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Abstract 

Endoplasmic reticulum (ER) stress is associated with several human pathologies 

including neurodegenerative disorders. ER stress results in accumulation of 

unfolded proteins which activates the unfolded protein response (UPR).  Heat shock 

proteins (HSP) are stress-inducible cyto-protective proteins which mediate the heat 

shock response (HSR). We investigated whether heat shock (HS) preconditioning 

can block ER stress-induced apoptosis. Treatment of cells with ER stress-inducing 

drugs caused cell death. Heat shock preconditioning prior to ER stress treatment 

significantly reduced cell death and reduced levels of the pro-apoptotic protein, 

BIM. Overexpression of HSPB1 could mimic the effect of HS on expression levels of 

BIM. We conclude that HS is protective against ER stress-induced cell death, partly 

through HSPB1-mediated reduction BIM.  

 HSPB1 acts as a suppressor of cell death however its role in ER stress-induced 

apoptosis has not been elucidated. Using PC12s overexpressing HSPB1 we 

investigated the molecular mechanism by which HSPB1 protects against ER stress-

induced apoptosis and regulates the expression of BIM. Overexpression of HSPB1 

reduced ER stress-induced apoptosis. Examination of signalling pathways critical to 

the regulation of BIM identified HSPB1 as a regulator of the proteasomal 

degradation of BIM. This was in part due to HSPB1 enhancing phosphor-ERK levels. 

Moreover knockdown of BIM effectively inhibited the protective effects of HSPB1 

highlighting the importance of HPSB1 mediated regulation of BIM in protection 

against ER stress.  

Mutations in HSPB1 are associated with Charcot Marie Tooth (CMT) disease, a 

peripheral neuropathy. We found that cells which overexpress mutant HSPB1 are 

more sensitive to ER stress-induced apoptosis and have high levels of BIM. 

Collectively we have identified a novel function for HSPB1 as a regulator of ER 

stress-induced apoptosis, a function which is lost in HSPB1 CMT associated 

mutations.
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 Programmed cell death 1.1

 

The concept of a regulated from of cell death was first proposed in 1965 (Lockshin, 

1964). In the past five decades the associated research field has grown considerably 

and there are now 13 acknowledged biochemically-diverse forms of programmed 

cell death including anoikis, apoptosis, autophagic death, cornification, entosis, 

mitotic catastrophe, necroptosis, parthanatosis, pyroptosis and ferroptosis (Dixon 

et al., 2012, Galluzzi et al., 2012). The different modalities can be difficult to 

distinguish and in addition it is proposed that in certain cases, a continuum of cell 

death processes occurs simultaneously (Galluzzi et al., 2009). 

 

 Introduction to apoptosis 1.2

 

Apoptosis is necessary for embryonic development and morphogenesis which is 

exemplified by the developmental defects in mice that lack key components of the 

apoptotic pathway (Degterev A, 2003). In the adult organism, apoptosis enables 

homeostatic control of cell death and removal of damaged, aged cells or 

superfluous cells in a manner that escapes unwanted activation of the immune 

system (Taylor et al., 2008). Dysregulation of apoptosis is associated with a number 

of pathological processes; resistance to apoptosis can cause autoimmune disease, 

dysregulated wound healing, and cancer (Wang and Kaufman, 2012). Excessive 

apoptosis is linked with inflammatory diseases and neurodegenerative diseases 

such as Alzheimer’s disease, Huntington’s disease, Amyotrophic Lateral Sclerosis 

(ALS) and Parkinson’s disease (Doyle et al., 2011). Given its over-arching roles in 

human health, deciphering the precise mechanism of apoptosis is paramount to the 

design of novel therapeutic targets. 

Apoptosis is a tightly regulated, genetically encoded form of programmed cell 

death. Morphologically, apoptosis is characterized by condensation of chromatin 
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(pyknosis), cytoplasmic shrinkage, membrane blebbing, nuclear fragmentation 

(karyorrhexis) and formation of apoptotic bodies (Elmore, 2007, Galluzzi et al., 

2012). The biochemical features of apoptosis include mitochondrial outer 

membrane permeabilization (MOMP), loss of mitochondrial membrane potential 

(Δψm), release of intra-mitochondrial space proteins, respiratory chain inhibition, 

caspase activation, DNA fragmentation and plasma membrane alterations which 

cause the cells to be recognised by phagocytes and ultimately engulfed. Studies in 

C. elegans provided the first insight into the genetic components of programmed 

cell death (Yuan et al., 1993). In this organism, 131 of 1090 cells undergo PCD by a 

process that is genetically mediated by CED-3 CED-4, CED-9 and EGL1 (Lettre and 

Hengartner, 2006). Apoptosis is highly conserved; however, higher eukaryotes have 

more sophisticated and fine-tuned regulatory mechanisms.  

 

 Classification of caspases 1.3

 

Caspases (cysteine dependent aspartate specific proteases) are a family of 14 

proteases which are the orthologues of CED-3. The enzymatic properties of 

caspases are governed by a dominant specificity for protein substrates containing 

Asp and by the use of a Cys side chain in the caspase active site that is necessary for 

catalyzing peptide bond cleavage. 

Caspases can be loosely classified based on their main role in apoptosis (caspases -

3, -6, -7, -8, -9) or primary role in inflammation (caspases -1, -4, -5, -11(murine) and 

-12). It is difficult to classify caspase-2, caspase-10 and caspase-14 using this system 

as they have clear roles in both cellular processes. This dualistic (apoptotic versus 

inflammatory) approach to caspase classification is overly simplistic as most 

apoptotic caspases have at least one additional non-apoptotic function. For 

example, caspase-3 is necessary for diverse functions such as erythroid maturation, 

thrombopoiesis and osteoblast differentiation (Galluzzi et al., 2008). Similarly the 
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‘inflammatory’ caspase, caspase-14, has a role in protection against UVB radiation 

(Denecker et al., 2008). Inflammatory caspases are also capable of inducing a form 

of cell death termed pyroptosis which is associated with massive activation of 

inflammatory cells (Strowig et al., 2012). 

Within the apoptotic group of caspases, the terms apical/initiator pertains to 

caspases -2, -8, -9 and -10 which initiate the apoptotic cascade while 

effector/executioner caspases (caspases -3, -6, -7) describe caspases that carry out 

execution of the cell (Lettre and Hengartner, 2006). Structurally, initiator and 

executioner caspases are differentiated by their pro-domain length with the former 

possessing a long pro-domain while the latter contains a short pro-domain (Kumar, 

2006). The pro-domains of initiator caspases contain homotypic protein interaction 

motifs which facilitate protein-protein interactions, such as a caspase activation and 

recruitment domain (CARD) in caspase-9 and caspase-2 and Death Effector Domains 

(DED) domains in the case of caspase-8 and caspase-10 (See Fig 1.1 for details). 

 

 

 

 

 

 

Fig.1.1 Classification of caspases. Caspases can be functionally subdivided into Effector 

caspases, Initiator caspases and inflammatory caspases. Effector caspases have a short 

pro-domain while initiator have a long pro-domain. Death Effector domains (DED) are 

depicted in red. Caspase activation and recruitment domains (CARD) are depicted in purple. 

Small subunits are in grey and large subunits are in green. 

