The supernatant was again carefully discarded. The step
involving the addition of 200 pl 10% (v/v) TCA was repeated. 200 pl 100% (w/v) EtOH
were added. Here the pellet turned from white to transparent. The susepsnion was
centrifuged at 12,000 g for 5 min at 4°C. The supernatant was discarded. The EtOH wash
step was repeated. The samples were left to air-dry for 20 min to allow the EtOH to
evaporate. The pellets were resuspended in 20 ul SDS-PAGE buffer. Note that upon addition
of SDS-PAGE buffer, if the sample turned from blue to yellow, 0.5 M Tris HCI (pH 9.4)

was added in 0.5ul increments to neutralise any remaining TCA.
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2.12.2.4: Western Blotting

Solutions to prepare

e 1 x Semi-dry transfer buffer (18 parts sterile water, 2 parts 10 x transfer buffer, 1
part MeOH)

o 1XxTBST (1 partlxTBS,9 parts sterile water, 1. ml TWEEN 20 for every litre)

o 5% w/v milk (10 g skimmed milk powder was dissolved in 200 ml 1 x TBST)

Gel electrophoresis

The appropriate amount of 6 x SDS-PAGE loading buffer was added to the protein samples
so as the final concentration was 1 x SDS-PAGE. These mixtures were boiled for 5 min at
100°C. As the samples were cooling, the precast gel was placed into a tank, which was
subsequently filled with the appropriate running buffer. The wells of the gel were washed
with running buffer. The protein samples were loaded against 10 pul of pre-dyed protein
ladder (Figure 2.2) and the gel was run at a voltage specified by the manufacturer, until the
band representing 10 kDa in the protein ladder was almost at the bottom of the gel.

kDa

~250

~130
~100

~35
~25

~15 r—

Figure 2.7: A depiction of the composition of the PageRuler™ Plus Prestained Protein
Ladder used for Western blotting. Product details can be found in list 2.4.

For each gel, 1 PVDF membrane (0.45 um pore size) and 8 pieces of filter paper were cut to
dimensions equal to those of the gel. The membrane was incubated at room temperature on a
shaker in MeOH for 1 min. The membrane and filter papers were then incubated at room

temperature in 1xsemi-dry transfer buffer for 15 min. Simultaneously, the gel was washed in

1xsemi-dry transfer buffer for 15 min.
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Semi-dry transfer

Four pieces of drained filter paper were placed on the clean surface of a Semi-dry transfer
machine. A 50 ml tube was used to roll across this paper to remove any air-bubbles. The
membrane was placed on top of this filter paper. The gel was then carefully transferred onto
the membrane, followed by the four remaining pieces of filter paper. The Falcon tube was
re-used to remove any more air bubbles. The lid of the machine was carefully lowered onto

the stack. The appropriate current density was set to correspond to 2 mA/cm?.

()
[ ]
: : }Filterpaper
[ ]
= I | Gel
E | | PVDF membrane
[ ]
: : Filter Paper
[ ]
(+)

Figure 2.8: Layout of filter papers, gel and membrane in the transfer machine.
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Antibody immunoblotting

Once the transfer had completed, the membrane was washed quickly in 1 x TBST and was
then blocked in 5% (w/v) fat-free milk. This step was carried out either at room temperature
for 1 h, or at 4°C, overnight. The membrane was then washed 3x5 min 1 x TBST. It was
then cut along the 70 kDa band so as each half could be probed for a different protein. The
membrane was transferred into a 50 ml falcon tube. A minimum volume of 3 ml 5% (w/v)
fat-free milk was pipetted into the falcon tube and a specific amount of primary antibody
was added to achieve the recommended concentration (see list 2.8). The falcon tube was
placed on a roller at 4°C, overnight.

The following day, the membrane was removed from the falcon tube and washed 3x5 min 1
x TBST. It was then inserted into a fresh 50 ml falcon tube and secondary antibody was
added to 5% (w/v) fat-free milk in a ratio which would produce the recommended antibody
concentration (see list 2.8). The falcon tube was placed on a roller for 1 h at room
temperature. The membrane was then washed in 3x5 min 1 x TBST before being placed into
an exposure cassette. A solution of room temperature ECL or ECL+ was made according to
product instructions to cover the surface of the membranes. A 5 min incubation stage in the

dark followed.

A piece of photographic film was positioned on top of the membrane and the cassette was
closed. In a dark room, the film was normally exposed for about 1 min before being
developed. Following exposure times were determined by the intensity of the bands seen

after this exposure.

2.12.2.5: Stripping of membranes

The membrane was removed from the cassette and washed in 3x5 min 1XTBST. Enough
Restore™ Western Blot Stripping Buffer was added to cover the membrane in a tray. The
membrane was incubated with the stripping buffer at room temperature for 15 min on a
shaker. The membrane was then washed in 3x5 min 1 x TBST and was stored in a minimal

volume of 1 x TBST at 4°C until required for further probing and imaging.
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2.12.3: Molecular Biology — methods for RNA and DNA

2.12.3.1: RNA guantitation

In a 96-well plate, a 1:50 dilution of each RNA sample was made using 2 ul RNA and 98 pl
DEPC water. All samples were in duplicate. Using the SpectraMAX 190 plate-reader and
the Warburg-Christian analysis (Warburg and Christian, 1942) on version 5.3 of the
SoftMax Pro program, the RNA concentrations were calculated against the DEPC water
blank.

2.12.3.2: Reverse transcription (Invitrogen)

For this reaction, (N+1) master mixes were made up for N samples.
Reagents per sample

e 1ul 10 MM RNA dNTPs

e 1ul 50 uM oligo(dT);s primer

e  4ul 5xfirst strand buffer

e 1ul0.1MDTT

e 1 ul40 U/ul RNaseIN

e 1 ul 200 U/ml SuperScript 111 Reverse Transcriptase

The volume containing 1.5-5 ug RNA was calculated and pipetted into each PCR tube. 2 ul
of the first master mix containing 10 mM dNTPs and 50 uM oligo(dT);s primer were added
to this. A total volume of 11 pl was achieved by adding the appropriate amount of sterile,
nuclease-free water. The PCR tubes were centrifuged for a few seconds to collect all the
liquid at the bottom. The tubes were placed in the PCR machine and incubated at 65°C for 5
min, followed by 5 min incubation at 4°C. To each tube 7 ul of the second master mix
containing 5 x first strand buffer, 0.1 M DTT, 40 U/ul RNaseIN, and 200 U/ml SuperScript
I11 reverse transcriptase were added. The PCR tubes were centrifuged for another few
seconds. The tubes were placed in the PCR machine, and a program was selected to heat the
samples to 50°C for 1 h and then to 70°C for 15 min to inactivate the reverse transcriptase.

The synthesized cDNA was stored at 4°C or -20°C for long-term use.
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2.12.3.3: Primer Design

Primer3 and Primer-BLAST were used to design primers with the following parameters:

PCR product of 120-150 base-pairs

Primer length between 18 and 22 nucleotides

Primer GC content >50%

Primers flanking an exon-exon junction

Intron length of 1000 base-pairs between the 2 exons
Annealing temperature between 50°C and 65°C

No mismatch bases

Primers specific to Mus musculus

Primers to amplify mRNA splice variants

Primers were diluted in 1XTE buffer to a stock concentration of 100 uM. These primer

solutions were further diluted using sterile water, to a 10 uM working concentration.

2.12.3.4: Polymerase Chain Reaction (PCR) (Reed et al., 2013)

Reagents per sample

2.5 pl 10 pM forward primer

2.5 ul 10 uM reverse primer

5 ul 5xGreen GoTag® Reaction Buffer
1.5 ul 25 mM MgCl,

1.25 ul 2 mM dNTPs

1.25 pul 1:10 mouse cDNA dilution
0.25 ul Tag Polymerase (5 U/ul)

10.75 ul sterile water

The reagents were mixed together in a PCR tube, with the primers being added last to avoid

primer-dimer formation. The total volume per tube was 25 pul. The tubes were loaded into

the PCR machine and a 35 cycle program similar to the one below was run:
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Table 1.1: Cycling conditions for the Thermal Cycler PCR machine.

Number ) I
Temperature/°C | Time Description
of cycles
1 94 5 min Initial denaturation
94 15s )
Cycle of denaturation,
35 55 20s ) ]
annealing and elongation
72 30s
1 72 5 min Final elongation

The annealing temperature was changed according to primer specifications. Once the
program had finished, the samples were loaded alongside a 1kB DNA ladder on a 1% (w/v)
agarose gel which contained an ethidium bromide concentration of 500 ug/l. The gel was run
at 10 V per cm length of the gel.

2.12.3.5: gPCR with PrimerDesign FAST 2xMasterMix (with SYBR green)

For this reaction, (N+1) master mixes were made up for N samples.
Reagents

e 5ul1:10 cDNA dilution

e 10 pul FAST 2xgPCR Master Mix
e (.6 ul 10 uM forward primer

e (.6 ul 10 uM reverse primer

e 3.8 ul sterile nuclease-free water

A master mix containing all reagents excluding the cDNA was prepared and kept on ice. 5 ul
of the cDNA were added to the qPCR tubes in triplicate followed by 15 pl of the mixture.
These tubes were kept on ice at all times. The tubes were loaded into the gPCR machine and

the following program was run.
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Table 2.2: Cycling conditions for gPCR program on the Rotor-Gene Q using the FAST
2xXqPCR MasterMix. The annealing temperature of 55°C is used here as a general
annealing temperature, although this is, of course, dependent on the primers being used.

Number ) o
Temperature/°C | Time Description
of cycles
) Enzyme activation and
1 95 1 min )
denaturation
95 5s )
Cycle of denaturation,
40 55 5s ) .
annealing and elongation
72 10s
1 55-95 N/A Melt curve production

Note that most of the gPCR data obtained for this thesis was done using the FAST 2xgPCR
MasterMix from PrimerDesign. However, some data was obtained using the standard
2XqPCR MasterMix (Primer Design) or the Promega MasterMix Kit. There were shown to
be no differences in terms of data output, between these three Kits (data not shown). The

recipe for the former is the same as above, however the cycling conditions did vary:

Table 2.3: Cycling conditions for gPCR program on the Rotor-Gene Q using the 2xgPCR
MasterMix. The annealing temperature of 55°C is used here as a general annealing
temperature, although this is, of course, dependent on the primer being used.

Number ) o
Temperature/°C | Time Description
of cycles
) Enzyme activation and
1 95 10 min )
denaturation
95 15s )
Cycle of denaturation,
40 55 30s ) ]
annealing and elongation
72 20s
1 55-95 N/A Melt curve production

The recipe for the Promega kit was as follows:

e 5 ul1:10 cDNA dilution

e 7.5 ul GoTag® gPCR MasterMix
e (.45 ul 10 uM forward primer

e 0.45 ul 10 uM reverse primer

o 1.6 ul sterile nuclease-free water
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When using the Promega kit, 5 ul cDNA were added to the tubes in triplicate, followed by

10 pl master mix.

The cycling conditions which accompanied this kit were as follows:

Table 2.4: cycling conditions for gPCR program on the Rotor-Gene Q using the GoTaq®
gPCR MasterMix. The annealing temperature of 55°C is used here as a general annealing

temperature, although this is, of course, dependant on the primers being used.

Number ) —
Temperature/°C | Time Description

of cycles

1 95 10 min Initial denaturation

40 95 15s Cycle of denaturation,
55 60 s annealing and elongation

1 55-95 N/A Melt curve production

2.12.3.6: Agarose gel electrophoresis of DNA

150 ml of 1 x TAE buffer were added to 1.5 g of agarose powder in a conical flask. The

mixture was heated at full power in a microwave, until all the powder had dissolved. 7.5 pl

ethidium bromide (10 mg/ml stock concentration) were added to the solution once the flask

had cooled enough to touch. The final concentration of ethidium bromide was thus 500 pg/1.

The mixture was stirred gently and poured into a gel cast. The comb was then added
carefully. Once the agarose gel had set, it was placed in a gel tank filled with 1 x TAE, and
the comb was removed. 10 x loading buffer was added to the samples (PCR products or
digest plasmids). These were loaded into the wells of the gel alongside a 1kB DNA ladder

which served (figure 2.5) as a reference marker. The voltage was set to 5V per cm length of

the gel. The gel was then photographed under a UV transilluminator (302 nm wavelength, 32

W) to analyse the DNA fragments.

Figure 2.9: GeneRuler™ DNA Ladder Mix SM0331 (left) and SM0311 (right) used to

determine fragment sizes on agarose gels.
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2.12.4: Molecular biology - Escherichia coli methods

2.12.4.1: Preparation of LB ampicillin plates

35 g of LB-agar were suspended in 1 | of distilled water. The solution was autoclaved after
being stirred. Once it had cooled to around 50°C, ampicillin was added so as a concentration
of 50 pg/ml was achieved. ~25 ml of the solution was poured into each culture plate. The

agar was left to solidify and then stored at 4°C.

2.12.4.2: Revival of Escherichia coli strains

The vial of bacterial cells was transferred from the -80°C storage to a small container of
liquid nitrogen. Once removed from this container, a pipette tip was used to scrape clumps
of frozen cells from the vial. A flamed inoculating loop was then used to streak the

individual colonies out from one another. The plate was then incubated at 37°C overnight.

2.12.4.3: Escherichia coli transformation (adapted from Inoue et al., 1990)

After dissolving the plasmids in an appropriate amount of 1 x TE buffer, a 50 pl aliquot of
competent bacterial cells (DH5a or XL10-GOLD) were added using a wide-orifice pipette
tip. That was then mixed by very gently flipping the tube. These preparations were left on
ice for 30 min. The vials containing DH5a cells were then heat-shocked at 42°C for 90 s
whereas those containing XL10-GOLD cells were heat-shocked at 42°C for 42 s. All vials
were then incubated on ice for 2 min. 1 ml LB broth was then added to each sample. The
preparations were transferred to 12 ml culture tubes and then incubated at 37°C in a shaker
at 240 rpm for 1 h.

200 ul of the DH5a. suspension were pipetted onto LB ampicillin plates and spread using a
sterile spreader. This process was repeated for the XL10-GOLD suspensions but using only
50 ul. The remaining suspensions were centrifuged at 17,000 g for 1 min at room
temperature. Most of the supernatant was removed, leaving about 100 pul behind. The cell

pellet was resuspended in this volume and spread onto LB ampicillin plates.

2.12.4.4: Inoculation of E. coli colonies

A bacterial colony was lifted off the plate using a sterile toothpick, which was handled using
flamed forceps. The toothpick was then placed into a culture tube containing 4 ml LB broth
and 100 pg/ml ampicillin. The tube was incubated at 37°C in a shaker at 240 rpm overnight.

It was ensured that the tube caps were not fully closed to allow respiration to occur.
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2.12.4.5: Generation of E. coli stock cultures

1 ml culture inoculation was added to 1 ml 30% (w/v) glycerol in a cryotube. Mixing was
carried out by pipetting up and down. The culture was then placed in liquid nitrogen before

being transferred to -80°C.

2.12.4.6: Miniprep of plasmid DNA from transformed Escherichia coli (Birnboim and Doly,
1979)

1.5 ml of saturated overnight culture were placed in a 1.5 ml microcentrifuge tube. The
remaining culture was stored in the refrigerator at 4°C.The microcentrifuge tubes were
centrifuged at 14,000 g for 1 min at room temperature. The supernatant was removed
carefully using a pipette, and discarded. The process of centrifugation and removal of the

supernatant was repeated.