 Activation of caspases 1.4
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All caspases are synthesized as inactive zymogens consisting of a pro-domain long 

or short, one large domain (~20 kDa) and one small domain (~10 kDa). Activation 

increases the catalytic activity of caspases by several orders of magnitiude 

(Earnshaw et al., 1999). Initiator caspases are present in the cell as monomers with 

dimerization resulting in inter-chain autocatalytic cleavage and activation. Within 

the cell, caspase dimerization is facilitated by protein platforms or activating 

complexes, which provide a focal point to concentrate caspases, leading to 

proximity-induced activation and autocleavage (Shi, 2004). In the case of caspase-9 

this complex is termed the apoptosome. The caspase 8/10 activating complex is 

called the Death Inducing Signalling Complex (DISC) (Sessler et al., 2012). 

Inflammatory caspases also require an activating complex namely, the PIDDosome 

in the case of caspase-2, and the inflammasome in the case of caspases -1, -4 and -

5. 

The repertoire of initiator caspase substrates is limited to the executioner caspases 

and BH3 interacting-domain death agonist (BID) in the case of caspase-8. 

Executioner caspases are present as dimers in non-apoptotic cells. Proteolytic 

cleavage by initiator caspases between the long and short subunits leads to 

reorganization of the molecule favouring formation of an active catalytic site 

(McIlwain et al., 2013). This sequential model of activation serves to prevent 

inappropriate activation of executioner caspases. In contrast to the initiator 

caspases, executioner caspases have a wide range of targets enabling the 

characteristic demolition of the cell that occurs during apoptosis (Shi, 2004, Taylor 

et al., 2008, Pop and Salvesen, 2009). 

 

 The extrinsic pathway 1.5

 

Apoptosis is classified as an intrinsic or extrinsic process wherein the former is 

activated by cell stressors emanating from within the cell, while the latter is 
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activated by extracellular stressors. The intrinsic pathway activates caspases via the 

apoptosome, while the extrinsic pathway utilizes the DISC to induce caspase activity 

(Mace and Riedl, 2010). Ultimately both pathways converge at the level of 

activation of executioner caspases (Tait and Green, 2010). Activation of the 

extrinsic apoptosis pathway is initiated at cell surface death receptors which are 

members of the tumour necrosis factor (TNF) receptor gene family. Death receptors 

are characterized by the presence of an 80 amino acid cytoplasmic sequence which 

encodes a death domain (DD) (McIlwain et al., 2013). Mammals express 8 DD-

containing receptors namely Tumor Necrosis factor Receptor 1 (TNFR1), Fas 

Receptor (FasR), Death Receptor 3 (DR3), Death Receptor 4 (DR4), Death Receptor 5 

(DR5), Death Receptor 6 (DR6) and p75 neurotrophin receptor (p75NTR). Death 

receptors are activated cognate ligands of the Tumor Necrosis Factor (TNF) family 

of cytokines or of the neurotrophins including  Nerve Growth Factor (NGF), Brain 

Derived Neurotrophic Factor (BDNF), Neurotrophin 3 (NT-3) and Neurotrophin 4 

(NT-4) in the case of p75NTR (Sessler et al., 2012). The DD of the receptor is crucial 

for transmitting the death signal into the cell. Ligands bind to death receptors via 

the DD, which leads to receptor trimerization and activation (Li et al., 2013). This 

stimulates recruitment of adaptor proteins thereby providing a platform that 

enables binding of signal transduction proteins (Galluzzi et al., 2012). The outcome 

for the cell depends on which adaptor proteins bind and culminates in either 

apoptosis via activation of caspase-8 and or caspase-10, or alternatively adaptive 

responses are mediated by NF-κB and MAPK (Guicciardi and Gores, 2009). 

Recruitment of Fas Associated Death Domain (FADD) leads to formation of the 

Death Inducing Signalling Complex (DISC), a casapse-8 activating complex. Activated 

caspase-8 proteolytically processes and activates executioner caspases -3 and-7 

(Sessler et al., 2012). Cells in which sufficient levels of caspase -8 are activated to 

lead to activation of executioner caspases are termed type one cells. In some cell 

types, termed type II cell activation of caspase-8 is insufficient to cause direct 

activation of caspase-3. In this instance the intrinsic apoptotic pathway is engaged 

via caspase-8  mediated cleavage of BID to tBID. This acts to amplify the apoptotic 
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signal (Ozoren and El-Deiry, 2002). Such activation occurs in such as hepatocytes 

and pancreatic β cells. 

 

 The intrinsic pathway 1.6

 

The intrinsic apoptosis pathway, or mitochondrial pathway is activated by 

withdrawal of pro-survival factors or an increase in pro-apoptotic factors. This leads 

to mitochondrial outer membrane permeabilization (MOMP) and release of 

apoptogenic factors from the mitochondrial inter membrane space and the matrix 

such as cytochrome c, Second mitochondrial-derived activator of caspases (SMAC), 

also known as Direct IAP binding protein with low pl (Diablo), and Omi stress 

regulated endoprotease/ high temperature requirement protein A2 (HTRA2) 

(Cecconi et al., 2010). This is a crucial event for driving initiator caspase activation 

and subsequent apoptosis. SMAC and HTRA2 negate the caspase inhibitory effect of 

XIAPs (x-linked inhibitors of apoptosis) (Tait and Green, 2010). Cytochrome c, in 

conjunction with Apoptotic protease activating factor 1 (Apaf-1), pro-caspase-9,  

and the cofactor dATP/ATP, form the apoptosome (Olson and Kornbluth, 2001, 

Szegezdi et al., 2009). Apaf-1, which is the CED-4 homologue, is the core 

component of the apoptosome. Apaf-1’s CARD domain facilitates interaction with 

capsase-9 while the WD-40 repeats mediate interaction with cytochrome c and a 

nucleotide binding domain enables interaction with ATP. The ultrastructure of the 

apoptosome has been resolved revealing a wheel shaped complex in which the 

CARD and nucleotide binding domains form the centre of the wheel with the WD-

40 repeats forming the spokes  (Acehan et al., 2002). Specifically, the apoptosome 

increases the catalytic activity of caspase-9 resulting in activation of downstream 

effector caspases including caspases-3, -7 and -6. 

 The BCL-2 family 1.7
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Death signalling events at the mitochondria and subsequent release of apoptogenic 

factors are arbitrated by a family of proteins called the BCL-2 family. In mammals 

there are 15 core BCL-2 proteins with varying degrees of structural similarity in 

short amino acid motifs called BH (BCL-2 homology) domains designated BH1-4. 

Family members are classified as pro-apoptotic and include the multi domain 

members BAX and BAX (containing BH1, 2, and 3) and the BH3 only proteins (BOP) 

BAD, BIM, BIK, BID, PUMA, BMF, HRK and NOXA whose sequence homology to the 

other family members is restricted to the BH3 domain. BIM, BAD and BMF are 

intrinsically disordered proteins. Anti-apoptotic BCL-2 (aaBCL-2) members, BCL-XL 

and MCL-1, BCL-w, BCL-2A1 and BCL-B generally have all 4 BH domains with the 

exception of MCL1. aaBCL-2 proteins are the orthologous of CED-9 and BOPs are 

ortholuges of EGL-1. Many of the BCL2 proteins including BCL-2, BCL-XL and MCL-1, 

BCL-w, BCL-B, BAX, BAK, BOK, HRK and BIK also express a transmembrane domain 

(See Fig. 1.2). The dynamic interplay between these proteins regulates MOMP. 

MOMP is necessary for caspase activation and apoptosis in response to most 

apoptotic stimuli in vertebrates. MOMP is considered a critical step in the apoptotic 

cascade and a ‘point of no return’ for cells, as cells will eventually die even in the 

absence of caspase activity (Tait and Green, 2010).  
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Fig. 1.2 The BCL2 family. The BCL2 family is subdivided into anti-apoptotic members, multi-domain 

apoptotic members and BH3 only proteins. The transmembrane domain (TM) is depicted in grey, the 

BH2 domain is depicted in yellow, BH3 is depicted in blue and BH4 is depicted in red. 
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 BCL-2 proteins exist in an inactive conformation in viable cells often in the form of 

heterodimers of anti-apoptotic and pro-apoptotic proteins. Depending on the 

specific death signals and the particular cell type, transcriptional and post-

transcriptional modifications alter the dynamic balance between anti-apoptotic and 

pro-apoptotic members leading to MOMP (Bouillet and Strasser, 2002). BAX and 

BAK are the direct mediators of MOMP via formation of a pore in the mitochondrial 

membrane which leads to activation of the apoptosome. The requirement of BAX 

and BAK for formation of MOMP is demonstrated by a lack of MOMP in BAX-/- BAK-/- 

cells (Wei et al., 2001). While it is clear that BAX and BAK are necessary for MOMP 

the precise mechanism by which they are activated is unclear. One of the key 

questions is how are IMS components of the mitochondria are released. Potential 

mechanisms include a BAX/BAK forming channel called mitochondrial-apoptosis 

inducing channel (MAC), modulation of existing mitochondrial channels such as the 

mitochondrial permeability transition pore complex via BAX/BAK (PTPC) or 

modulation of voltage gated anion channels by BAX/BAK (Tait and Green, 2010). 

 

BAX/BAK activation and therefore MOMP, is regulated by the aaBCL2 proteins and 

BOPs. Anti-apoptotic proteins inhibit MOMP, whereas members of the BH3-only 

subfamily induce MOMP (Youle and Strasser, 2008). In unstressed cells BAX is a 

soluble cytosolic protein due to its transmembrane domain being buried within the 

globular structure of the protein. A small fraction of the total BAX pool is loosely 

attached to the mitochondria and ER (Zhong et al., 2003) Cell stress leads to 

dramatic changes in the cellular location and structural conformation of BAX. 

Specifically, cell stress leads to interaction of BAX with activator BOPs BIM, PUMA 

or tBID which results a conformational alteration leading to exposure of an N-

terminal mitochondrial targeting epitope, which is normally buried in inactive BAX 

(Gavathiotis et al., 2010). The structural alteration is also thought to facilitate 

insertion of BAX into the mitochondria. Unlike BAX, BAK is constitutively expressed 
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at the mitochondria where it is bound to VDAC2, MCL1 and BCL-XL, with a small 

proportion residing at the ER (Zong et al., 2003).  

 BAX/BAK activation 1.8

 

The precise mode of BAX and BAK activation is still not fully elucidated and is a 

contentious issue in the apoptosis field (Bouillet and Strasser, 2002). A major issue 

of debate in the field is whether BH3-only proteins bind directly to BAX and BAK 

(termed the direct activation model) or if they act by displacing anti-apoptotic 

proteins from BAX and BAK thereby neutralizing their inhibitory effect on BAK and 

BAX (termed the indirect activation or displacement model (Leber et al., 2007) . The 

direct activation model classifies BH3-only proteins as activators or sensitisers. In 

this model, BIM, tBID and PUMA are classed as activators as they have the ability to 

bind directly to BAX and BAK causing their activation (Marani et al., 2002, Zhang et 

al., 2009, Shamas-Din et al., 2013, Vela et al., 2013). These proteins can also 

potentially bind all five anti-apoptotic BCL-2 proteins, as proposed in the indirect 

activation model. The second class of BH3- only proteins, which includes BAD, BMF, 

BIK, HRK, and NOXA, act as sensitizers that cause the release of BH3 only proteins. 

BOPs are bound to anti-apoptotic proteins for which they have high affinity (see 

figure 1.3 for binding affinity (Leber et al., 2007, Ku et al., 2011). 
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Fig. 1.3 Interactions between members of the BCL2 family. BIM, BID, and PUMA acts as 

direct activators while BAD, BMF, BIK, HRK and NOXA act as sensitizers. Some BOPs can 

interact with all 5 aaBLC2 proteins while some such as BAD and NOXA display specificity. 

Direct activators such as BIM, BID and PUMA directly bind to BAX/BAK leading to activation. 

Sensitizers such as BAD, BMF, HRK, BIK and NOXA promote BAX/BAK activation by 

sequestering anti-apoptotic proteins away from BAX/BAK. 

 

The displacement model was proposed due initial lack of evidence showing direct 

interaction between BOPs and BAX/BAK. This model proposes that BAX and BAK are 

constitutively active and their activity is suppressed by binding of anti-apoptotic 

BCL-2 proteins. It is proposed that BH3-only proteins, once activated, displace the 

anti-apoptotic BCL-2 proteins leading to activation of BAX and BAK. Therefore the 

displacement model dictates that anti-apoptotic proteins negate the action of pro-

apoptotic proteins by direct interaction (Chipuk et al., 2010). It is difficult to resolve 

how membrane bound BCL-2 proteins could interact with cytosolic BAX. However It 

has been proposed that once at the mitochondria, BCL-2 proteins may act as 
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dominant negative regulators of BAX by competing for membrane insertion 

(Renault et al., 2013). One caveat of these models is that they assign a passive role 

for the membrane in activation of BAX and BAX. In fact BH3-only proteins only 

recruit and activate anti-apoptotic proteins by changing their conformation at the 

membrane. Leber et al (2007) proposed the ‘embedded together model’ in which it 

is suggested that BCL-2 proteins insert into the membrane where they change 

conformation leading to alterations in function (Leber et al., 2007).Recruitment of 

cytoplasmic anti-apoptotic BCL-2 to the membrane by all pro-apoptotic BCL-2 

proteins has been proposed where the anti-apoptotic proteins inhibit activator 

BH3-only proteins. Sensitizer BH3-only proteins could displace anti-apoptotic BCL-2 

proteins from BH3-only proteins and BAX and BAK leading to activation of BAX/BAK 

(Shamas-Din et al., 2010). BAX and BAK form homo-oligomers during apoptosis, a 

phenomenon that is necessary for apoptosis. Oligomerization is facilitated by 

structural alterations which occur during activation (Westphal et al., 2011). 
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 Cellular Stress 1.9

 

Organisms commonly encounter a wide variety of environmental insults. These 

insults have deleterious effects on critical bio-molecules such as proteinS, lipids and 

DNA resulting in modifications that inhibit optimal functioning. To maintain cellular 

homeostasis certain programs, termed cellular stress response (CSR), are initiated 

(Kültz, 2003). CSRs include the heat-shock response (HSR), the Endoplasmic 

Reticulum Unfolded Protein Response (UPRER), the Mitochondrial Unfolded Protein 

Response (UPRMT) and autophagy (Fulda et al., 2010), to name but a few (Fulda et 

al., 2010). A cell’s overriding response to cell stress is to initiate protective 

mechanisms to restore homeostasis. However in certain situations this is an 

insurmountable task and cell death ensues. 

 

1.9.1 Proteostasis 

 

Cell stress responses are considered cardinal components of the proteostasis 

network (PN), the guardian of protein homeostasis. The PN network is responsible 

for maintenance of proteostasis throughout the life of a protein, encompassing 

processes such as transcription, translation, protein localization, folding and 

degradation (Cohen and Dillin, 2008). This requires a complex interconnected 

network of molecular chaperones and co-factors, protein degradation systems and 

signalling pathways all of which which act in concert to protect the proteome. 