100 pl of 50 mM D-Glc, 25 mM Tris-HCI (pH8.0), 10 mM EDTA were added to the cell
pellet. These samples were resuspended by vortexing and then incubated at room
temperature for 5 min. 200 ul 0.2 N NaOH, 1% (w/v) SDS were added to the tubes. The
samples were mixed by inverting the tubes between 4 and 6 times. It was ensured that the
samples were not vortexed from this point onwards, to avoid the chromosomal DNA being
sheared. The samples were incubated on ice for 5 min. 150 ul of ice-cold 5M KOAc (pH
4.8) was added and the tubes were inverted 4-6 times to mix the contents. The samples were

placed on ice for another 5 min.

The tubes were centrifuged at 14,000 g for 3 min at 4°C. The resulting supernatant
containing the plasmid was transferred into a fresh microcentrifuge tube. 0.8 ml of 100%
(v/v) EtOH was added to the tubes, which were then inverted 2-3 times. This was followed
by a 2 min incubation at room temperature. The samples were centrifuged at 14,000 g for 1

min at room temperature. The supernatant was discarded.

1 ml of 70% (v/v) EtOH was added to each sample. This was followed by another
centrifugation at 14,000 g for 1 min at room temperature. The supernatant was discarded.
The tubes were centrifuged at 14,000 g for a final 10-15 s at room temperature, and any
remaining liquid was carefully removed using a pipette. The pellets in the tubes were air-
dried for 15 min to allow the EtOH to evaporate. 30 ul 1 x TE (pH 8.0), 0.3 mg/ml RNase A

were added to the pellets. These preparations were stored at 4°C.
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2.12.4.7: Diagnostic digest of plasmid DNA

Firstly, the program pDRAW32 was used to choose which enzyme/s would be most suitable

for confirming the plasmid’s identity by diagnostic digest.

For each clone of each plasmid al.5 ml microcentrifuge tube containing 2 pl miniprep
solution, 0.5 pl restriction enzyme, 2 pl restriction enzyme buffer and 15.5 pl sterile water
was prepared. Each 1.5 ml microcentrifuge tube containing a 20 pl final reaction volume
was transferred into a 37°C water bath for 1 h and then placed on ice. An undigested control
was also prepared using 2 pl miniprep solution and 8 pl sterile water. The appropriate
volume of 10 x loading dye was added to the control samples and digests so as the final
concentration was 1 x agarose loading dye. The products were run on a 1 % agarose gel as
described in 2.12.3.6.

2.12.4.8: Promega Wizard® SV Gel and PCR Clean-up System (DNA purification)

The column was placed into the collection tube. All of the miniprep was transferred into the
assembly and incubated for 1 min at room temperature. Each sample was centrifuged at
13,000 g for 1 min at room temperature. The liquid in the collection tube was discarded.

375 ml 95% (v/v) ethanol were added to 75 ml membrane wash solution and then the
minicolumn was washed with 700 pl membrane wash solution. The above centrifugation
step was repeated and the liquid was discarded. The minicolumn was then washed in 500ul
membrane wash solution and then centrifuged at 13,000 g for 5 min at room temperature.
When the collection tube was emptied this time, care was taken so as the bottom of the
minicolumn was not wetted with the flow through. The samples were then centrifuged at

13,000 g for 1 min at room temperature.

The minicolumn was carefully transferred to a clean 1.5 ml microcentrifuge tube. 50 ul of
nuclease-free water were applied directly to centre of the minicolumn whilst ensuring not to
touch the membrane with the pipette tip. Each sample was incubated at room temperature for
1 min and then centrifuged at 13,000 g for 1 min at room temperature. The minicolumn was

then discarded and the microcentrifuge tube containing the purified DNA was stored at 4°C.

2.12.4.9: MAXlprep DNA preparation (Qiagen)

4 ml of inoculation culture (see 2.12.4.4) were added to ~500 ml of LB broth in a flask and
placed in a 37°C shaker (240 rpm) overnight. This culture was centrifuged at 6,000 g for 15

min at 4°C. The supernatant was carefully poured off. At this stage the pellet can be stored at
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-20°C. 20 ml of buffer P1, containing 100 pg/ml RNase A, were used to resuspend the pellet,
and after this mixture had been split equally into 2 tubes, each one was placed on ice.

Protocol followed for each mixture:

Buffer P2 was checked for precipitation. 10 ml of this buffer were added to each mixture,
which was then incubated at room temperature for 5 min. A viscous, hon-homogenous liquid
formed. Whilst the incubation step was taking place, one QIAfilter Maxi Cartridge was
prepared per sample. To do this, a cap was screwed onto the outlet nozzle of a cartridge.
This was then placed in a rack. 10 ml of pre-chilled buffer P3 were added to the mixture and

was inverted 4-6 times.

The lysate was poured into the barrel of the QIAfilter Maxi Cartridge and incubated at room
temperature for 10 min. The cap was then removed from the nozzle and the plunger was
gently inserted into the cartridge. Pressure was applied to the plunger and the cell lysate was
filtered into a 50 ml tube. 2.5 ml of Buffer ER were added to the filtered lysate. The tube

was inverted around 10 times and then incubated for 30 min on ice.

1 QIAGEN-tip 500 per lysate sample was equilibriated by applying 10 ml Buffer QBT. This
passed through the column by gravity flow. The filtered lysate was then poured into the
QIAGEN-tip and was allowed to enter the resin by gravity flow. The QIAGEN-tip was then
washed with 2x30 ml of Buffer QC. The DNA was eluted using 15 ml of Buffer QN and
collected in a fresh tube which had been placed underneath the QIAGEN-tip. To the eluted
DNA, 10.5 ml of room temperature isopropanol were added and mixed by inversion. This
mixture was centrifuged at 15,000 g for 30 min at 4°C. Care was taken not to dislodge the
DNA pellet as the supernatant was being poured away. The pellet was washed with 5 ml of
endotoxin-free, room temperature 70% (v/v) EtOH. This was centrifuged at 15,000 g for 10
min at 4°C. The supernatant was again carefully discarded. Any remaining EtOH was
removed with a pipette. The pellet was air-dried for approximately 10 min (longer if

required) and was dissolved in a suitable volume (about 50 ul) of endotoxin-free Buffer TE.
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2.12.5: Microscopy

2.12.5.1: TEM processing for cells grown in culture flasks

Solutions prepared prior to protocol

e Double strength fixative
-12.5 ml 16% (w/v) paraformaldehyde
-10 ml 25% (w/v) glutaraldehyde
-25 ml 0.2 M sodium cacodylate buffer

e Single strength fixative
-25 ml double strength fixative (see above for recipe)

-25 ml 0.1 M sodium cacodylate buffer

e Epon recipe (to mix with propylene oxide for final infiltration)
-20 ml Agar100 epoxy resin
-DDSA (dodeceny! succinic anhydride) hardener
-MNA (methyl nadic anhydride) hardener
-BDMA (benzyldimethylamine) accelerator

An equal volume of double strength fixative to cell culture medium was added to the flasks
and incubated at room temperature for 5-10 min. After this the fixative was poured off, 10
ml single strength fixative were added to cover the cells. The flasks were incubated at room
temperature for 1 h with shaking. The cells were then washed three times in 0.1 M sodium

cacodylate for 5 min.

The cells were washed in 1 ml cacodylate buffer and removed from the flask surface using a
cell scraper. They were then transferred into a 1.5 ml microcentrifuge tube. The cells were
centrifuged at 1,000 g for 5 min. The supernatant was removed and the pellets were ‘post-
fixed’ for 1 h in 1% (w/v) osmium cacodylate in 0.1 M cacodylate buffer. In some of the
samples (for example: the tunicamycin treated K599A cells) the pellet was very small and
therefore a 1000 g spin for 3 min was carried out. The supernatant was pipetted off and the

pellet was washed in 0.1 M sodium cacodylate buffer.

The pellet was gently touched with a cocktail stick to test whether or not it easily
fragmented. Providing the pellet remained intact, it was transferred to a glass vial and
dehydrated through a series of alcohol additions. This step was carried out in the 1.5 ml

microcentrifuge tube if the pellet was not intact.
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Alcohol dehydration steps

e 3x5 min 50% (v/v) ethanol washes
e 3x5 min 70% (v/v) ethanol washes
e 3x5 min 95% (v/v)ethanol washes

e 3x10 min 100% (w/v) ethanol washes

The mixture was then infiltrated three times with a mixture of 1200% (w/v) alcohol:propylene
oxide (50:50), with each infiltration lasting 10 min. Another three 10 min infiltration steps
were carried out using propylene oxide. Each sample underwent a final infiltration using a

mixture of propylene oxide:resin (50:50) for 1 h to overnight with the lids open.

2.12.4.2: Sectioning and analysis of cells in resin

Ultrathin sections of the cells embedded in the resin were cut using a Leica Reichert Ultracut
S ultramicrotome. These were then picked up onto a 200 mesh copper grids and stained
using 1% (w/v) alcoholic uranyl acetate and Reynold’s lead citrate (Reynold, 1963) for 10
min each. They were examined using a Hitachi H-7600 transmission electron microscope.

Electronmicrographs were taken on an AMT Orca-ER digital camera (Deben).

2.12.5.3: Immunofluorescence

The cells for this experiment were cultured on glass cover slips placed in the wells of a 24-

well plate.
Preparation:

A section of parafilm was cut and stretched over a glass square to provide a platform upon
which the glass cover slips could rest. This was then placed on top of some wet tissue paper
in the bottom of a plastic box to ensure that the cover slips did not become dry during the
incubation steps described below. The entire box was lined with tin foil making it
impenetrable to light. The primary and secondary antibodies were added to thawed PBG in

1.5 ml microcentrifuge tubes (see table 2.5 and 2.6 for dilutions) , then placed on ice.
Fixing process:

The medium was removed from the wells containing the glass cover slips. The cells were
washed twice using 1ml of ice-cold PBS. After the second wash, the PBS was not aspirated
off the wells. 12 ul drops of ice-cold 4% (wi/v) paraformaldehyde (PFA) were pipetted onto
the parafilm in the incubation box. The cover slips were removed carefully using fine
tweezers and dabbed gently onto dry tissue paper to remove any excess PBS. They were then

placed ‘face-down’ (cells facing down) onto the drops of PFA in the incubation box. The lid
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of the box was replaced and the cover slips were incubated with PFA at room temperature

for 15 min.
Permeabilisation process:

After the fixing stage was complete, the cover slips were placed into a 24-well plate
containing PBS, ensuring they were now ‘face-up’ (cells facing up). They were washed

twice in 1 ml ice-cold PBS. At this stage, the cover slips can be stored in PBS at 4°C.

10 pl drops of 0.5% (w/v) Triton X-100 (dissolved in PBS) were added to the parafilm in the
incubation box, and the cover slips were positioned on top, as before. The lid was replaced

and the cover slips were incubated at room temperature for 10 min.
Blocking process:

The cover slips were replaced into the wells (again ensuring they were ‘face-up’) and
washed once in 1 ml of ice-cold PBS. This time, 10 ul drops of 0.5% (w/v) fish gelatin in
PBS were added to the parafilm layer. As before, the cover slips were transferred into the

box and incubated at room temperature for 15 min.
Antibody staining and mounting slides:

Table 2.5: Primary antibodies for immunofluorescence. Dilutions were made in PBG.

Name Host | Clonality | Supplier and Product Number Dilution
Emerin (4G5) Mo M Abcam (ab-49499) 1:200
Sun-1 (282) R P Karakesisoglou lab collection 1:200
Nesprin-2 (pAbK1) | R P Karakesisoglou lab collection 1:200

Table 2.6: Secondary antibodies used for immunofluorescence. Dilutions were made in
PBG.

Supplier and
Name Host Product Number Conjugated dye Dilution
Anti-mouse 1gG | Donkey | Invitrogen A-21202 | Alexa Fluor® 488 1:2000
Anti-rabbit IgG | Goat Invitrogen A-11011 | Alexa Fluor® 568 1:2000

10 pl drops of primary antibody were added to the parafilm in the incubation box. The cover
slips were transferred directly from the blocking step onto the primary antibody and
incubated at room temperature for 1 h. Afterwards, the cover slips were replaced in the wells
and washed three times with 1 ml ice-cold PBS. 10 ul drops of the secondary antibody were
added to the parafilm layer and the cover slips were incubated for another h at room

temperature. During this time, the mounting media was thawed.
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The cover slips were again replaced in the wells and were given five washes in 1 ml ice-cold
PBS. Approximately 7 pl of mounting media was added to a slide for each cover slip. The
cover slips were dabbed gently on tissue paper as above and lowered ‘face down’ onto the
solution on the slides. These were placed flat in a slide box and stored in the fridge to dry
overnight before being imaged.

2.12.5.4: Confocal microscopy (visualisation of the ER)

MEFs were seeded onto 9.6 cm? glass-bottomed plates to allow visualisation under the
confocal microscope. There were given 24 h to adhere to the plate, followed by 24 h of
tetracycline treatment. Tunicamycin was then added and the cells were taken down to image
as soon as it was noticed they were beginning to detach from the surface of the plate. This
was done to avoid not being able to visualise the cells due to them completely detaching

from the plate as a result of apoptosis.

1 pl of ER-Tracker™ Red (pre-dissolved in DMSO) was added per ml of culture media and
left to incubate in the dark at 37°C for approximately 10 min. The media was then replaced.
The cells were then visualised using the Zeiss 510 Meta CLSM inverted microscope. The
lipophilic dye stains the ER red by binding sulphonylurea receptors of the potassium channel
in the ER membrane (Invitrogen). Making sure the settings of the microscope were constant

between taking images, approximately 10 pictures of each cell and treatment were taken.
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Chapter 3

The protein expression profile of
WT, D711A and K599A human
IRE1oa iIn mammalian cells during
ER stress
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3.1: Rationale for studying protein expression in the three cell lines

Several proteins induced by the UPR have been implicated in both cell life and death. As
discussed in chapter 1, XBP-1 splicing, courtesy of the IRE1a RNase domain, has been
shown to play an integral role in the cytoprotective component of the UPR (Gupta et al.,
2010; Han et al., 2008; Sado et al., 2009; Lin et al,., 2009, Reimold et al., 2000). Regarding
kinase activity of IREla, some groups demonstrated it is responsible for aiding cell death
mechanisms via JNK activation (Nishitoh et al., 2002; Urano et al., 2000). However, a
separate group more recently suggested the kinase’s principal function in terms of yeast cell
fate, was to control the state of the endoribonuclease and thus has at least some protective
function (Rubio et al., 2011). The MTT and PARP-1 cleavage in the appendix show that the
D711A-hIRE1la and K599A-hIRE 10 mutants undergo cell death before the WT-hIRE1a
cells, raising the possibility that the kinase activity of hIREla is important for cell survival.
This project was hence designed to bring certain mechanisms via which the kinase may
dictate cell fate decisions to attention, principally by comparing transcription and protein
levels, and ER physiology during ER stress in the three cell lines.

The differences in protein levels were investigated in this chapter. Many of the proteins
analysed have been demonstrated to play a role in ER stress-induced cell death. Since the
K599A-hIRE1a cells have a compromised cytoprotective response (Figure Al.3), the cell
death markers should be elevated in this mutant. By comparing the D711A-hIRE1a response
to the one seen in the WT-hIRE1a and K599A-hIRE1a cells, some light should be shed onto

the role the kinase plays in cell life decisions downstream of UPR activation.

To validate activation and expression of human IRE1a, phospho-IRE1a and IRE1a were
probed for. BIP was also imaged so as to confirm that ER stress induction was taking place
as expected. Proteins involved in UPR-mediated cell death include caspase-12, caspase-3 (an
executioner caspase activated downstream of caspase-12 cleavage), PARP-1, phospho-JNK
and CHOP (Kim et al., 2006). All of these were analysed by Western blotting. To evaluate
whether or not there are differences in protein translation potential, phospho-elF2a and total
elF2a were probed for. LC3 was also analysed, so as to help indicate differences in the

autophagic programme between the three difference cell lines.