Organisms have a proteome in excess of 10,000 different protein species, which is 

dictated largely by the genome. Proteins are synthesized as linear chains of amino 

acids whose primary structure must be folded to yield the final functionally active 

protein. Protein folding occurs in crowded cellular environments subjecting this 

process to numerous opportunities for error (Hartl et al., 2011). Molecular 

chaperones help prevent inappropriate interactions within and between non-native 
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polypeptides, enhance the efficiency of de novo protein folding and promote the 

refolding of proteins that have become mis-folded as a result of cellular stress 

(Muchowski and Wacker, 2005). The dynamic nature of proteins dictates a constant 

need for molecular chaperones to prevent abnormal interactions which could have 

potentially toxic effects for the cell. A cohesive understanding of how cells regulate 

proteome stability is lacking and remains a fundamental and urgent question (Hutt 

et al., 2009). 

The importance of the quality control mechanism mediated by the PN is 

demonstrated by the many examples of disease resulting from loss of proteostasis 

(Kultz, 2005, Fulda, 2010). Neurodegenerative diseases are characterized by 

accumulation of mis-folded and/or aggregated protein and are commonly late-

onset illnesses. Mis-folded proteins are detrimental to the cell due to the toxic 

effects of the mutated proteins and through alteration of other protein functions 

through unwanted interactions. It has been suggested that the decline in the 

function of CSRs and proteostasis is a contributing factor to age-associated 

neurodegenerative diseases (Ben-Zvi et al., 2009, Douglas and Dillin, 2010). Indeed 

the dogma of ageing as a passive deterioration of cell viability is being challenged 

by studies showing a clear genetic involvement in the ageing process (Blanka, 

2011). In particular CSRs have been implicated in the ageing process, and 

manipulation of CSRs can extend lifespan and improve responses to cell stress 

(Taylor and Dillin, 2013). Loss of stress responses is associated with induction of 

apoptosis under stress conditions (Sreedhar et al., 1999) 

 

 The ER and the unfolded protein response (UPR) 1.10

 

The UPR is a signalling pathway emanating from the endoplasmic reticulum (ER), a 

double membrane bound organelle consisting of a network of sacs and tubules 

called cisternae. Physiologically the ER has a number of functions with particular 
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emphasis on protein quality control. It is the site of synthesis of membrane and 

secretory proteins (Palade, 1975) with approximately 30% of all cellular proteins 

entering the ER for posttranslational modification (Truettner et al., 2009). The ER 

takes part in the folding of proteins into their native conformation and in post-

translational modification of proteins, including N-linked protein glycosylation and 

disulphide bridge formation. It is responsible for the transport of newly synthesized 

proteins to the cis-golgi apparatus where further post-translational modifications 

occur (Teasdale and Jackson, 1996, Ellgaard and Helenius, 2003). Finally it acts as a 

quality control centre for proteins, targeting mis-folded proteins for degradation in 

a process termed ER-associated protein degradation (ERAD)(Jentsch, 1993). ERAD 

will be discussed later in the text. ERAD, along with autophagy, are responsible for 

the removal of mis-folded or unassembled proteins from the protein folding 

machinery and targeting them for degradation (Ravikumar et al., 2002, Meusser et 

al., 2005). The lumen of the ER is an oxidizing environment, which is required for 

proper protein folding and formation of disulphide bonds (Frand et al., 2000). In 

addition, the ER is a major internal calcium store (Schröder, 2008). 

Sarco/Endoplasmic Reticulum Ca2+-ATPase (SERCA) pumps are active transporters 

of Ca2+ working against a concentration gradient, pumping Ca2+ into the ER and 

resulting in Ca2+ levels in the lower millimolar range. The high concentration of Ca2+ 

within the ER is required for the activity of Ca2+-dependent molecular chaperones 

and foldases that aid in protein folding e.g calreticulin and calnexin (Nigam et al., 

1994). 

In recent years our understanding of the ER and its functions has greatly expanded. 

Where we once thought of the ER as an independent organelle, it is now apparent 

that the labyrinth of ER encompasses important functional contact points with 

other cytoplasmic organelles, including the mitochondria, Golgi, nuclear envelope, 

lysosomes, endosomes, peroxisomes and plasma membrane (Rowland and Voeltz, 

2012). The cells numerous CSR pathways mentioned in 1.9 acts in concert to restore 

cellular homeostasis. The UPR co-operates with various stress pathways including 

autophagy to regulate cell fate (Deegan et al., 2013). 
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Cellular conditions such as nutrient deprivation, alterations in glycosylation, 

disruption of calcium homeostasis or protein mutations that produce aberrant 

proteins, impede ER proteostasis leading to a state of ER stress (Gorman et al., 

2012b). The cells initial and rapid response to ER stress involves the activation of a 

set of pro-survival signalling pathways termed the Unfolded Protein Response 

(UPR). This coordinated biochemical response to ER stress allows cells to deal with 

ER stress – however, if the stress is prolonged or excessive, apoptosis ensues (Doyle 

et al., 2011). Numerous pathological conditions are associated with ER stress 

including cancer and neurodegenerative diseases (Healy et al., 2009, Doyle et al., 

2011). 

 

1.10.1 Stress sensing by the UPR 

 

In mammals, the three major ER stress sensors are IRE1 (inositol requiring 1; ERN1, 

endoplasmic reticulum-to-nucleus signalling 1), PERK [double-stranded RNA-

activated protein kinase (PKR)-like ER kinase; PEK, pancreatic eukaryotic initiation 

factor 2α kinase; EIF2AK3] and ATF6 (activating transcription factor 6) (Ron and 

Walter, 2007). IRE1 and PERK are type I transmembrane proteins with protein 

kinase activity, whereas ATF6 is a type II transmembrane protein encoding a 

transcription factor (Schroder and Kaufman, 2005). The ER-luminal domain of PERK, 

IRE1 and ATF6 interacts with the ER chaperone and HSPA1 homologue, HSPA5 

(glucose-regulated protein 78). However, upon accumulation of unfolded proteins, 

HSPA5 dissociates from these molecules, leading to their activation (Schroder and 

Kaufman, 2005). Activation of PERK, IRE1, and ATF6 initiates a network of 

intracellular signalling pathways during the UPR (Doyle et al., 2011, Gorman et al., 

2012a). 

The ER’s response to cell stress can be divided into three stages. Firstly the stress 

inducing stimuli are sensed by the UPR pathway (Initializing phase). The second 

stage sees protective mechanisms initiated in response to the stress (Adaptive 
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phase), and finally, if the stress is unresolved cell death occurs (Execution phase) 

(Szegezdi et al., 2006).  

 

1.10.2 Initiation phase 

 

IRE1 exists in two highly conserved isoforms, IRE1α and IRE1β. IRE1α is expressed 

ubiquitously, whereas the expression of IRE1β is limited to respiratory and digestive 

epithelial cells (Zhang et al., 2011b). IRE1α knockout mice are embryonically lethal 

while IRE1β-/- mice are viable (Iwawaki et al., 2009, Tsuru et al., 2013). The 

cytoplasmic domain of IRE1 contains a serine/threonine kinase domain, the 

purpose of which is to activate downstream targets including a C-terminal 

endoribonuclease domain (Korennykh and Walter, 2012). Activation of the 

endoribonuclease domain requires binding of ATP or ADP in the active site of the 

kinase. The mechanism of action of IRE1 has been the subject of much debate 

(Korennykh and Walter, 2012). Originally it was thought that ER stress leads to 

dissociation of HSPA5 from IRE1 resulting in autophosphorylation of IRE1α and 

activation of its RNAse activity. Subsequent studies have found that IRE1 can be 

activated in response to stress independent of HSPA5 (Pincus et al., 2010). The 

sensor domain of IRE1 has a peptide binding domain similar to the peptide-binding 

groove of major histocompatibility complex I (MHCI). Gardner and Walter (2012) 

demonstrated that the sensor domain of yeast IRE1 can bind hydrophobic peptides, 

which leads to oligomerization of IRE1 and subsequent activation of its kinase and 

ribonuclease (RNase) domains. Therefore, the primary activator of IRE1 appears to 

be direct interaction with unfolded proteins, with HSPA5 fine-tuning the response. 