77



3.2: Differences in protein expression in the three MEF cell lines

Using the culture conditions described in chapter 2, phospho-IRE1o and IRE1a proteins
were probed for to confirm the tetracycline-inducible expression system was working as
expected. Western blotting confirmed that human IRE1a was induced after 4 h of
tetracycline treatment in all three cell lines, and expression reached a maximum after 10 h of
this treatment, independent of the presence of tunicamycin. A low level of IREla
phosphorylation was observed in the WT-hIRE 1o samples after 4 h of induction, suggesting
that overexpression had caused dimerisation and subsequent autophosphorylation of this
UPR signal transducer in the ER membrane. There was a large increase in phospho-IREla
expression between 4 and 10 h of tetracycline addition, which was maintained throughout
the remainder of the time course and again was independent of tunicamycin treatment. The
antibody used against phospho-IRE1a, specifically detects phosphorylation of the S724 site
on hIRE1a. Phosphorylation of this particular site was not observed in either of the mutant

cell lines, confirming impaired kinase activity.

WT D711A K599A
Time/h 62448 62448 6244862448 624 48 624 48
Tetracycline - + + + ++ + + - + ++ +++ + - + + ++ + + +
Tunicamycin - - - - -+ 4+ + - - - - -4+ +4+ - - - - -+ + +
Phospho-
IREla

IREla

GAPDH

Figure 3.1: Western blot showing levels of IRE1a and its phospho-form from WT-
hIREIa, D711A-hIRE1a and K599A-hIRE1a MEF lysates. — and + indicate absence or
presence of the appropriate drug, respectiely. Cells treated with tetracycline were
harvested after 4 h, then after 6, 24 and 48 h of combined tetracycline and DMSO
treatment. ER-stressed cells were harvested after 6, 24, and 48 h of combined tetracycline
and tunicamycin treatment. GAPDH was used as the loading control. Figure A3.2
represents the repeat obtained.
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Figure 3.2: Graphical representation of the Western blot in Figure 3.1. The bands were
quantified using ImageJ and phospho-IRE1a/IRE1a was calculated. The error bars show
the standard error. An unpaired t-test was carried out and the confidence limits were set to
95%. There was no significant difference between the tetracycline-only and the
tetracycline and tunicamycin treated cells in the WT-hIRE]a.

BIP was also used as a positive control to highlight induction of ER-stress. Since a protocol
for the BIP/GRP78 antibody had not been established, ECL+ was initially used to visualise
the bands on the PVDF membrane. This gave a very smeary blot at the molecular weight
predicted for this protein. However, the second time the treatment course was run, only ECL
was used, and this showed much clearer, more distinct bands in all three cell lines. In the
WT-hIRE1a and D711A-hIRE1a cells there was a large upregulation of BIP 24 h after ER-
stress induction. This increase was slightly less impressive in the K599A-hIRE1a mutant,
which is consistent with Western blotting carried out in XBP-1 knockout MEFs by Lee et
al., 2003. However, this is not consistent with what was observed by Tirasophon et al (2000)
who observed no differences in BIP induction between WT and irela™ cells. Therefore,
after obtaining a repeat for these data, it may be useful to compare BIP mRNA and protein
levels in irela™ cells and K599A-hIRE1a cells.
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WT D711A K599A

Time/h 624 48 62448 62448 624 48 62448 62448
Tetracycline - + + + ++ + + - + ++ + + ++ - + + ++ + + +

Tunicamycin - - - - - 4+ 4+ 4+ - - - - -+ 4+ 4+ - - - - -+ + +
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GAPDH | T e

Figure 3.3: Western blot showing levels of BIP from hIREla WT-hIRE1a, D711A-
hIRE1a and K599A-hRIRE1a MEF lysates. —and + indicate absence or presence of the
appropriate drug, respectively. Cells treated with tetracycline were harvested after 4 h,
then after 6, 24 and 48 h of combined tetracycline and DMSO treatment. ER-stressed cells
were harvested after 6, 24, and 48 h of combined tetracycline and tunicamycin treatment.
GAPDH was used as the loading control.

To address any differences in cell fate between the three different cell lines, caspase activity
was investigated. Caspase activation is known to occur downstream of ER stress (Yoneda et
al., 2001). One way of assessing caspase activity is by analysing PARP-1 cleavage, as
PARP-1 is a target of active caspases (Oliver et al., 1998 and Lazebnik et al., 1994). As
expected, PARP-1 cleavage levels were elevated in all cell lines after 24 h of ER-stress, and
increased further after 48 h (Figure 3.8 and 3.9). In both repeats, it was apparent that the
PARP-1 cleaved fragment was the most abundant in the K599A-hIRE 10 mutant. Since
PARP-1 is a marker of apoptosis, these data suggest that cell death was most advanced in
this cell line. Compared to the WT-hIRE1a, the D711A-hIRE1a mutant only displayed very
slightly higher levels of PARP-1 cleavage that was not statistically significant. These results

imply that the kinase- and RNase-dead mutant was most compromised.
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WT D711A K599A

Time/h 62448 624 48 62448 62448 62448 62448
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Tunicamycin - - - - - 4+ + 4+ - - - - -+ +4+ - - - - - + + +
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Figure 3.4: Western blot showing the ratio of cleaved PARP-1 to total PARP-1 from WT-
hIRE1a, D711A-hIRE1a and K599A-hIRE1a MEF lysates. The arrow represents the
cleaved fragment. — and + indicate absence or presence of the appropriate drug,
respectively. Cells treated with tetracycline were harvested after 4 h, then after 6, 24 and
48 h of combined tetracycline and DMSO treatment. ER-stressed cells were harvested
after 6, 24, and 48 h of combined tetracycline and tunicamycin treatment. GAPDH was
used as the loading control. Figure A3.3 represents the repeat obtained.

PARP1 cleavage

o
»
3
j %

Fold change
o
iy
J—

0.2+ I

0.14

ool LR [l |5 s lical

L]
Tetracycline -+ + + + + + + - + + ++ + + + - + + ++ + + +

Tunicamycin - - - - - 4+ 4 4 - - - - - 4+ + 4 - - - - -+ 4+ o+
Time/h 4 6 24 48 6 24 48 462448 6 2448 4 6 24 48 6 24 48
WT D711A K599A

Figure 3.5: Graphical representation of the Western blot in Figure 3.4. The bands were
quantified using ImageJ and cleaved PARP-1/total PARP-1 was calculated. The error
bars show the standard error. An unpaired t-test was carried out and the confidence limits
were set to 95%. * p = 0.0472 (WT-hRIRE I« tunicamycin treated vs K599A-hIRE1a
tunicamycin treated).

As with PARP-1, caspase-3 cleavage was increased in each of the cell lines when ER stress
was induced. Consistent with the highest levels of PARP-1 cleavage in the K599A-hIRE1a
mutant, caspase-3 cleavage was also highest in this cell line (Figure 3.10 and 3.11). These
observations from the K599A-hIRE 1o mutant are consistent with published data, where

forced activation of the RNase domain increased cell viability (Han et al., 2008; Lin et al.,
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2009). It would appear that activation of this caspase was intermediate in the D711A-
hIRE1a mutant, however, another repeat is required to validate these data. This may help
explain why the D711A-hIRE1a cells die before the WT-hIRE1a cells, as was seen when

observing cells in tissue culture using light microscopy (data not shown).

WT D711A K599A
Time/h 2448 2448 24 48 2448 24 48 2448

Tetracycline . 4 4 4 4+ _ 4+ 4+ 4+ + - + + + +
Tunicamyein  _ _ | 4 4+ _ . . 4+ 4+ . . . 4+ +
Caspase-3 —*-_*—-_—'——
Cleaved 2

e ————— e — e ——
Caspase-3

Figure 3.6: Western blot showing the ratio of caspase-3 cleavage to total caspase-3 form
from WT-hIRE1a, D711A-hIRE1a and K599A-hIREIa MEF lysates. — and + indicate
absence or presence of the appropriate drug, respectively. Cells treated with tetracycline
were harvested after 24 and 48 h of combined tetracycline and DMSO treatment. ER-
stressed cells were harvested after 24 and 48 h of combined tetracycline and tunicamycin

treatment.
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Figure 3.7: Graphical representation of the Western blot image in Figure 3.6. The bands
were quantified using ImageJ and cleaved caspase-3/total caspase-3 was calculated.

Unfortunately, there was not enough time to optimise the Western blotting conditions for
caspase-12, which is upstream of caspase-3 cleavage (reviewed in Lai et al., 2007). It was
found that if the primary antibody was incubated at room temperature for 4 h after
incubation at 4°C overnight, then the image seen in figure 3.12 was obtained. Here the

‘upper’ bands were observed to be just above the 55 kDa mark, and the lower bands were
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very slightly below this mark. Since the predicted molecular weights of the uncleaved and
cleaved caspase-12 are 55 and 42 kDa respectively, it is possible that the top band may be
non-specific. Another reason this may also be true is because if the top bands did represent
the uncleaved caspase-12 form, then it suggests that there was as much caspase-12 cleavage
in the WT-hIRE 10 untreated cells as there was in the K599A-hIRE1a tunicamycin treated
cells (48 h). Further research needs to be conducted to prove that the lower band is
uncleaved caspase-12. Loading a larger amount of protein onto the gel and increasing film
exposure times will help identify the lower band.

WT D711A K599A
Time/h 62448 62448 62448 62448 6244862448
Tetracycline - + ++++++ -+ ++++++ -+ ++++ + +
Tunicamycin - - - - - +++ - - - - -+ + + - - - - -+ + +
CaSPASE-12 e e el e o i o o D o o . o . i

Figure 3.8: Western blot showing the ratio of caspase-12 cleavage to total caspase-12
form from WT-hAIRE1a, D711A-hIRE1a and K599A-hIRE1a MEF lysates. — and +
indicate absence or presence of the appropriate drug, respectively. Cells treated with
tetracycline were harvested after 4 h, then after 6, 24 and 48 h of combined tetracycline
and DMSO treatment. ER-stressed cells were harvested after 6, 24, and 48 h of combined
tetracycline and tunicamycin treatment.

CHOP™ MEFs are protected against cell death downstream of the UPR being activated
(Zinszner et al., 1998) and this protein is often used as marker of ER stress-induced
apoptosis. It was hypothesized that expression of this protein would be the lowest in the WT
cells. From initial observation of the Western blot, it seemed as though CHOP was most
upregulated in the K599A-hIRE1a mutant, followed by D711A-hIRE1la and finally WT-
hIRE1a (Figure 3.13). This was expected since endoribonuclease activity of IREla confers
cytoprection through XBP-1. It also correlated well with figure A3.4. However, upon
normalisation to GAPDH, a different pattern emerged, where the highest levels of CHOP
were in the D711A-hIRE1a mutant after 24 h of ER stress induction. Since the K599A-
hIRE 1o mutant should, in theory, be most compromised, and because the CHOP qPCR data
supported this idea (figure 4.3), it is possible that the loading control conditions require
further optimisation. It could be that a 1:20,000 dilution of the GAPDH antibody is too weak
for such an abundant protein and thus probing for GAPDH should be repeated with a higher

concentration of this antibody.
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WT D711A K599A

Time/h 62448 624 48 624 486 24 48 62448 62448
Tetracycline - + + + ++ + + - + ++ +++ + - + + ++ + + +
Tunicamycin - - - - -4+ 4+ + - - - - -+ +4+ - - - - -+ + +

CHOP

Figure 3.9: Western blot showing CHOP activation from WT-hIRE1a, D711A-hIREla
and K599A-hRIRE 1a MEF lysates. — and + indicate absence or presence of the appropriate
drug, respectively. Cells treated with tetracycline were harvested after 4 h, then after 6, 24
and 48 h of combined tetracycline and DMSO treatment. ER-stressed cells were harvested
after 6, 24, and 48 h of combined tetracycline and tunicamycin treatment. GAPDH was
used as the loading control.
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Figure 3.10: Graphical representation of the Western blot image in Figure 3.9. The bands
were quantified using ImageJ and normalised against GAPDH.

Since translation of CHOP mRNA occurs downstream of the PERK-pelF2a-ATF4 branch
(Ohoka et al., 2005) it was expected that the phospho-elF2a expression profile would show
a similar pattern relative to that observed for CHOP expression. However, this was not the
case, and it was the WT-hIRE1a which consistently displayed the highest levels of phospho-
elF2a during ER stress (Figure 3.15 and 3.16). More data will need to be obtained to
determine the significance of these findings. This phenomenon may contribute to the earlier
death of the mutant cells before the WT-hIRE1a. It is known that phosphorylation of the
elF2a subunit blocks general (but not all) mMRNA translation into protein (Harding et al.,

2000) reducing the rate of translocation of new proteins into the ER lumen. Conversely,
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dephosphorylation of this subunit restarts polypeptide production and it has been shown that
inhibiting this reaction using salubrinal increases cell viability (Boyce et al., 2005). It may
be informative to use salubrinal in conjunction with cell death assays, such as MTT, to
determine whether any of the three cell lines displayed better survival as a result of this

treatment during ER stress.

WT D711A K599A
Time/h 624 48 62448 6244862448 62448624 48
Tetracycline -+t - A+ -+
Tunicamycin - - - - -4+ 4+ + - - - - -+ ++ - - - - -+ + +
Phospho-
elF2a
elF2a

Figure 3.11: Western blot showing elF2a and its phospho-form from WT-AIREIa,
D711A-hIRE1e and K599A-hRIRE 1o MEF lysates. — and + indicate absence or presence
of the appropriate drug, respectively. Cells treated with tetracycline were harvested after 4
h, then after 6, 24 and 48 h of combined tetracycline and DMSO treatment. ER-stressed
cells were harvested after 6, 24, and 48 h of combined tetracycline and tunicamycin
treatment. Figure A3.5 represents the qualitative repeat obtained.
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Figure 3.12: Graphical representation of the Western blot in Figure 3.11. The bands were
quantified using ImageJ and phospho-el F2a/total eIF2a was calculated.



JNK phosphorylation should also indicate differences in cell viability (see Chapter 1),
however, it was found that levels did not change dramatically during ER-stress. There was
only areal increase in phospho-JNK after 6 h tetracycline addition, independent of cell line
and independent of whether tunicamycin was added or not. The disappearance of the
phospho-JNK signal at 24 h tetracycline treatment was also consistent across the three cell
lines. There is a small increase in the intensity of the 54 kDa phospho-JNK form (uppermost
band of the top panel in Figure 3.17) after 48 h tunicamycin treatment. Again, this does not
differ between each of the cell lines and does not indicate as strong an expression as 6 h
tetracycline treatment. Overall, one can conclude that using 100 ng/ml tunicamycin to
induce ER stress, does not elicit a different response in terms of JNK activation in either
WT-hIREla, D711A-hIRE1a or K5S99A-hIRE1a cells.

WT D711A K599A
Time/h 6244862448 62448 62448 62448 624 48
Tetracycline -+ ++ 4+ + ++ - + ++ 4+ ++ + - + + ++ + + +
Tunicamycin - - - - -+ 4+ + - - - - -+ 4+ 4+ - - - - -+ + +
JINK

Figure 3.13: Western blot showing JNK and its phospho-form from WT-hIRE1a, D711A-
hIRE1a and K599A-hRIRE1a MEF lysates. — and + indicate absence or presence of the
appropriate drug, respectively. Cells treated with tetracycline were harvested after 4 h,
then after 6, 24 and 48 h of combined tetracycline and DMSO treatment. ER-stressed cells
were harvested after 6, 24, and 48 h of combined tetracycline and tunicamycin treatment.
Figure A3.7 represents the qualitative repeat obtained.

Finally, since autophagy is known to play a role in determining cell fate decisions, LC3
conversion was analysed. Lipidation of LC3-I to LC3-I1 is thought to signify whether or not
autophagy is taking place and can simply be detected by Western blotting. It was
hypothesised that autophagy may have been compromised in the mutant cell lines, therefore
contributing to their earlier cell death phenotype compared to the WT cells. However, figure
3.18 and 3.19 indicate the lowest conversion in the WT-hIREla cells during ER stress.
Further experimentation is required to validate the significance of these data and to
determine the autophagic state in each of the cell lines, since it was recently found that LC3
conversion could in fact indicate a blockage in the process of autophagy (Xavier et al.,
2008).



WT D711A K599A
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Figure 3.14: Western blot showing conversion of LC3-1 (19 kDa) to LC3-11 (17 kDa) from
WT-hIRE1a, D711A-hIRE10 and K599A-hIRE1a MEF lysates. — and + indicate absence
or presence of the appropriate drug, respectively. Cells treated with tetracycline were
harvested after 4 h, then after 6, 24 and 48 h of combined tetracycline and DMSO
treatment. ER-stressed cells were harvested after 6, 24, and 48 h of combined tetracycline
and tunicamycin treatment. GAPDH was used as the loading control.

LC3 conversion

3=
o 24 -
c o
< _ —
<
(&)
=)
L 1
O ”l lg ”l lgm”ll
Tetracycline -+ + + + + + + - + + ++ + + + - + + + 4+ + + +
Tunicamycin - - - - - 4+ 4+ 4 - - - o o+ 4+ 4+ - o - oo+ o+ 4+
Time/h 462448 6 24 48 46 2448 6 2448 4 6 24486 24 48
WT D711A K599A

Figure 3.15: Graphical representation of the Western blot image in Figure 3.14. The
bands were quantified using ImageJ and lipidated LC3/total LC3 was calculated.



3.3: Discussion

In summary, the highest PARP-1 cleavage was observed in the K599A-hIRE1a cells.
However, there were repeatable differences detected in CHOP expression and
phosphorylation of the elF2a subunit in the D711A-hIRE1a cells compared to their WT
counterparts. These results suggest that IRE1a kinase activity does play some role in

determining cell fate of these ER-stressed MEFs.

Analysing both PARP-1 cleavage and caspase-3 activation, the K599A-hIRE 1o cells appear
to be most compromised in terms of cell fate downstream of ER stress. However, the lack of
statistical significance in PARP-1 cleavage between the WT-hIRElo and D711A-hIREla
MEFs does not conclude that cell death does not happen earlier in the latter cells. PARP-1
cleavage analysed in this project is only a marker of apoptosis (Gobeil et al., 2001) and
therefore, one cannot rule out that the D711A-hIRE 10 cells may be dying via the necrotic
route or another cell death mechanism. Krysko et al., 2008, describe a set of methods, which
together can be used to discriminate between apoptosis and necrosis. It would be interesting
to determine whether these different cell lines were dying by taking different cell death

pathways, as it would help characterise the role of IREla kinase activity.

It does, however, seem as though the kinase domain plays some role in cross-talk between
IREla and PERK. It would be useful to show that the differences in phospho-elF2a
observed between the mutants and WT-hIRE1a are due to PERK activation by using PERK
knockout MEFs, as three other proteins are able to phosphorylate elF2a (referenced in
Boyce et al., 2005). Additonally, one cannot rule out that the differences in elF2a

phosphorylation are due to differential induction of one of the elF20 phosphatases.

Supporting the idea of cross-talk between IRE1a and PERK, it does appear that the D711A-
hIRE1o mutant is more susceptible to cell death due to CHOP upregulation. To further
support the observation that CHOP levels are elevated in the D711A-hIREla MEFs, it
would be useful to show an increase in expression of TRB3 in D711A-hIRE1a by Western
blotting. This death-inducing protein is downstream of CHOP (Ohoka et al., 2005), and
TRB3 mRNA expression was found to be upregulated in D711A-hIRE1a expressing cells by
gPCR analysis (Chapter 4).

Similar to elF2a, the phosphorylation status of JNK is dependent on multiple stress
pathways (Lui and Lin, 2005). Since there were no differences in JNK phosphorylation
when the three cell lines were treated with tunicamycin, it would be informative to check
whether the response was any different using other ER stress inducing drugs, such as
thapsigargin, subtilaseABs or DTT. Of course, the appropriate concentration of these drugs

would first have to be optimised to generate similar levels of ER stress compared to 100
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ng/ml tunicamycin. However, some of these results could be difficult to interpret not least
because JNK responds to different cellular stresses, but also because of off-target effects of
drugs.

Finally, autophagy is a likely candidate which could help account for the differences in cell
death observed. Due to the fact that there seemed to be more lysosomal structures in the
WT-hIRE1a cells (See Figure 5.4) it would seem there was an increased autophagic
response in the WT-hIRE1a cell compared to the mutants (Ogata et al., 2006). However, the
upregulation of CHOP and its downstream target, TRB3 (see Chapter 4) in the mutant MEFs
suggests there should be an increased autophagic response, since TRB3 inhibits the
Akt/mTORC autophagic-blocking route (Salazar et al., 2009). This would also be consistent
with the report which concluded that IRE1a kinase activity blocked autophagy (Lee et al.,
2011). In which cells autophagy is effective in needs to be answered using the mCherry-
GFP-LC3b reporter construct, which was used by Lee et al., in 2011. Use of this plasmid has
been shown to differentiate between autophagosomes and mature lysosomes, with the green
luminescence produced by the GFP becoming less intense in the lower pH environment of
the lumen of the mature lysosome (Pankiv et al., 2007). Further research must be conducted

to elucidate whether autophagy is beneficial or detrimental in this particular model system.
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Chapter 4

Investigating the transcriptional
profile and the RIDD pathway as
part of the UPR in WT, D711A and

K599A human IREla mouse

embryonic fibroblasts
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4.1: Rationale for studying changes in gene induction between the three cell lines

It is well established that when the UPR is activated in mammalian cells, both spliced
XBP-1 and cleaved ATF6 serve as two of the primary transcription factors to upregulate a
large number of genes. It has been proposed that ATF6 is actually required to upregulate
XBP-1, which can then undergo splicing by IRE1 (Yoshida et al., 2001). These two
transcription factors are principally involved in trying to restore homeostasis within the ER
(Lai et al., 2006). The subset of genes that were analysed by qPCR in this project, can be
segregated into those which contribute to cell death, those which reside in the ER lumen
(most of which have chaperone or co-chaperone activity) and those which contribute to
ERAD.

Early work on the transcriptional profile of IRE1 demonstrates that the Irelp-Haclp
pathway is required for induction of genes such as KAR2, which is the yeast homolog of BIP
(Cox and Walter, 1996). In addition, BIP expression was more recently shown to be
dependent on XBP-1 splicing in fruitfly cells (Hollien and Weissman, 2006). However, in
mammalian systems, the UPR seems to have deviated from this and probably relies on more
than one transcription factor. Several groups have attempted to characterise which genes are
strictly dependent on either XBP-1, ATF6, or a combination of these two (Lee et al., 2003,
Yamamoto et al., 2007, Adachi et al., 2008 and Shoulders et al., 2013). Subsequently, a
large amount of Northern blot, microarray and proteomics analyses have been carried out
highlighting the importance of the IRE1a RNase domain in the transcriptional program of
the UPR. However, very few studies have been dedicated to investigating whether or not the
kinase activity of this transmembrane protein has any influence on which genes are
expressed. For this reason qPCR analysis was carried out on the three MEF cell lines to help

characterise in what ways the kinase-dead mutant might be transcriptionally deficient.

Apart from IRE1a and ATF6, the PERK branch is also associated with upregulation of
certain genes via the phospho-elF2a pathway. It is understood that although phosphorylation
of this subunit of the elF2 complex attenuates general translation, translation of mMRNAs
which harbour upstream open reading frames (UORFs) is induced (Kozak, 2002). In
mammalian cells, one of these targets is the ATF4 transcription factor, which harbours two
of these UORFs (Vattem and Wek, 2004). In 2011, it was shown that ATF4 along with a
dimerisation partner, is capable of causing the transcription of CHOP, a protein whose
function is mainly linked to cell death (Badiola et al., 2011). CHOP is a transcription factor
which is responsible for the dephosphorylation of elF2a via upregulation of GADD34.
GADD34 can then direct the phosphatase activity of PP1 towards phospho-elF2a (Brush et
al., 2003). Dephosphorylation of this subunit means that protein translation is now free to

restart and therefore the lumen of the ER can become full of newly synthesised polypeptides
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before actually recovering from the original stress. This is one reason for linking CHOP

upregulation with ER stress —related apoptosis.

Another mechanism hypothesised to encourage cell death downstream of CHOP involves
TRB3. TRB3 mRNA expression was shown to follow CHOP expression in two separate
studies (Ohoka et al., 2005 and Shang et al., 2010). CHOP cooperates with ATF4 to engage
with the TRB3 promoter and cause its transcription (Ohoka et al., 2005). Exactly how TRB3
contributes to cell death is unknown, however one group suggested it inhibits the prosurvival
function of Akt by binding it (Du et al., 2003). This is supported by a publication which
shows that the TRB3 mediated Akt inhibition can drive the cell into apoptosis by increasing

autophagic activity (Salazar et al., 2009).
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Figure 4.1: Hlustration of the result of CHOP activation.

Due to the fact that CHOP plays a role in ER stress determined cell fate, this gene and
downstream GADD34 and TRB3 were also analysed by gPCR. This was done in order to
understand whether compromising the function of human IREla caused an over-

compensatory response downstream of PERK.

The main hypothesis for the differences in transcription between WT-hIRE1a, D711A-
hIREla and K599A-hIRE1a cells, is that the latter mutant is likely to have either decreased
or elevated levels of transcript in comparison to the WT-hIRE1a. This would be due to lack
of XBP-1(s), or over-compensation by ATF6(f), respectively. Alternatively, other UPR

transcription factors could also play a role. The K599A-hIRE1a may display no
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transcriptional differences, indicating that XBP-1(s) is not necessary for effective
transcription of the gene under investigation. The principal objective of carrying out this
gPCR analysis was to find evidence for differences between the WT-hIREla and D711A-
hIRE1a cells, so as to help understand how the latter mutant is compromised. The level of
involvement of the kinase domain for the transcription of each gene will be apparent
depending on whether its profile is more similar to that of the WT-hIRE1a or the K599A-
hIRE1a cells.

4.2: The changes in expression of induced genes between WT-hIRE1a and mutant
MEFs

Each gPCR was set up on the RotorGeneQ real-time PCR machine and the data were
analysed on the accompanying software. It was ensured that all primers were tested in
reactions which did not contain any template cDNA, so as to ensure primer dimers or any
contaminant were not responsible for the peak seen in the melt curve. All data presented
here were normalised to the housekeeping gene B-actin. For normalising, the 2", method
was used, as only the relative gene expression was of interest, rather than the absolute copy
number (Livak and Schmittgen, 2001). The three MEF cell lines were treated using the time

course described below.

Cells adhered

for 24 hr
| - | |
Cells were treated Cells treated with
with EtOH for 24 hr tetracycline for 24 hr
DMSO DMSO
f— | |
was added, |Was added Tunicamycin was
added
RNA was
RNA was RNA was
harvested h ted
— 1 after 24 and S EH harvested
48 hr after 24 hr after 24 and
48 hr

Figure 4.2: Flow chart indicating the treatments for the control and ER-stressed cells.
The blue text highlights the treatments for the control cells, and the purple and black
routes highlight the treatments for the tetracycline-only treated cells and the ER-stressed
cells, respectively. Cells were incubated in a CO, incubator at 37°C. Details of chemical
concentrations can be found in Chapter 2.

93



4.2.1: Induced genes whose function is associated with cell death

It was hypothesised that at least one of the mutants would display a higher level of CHOP
expression relative to the WT, since partial or full loss of IRE1a function should
compromise the cell during ER stress. As it can be seen from figure 4.3, CHOP expression
was induced in all three cell lines after 24 h of ER stress induction. There was a smaller
increase in transcripts between 24 and 48 h tunicamycin treatment. Any differences between
the WT-hIRE1a and D711A-hIRE1a were not significant. The fold change in CHOP during
ER stress in the K599A-hIRE 1o mutant was consistently seen to be at least double the
induction levels in the WT-hIRE1o and D711A-hIRE1a cells. Despite this, the p value
obtained when comparing the WT-hIRE1a and K599A-hIRE1a using an unpaired t-test, was
0.0563. This falls just outside the 95% confidence limits, and therefore a repeat is required
to validate the significance of these findings. The difference between the D711A-hIREla
and K599A-hIRE1a cells was significant, indicating that loss of the RNase activity in
addition to loss of kinase activity leads to increased levels of this death-inducing protein.
However, what is observed in the K599A-hIRE 1o mutant does not correlate with what was
observed in the original publication regarding the transcriptional potential of XBP-1(s) in
MEFs (Lee et al., 2003). This group did not observe any changes in the levels of CHOP
between WT-hIRE1a and XBP-1 deficient MEFs. This could be due to the fact that the cells
were treated with 100 ng/ml tunicamycin for 48 h, rather than 10 pg/ml for 16 h (as they
were in the publication). This high concentration of tunicamycin would elicit a much

stronger ER stress response, which may mask the prosurvival branch of the UPR.
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Figure 4.3: CHOP expression profile determined by gPCR analysis using Rotor-Gene Q
software. FAST 2xreal-time PCR MasterMix with SYBR Green was used. — and + indicate
absence and presence of tetracycline and/or tunicamycin, respectively. Tetracycline-only
treatment was for 48 h. The time shown is the number of h that ER-stress was induced.
Error bars show standard error. An unpaired t-test was performed. * p = 0.0563 (WT-
hIREIa vs K599A), ** p = 0.0087 (D711A-hIRE1a vs K599A-hIRE1a). The average C;
value error was £ 0.24.