It is thought the role of HSPA5 is to deactivate IRE1 by maintaining sufficient ER 

stress sensing monomers of IRE1 (Korennykh and Walter, 2012). In this way the ER 

luminal domain of IRE1 can act as a stress sensor (Korennykh and Walter, 2012). 

See Fig. 1.4 for details 
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Fig. 1.5 Activation of the IRE1 pathway. Activation of IRE1 leads to non-conventional 

splicing of XBP1 and synthesis of ERAD transcripts, Chaperone and phospholipid synthesis 

genes. 

 

PERK is an ER-associated transmembrane serine/threonine protein kinase. It 

belongs to a family of eIF2α kinases which includes PKR (protein kinase double-

stranded RNA-dependent), GCN2 (general control non-derepressible-2), and HRI 

(heme-regulated inhibitor) (Donnelly et al., 2013). PERK knockout mice are viable 

and are born at normal Mendelian rate’s however, they develop diabetes at an 

early age, a phenotype that is recapitulated in humans with Wolcott-Rallison 

syndrome, known also to be caused by mutations in PERK (Lin et al., 2008). 

Upon accumulation of unfolded proteins in the ER lumen HSPA5 dissociates from 

the sensor domain of PERK leading to its dimerization. This produces a back-to-back 

interface which facilitates trans-autophosphorylation on residues Thr980 and 

Tyr615 of PERK. Phosphorylation stabilizes the activation loop and causes a 

structural change in the alpha helix αC, priming PERK for ATP hydrolysis and docking 
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of its substrate eukaryotic translation initiation factor 2 alpha (eIF2α) (see Figure 

1.5) (Korennykh and Walter, 2012, Donnelly et al., 2013). The PERK sensor domain 

is not well studied and it is unknown if it can bind misfolded proteins. However, 

given the high degree of sequence homology with the sensor domain of Ire1 (47%), 

it is plausible that PERK is also activated by direct interaction with mis-folded 

proteins (Korennykh and Walter, 2012). 

 

Fig. 1.5. Activation of the PERK pathway by ER stress. Activation of the PERK pathway 

causes general protein translation arrest via eIF2α 
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In mammals, there are two alleles of ATF6, ATF6α (90 kDa) and ATF6β (110 kDa) 

and both are synthesized in all cell types as ER transmembrane proteins. A number 

of other tissue-specific bZIP transcription factors that localize to the ER have been 

identified including OASIS, CREBH, LUMAN/CREB3, CREB4 and BBF2H7. The precise 

function of these proteins is unclear but they may serve to tailor the UPR to the 

needs of specific cell types (Asada et al., 2011). In unstressed cells, ATF6 is localized 

at the ER membrane and is bound to HSPA5 (Haze et al., 1999). Dissociation from 

HSPA5 exposes two golgi localizing sequences (GLS) in ATF6 leading to its 

translocation to the golgi apparatus via COP II vesicles. It is unknown if unfolded 

proteins directly activate ATF6, or if possibly HSPA5 dissociation permits full 

activation of ATF6 (Haze et al., 1999). In line with this, removal of the HSPA5 

binding site on ATF6 with retention of the GLS leads to constitutive translocation of 

ATF6 to the golgi, suggesting that HSPA5 is the primary modulator of ATF6 

activation. At the golgi, ATF6 undergoes proteolytic processing to yield an active 

transcription factor. This modification is mediated by site-1 protease and site-2 

protease which cleave ATF6 in the luminal domain. The processed forms of ATF6α 

and ATF6β translocate to the nucleus and bind to the ATF/cAMP response element 

and to the ER stress responsive element (ERSE) to activate target genes (Asada et 

al., 2011). See Fig. 1.6 for details. 
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Fig. 1.6. Activation of the ATF6 pathway by ER stress. ER stress causes dissociation of 

HSPA5 from AFT6 facilitating its transport to the Golgi Apparatus where is undergoes 

sequential cleavage by S1 and S2 proteases. This generates an active transcription factor 

which enters the nucleus and increases expression of ERAD and molecular chaperone 

genes as well as XBP1.  

 

1.10.3 Adaptive phase of the UPR: Damage control 

 

Multiple mechanisms are activated by the UPR with the aim of reducing the load of 

nascent proteins, these include eIF2α phosphorylation, co-translational degradation 

of ER located proteins, autophagy, ER-associated degradation (ERAD) and ER 

expansion. 
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PERK-mediated phosphorylation of eIF2α on Ser51 blocks the binding of Met-tRNA 

to the ribosome thereby reducing the recognition of the AUG initiation codon. This 

results in a general translational arrest (Harding et al., 1999). The pro-survival 

effects of blocking translation are exemplified by Salubrinal, a selective inhibitor of 

eIF2α dephosphorylation. Salubrinal has been shown to be protective in ER stress-

induced apoptosis in cardiomyocytes (Chun-Lei Liu, 2012) and Aβ induced ER stress 

leading to apoptosis in neuronal cells (Yuan et al., 2012). An additional mechanism 

to reduce the load of nascent proteins at the ER is co-translational degradation of 

ER localized proteins (Oyadomari et al., 2006). These mechanisms provide 

protection over the short term but are not compatible with cell function over the 

long-term and are therefore reversible processes. ER expansion acts to dilute the 

concentration of mis-folded proteins and is dependent on phospholipid synthesis. 

This may also assist in protein refolding as protein folding is more efficient at low 

concentration due to a reduction in the propensity to aggregate (Schuck et al., 

2009). 

The UPR engages two degradation pathways to remove mis-folded proteins namely 

autophagy and ERAD. These pathways serve as quality control measures by 

ensuring proper and safe removal of mis-folded proteins, thus preventing illicit 

protein interactions. Proteins are selected for degradation via the ERAD pathway by 

ER resident proteins including HERP, EDEM, and HSPA1 family of proteins. Targets 

exit the ER via retro-translocations created by SEC61 with Derlin protein also 

contributing (Willer et al., 2008). The driving force for elimination of ERAD targets 

from the ER seems to be ubiquitination, which ensures that, once in the cytosol, 

ERAD targets are rapidly degraded (Brodsky, 2012). The ERAD pathway feeds into 

the ubiquitin-proteasome pathway. Autophagy provides adaptive responses during 

ER stress where it serves to eliminate misfolded proteins and damaged organelles 

(Deegan et al., 2013). The combined action of these processes mediates a reduction 

in the load of nascent proteins arriving at the ER and the removal of mis-folded 

proteins, giving the cells a window of opportunity to resolve the cellular stress. 
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1.10.4 Adaptive phase of the UPR: Induction of transcription factors 

 

One of the most salient features of the UPR is the induction of a cohort of 

transcription factors. Although phosphorylation of eIF2α inhibits general translation 

initiation, it paradoxically increases translation of cap-independent mRNA such as 

activating transcription factor 4 (ATF4) (Lu et al., 2004), activating transcription 

factor 5 (ATF5) and activating transcription factor 3 (ATF3) due to preferential 

processing of mRNAs with internal ribosomal entry sites (IRES). ATF4 leads to 

induction of Growth Arrest/DNA Damage Inducible 34 (GADD34) which results in to 

de-phosphorylation of eIF2α via protein phosphatase 1 thereby relieving the 

translational block. ATF4 also induces genes involved in folding, redox balance, 

amino acid metabolism and autophagy. ATF4 helps cells adapt to cell stress and 

provides pro-survival signals. However, under conditions of chronic cell stress, AFT4 

is associated with induction of apoptosis. In addition to eIF2α, the bZiP Cap ‘n’ 

Collar transcription factor, nuclear respiratory factor 2 (NRF2), is also a substrate of 

PERK (Cullinan and Diehl, 2006). NRF2 is retained in the cytoplasm through its 

association with the microtubule-associated protein KEAP1 (Kelch-like Ech-

associated protein 1) (Cullinan and Diehl, 2006). Upon ER stress, PERK-mediated 

phosphorylation of NRF2 promotes its dissociation from KEAP1, leading to the 

nuclear accumulation of NRF2 (Cullinan and Diehl, 2006). NRF2 binds to the 

antioxidant response element (ARE) to activate transcription of genes encoding 

detoxifying enzymes. 

Studies with ATF6–/– cells have recently shown that ATF6 is responsible for 

transcriptional induction of a cohort of ER proteins which include chaperones such 

as HSPA5 and HSPC4 (GRP94), folding enzymes like protein disulphide isomerase, 

and ER-associated degradation (ERAD) components (Wu et al., 2007a). ATF6 is also 

responsible for induction of XBP1, which is a target of IRE1-mediated 

endoribonuclease activity (Calfon et al., 2002). Activated IRE1 excises a 26-
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nucleotide sequence from XBP1 mRNA. IRE1-mediated XBP1 mRNA splicing causes 

a shift in the reading frame, such that spliced XBP1 (XBP1s) mRNA encoding a 376 

amino acid protein is produced. XBP1s possesses a potent transcriptional 

transactivation domain in its C-terminal region (Calfon et al., 2002). XBP1 targets 

include the ERAD genes HERP and EDEM as well as the HSP40 family member p58IPK  

which acts as a cofactor for HSPA5. XBP1s also increases expression of genes 

involved in phospholipid synthesis, which is required for the expansion of the ER 

during stress conditions (Sriburi et al., 2007). 

 

1.10.5 Decision time 

 

The decisive switch that determines the change from an adaptive ER stress 

response to a maladaptive one remains enigmatic. The amplitude and kinetics of 

the stress response appear to determine cell fate. In a graded fashion, low doses of 

ER stress inducers only increase expression of pro-survival genes. Additionally it was 

found that specific oligomeric configurations of IRE1 have divergent signalling 

outputs. Such switches in signalling may utilize additional components that may act 

to fine tune the stress response. Such modulators have been termed the UPRosome 

and include HSPs that can modulate UPR signalling, such as HSPA1 mediated 

regulation of IRE1, or stabilize the UPR sensors as is the case for HSPC1 (Marcu et 

al., 2002, Gupta et al., 2010). Additional regulator mechanisms include post-

translational modification of the UPR sensors, for example de-phosphorylation of 

IRE1 by PP2A, and ribosylation of PERK and IRE1 by PARP16, which acts to enhance 

their downstream signalling outputs (Jwa and Chang, 2012). Finally recent studies 

have highlighted the key role of microRNAs in modulating cell fate in response to 

cell stress (Gupta et al., 2012, Cawley et al., 2013). 

1.10.6 Execution phase of ER stress 
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Overall, it is thought that ER stress-induced apoptosis occurs via the intrinsic 

pathway and it is well documented that ER stress leads to activation of executioner 

caspases (Morishima et al., 2002, Szegezdi et al., 2008). To this end, caspase-3 

knock out MEFs are resistant to ER stress-induced cell death, but the identity of the 

initiator caspase involved in ER stress induced apoptosis is less clear. Identification 

of the ER resident caspase-12 which is cleaved in response to ER stress saw a period 

of intense research into its potential role in the regulation of ER stress-induced 

apoptosis. However, conflicting reports emerged on the response of caspase-12 

knockout MEFS with some stating it has no role, while others have reported it as 

the caspase responsible for ER stress-induced cell death (Kalai et al., 2003). The 

relevance of caspase-12 as the regulator of ER stress-induced apoptosis is called 

into question due to the fact the several inactivating mutations occur in human 

caspase-12 producing truncated proteins (Fischer et al., 2002). However, it may still 

mediate ER stress-induced apoptosis in other species where caspase-12 is present 

and functional, e.g., rat and mouse models. Caspase-4 has high homology to 

caspase-12 and its expression and cleavage is increased during ER stress. It has 

therefore been suggested that caspase-4 may perform the function of caspase-12 in 

human cells. More recently, caspase-2 has been linked to ER stress. It was shown 

that caspase-2 is activated during ER stress leading to cleavage of BID (Upton et al., 

2008). Inhibition of caspase-2 confers resistance to ER stress–induced apoptosis. 

Interestingly, direct modulation of caspase-2 by the UPR has been demonstrated. 

The IRE1-RIDD pathway causes degradation of microRNAs that normally act to 

suppress capsase-2 (Upton et al., 2012) .  

CHOP, also known as growth arrest and DNA damage-inducible gene 153 

(GADD153), is a member of the C/EBP family that heterodimerizes with other 

members of the C/EBP transcription factor family. This 29 kDa factor is expressed at 

low levels in unstressed cells but is strongly induced in response to numerous 

cellular stressors including UV light, genotoxic agents, glucose deprivation and 

amino acid starvation and ER stress (Zinszner et al., 1998b, Maytin et al., 2001). 

(Reimertz et al., 2003b). The CHOP promoter contains at least two ERSE motifs. 
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CHOP is induced as early as 4 hours following Thapsigargin (TG) treatment and 

remains elevated throughout the UPR response (Reimertz et al., 2003b).  

CHOP can be induced by all three arms of the UPR, however the induction of CHOP 

by ER stress is almost fully attenuated in PERK null cells and in eIF2aS51A cells 

which express an non-phosphorylatable form of eIF2a. These results suggest that 

the PERK/eIF2a pathway is the primary mediator of CHOP induction. However, the 

ATF6 and Ire1/XBP-1 signalling pathways are still required for optimal induction of 

CHOP during ER stress (Harding et al., 2000). 

CHOP is composed of two known functional domains, an N-terminal transcriptional 

activation domain and a C-terminal basic-leucine zipper (bZIP). Deletion of domain 

fragments has established that the apoptosis inducing effects are due to the bZIP 

domain. However, the amino-terminal region contains phosphorylation sites which 

serve as regulatory regions for CHOP activity; Ser79 and Ser82 of CHOP are 

phosphorylated by the p38/MAP kinase family following cellular stress leading to 

enhanced transcriptional activation (Wang and Ron, 1996). Paradoxically, the 

PERK/eIF2α/ATF4 pathway transiently suppresses CHOP mRNA via microRNA 

mediated repression (Chitnis et al., 2012). This effect likely reflects initial attempts 

by the PERK arm to allow cells to recover from the stressor. It has been shown that 

cIAPS functions as an E3 ubiquitin ligase promoting ubiquitination and degradation 

of CHOP in β-cell survival following ER stress (Qi and Xia, 2012). Therefore, different 

cell types may have evolved additional mechanisms to deal with CHOP and ER 

stress. 