These results suggest that the K599A-hIRE1a mutation may be responsible for causing
earlier cell death via the CHOP route. Despite the fact that upregulation of CHOP is
classically thought of being downstream of the PERK pathway, the upregulation seen in the
gPCR data might be the cause of enhanced levels of ATF6 (Yoshida et al., 2000). One
would expect both PERK and ATF®6 to be upregulated in the K599A-hIRE1a cells to
compensate for the loss of the transcriptional potential of IRE1a. Two separate groups
demonstrated that CHOP is under regulation of ATF6(f), as well as the PERK-ATF4 branch
(Maet al., 2002 and Okada et al., 2002). Therefore, hyperactivation of ATF6 and /or PERK
may be responsible for the differences seen in the K599A-hIRE 1o mutant.
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Figure 4.4: GADD34 expression profile determined by gPCR analysis using Rotor-Gene
Q software. FAST 2xreal-time PCR MasterMix with SYBR Green was used. —and +
indicate absence and presence of tetracycline and/or tunicamycin, respectively.
Tetracycline-only treatment was for 48 h. The time is the number of h that ER-stress was
induced for. The average C; value error was * 0.15.
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Figure 4.5: TRB3 expression profile determined by gPCR analysis using Rotor-Gene Q
software. FAST 2xreal-time PCR MasterMix with SYBR Green was used. — and + indicate
absence and presence of tetracycline and/or tunicamycin, respectively. Tetracycline-only
treatment was for 48 h. The time is the number of h that ER-stress was induced for. The
average C; value error was + 0.74.
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CHOP is known to induce expression of GADD34 and TRB3 (Marciniak et al., 2004; Ohoka
et al., 2005). Based on the CHOP expression profile, it was hypothesized that both GADD34
and TRB3 levels would be similar in the ER stress-induced WT-hIRE1a and D711A-hIRE1a
cells, and highest in the K599A-hIRE1a-IRE1a MEFs. However, figure 4.4 argues that the
levels of the GADD34 gene are upregulated to a very similar fold induction (>6) in all three
cell lines treated with tunicamycin for 24 h. After 48 h of ER stress, the levels of this gene
had diminished somewhat, but still displayed at least a 4-fold induction compared to the
untreated cells. The slightly higher fold induction in the K599A-hIRE 1o mutant treated
MEFs could be a result of the higher CHOP expression, although a repeat would be required
to validate this. The reason GADD34 levels might not rise as dramatically as expected in the
K599A-hIRE1a mutant might be due to the fact that even though CHOP expression is the
highest, it might not become dimerised and/or phosphorylated. These two processes are
required to render CHOP a fully capable transcription factor (Zinzsner et al., 1998 and
Wang and Ron, 1996). For this reason it might be beneficial to study the phospho-p38
pathway by Western blot analysis, as this is believed to be responsible for CHOP
phosphorylation (Wang and Ron, 1996).

However, in support of the GADD34 qPCR profile obtained, in 2008, Adachi et al., saw no
fluctuations in levels of GADD34 parallel to changes in CHOP expression, which suggests
there may be another transcription factor controlling this gene. The presence of an
alternative transcription factor may also explain why the TRB3 expression pattern did not
correlate with that observed for CHOP. As expected, there was an increase in TRB3
expression in each of the cell lines undergoing ER stress (figure 4.5). However, contrary to
what was hypothesized based on the CHOP profile, the highest expression of TRB3 was
actually in the D711A-hIRE1a mutant, where after 48 h of tunicamycin treatment, there was
almost an 18-fold induction of this mMRNA compared to the untreated cells. Levels of TRB3
MRNA seemed to be at their lowest in WT-hIRE1a, where expression compared to the
untreated cells was maintained at ~5-fold induction during the time course of ER stress-
inducing treatment. After 24 h, K599A-hIRE1a cells induced this gene to a similar level,
however after 48 h of induction levels were intermediate between the WT-hIRE1a and the
D711A-hIRE1a cells. A repeat for these data is obviously required, however the differences
between the WT cells and those expressing the D711A form of hIREla warrants full
characterisation of this mutant by microarray, or RNA sequencing experiments. It is
believed the TRB3 pathway within the UPR will provide an interesting route to study the
function of IRE1a kinase activity in cell fate, due to its potential role in ER physiology and

autophagy (see discussion).
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4.2.2: Induced genes associated with ER luminal localisation

As discussed earlier, BIP is induced by the UPR, and its transcript levels were therefore
hypothesized to increase upon tunicamycin addition. Indeed, as it can be seen in figure 4.6,
there was a ~20 fold induction of this gene in the WT, after 24 h of ER stress. In the D711A-
hIRE1la mutant, there was almost the same increase in levels of this transcript, however the
decrease between 24 and 48 h of treatment was less striking than in the WT-hIRE1a cells.
On the other hand, 24 h after activation of ER-stress in the K599A-hIRE 10 mutant saw
almost a 45-fold increase compared to the untreated sample. This drastic increase could be
due to differences in BIP mRNA stability and/or an over-compensatory effect by a
transcription factor, such as ATF6a. The latter idea is supported by several laboratories who
demonstrate that this chaperone is dependent on the ATF6a(f) transcription factor
(Yamamoto et al., 2007, Adachi et al., 2008, and Shoulder et al., 2013). However, although
most publications focus on the transcriptional potential of XBP-1(s) and ATF6(f), Scheuner
et al., 2001 showed that phosphorylation of elF2a was required for complete BIP

expression. For this reason, one must not rule out the PERK pathway for gene regulation.
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Figure 4.6: BIP expression profile determined by qPCR analysis using Rotor-Gene Q
software. FAST 2xreal-time PCR MasterMix with SYBR Green was used. — and + indicate
absence and presence of tetracycline and/or tunicamycin, respectively. Tetracycline-only
treatment was for 48 h. The time is the number of h that ER-stress was induced for. The
average C; value error was + 0.48.
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The chaperone, GRP94, and co-chaperone, p58'™¢

,were hypothesized to be induced by
tunicamycin treatment, as they are both targets of the UPR (Lee et al., 2003). Figures 4.7
and 4.8 highlight that both genes display the same pattern in terms of induction. As
expected, both were strongly activated in the WT-hIRE1a cells after 24 h of tunicamycin
treatment, compared to the untreated samples. In both cases, the expression dropped after 48
h, more dramatically in the GRP94 profile, compared to the one of p58'™. Strikingly, the
levels of induction in the D711A-hIRE1a were almost identical to those present in WT-
hIRE1a cells for both genes. This is suggestive of the fact that IRE1a kinase does not
contribute to the control of these genes. Both genes show a comparatively low induction in
K599A-hIRE1a compared to the two other cell lines, implying that IRE1a endoribonuclease

function is necessary for full induction of this ER-resident chaperone.
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Figure 4.7: GRP94 expression profile determined by gPCR analysis using Rotor-Gene Q
software. FAST 2xreal-time PCR MasterMix with SYBR Green was used. — and + indicate
absence and presence of tetracycline and/or tunicamycin, respectively. Tetracycline-only
treatment was for 48 h. The time is the number of h that ER-stress was induced for. The
average C; value error was + 0.14.

Other laboratories imply that the ATF6(f) transcription factor would be able to induce this
gene in the absence of XBP-1 (Lee et al., 2003; Shoulders et al., 2013). However, from the
gPCR data displayed above, the significance of other transcription factors in the regulation
of this gene during ER stress needs to be investigated. It is possible that the GRP94 gPCR
data output is a combinatorial effect of the kinase and RNase functions being absent,

although a repeat is required to support this argument.
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The higher relative induction of p58'™ compared to GRP94 in the K599A-hIRE 1o mutant
suggests that another transcription factor plays a significant role in the upregulation of the
former gene in the absence of XBP-1(s). Both Mori (2007) and Wiseman (2013) groups
suggest that this co-chaperone promoter is accessed by both ATF6 and XBP-1 and therefore
ATF6 alone may be able to promote expression levels noted in the K599A-hIRE 1o mutant.

8IPK

What is interesting is that p5 may play a role in controlling polypeptides being

translocated into the ER. These polypeptides can be degraded before fully entering the

8IPK

lumen during ER stress (Oyadomari et al., 2006) and p58™" may therefore assist in the
ERAD program. Investigating its potential role at the interface between the UPR and ERAD
and exactly how it is transcriptionally regulated could provide insight into the future

elucidation of IRE1la signalling.
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Figure 4.8: p58'< expression profile determined by qPCR analysis using Rotor-Gene Q
software. FAST 2xreal-time PCR MasterMix with SYBR Green was used. — and +
indicate absence and presence of tetracycline and/or tunicamycin, respectively.
Tetracycline-only treatment was for 48 h. The time is the number of h that ER-stress was
induced for. The average C; value error was + 0.15.

ERO1L-a and ERO1L-B are both responsible for reoxidizing mammalian protein disulphide
isomerise (PDI). PDI introduces and isomerises disulphide bonds and is therefore thought to
assist with protein folding (Sitia and Braakman, 2003). The yeast homolog was originally
found to be upregulated downstream of the Irelp-Haclp pathway (Travers et al., 2000) and
therefore it was hypothesised that ER stress could induce its upregulation. The gPCR
analysis shown in figure 4.9 suggests that IRE1a kinase activity dramatically impacts the
transcriptional control for the EROLL-« gene, as the transcript levels from the D711A-
hIREla cells were decreased in comparison to WT-hIRE1a. The fold change in the WT cells
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reached a maximum of ~7 after 48 h of ER stress, whereas in the D711A-hIREla expressing
cells, maximal fold induction was only about half of this value. This was only marginally
higher than the induction of this gene in the K599A-hIRE 1o mutant. The differences
displayed here justify that full characterisation of the D711A-hIRE1la mutant by microarray
analysis or RNA sequencing should be carried out in order to begin determining the role of

the kinase in transcriptional control in the UPR.
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Figure 4.9: ERO1L-a expression profile determined by gPCR analysis using Rotor-Gene
Q software. FAST 2xreal-time PCR MasterMix with SYBR Green was used . —and +
indicate absence and presence of tetracycline and/or tunicamycin, respectively.
Tetracycline-only treatment was for 48 h. The time is the number of h that ER-stress was
induced for. The average C; value error was = 0.19.
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Figure 4.10: ERO1L-B expression profile determined by gPCR analysis using Rotor-Gene
Q software. FAST 2xreal-time PCR MasterMix with SYBR Green was used. —and +
indicate absence and presence of tetracycline and/or tunicamycin, respectively.
Tetracycline-only treatment was for 48 h. The time is the number of h that ER-stress was
induced for. The average C; value error was + 1.11.

As it can be seen from figure 4.10, the ERO1L-8 gene displays a different profile to ERO1L-
a. Due to the abolishment of XBP-1(s) in the K599A-hIRE 1o mutant, it was predicted that
there would be little induction of this gene compared to the WT-hIRE1a and D711A-
hIRE1a mutant (Sriburi et al., 2007 and Shoulders et al., 2013). This was indeed the case,
however, the D711A-hIRE1a mutant displayed massively elevated levels of this gene.
Perhaps this is due to the fact that it was less able to induce ERO1L-a, and therefore hyper-
activation of this gene was a result of compensating for this loss. Again, this probes for

further investigation into the IRE1a kinase domain.

Lee et al., 2003 suggest that ERDJ4 transcription is completely reliant on XBP-1 splicing.
The profile below, obtained for co-chaperone ERDJ4 was largely in agreement with what
has been published, as the levels of transcript in the WT-hIRE1a cells after 24 h tunicamycin
treatment were approximately ~14 times the untreated control. The fold induction in both
mutants were greatly reduced in comparison. However the comparatively small increases of
ERDJ4 transcript in both tunicamycin-treated mutants, suggest that another transcription
factor apart from XBP-1(s) may play a role in expression of this gene (albeit a much less

effective one). What is interesting is that again the kinase activity seems to be important in
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ensuring this gene is expressed, as the levels of transcription reached by the D711A-hIREla
mutant are essentially equal to those in the K599A-hIRE1a mutant. This strengthens the
argument that full characterisation of the former mutant is required to help understand its

role in gene induction.
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Figure 4.11: ERDJ4 expression profile determined by gPCR analysis using Rotor-Gene Q
software. GoTag® qPCR MasterMix with SYBR Green was used to obtain these data. —
and + indicate absence and presence of tetracycline and/or tunicamycin, respectively.
Tetracycline-only treatment was for 48 h. The time is the number of h that ER-stress was
induced for. The average C, value error was + 0.23.

4.2.3: Induced genes which are associated with regulating ERAD

Synoviolin or HRD1 is an indispensable E3 ubiquitin ligase for the ERAD protein quality
control system. Travers et al., 2000 found it to be upregulated as a consequence of Irelp-
Haclp activation and more recently it was identified as being reliant on XBP-1 for its
transcription in mammalian cells (Shoulders et al., 2013). It was therefore hypothesized that
its upregulation in the K599A-hIRE1a cells would be compromised during ER stress. In
figure 4.12, HRD1 was shown to be heavily downregulated to roughly half the fold
induction in both mutants, compared to the WT-hIRE1a cells treated for 24 h with
tunicamycin. A qualitative repeat was obtained for these data, and in both cases it appears
there may be a very slight increase in the D711A-hIRE1a response relative to the K599A-
hIRE1a. The response from the latter mutant complements the above mentioned studies,
although other transcription factors must be available to achieve the smaller increases in
response to ER stress induction. The results also heavily implicate IRE1a kinase in the

transcriptional mechanism involved in activating this gene.
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Figure 4.12: HRDL1 expression profile determined by gPCR analysis using Rotor-Gene Q
software. FAST 2xreal-time PCR MasterMix with SYBR Green was used. — and + indicate
absence and presence of tetracycline and/or tunicamycin, respectively. Tetracycline-only
treatment was for 48 h. The time is the number of h that ER-stress was induced for. A
gualitative biological repeat was obtained for this gene (Figure A4.26). The average C;
value error was + 0.23.

EDEM1 is proposed to recognise structures to be retrotranslocated for ERAD and Yoshida et
al., 2003 showed that IRE1a deficient MEFs were unable to induce EDEM1 mRNA, even
though the active fragment of ATF6 was present under ER stress. This is supported by the 4-
fold induction of this gene after induction of the UPR in the WT-hIRE1¢, and also the lower
levels sustained in the K599A-hIRE1a mutant. Again, it seems as though transcription
factors other than XBP-1(s) do play a role in regulating this gene, and candidates such as
ATF6 and ATF4 should be questioned. More importantly, it seems as though the kinase
domain may be vital for the full transcriptional activation of the EDEML1 gene, as expression
levels in the D711A-hIRE1a mutant are intermediate between the WT-hIRE 1o and K599A-
hIREla cells.
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Figure 4.13: EDEM1 expression profile determined by gPCR analysis using Rotor-Gene
Q software. FAST 2xreal-time PCR MasterMix with SYBR Green was used. —and +
indicate absence and presence of tetracycline and/or tunicamycin, respectively.
Tetracycline-only treatment was for 48 h. The time is the number of h that ER-stress was
induced for. The average C; value error was + 0.23.

HEDJ, also known as ERDJ3, is mainly regarded as a co-chaperone for BIP as it stimulates
its ATPase activity. Additionally, it has been postulated that it may play a role in ERAD by
binding unfolded polypeptides chains to be targeted for degradation (Jin et al., 2009). The
potential link to ERAD encouraged the hypothesis that this gene would show a similar
profile to HRD1 and EDEML1. Despite this, figure 4.14 shows that HEDJ is actually
expressed almost identically in all three cell lines. After 24 h, levels of transcripts reach
approximately a 4.5 fold induction compared to the untreated cell lines. Each displays a
small decrease in transcript after 48 h of ER stress, however, the downregulation in both of
the mutants is greater than in the WT-hIREla. In accord with this, the Wiseman laboratory
(2013) showed that by inducing either XBP-1(s), ATF6, or both, resulted in almost equal
increases in HEDJ upregulation. This proposed redundancy is supported by Sriburi et al.,
2004, who essentially saw the same protein upregulation of ERDJ3 in ATF6a(373) or
XBP-1(s) transduced cells. This enforces the idea that the HEDJ profile is a result of
XBP-1(s) and ATF6(f) having the same capabilities regarding activation of this gene.
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Figure 4.14: HEDJ expression profile determined by qPCR analysis using Rotor-Gene Q
software. FAST 2xreal-time PCR MasterMix with SYBR Green was used. — and + indicate
absence and presence of tetracycline and/or tunicamycin, respectively. Tetracycline-only
treatment was for 48 h. The time is the number of h that ER-stress was induced for. The
average C; value error was + 0.23.