It has been shown that mouse embryonic fibroblasts derived from CHOP-/- animals 

exhibited significantly less cell death when challenged with ER-stress inducing 

agents compared to wild type (Zinszner et al., 1998b). In contrast to the defined 

mechanism of CHOP induction, the downstream mechanisms of CHOP-induced cell 

death are less well defined. CHOP’s pro-apoptotic effects are linked to modulation 

of BCL2 family members and enhanced production of reactive oxygen species (ROS) 

(McCullough et al., 2001). Caspase-11 has been reported to act downstream of 



Chapter 1: Introduction 

 

- 28 - 

 

 

CHOP to induce cell death by activating death effector caspases -1 and -3 (Fradejas 

et al., 2009). CHOP can bind to the promoter region of pro-apoptotic BIM increasing 

its expression as well as transcriptionally down-regulating BCL-2 and in this way it 

induces cell death (Puthalakath et al., 2007). Expression of CHOP is not sufficient to 

bring about ER stress-induced apoptosis as CHOP-deficient mice are only partially 

resistant to ER stress-dependent cell death (Zinszner et al., 1998a). 

Additional pro-death inducing signals emanating from the PERK arm include p53-

mediated induction of BH3 only proteins (BOPs). By activating NFKB, PERK leads to 

transcriptional induction of p53. This potent tumor suppressor enters the nucleus 

where it drives expression of PUMA and NOXA. P53 knockout mice are partially 

resistant to ER stress, and fail to induce PUMA and NOXA causing attenuated 

apoptosis (Li et al., 2006, Lin et al., 2012). 

It has been demonstrated that differential oligomerization of IRE1 has divergent 

effects on cell fate (Bouchecareilh et al., 2011). The best characterized target of 

IRE1 is XBP1 however IRE1 is also capable of inducing cell death via activation of 

regulated IRE1 dependent decay (RIDD) and JNK. RIDD is a conserved pathway that 

mediates degradation of mRNAs. Still relatively new to the ER stress field, the list of 

RIDD substrates is rapidly growing but is known to include genes involved in 

lipogenesis and lipoprotein metabolism (So et al., 2012) and in particular ER 

localized mRNAs (Gaddam et al., 2013). 

JNK belongs to the superfamily of mitogen activated protein kinases, which includes 

ERK and P38. The pro apoptotic inducing abilities of JNK have been demonstrated in 

response to a variety of cellular stressors including NGF withdrawl, TNFα and 

staurosporine. This activity is linked to the intrinsic pathway as JNK fails to induce 

apoptosis in BAX/BAK knock out cells. Activated IRE1 can bind to tumor necrosis 

factor (TNF)-receptor-associated factor 2 (TRAF2), an adaptor protein that 

promotes activation of c-JUN terminal kinase (JNK) through apoptosis signal-

regulating kinase 1 (ASK1) (Urano et al., 2000). This process seems to be regulated 
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by calpains as MEFS lacking calpains fail to induce JNK following ER stress and are 

subsequently protected from ER stress induced apoptosis (Tan et al., 2006).  

The primary means by which JNK induces apoptosis is via regulation of the BCL2 

family, as JNK can phosphorylate BCL2 and BCLXL thereby inhibiting their anti-

apoptotic ability. Secondly JNK can cause phosphorylation of a conserved 

phosphorylation site on BIML and BMF (S65) causing their release from dynin and 

myosin motor complexes (Lei and Davis, 2003). JNK is also capable of 

phosphorylating BIMEL on S65 which enhances its pro-apoptoic capacity (Putcha et 

al., 2003). Furthermore JNK can enhance translocation of BAX to the mitochondria 

(Tsuruta et al., 2004).  

It is apparent from all of the above that the precise mechanism of ER stress induced 

cell death and the regulation of such mechanism remains to be determines. 

 

 The heat shock response (HSR) 1.11

 

The heat shock response (HSR) is one of the most ancient and evolutionarily 

conserved cytoprotective mechanisms found in nature (Ritossa, 1996). Following 

exposure to environmental insults cells dramatically increase the production of a 

group of highly conserved protein that lead are collectively known as Heat Shock 

Proteins (HSPs). As their name suggests, HSPs were originally found to be up-

regulated after exposure to elevated temperatures (Lindquist, 1986, Morimoto, 

1998). For all living organisms, even minor increases in temperature above the 

optimum represent a severe stress. This is predominantly due to the deleterious 

effects of excess temperature on protein leading to protein unfolding and 

aggregation. In fact many of the morphological and phenotypic effects of excess 

temperature are due to deregulation of protein homeostasis (Richter et al., 2010). 

It has been suggested that the heat shock response is not a response to excessive 

temperature per se, rather it is an adaptive response to unfolded protein 
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accumulation (Richter et al., 2010). The heat shock response is induced by a wide 

variety of stressors that are associated with accumulation of mis-folded proteins 

including ischemia, hypoxia (Kinouchi et al., 1993), oxidative stress (Gomer et al., 

1996), increased intracellular calcium and energy depletion (Mosser et al., 1990), 

heavy metals (Bauman et al., 1993), and infection (Nagasawa et al., 1992). 

Expression of heat shock proteins is strongly induced in response to proteasomal 

inhibition (Bush et al., 1997). In addition, diseases such as cancer and 

neurodegenerative diseases are associated with aberrant expression of heat shock 

proteins (Westerheide and Morimoto, 2005). This supports the hypothesis that the 

heat shock response is initiated in response to mis-folded proteins. Severe heat 

stress leads to irreversible changes and cell death. However, a mild heat stress can 

provide protection against a later thermal challenge in a phenomenon known as 

‘thermo- tolerance’ (Lindquist, 1986, Morimoto, 1998, Richter et al., 2010). In 

general, preconditioning with mild stressors can protect against a later, more 

severe insult (Leak et al., 2006). Interestingly, “crossprotection” is also possible: 

HSPs induced by one type of stress provide protection against an array of 

subsequent stressors (Lindquist, 1986, Morimoto, 1998, Richter et al., 2010). 

The heat shock response can be divided into three stages. Firstly the stress inducing 

stimulus is sensed by the CSR pathway (Initializing phase). The second stage sees 

protective mechanisms initiated to response to the stress (Adaptive phase). Finally, 

if the stress is unresolved cell death occurs (Execution phase). 

 

1.11.1 Stress sensing by the HSR 

 

The heat shock response is sensed and activated by a family of heat shock factors 

(HSF). Invertebrates express just one HSF, HSF1, while mammals express four HSF 

proteins (HSF1, 2, 3, 4). HSF1 is the major stress responsive transcription factor in 

mammalian cells. In support of this is the observation that HSF1 knockout MEFs are 
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unable to induce HSP70 in response to thermal stress, while HSF2 knockout MEF 

cells induce HSP70 normally.  

HSF1 is constitutively expressed in an inactive form in the cytoplasm of unstressed 

cells. Three models have been proposed to explain the activation of HSF1 by cellular 

stress. The finding that HSPs interact with HSF1 led to the theory that in response 

to cell stress, HSPs dissociate from HSF1 to restore proteostasis thereby freeing up 

HSF1 and allowing for its activation. In a negative feedback mechanism, the 

increased expression of HSPs will eventually accumulate to a level at which 

sufficient HSPs are expressed so that complexes with inactivated HSF1 can be 

reformed. Alternatively, HSF1 is reported to exhibit auto-inhibitory ability via 

interaction of discrete domains thereby preventing oligomerization. Data 

demonstrate that HSF1 can directly ‘sense’ cell stress as determined by in vitro 

assays for HSF1 activation/oligomerization, following challenges such as heat shock, 

treatment with H2O2 , acidic pH and increased intracellular calcium levels (Björk and 

Sistonen, 2010). 