HERRP is the final gene that was analysed and that is UPR-regulated for ERAD purposes. It
has been postulated that all three branches of the UPR are able to cause an upregulation of
this gene (Ma and Hendershot, 2004). It was shown that apart from ATF6(f) and XBP-1(s)
binding the ERSE sites in the HERP promoter, ATF4 (downstream of the PERK-phospho-
elF2a branch) was able to complex with the composite site in this promoter. Consistently,
they found the constitutively inactive elF2a mutant (S51D) was able to generate an increase
in both HERP mRNA and protein levels. Therefore, it was proposed that HERP upregulation
might be similar in each of the cell lines treated with tunicamycin. Despite the fact there was
no difference between the WT-hIREla and D711A-hIRE1a profiles, the K599A-hIREla
mutant showed a much higher induction (~14 fold) after 24 h tunicamycin treatment. It is
possible that ATF6 and ATF4 cause a higher upregulation of HERP in K599A-hIRE1a
compared to the other two cell lines in order to try and compensate for the loss of other

ERAD components. Further experimentation would be needed to validate this idea.
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Figure 4.15: HERP expression profile determined by gPCR analysis using Rotor-Gene Q
software. FAST 2xreal-time PCR MasterMix with SYBR Green was used. — and + indicate
absence and presence of tetracycline and/or tunicamycin, respectively. Tetracycline-only
treatment was for 48 h. The time is the number of h that ER-stress was induced for. The
average C; value error was + 0.16.

4.3: Rationale for studying the RIDD pathway:

A report in Science in 2006 gave evidence for a subset of mMRNAs whose degradation was
dependent on the presence of IRE1 (Hollien and Weissman, 2006). The presented data

suggested that an internal cleavage site in these mMRNASs was present to differentiate them
from other MRNASs that do not get degraded, such as BIP. Consistent with data published
recently (Gaddam et al., 2012) it was also demonstrated that the signal sequence targeting
these mRNAs for cotranslational translocation into the ER, seemed to be required for this

repression (Hollien and Weissman, 2006).

As explained in Chapter 1, the Weissman group used human IRE1a stably transfected MEFs
to show that this RIDD pathway was sustained under ER stress provided the RNase was also
functional. Additionally, they suggested this was maintained by using the INM-PP1
sensitized 1642G IRE 1o mutant, in which IRE1a kinase activity is abolished (Hollien et al,
2009). Similar data was published by the Papa group at around the same time. However, in
these experiments, mMRNA degradation did not occur as part of the UPR when the 1642G
mutant was active (Han et al. 2009). These two groups had opposing ideas as to how this

degradation route affected cell fate, with the Weissman group proposing this would relieve
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the burden on the ER, and the Papa group suggesting there was a positive correlation with

apoptosis.

From these data it was hypothesized that RIDD substrates should not undergo degradation in
ER-stressed K599A-hIRE 1o mutants due to lack of RNase activity. Since this project was
designed to find other potential functions associated with the IRE1kinase domain,
determining any differences between the RIDD pathway outputs of the WT-hIREla and
D711A-hIRE1a cells could help answer this. Since endoribonuclease activity is maintained,
the D711A-hIRE1a cells may display a similar RIDD profile to what was is observed in the
WT-hIRE1a cells. However, if the Papa group is correct, and full kinase function is required
for an effective RIDD, then this mutant may mirror what is found for the K599A-hIRE1a

mutant.
4.4: Results and discussion for analysis of the RIDD pathway by gPCR

The genes examined in the context of the RIDD pathway were those published by Hollien et
al., in 2009.

Table 4.1: List of RIDD target genes and their localisation as proteins, adapted from the

Hollien et al., paper in 20009.

Gene corresponding to RIDD target Localisation of protein
HGSNAT Lysosomal membrane
BLOS1 Cytosol
SCARA3 ER/Golgi apparatus membrane
PDGFRB Plasma membrane
PMP22 Extracellular matrix
COL6 Extracellular matrix
EPHRINB2 Plasma membrane
MAP7d1 Cytoskeleton
SRP20 Spliceosome
TRIM16 Cytosol
GALNT10 Golgi apparatus membrane
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Primers were designed to recognise the genes listed in Table 4.1 and tested in ordinary PCR
first. Once they had also been tested for specificity using mouse cDNA (derived from pre-
adipocytes and adipocytes) in the RotorgeneQ, they were finally checked for primer-dimer
formation using a no template control. As with the induced genes, the raw data were
normalised to ACTB, and the quantitation was carried out using the 2", method (Livak and
Schmittgen, 2001). Initial experiments did show evidence for degradation in the WT-
hIRE1a samples, upon induction of ER-stress. This was observed for the following genes:
BLOS1, PDGFRB, TRIM16, COL6, EPHRINB2, SRP20 and GALNT10. MAP7d1 mRNA
was only marginally reduced after 48 h ER-stress induction. Data were not generated for
HGSNAT, SCARA3 and PMP22 due to time limitations.

As can be seen from figures 4.16 and 4.17 (and figures A4.28-A4.33) there is evidence for
elevation of transcript levels in the K599A-hIRE1a mutant relative to the WT-hIREla in
COL6, EPHRINB2, GALNT10, PDGFRB, SRP20 and TRIM16 genes. All but the latter two
genes still showed a decrease in the level of transcript upon induction of ER stress compared
to the untreated K599A-hIRE1a. This suggests that the RIDD pathway is not fully abolished
in these cells despite the lack of IRE1a endoribonuclease activity. Only SRP20 and TRIM16
transcripts were increased during ER-stress compared to the untreated K599A-hIRE1a.
Increased levels of SRP20 transcript (Figure 4.17) seem to be the most significant, and a
biological repeat was obtained for this gene. The profile does suggest that the kinase may
play a role on effective degradation of SRP20. However, by observing the small increase
seen at the end of the time course in WT-hIRE1a cells, one would have to question how

much of was what found was simply a consequence of the length of ER stress induction.
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Figure 4.16: TRIM16 expression profile determined by gPCR analysis using Rotor-Gene
Q software. 2xreal-time PCR MasterMix with SYBR Green was used. —and + indicate
absence and presence of tetracycline and/or tunicamycin, respectively. Tetracycline-only
treatment was for 48 h. The time is the number of h that ER-stress was induced for. The
average C; value error was + 0.30.
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Figure 4.17: SRP20 expression profile determined by gPCR analysis using Rotor-Gene Q
software. 2xreal-time PCR MasterMix with SYBR Green was used. —and + indicate
absence and presence of tetracycline and/or tunicamycin, respectively. Tetracycline-only
treatment was for 48 h. The time is the number of h that ER-stress was induced for. A
qualitative biological repeat was obtained for this gene (Figure A4.33). The average C;
value error was + 0.22.
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Despite several attempts, no other data was generated which demonstrated a loss of RIDD in
the K599A-hIRE1a expressing cells. From the data shown in this thesis it is difficult to
speculate a role for the kinase activity of hIRE1a in this pathway, as the profiles for the
different proposed RIDD transcripts are very variable. In general it seems as though this
mutant is less effective in carrying out the RIDD function, however repeats are required to

validate this observation.

It may be advisable to repeat this set of experiments using primers that have been redesigned
to anneal closer to the 5° end of the genes. Most of the primers designed in this project
annealed slightly closer to the 3° end than the 5° end. Therefore, if the cleavage site of the
MRNA in question was upstream of the primer annealing site, it is possible that the 3” end of
the mRNA may have been reverse transcribed if it had not been immediately degraded.
Reverse transcription would have been able to take place as the oligo(dT)s would have still
annealed to the polyA tail of MRNA, creating a starting template for the reverse transcriptase
enzyme. Thus, the primers would have generated the expected PCR product despite the fact
that mRNA cleavage may have taken place.

The role of the kinase domain in RIDD can unfortunately not be deduced from these studies,
as from the data presented, it is still possible that some mRNAs require an active IREla,
kinase for degradation, whereas other do not. The RIDD pathway could indeed be less
defined than originally portrayed by both Han and Hollien groups, and mRNAs may be
subject to cleavage dependent on their proximity to IRE1a. This has in fact been proposed
for Schizosaccharomyces pombe (Kimmig et al., 2012). If this is true, then gPCR analysis of
single genes cannot be used to study RIDD activity, and microarray and/or RNA sequencing

will be required.
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4.5: Discussion

As previously discussed, the main objective was to find any differences between the WT-
hIREla and the D711A-hIREla cells in terms of their transcriptional output. Changes in the
cell lines expressing the kinase and RNase-dead form of IRE1a were to be expected due to
loss of the XBP-1(s) transcription factor and/or overcompensatory effects by ATF6. The
data obtained by gPCR analysis do indeed demonstrate that the kinase activity of IREla is
required for a full transcriptional response. The HRD1 and EDEM1 profiles suggest that
both mutants may have a diminished ERAD response. This, along with the fact that kinase
function also seemed to be necessary for effective transcription of the ER-resident co-
chaperone ERDJ4, and ERO1L-a provides a mechanism by which the kinase-activity of
IRE1a may contribute to keeping the cell alive once the ER stress has been induced. These
differences justify full characterisation of the transcriptional role of the kinase by using
microarray and RNA sequencing in each of the three cell lines. Pulse-chase labelling and
immunoprecipitation for known ERAD substrates will help confirm loss of control of ERAD
in the D711A-hIRE1a cells.

Another line of interest in the D711A-hIRE1a mutant is the upregulation of TRB3. TRB3 is
known to inhibit Akt (Salazar et al., 2009) which in turn is required for function of VCP/p97
(Vandermoere et al., 2006). Knockdown of VCP, which is an AAA-ATPase involved in
proteasomal degradation, correlated with the phenotype of dilated ER, as visualised by
electron microscopy (Wacjik et al., 2006). As will be shown in the following chapter, the
D711A-hIRE1a mutant displays very similar features to that seen in the Wocjik publication.
Theoretically, elevated TRB3 levels may render VCP/p97 non-functional via Akt in the
D711A-hIREla cells, thus leading to a drastic change in ER phenotype. Using gPCR and
Western blotting to investigate the relationship between IRE1la kinase and ER phenotype
could lead to discovering a novel mechanistic pathway relating the two. It may also help

delineate the cell death route taken when IRE1a lacks kinase activity.

Returning to the data obtained, it was noted that differences were seen between the mRNA
and protein expression levels of BIP. This is probably due to differences in protein
translation in the three cell lines. Therefore the activities of phospho-elF2a should be
analysed using Western blotting at a series of close time points. Pulse-labelling could be
used alongside this Western blotting to help determine levels of protein synthesis.
Ribosomal profiling may also be utilised to establish the ratio of monosomes to polysomes

to determine levels of translation.
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Finally, the RIDD pathway should next be analysed using primers which anneal to the 5’
end of the genes under investigation. It is hypothesised that RIDD activity will be lost in the
K599A-hIRE1a cells compared to the WT-hIRE1a. If these experiments are successful, it
may also be useful to carry out the same analyses using xbp-17 MEFs, in order to
demonstrate that the RIDD pathway is separable from XBP-1 splicing, as shown in Hollien
et al., 2009.
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Chapter 5

The differences in ER physiology
between WT, D711A and K599A

human IRE1a mouse embryonic
fibroblasts
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5.1: Rationale for investigating changes in ER physiology

The Walter group reported that saci4 mutants displayed normal ER characteristics when ER
stress was not induced in yeast. However, by analysing the localisation of Rtnl (an ER
membrane protein) after 2 h DTT treatment, they showed that the ER became disorganised
and that there was relatively more smooth ER compared to rough ER (Schuck et al., 2009).
Earlier studies performed, using mammalian fibroblasts showed that XBP-1(s) transduction
into cells resulted in an increased ER surface area and volume (Sriburi et al., 2004). It was
also noted that this transduction correlated with increased activity of cytidylyltransferase
(CCT). This enzyme is regarded as the rate-limiting factor in the Kennedy pathway
(illustrated below), which produces phosphatidylcholine and phosphatidylethanolamine,
both of which are required for ER membrane biogenesis. This group later demonstrated that
the most efficient upregulation of these membrane components was by over-expression of
XBP-1(s) and not the CCT enzyme. It is therefore thought that the product of IRE1a RNase
activity is responsible for generating a greater ER surface area via increased output of the
Kennedy pathway and that this is most likely achieved by upregulation of the CCT enzyme
alongside other cofactors (Sriburi et al., 2007).

Choline

ATP = Choline kinase
ADP

Phosphocholine

CTpP Choline cytidylyltransferase (CCT)

CDP

Cytidine diphosphocholine

DAG Choline phosphotransferase | (CPT 1)
CMP

Phosphatidylcholine

Figure 5.1: Schematic outlining the steps of the Kennedy Pathway. ATP: adenosine
triphosphate, ADP: adenosine diphosphate, CTP: cytidine triphosphate, CDP: cytidine
diphosphate, DAG: diacylglycerol, CMP cytidine monophosphate.
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A similar phenomenon compared to that observed in yeast was observed in pancreatic acinar
cells. In cells lacking XBP-1, the ER was unable to develop normally in comparison to the
WT-hIRE1a cells. It was also observed that the defectively formed ER contained granules
within the lumen (Lee et al., 2005). In agreement with this, an RNase inhibitor to IRE1la was
shown to inhibit proper expansion of the ER in the AR42J pancreatic cell line (Cross et al.,
2012).

Of relevance is the study carried out by the Brewer group, who used the transcriptionally
active form of ATF6 to transfect CHO cells. They demonstrated that there was an XBP-1(s)
independent ER expansion which also resulted in increased phospholipid production. In this
case, it was the choline kinase (CK) enzyme (also part of the Kennedy pathway) whose
activity was increased after ATF6 transduction (Bommiasamy et al., 2009).

As it can be seen, most work conducted in this field does not directly address ER expansion
during the unfolded protein response, but rather focuses on the inductive potential of either
the XBP-1 or ATF®6 transcription factors. Also, the publications concentrate mainly on the
size and volume of the ER, rather than the shape and structural organisation. For these
reasons, it was agreed it would be informative to closely analyse the changes in ER
morphology and size in both the D711A-hIRE1a and K599A-hIRE 1o mutants compared to
the WT-hIREla. It was hypothesized that an expansion in the ER should be seen in WT-
hIREla and D711A-hIRE 1« cells treated with tetracycline, as the PhD student Louise
Sutcliffe showed that this treatment causes XBP-1 splicing independent of ER-stress. The
K599A-hIRE1a cells may be able to expand their ER via the ATF6 route, if there is indeed

some functional redundancy between these two transcription factors.
5.2: Observations and results from TEM

Prior to carrying out the TEM processing protocol, all three cell lines were incubated at
37°C with EtOH or tetracycline for 24 h following a 24 h period over which they adhered to
the surface of the 75 cm? tissue culture flasks. The control cells treated with EtOH were then
treated with 10 ul DMSO for a further 48 h, whereas the cells treated with tetracycline were
treated with 100 ng/ml tunicamycin for 48 h. The media and treatments were replenished

every 24 h.

At least 100 electron micrographs were taken for each cell line and treatment. Most pictures
were taken at a magnification of at least 15,000 to obtain a clear image of the ER, however,
in some cases lower magnification images were collected to highlight the extent to which the
ER filled the cytoplasm of a single cell. It was immediately apparent that there were large
differences in ER physiology, in particular between the WT-hIRE1a tunicamycin treated
cells and the mutant treated cells. The untreated WT-hIRE 1 cells did not display any
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notable abnormal characteristics. There was not a large amount of ER within these cells, and
this was neither well-organised nor disorganised (Figure 5.2). Often areas of the cells
completely devoid of ER were observed. In the untreated D711A-hIRE1a cells, the
appearance was comparable, however at first glance, there did appear to be very slightly
more ER which had a wider lumen. The untreated K599A-hIRE 10 cells were very similar to
the untreated D711A-hIRE 1« cells, as can be seen in the figure below. None of the untreated
cells displayed a continuous or extensive ER network.

4

Figure 5.2: (A) denotes the untreated control WT-#IREIa MEFs. (B) and (C) resent
the untreated D711A-hIREla and K599A-hIREIe MEF controls, respectively. The
arrows mark typical ER. Magnification: (A): x25,000, (B): x25,000 and (C): x20,000.

Scale bars represent a distance of 500 nm.

Figure 5.3 highlights the fact that there were no notable differences between the cell three
lines when treated with tetracycline only. Additionally, there did not seem to be any

dramatic changes in ER physiology when compared to the untreated cells.

Figure 5.3: (A) is representative of the tetracycline-only treated WT-hAIREla MEFs,
whereas (B) and (C) depict average D711A-hIRE1a and K599A-hRIRE1a MEFs treated
with the IRE1la-inducing drug. The arrows mark ER. Magnification: (A): x20,000, (B):
x20,000 and (C): x25,000. Scale bars represent a distance of 500 nm.

When the cells were treated with the ER stress inducing agent tunicamycin the physiology of
the ER dramatically changed. In the WT-hIRE1a cells, the amount of ER increased
significantly, with a large proportion of cells containing cytoplasm almost fully occupied by
rough ER. This rough ER was generally not swollen and formed a very well organised

network. There seemed to be an increase in the number of autophagosomes and/or
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lysosomes, although through observation it was difficult to differentiate between these
vacuolar structures within the cell. In some cases the ER was in close contact with these
structures, as can be seen in Figure 5.4. It is possible that the ER was being directly
degraded in an attempt to reduce the amount of unfolded proteins, or that the ER was

‘donating’ a small proportion of its membrane towards the forming vesicle.

)

Figure 5.4: (A) and (B) show how the ER was observed to be organised in the WT-
hIRE1a MEFs treated with tunicamycin. The arrows in (C) highlight the presence of
lysosomal-like structures and how the ER network was seen to interact with them.
Magnification: (A): x40,000, (B) x15,000 and (C) x40,000. Scale bars represent a distance
of 500 nm.

On the other hand, the response of D711A-hIRE1a to the same drug was quite different
(Figure 5.5). As with the WT-hIRE 1« treated cells, there was a large increase in the amount
of ER produced, however this was much more swollen and distorted and seemed to consist
of comparatively more smooth ER. This is similar to what was observed in the yeast study
carried out by the Walter group in 2009. Rather than forming an organised network, a
disorganised and more ‘fragmented’ ER formed. The swollen ER appeared to have a less
dense lumen, as opposed to the appearance of the lumen found in most of the WT-hIRE1a
treated cells. This is indicative of the ER becoming expanded due to osmotic stress (personal
correspondence: Dr. M. Goldberg, 19/04/2013, meeting, and Wacjik et al., 2006). There was
a strong correlation between this phenotype and the observation of a thin white outline
around the nucleus, which looked as though the outer nuclear membrane was separating
from the inner nuclear membrane. This may be expected since the ER is continuous with the
outer nuclear membrane. In some of the dilated and ‘white-coloured’ ER, small grey circles
can be visualised. It is possible that these could be protein aggregates forming as a result of
ER stress inducing drug treatment, or they could be analogous to the unidentified granules
observed by Lee et al., 2005.
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Figure 5.5: (A) and (B) show swollen, disrupted ER and also the "white’ perinuclear space
in the ER-stress D711A-hIRE1a MEFs (B) also verifies that the ER is continuous with
the outer nuclear membrane. Magnification: (A): x20,000 and (B): x15,000. Scale bars
represent a distance of 500 nm.

In the K559A mutant, the level of ER expansion as a result of the stress response being
activated was maybe very slightly less than the WT-hIRE1a and D711A-hIRE1a, but
nonetheless was very badly formed. It lacked both structure and integrity, and was even less
organised than the ER seen in the D711A-hIRE1a mutant. As above, there seemed to be
some correlation with severely swollen ER and the white nuclear perimeter, however, this
phenotype was observed less often than in the D711A-hIRE1a cells.

Figure 5.6: (A) and (B) show disorganise and 'tangled’ ER in the K599A-hIRE1a MEFs
treated with tunicamycin. Magnification: (A): x30,000 and (B): x 20,000. Scale bars
represent a distance of 500 nm.
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5.3: Quantification of TEM results confirms the mutants have a dilated ER

The online random number generator, random.org, was used to generate random numbers
between 1 and the highest number of the photos taken for a specific cell line and treatment.
For example, if 120 photos were taken for the D711A-hIRE 10 mutant, random numbers
were generated between 1 and 120. In total 20 random images were analysed for each cell
line and treatment. Any picture taken below a magnification of 15,000 times was not
quantified. This is because there would have been significant error when measuring the
width of ER lumen, especially in the untreated and tetracycline-treated cells, where the ER
was the most narrow. Omitting these photos would not have biased the results as only a very

small proportion of pictures were taken at low magnification.

The images taken were analysed using ImageJ software. First a randomly offset grid of
crosses was overlaid onto the image. From this three areas of ER were randomly selected for
measurement of the ER lumen width once the appropriate scale has been set. An average
was taken for each image analysed, and then from this, the overall average for the cell line

and treatment was calculated.

Table 5.1: The width in nm of the ER lumen * SE for each cell type and treatment.
‘UNTR’ represents the untreated, control MEFs. ‘Tet’ indicates where only tetracycline
has been added, whereas ‘Tet/Tn’ highlights cells treated with both tetracycline and
tunicamycin.

WT-hIRE1la D711A-hIRE1la K599A-hIRE1a
UNTR Tet Tet/Tn | UNTR Tet Tet/Tn | UNTR Tet Tet/Tn
88.8 + 856+ | 88.7% 895+ 1055 | 2399+ 98.3+ | 86.6+ | 164.7 +
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Figure 5.7: Graphical representation of the data in table 5.1 depicting the variability

between the samples.
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An unpaired t-test was carried out to determine whether the differences between the samples
were statistically significant. The confidence limits were set to 95% and Welch’s correction
was used if the variances between the samples were significantly different in the original t-
test. There was no significant difference between any of the untreated cells. Tunicamycin
treated D711A-hIRE1a and K599A-hIRE1a were both significantly different from one
another (p = 0.02) and also the WT-hIRE1a treated cells (p < 0.0001).

The values obtained for all three untreated cell lines are all quite similar to each other. Most
importantly, all of these values fall within the limits of the average width of the ER lumen,
between 60 and 120 nm (referenced in Klopfenstein et al., 2001). Interestingly, the
measurement achieved for ER-stressed WT-hIRE1a cells also conforms with the average
width, suggesting that the ER proliferates when under stress but provided there is normal
UPR signalling, it does not become dilated and/or unstructured. The two mutants, however,
show a dramatic increase in the ER width, with the most impressive increase being in the
D711A-hIRE1a mutant. Combined with observations from the images taken, it would seem
that the D711A-hIRE1a and K599A-hIRE1a mutants both show the capacity for ER
proliferation but the organelle becomes more disorganised and presumably dysfunctional as
the severity of the mutation increases from D711A-hIRE1a to K599A-hIRE1a. This would
be consistent with the fact that phospholipid synthesis can be controlled by either XBP-1(s)
or ATF6(f), but that specifically organising these phospholipids into sheets and/or tubules of
ER requires hIRE1a kinase activity.

For the D711A-hIRE1a mutant, random pictures were chosen in the same way as described
above, to measure the distance between the outer and inner nuclear membrane. This
measurement was easy to take as the white colour in the perinuclear space made it possible
to distinguish the inner and outer membranes from the background. The average distance
was calculated to be 77.2 nm, which is much greater than the normal perinuclear distance
between 20 and 40 nm (Cohen et al., 2002). The interaction between SUN- and KASH-
domain proteins is thought to anchor the inner and outer nuclear membranes together
(Padmakumar et al., 2005). Therefore, the electronmicrographs suggests that D711A-
hIRE1a may have abnormal or no SUN/KASH-domain interactions in the nuclear
membrane. A random measurement of this distance could not be taken for the K599A.-
hIRE1o mutant, as too few pictures depicted this phenotype and the lack of the ‘space’
between the two membranes would have made it too difficult to measure accurately. It is
surprising that the latter mutant is more similar to the WT in terms of this perinuclear
phenotype. For this reason, it would be useful to characterise xbp-1" or ire1” cells, which
have been reconstituted with a form of IRE1a which possesses kinase function, but lacks

RNase activity.
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5.4: ER-Tracker™ experiments validate the phenotype seen in TEM

Using ER-tracker is a very powerful tool as it enables the user to visualise live cells. Having
observed that ER proliferation occurred in each of the three cell lines upon induction of
stress, it was decided to attempt to quantify the relative volume of ER. Therefore, these
experiments were designed to determine whether the relative ER volume in each of the
tunicamycin-treated cell lines was increased by the same amount compared to their untreated
and tetracycline treated counterparts. If this were the case, it would demonstrate that the
mutants were lacking the capacity to structurally organise their ER but that proliferation was
normal. The use of ER-Tracker™ would also help determine whether or not IRE1a kinase
activity plays a role in ER biogenesis alongside XBP-1(s) and ATF6(f).

The time course of drug treatments was approximately 24 h shorter than that carried out for
electron microscopy due to that fact that further into the treatment the cells start dying and
detaching from the plate, making it difficult to visualise and take ‘live’ pictures in a short
time-frame. These experiments confirmed what was seen in the electron microscopy,
especially for the D711A-hIRE1a mutant. When the UPR was induced in this mutant, the
dye was seen to highlight several swollen, oval-shaped fragments of ER, reinforcing that ER
organisation is not maintained in this mutant. It could be seen that the ER did not form a
smooth continuous network. There appeared to be some swollen ‘blebs’ of ER in the

K599A-hIRE1a mutant, along with a disorganised network around the nucleus.
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Figure 5.8: ER-tracker confocal microscopy images. (A), (C) and (E) represent
tetracycline treated WT-AIRE1a, D711A-hIRE1a and K599A-hAIRE1a MEFs,
respectively. (B), (D) and (F) represent tunicamycin treated WT-hIRE1a, D711A-hIREla
and K599A-hIRE1a MEFs respectively. The arrows in (D) indicate swollen areas of ER in
the D711A-hRIRE 10 mutant, whereas the arrows in (F) show some smaller ‘blebs’ in the
K599A-hIRE 1o mutant. An image representing the untreated WT-AIRE1a can be found
in the appendix. All scale bars represent a distance of 10 um.
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Despite the fact that the ER-tracker experiments validated the observations from TEM, it
was not possible to obtain a value for the amount of ER. For measuring ER volume, a macro
(Wojciechowicz et al., 2013) was modified for use on ImageJ, to quantify the ‘amount’ of
red fluoresence. Theoretically, quantifying this fluorescence for each cell line and treatment
should have given a ‘relative ER volume’ value. However, this could not be implemented
due to that fact that there was some bias in the selection of cells imaged. How this bias arose
is explained below.

Having previously looked at some stained MEFs under the confocal microscope, the
parameters were set to the following:

e Scan speed: x6

e Line average of 2

e Laser intensity of 67.3
o Detector gain of 676

¢ HeNe lamp wavelength of 543 nm

It was important to keep these settings fixed for each picture taken, as otherwise the
brightness of the image would change depending on the scan speed and laser intensity
chosen. This would have effectively deemed this experiment void, as in theory there should
be a positive correlation between the amount of ER present in the cell, and the intensity of

the fluorescence.

Upon first observation, these settings seemed to be appropriate as none of the cells
visualised were either too bright or too dim for the camera. Later however, it became
apparent that some cells had taken up the dye much more effectively than others (as seen in
Figure 5.8 below) and were indeed so bright that an image could not be taken. Thus, there
was an immediate bias in the cohort of pictures taken and quantifying these would not have

given a representative value for the volume of ER in the different cell types.
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Figure 5.9: an example of K599A-AIRE 1o tunicamycin treated MEFs highlighting the
unequal uptake of the ER-tracker dye within a group of cells.

In general, it seemed as though the cells closest to the centre of a clump were the most
brightly stained. For future work, when repeating this experiment, the cells should be
sonicated prior to being seeded for the time course. It might also be advantageous to place
the glass-bottomed plates onto a rocker or shaker for the whole time they are being

incubated with the ER-tracker dye.
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5.5: Discussion

It was established that XBP-1 splicing is very similar in both WT-hIREla and D711A-
hIREla cells, and was undetectable by RT-PCR in cDNA from K599A-hIRE1a cells
(Figure A1.1). However, the fact that there is no visible increase in the amount of ER when
each of the cell lines was treated with tetracycline suggests that XBP-1 splicing alone does
not suffice to induce ER expansion, and that stress is also required. The reason this may not
conform with experiments conducted by Sriburi et al., could be because their XBP-1(s)
transduction may be responsible for producing much higher levels of protein.

Since the treated K599A-hIRE 10 cells show an increase in ER amount comparable to that
seen in the WT-hIRE1o and D711A-hIRE1a cells, it suggests that other proteins apart from
XBP-1(s), such as ATF6, might be sufficient to cause this effect in the absence of XBP-1
splicing, as implied by Bommiasamy et al., 2009. Also, the difference in phenotype between
the two mutant cell lines confirms that the distortions observed in both of them are not
simply a result of cell death (personal correspondence: Dr. M. Goldberg, 19/04/2013,
meeting).

What is most intriguing about these results is the evident loss of control over ER
organisation seen in both ER-stressed mutants. The kinase inactive mutants display a
severely dilated ER, which is sometimes seen in the K599A-hIRE 1o mutant along with a
very distorted ER phenotype. This implies that the kinase domain plays a role in structuring
the ER. The reason the organisation seems worse in the K599A-hIRE 1o mutant could be due
to loss of activity from both domains of IRE1a, with XBP-1 playing a smaller role in

organising the ER.

The results discussed argue that the kinase domain is required for proper organisation of the
ER. If lack of kinase activity is partly responsible for structuring the ER, this helps answer
why the D711A-hIRE1a cells die before the WT-hIRE1a cells, as suggested by the PARP-1
and caspase-3 Western blots, and the MTT assay carried out by Dr.Sutcliffe. It is also
possible that this mutation directly or indirectly caused the increased perinuclear distance
observed in these stressed cells. Immunofluorescence was carried out in all three cell lines
using antibodies against Sun-1 and Nesprin-2 as it was hypothesized that the localisation of
these proteins may have been disturbed in the D711A-hIRE 10 mutant, since they link the
outer and inner nuclear membranes together (Padmakumar et al., 2005). Unfortunately, there
were not enough cells left on the cover slips to make any observations, and therefore this
experiment should be repeated using poly-L-lysine coated cover slips to help the cells adhere
in place while the washes are being done (personal correspondence: Dr. I. Karakesisolou,
26/06/13, meeting).
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Ideally, the TEM and confocal work should be repeated making the above mentioned
changes. Despite the fact that ‘ER-tracker’ dye has been used during activation of the UPR
(Tan et al., 2006) it is possible that the sulphonylurea receptors that the dye binds to (Zhang
et al., 2010) are not as abundant and/or equally distributed during ER stress compared to
during homeostasis. Synthesis of these receptors during ER stress may also be compromised.
Therefore stereological techniques should also be used in conjunction with confocal
microscopy to measure the volume of the ER, provided that non-biased serial sections could
be taken (personal correspondence: Dr. R. Banks, 23/04/2013, meeting). As mentioned in
Chapter 4, the relationship between the kinase domain and ER physiology via the TRB3
route could also provide useful information as to how the structure of the ER is maintained
whilst it is proliferating to cope with ER stress. The kinase domain may indeed play a role in
determining the expression of reticulons and Climp-63 — both of which are required to

structure the ER into the classical tubular network (Shibata et al., 2010).

It would also be very interesting to determine whether there is more smooth ER in relation to
rough ER in either or both of the mutants compared to the WT-hIRE1a. This can be carried
out by separating these two constituents by equilibrium centrifugation and then quantifying

how much there is in each fraction (Alberts et al., 2002).

Finally, it would be useful to show where the human IRE1la proteins are located within the
ER membrane in the three different cell lines. This could be achieved by using
immunofluoresecent labelling of IRE1a, or alternatively, immunogold labelling. In theory,
upon tetracycline induction of each IRE1la form, the protein should become clustered in
groups throughout the ER (Li et al., 2010). This would serve as a good control to prove there

were no differences in the localisation of any of the three forms of human IRE1a.
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Chapter 6

Concluding remarks and future
work
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The principal objective of this project was to determine pathways via which the kinase
activity of human IRE1a may play a role in cell survival downstream of ER stress. Although
no significant changes in PARP-1 and caspase-3 cleavage were found when comparing
D711A-hIREla cells to WT-hIRE 1 a cells, there was a large increase in CHOP expression.
Since CHOP is implicated in cell death (Oyadomari and Mori, 2004) this indicates that the
kinase domain is required as well as endoribonuclease activity for cell survival downstream

of the unfolded protein response being activated.

QPCR data showed that TRB3 expression was also elevated the most in the D711A-hIRE1a
cells. In order to determine a mechanism as to how lack of kinase activity compromises the
cell, it would be useful to investigate Akt activation and expression of proteins it interacts
with using both gPCR and Western blotting. One of these proteins is VCP/p97, which Akt is
known to inhibit (Vandermoere et al., 2006). As described in chapter 4, it was found that
there was a relation between the knockdown of VCP and the phenotype of swollen ER
(Whacjik et al., 2006). This is in agreement with the D711A-hIRE1a phenotype observed by
TEM and confocal techniques in Chapter 5. These data all argue that there is a relationship
between the IREla kinase and the TRB3-Akt axis, however further research is required to
elucidate whether or not this relationship is direct. Analysing this pathway could give some
insights into the role autophagy plays during ER stress in the three different cell lines, as
TRB3 should lift the inhibition on this degradation pathway imposed by mTOR (Salazar et
al., 2009). The LC3 plasmid, which was characterised and prepared for transfection, could

be used to confirm these findings.

gPCR analysis also revealed that certain genes upregulated in the stressed WT-hIRE1a cells
were induced to much lower levels in both of the mutants (not just in the K599A-hIRE1a
cells). EROLL-a, ERDJ4, and HRD1 were essentially reduced to the same levels in
tunicamycin-treated D711A-hIRE1a and K599A-hIRE1a cells, implying kinase function is
required to ensure full expression of these genes encoding chaperones and ERAD proteins.
These interesting differences support the idea that the D711A-hIRE 10 mutant needs to be
properly characterised using microarray and/or RNA sequencing. EDEM1 was also reduced
in the D711A-hIRE 1o mutant, however, not as much as in the K599A-hIRE1a. Loss of
expression of HRD1 and EDEM suggest that the ERAD component of the UPR would also
be less effective in the kinase-dead cells, providing another possible route of explanation as
to why these cells are compromised. To confirm this theory, pulse-chase labelling to
determine the rate of turnover of established ERAD substrates will have to be conducted. As
with the LC3 construct, plasmids containing established ERAD substrates were validated
and prepared for transfection, however time constraints did not allow functional experiments
to be carried out.
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The ATF6 reporter will need to be used to validate whether or not there is an upregulation of
this UPR signal transducer. If there is, then this will explain the increased expression of
certain genes detected by gPCR analysis in the K599A-hIRE1a mutant. It may also be useful
to carry out ChIP assays to show ATF6 binds to the promoters of the genes upregulated in
the latter mentioned mutant. However, one must not rule out the possibility that PERK may
also play a role in changing the transcriptional outcome during ER stress, and therefore
complimentary studies should be carried out using PERK™ MEFs.

Images from microscopy implicate both kinase and RNase in controlling the width of the ER
and structurally organising this organelle under ER stress. It did seem that stress was
required for the ER to proliferate, and not just XBP-1 splicing as previously reported (Sriburi
et al., 2004; Sriburi et al., 2007). Proliferation in the K599A-hIRE1a mutant did seem
slightly less in comparison to the other two cell lines. This is in agreement with the BIP
profile shown in Chapter 3, however Western blotting for a different ER-resident protein
(not inducible by ER stress) would be required for evidence of ER volume, preferably

alongside ER-tracker experiments.

Increased severity of human IRE1a mutation
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Figure 6.1: Summary of experimental findings.

130



The results and future experiments discussed in this thesis should help to map cell decision
pathways downstream of human IREla as part of the UPR. Since UPR-mediated cell death
plays such an important role in health and disease (reviewed in Schrdder and Kaufman,
2005) this work will eventually help ascertain which areas can be targeted to either promote
the survival signals, or dampen cell death massages. It is likely that the kinase can have both
antiapoptotic and proapoptotic roles, depending on the precise cellular conditions. Since
UPR-mediated death is attributed to cell loss in the brain and pancreas in Parkinsonism and
diabetes, respectively, identifying exactly what determines the nature of this kinase activity

has very important medical implications.

As an extension of this work, it would also be informative to use kinase inhibitors, such as
sunitinib (Ali et al., 2011, Korennykh et al., 2011), to question the mechanism of how these
chemicals affect cell fate. Development of inhibitors specific only to IRE1a kinase could
prove particularly useful for inducing death in cancer cells. These cells are believed to
survive the high levels of ER stress caused by their hypoxic and nutrient-poor environment
(Feldman et al., 2005). Elucidating the role of IRE1a kinase holds the key to discovering

therapeutics strategies to combat an array of varying human diseases.
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WT D711A K599A

Time/h 4 8 24

Figure A1.1: RT-PCR carried out by Louise Sutcliffe showing XBP-1 splicing in WT-
hIRE1a, D711A-hIREIa and K599A-hAIRE 1o MEFs. Times indicate treatment with 1
ug/ml tetracycline. Samples are one of three replicates (Sutcliffe, 2012).
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GAPDH
hIREla- Wild Type K599A D711A
Tetracycline 0 1 2 3 47 0 1 2 3 47 0 1 2 3 47
Tug/ml. (days)

Figure A1.2: WB carried out by Louise Sutcliffe showing PARP-1 cleavage in WT-
hIREla, K599A-hIRE]1a, and D711A-hIRE1o MEFs after induction of hIRE1a
expression using tetracycline (Sutcliffe, 2012). The arrow represents the cleaved fragment.
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Figure A1.3: Results of an MTT assay carried out by Louise Sutcliffe, showing relative
viabilities of WT-hIRE1a, K599A-hIRE1a, and D711A-hIRE1a MEFs after 0, 24, and 48
h of 100 ng/ml tunicamycin treatment (Sutcliffe, 2012).
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WT D711A K599A

Time/h 62448 62448 62448 62448 62448 62448
Tetracycline -+ + ++ ++ + - + ++ ++ ++ -+ + ++ + + +
Tunicamycin - - - - -4+ + + - - - - - + + 4+ - - - - -+ + +

Phospho-
IREla

IREla
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Figure A3.1: Western blot showing expression levels of IREla and its phospho-form from
hIREI1a WT, D711A and K599A MEF lysates. — and + indicate absence or presence of the
appropriate drug. Cells treated with tetracycline were harvested after 4 h, then after 6, 24
and 48 h of combined tetracycline and DMSO treatment. ER-stressed cells were harvested
after 6, 24, and 48 h of combined tetracycline and tunicamycin treatment. GAPDH was

used as the loading control.

WT D711A K599A
Time/h 62448 62448 6244862448 62448 62448
Tetracycline - + + + ++ + + - + ++ +++ + - + + ++ + + +
Tunicamycin - - - - -+ + 4+ - - - - -+ +4+ - - - - -+ + +
PARP-1
cleavage
GAPDH

Figure A3.2: Western blot showing levels of PARP-1 cleavage from hIREla WT, D7114
and K599A MEF lysates. The arrow indicates the cleaved fragment. — and + indicate
absence or presence of the appropriate drug. Cells treated with tetracycline were harvested
after 4 h, then after 6, 24 and 48 h of combined tetracycline and DMSO treatment. ER-
stressed cells were harvested after 6, 24, and 48 h of combined tetracycline and
tunicamycin treatment. GAPDH was used as the loading control.
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WT D711A K599A

Time/h 24 48 24 48 24 48
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CHOP
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Figure A3.3: Western blot showing expression levels of CHOP from AIRE1a WT, D711A

and K599A MEF lysates. — and + indicate absence or presence of the appropriate drug.
The time/h indicates how long the cells have been treated with tunicamycin. Untreated
cells were harvested at the end of the time course. Cells treated with tetracycline were

harvested after 48 h of treatment. GAPDH was used as the loading control.

WT D711A K599A
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Tetracycline - + ++++++ -+ + ++ ++ + - +++ ++ + +
Tunicamycin - - - - - + 4+ + - - - - - + 4+ + - - - - - + + +

Phospho-
elF2a

Figure A3.4: Western blot showing expression levels of total elF2a and its phospho-form
from hIREI1a WT, D711A and K599A MEF lysates. — and + indicate absence or presence
of the appropriate drug. Cells treated with tetracycline were harvested after 4 h, then after

6, 24 and 48 h of combined tetracycline and DMSO treatment. ER-stressed cells were

harvested after 6, 24, and 48 h of combined tetracycline and tunicamycin treatment.
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Figure A3.5: Graphical representation of the Western blot image in Figure A2.5. The
bands were quantified using ImageJ and phospho-elF2a/total elF2a was calculated.

WT D711A K599A
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Figure A3.6: Western blot showing expression levels of total JNK and its phospho-form
from WT, D711A and K599A lysates. — and + indicate absence or presence of the
appropriate drug. Cells treated with tetracycline were harvested after 4 h, then after 6, 24
and 48 h of combined tetracycline and DMSO treatment. ER-stressed cells were harvested
after 6, 24, and 48 h of combined tetracycline and tunicamycin treatment.
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WT D711A K599A

Time/h 624 48 6 24 48 6 2448 6 24 48 62448 62448
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LC3

Figure A3.7: Western blot showing expression levels of LC3 from WT, D711A and K599A
lysates. — and + indicate absence or presence of the appropriate drug. Cells treated with
tetracycline were harvested after 4 h, then after 6, 24 and 48 h of combined tetracycline
and DMSO treatment. ER-stressed cells were harvested after 6, 24, and 48 h of combined
tetracycline and tunicamycin treatment. GAPDH was used as the loading control.
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Figure A4.1: Melt curve for the ACTB gene in triplicate. The y-axis represents the change
in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.

44

/7

1
60 65 70 75 80 85 90
°C

Figure A4.2: Melt curve for the BIP gene in triplicate. The y-axis represents the change in

fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.3: Melt curve for the BLOS1 gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.4: Melt curve for the CHOP gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.5: Melt curve for the COLS6 gene in triplicate. The y-axis represents the change

in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.6: Melt curve for the EDEML1 gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.7: Melt curve for the EPHRINB2 gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.8: Melt curve for the ERDJ4 gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.9: Melt curve for the ERO1L-a gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.10: Melt curve for the EROLL-$ gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.11: Melt curve for the GADD34 gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.12: Melt curve for the GALNT10 gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.13: Melt curve for the GRP94 gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.14: Melt curve for the HEDJ gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.15: Melt curve for the HERP gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.16: Melt curve for the HGSNAT gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.17: Melt curve for the HRD1 gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.18: Melt curve for the MAP7d1 gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.19: Melt curve for the p58'™* gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.20: Melt curve for the PDGFRB gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.21: Melt curve for the PMP22 gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.22: Melt curve for the RAMP4 gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.23: Melt curve for the SRP20 gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.24: Melt curve for the TRB3 gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A.4.25: Melt curve for the TRIM16 gene in triplicate. The y-axis represents the
change in fluorescence (F) over the change in temperature (T), and the x-axis shows the
temperature in °C. The single peak represents the PCR product.
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Figure A4.26: Qualitative repeat of the HRD1 expression profile determined by gPCR
analysis using Rotor-Gene Q software. FAST 2xreal-time PCR MasterMix with SYBR
Green was used. — and + indicate absence and presence of tetracycline and/or
tunicamycin, respectively. Tetracycline-only treatment was for 48 h. The time is the
number of hours that ER-stress was induced for. The average C; value error was + 0.48.
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Figure A4.27: BLOSL expression profile determined by gPCR analysis using Rotor-
GeneQ software. 2xreal-time PCR MasterMix with SYBR Green was used. — and +
indicate absence and presence of tetracycline and/or tunicamycin, respectively.
Tetracycline-only treatment was for 48 h. The time is the number of hours that ER-stress
was induced for. The average C, value error was + 0.13.
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Figure A4.28: COLG6 expression profile determined by gPCR analysis using Rotor-Gene
Q software. 2xreal-time PCR MasterMix with SYBR Green was used. —and + indicate
absence and presence of tetracycline and/or tunicamycin, respectively. Tetracycline-only
treatment was for 48 h. The time is the number of hours that ER-stress was induced for.
The average C; value error was * 0.24.
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Figure A4.29: EPHRINB2 expression profile determined by gPCR analysis using Rotor-
Gene Q software. 2xreal-time PCR MasterMix with SYBR Green was used. —and +
indicate absence and presence of tetracycline and/or tunicamycin, respectively.
Tetracycline-only treatment was for 48 h. The time is the number of hours that ER-stress
was induced for. The average C; value error was + 0.29.
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Figure A4.30: GALNT10 expression profile determined by gPCR analysis using Rotor-
Gene Q software. 2xreal-time PCR MasterMix with SYBR Green was used. — and +
indicate absence and presence of tetracycline and/or tunicamycin, respectively.
Tetracycline-only treatment was for 48 h. The time is the number of hours that ER-stress
was induced for. The average C, value error was + 0.24.
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Figure A4.31: MAP7d1 expression profile determined by gPCR analysis using Rotor-
Gene Q software. 2xreal-time PCR MasterMix with SYBR Green was used. —and +
indicate absence and presence of tetracycline and/or tunicamycin, respectively.
Tetracycline-only treatment was for 48 h. The time is the number of hours that ER-stress
was induced for. The average C, value error was + 0.16.

148



PDGFRB

1.3
1.2
1.1
1.0
o 0.9
2 0.8 _ —
S_—j 0.7 o
0.6
©
o 05
L 04
0.3
0.2
0.1
0.0 -y L
Tetracycline + + + + ri—
Tunicamycin - - + + - - + + - -+ +
Time/h 24 48 24 48 24 48
wWT D711A K599A

Figure A4.32: PRDFRB expression profile determined by gPCR analysis using Rotor-
Gene Q software. 2xreal-time PCR MasterMix with SYBR Green was used. — and +
indicate absence and presence of tetracycline and/or tunicamycin, respectively.
Tetracycline-only treatment was for 48 h. The time is the number of hours that ER-stress
was induced for. The average C, value error was + 0.27.
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Figure A4.33: Qualitative repeat of the SRP20 expression profile determined by gPCR
analysis using Rotor-Gene Q software. FAST 2xreal-time PCR MasterMix with SYBR
Green was used. —and + indicate absence and presence of tetracycline and/or
tunicamycin, respectively. Tetracycline-only treatment was for 48 h. The time is the
number of hours that ER-stress was induced for. The average C; value error was +0. 28.
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Figure A5.1: Untreated hIRE1a WT MEF cells incubated with ER-tracker dye. This
image represents all untreated cell lines. The scale bar represents a distance of 20 um.
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