Expression of HSP genes is dependent on the presence of short nucleotide 

sequences known as heat shock elements (HSEs) located upstream in the promoter 

region of heat shock responsive genes. HSEs serve as binding sites for HSFs. 

Interestingly, HSF1 binding per se does not lead to induction of HS targets. HSFs are 

able to act as both activators and repressors in a targeted gene-dependent manner. 

In some instances binding of HSF1 will only lead to activation of a target when co-

activators are present. For example the co-factor Strap forms a complex on the 

promoter of Hsp70 with HSF1 and p300, leading to increased acetylation of the 

target gene. This complex was shown to be necessary for optimal induction of 

Hsp70. Studies have shown that cofactors operate with HSF1 in stress-specific 

conditions to induce HSPs. Induction of the HSF target gene CUP1, by glucose 

starvation in yeast, is dependent on the Snf1 kinase, while CUP1 induction by heat 

shock occurs in a HSF1 dependent Snf1 kinase independent manner (Hahn and 
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Thiele, 2004). This stressor specific modulation explains how components of the 

HSR are utilized by different stress pathways to increase HSPs. 

 

1.11.2 Mediators of the HSR 

 

The heat shock response leads to an increase in approx. 100 genes with diverse 

functions, including molecular chaperones (HSPs), components of the 

ubiquitination pathway, RNA- and DNA-modifying enzymes, metabolic and 

detoxifying enzymes, transcription factors or kinases, proteins involved in 

intracellular transport and membrane-modulating proteins (Richter et al., 2010, 

Velichko et al., 2013). 

 

HSPs, are divided into five groups based on molecular weight. HSPA (HSP70, HSPH 

(HSP110), HSPC (HSP90), DNAJ (HSP40) and HSPB (small HSP) (Kampinga et al., 

2009). HSPs and their close constitutively expressed relatives function as 

“molecular chaperones”, proteins that guard against “illicit or promiscuous 

interactions” between other proteins (Craig et al.,1993; Benjamin and McMillan, 

1998). These chaperones protect the proteome from the dangers of mis-folding and 

aggregation by facilitating protein folding, trafficking, complex assembly, and 

ubiquitination, as well as proteasomal degradation (Balch et al., 2008). This 

protection is achieved via a number of ways including through de novo protein 

folding, re-folding of mis-folded proteins and oligomer assembly (Hartl et al., 2011). 
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1.11.3 HSPA (HSP70) family 

 

The human genome encodes 13 HSPA family members. 

HSP70 family members display a high degree of sequence and domain homology. 

Additional characteristics include (i) a conserved ATPase domain at the N-terminus; 

(ii) a middle region with protease sensitive sites; (iii) a flexible C-terminal peptide 

substrate binding domain (SBD) (iv) a G/P-rich C-terminal region containing an 

EEVD-motif that enabes the proteins to bind co-chaperones and other HSPs. 

In cooperation with other chaperones, the HSPA family carries out numerous house 

keeping functions many of which rely on the chaperoning function of HSPA 

proteins. Examples include prevention of protein aggregation, refolding of 

misfolded or aggregated proteins and folding and translocation of newly translated 

polypeptides. In addition, the HSPA family coordinates trafficking of proteins 

between cellular compartments (Daugaard et al., 2007) These chaperones 

participate in all of these processes through their ability to recognize nonnative 

conformations of proteins. Alternation between the ATP state with low affinity for 

clients and the high affinity ADP state is tightly regulated by several classes of 

associated proteins, or co-chaperones. If the protein cannot be refolded then 

degradation is favoured. HSPA1 enhances degradation via its co-chaperone CHIP (C-

terminus of HSPA1 interacting protein) which is an ubiquitin ligase. When 

interacting with HSPA1, CHIP ubiquitinates target proteins leading to proteasomal 

degradation (Turturici et al., 2011). 
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1.11.4 HSPH (HSP110) 

 

The human genome encodes 4 HSPH members (HSPH1-4). This family is highly 

homologous to the HSPA family with the HSPH members expressing a longer linker 

region and like the HSPA family, HSPH proteins prevent protein aggregation. HSPH 

proteins primarily act as nucleotide exchange factors for the HSPA family but they 

have also been shown to be able to refold mis-folded luciferase in the absence of 

HSPA proteins (Kampinga et al., 2009) . 

 

1.11.5 HSPC (HSP90) 

This family is made up of five members (HSC1-5).In humans the most prominent 

members of this abundant family are HSPC2 (HSP90α) and  HSPC3 (HSP90β) The 

two isoforms share a high degree of homology (86%) and many studies do not 

differentiate between the two isoforms because for a long time they have been 

considered as having the same function in the cells. However, this notion is now 

being challenged and the two isoforms have some unique functions. The HSPC 

family functions as part of a multichaperone complex via association with a variety 

of co-chaperones and client proteins that rely on the complex for maturation and 

stability. The primary role of HSPC1 is in maintaining the conformation of its client 

proteins many of which are tyrosine kinases such as BRAF, steroid hormone 

receptors or signalling proteins such as the transcription factors p53. HSPC1 has 

also been shown to modulate the stability of the UPR sensor IRE1 (Marcu 2002).  

 

1.11.6 DNAJ (HSP40) 

 

DNAJ is a family of HSPA1 co-chaperones. The ATPase activity of the HSPA1 family is 

critical for their activity and is a process that is regulated by DNAJ proteins. 
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Therefore DNAJ proteins are important for determining activity of HSPA proteins 

and stabilizing interactions with client proteins (Kampinga et al., 2009).  

 

 Small heat shock family- members – HSPB 1.12

 

The sHSPB group is a family of molecular chaperones consisting of ten members 

which can be classified into two functional categories: Class I sHSPs (HSPB1/ HSP27, 

CRYAB/HSPB5, HSPB6/ HSP20, and HSPB8/ H11) which are ubiquitously expressed, 

and the Class II sHSPs (HSPB2, HSPB3, HSPB7/ cvHsp, CRYAA/ HSPB4, HSPB9, and 

ODF1/HSPB10), which display tissue-restricted patterns of expression (Taylor and 

Benjamin, 2005). sHSPs are the most widely expressed HSPs however they are 

highly diverse in sequence, size, client protein specificity and function (Vos et al., 

2008a). The tissue-specific expression of sHSPs again points to functional diversity. 

In addition, mutations in the various sHSPs leads to diverse pathologies. However 

sHSPs do share certain characteristic features; (i) a conserved -crystallin domain 

(ACD), (ii) a small molecular mass of 12−43 kDa, (iii) formation of large oligomers 

and (iv) a dynamic quaternary structure and ATP independent chaperone activity. 

sHSPs are classed as holdases, which are molecular chaperones that bind to client 

proteins thereby keeping them in a state that is competent for either refolding by 

ATP dependent HSPS such as HSPA1 or degradation. (Haslbeck et al., 2005, 

Parcellier et al., 2006). The α-crystallin domain is a ~90 residue sequence located in 

the C-terminal of sHSPs. This region is a highly structured β-pleated sheet with 

several contact points allowing oligomer formation and stabilization (Kim et al., 

1998).  

In contrast to other regions of sHSP, the ACD is highly structured and is a hot spot 

for many disease-causing mutations (Baranova et al., 2011). The N-terminal of 

sHSPs has low sequence homology, with the exception of a highly conserved 

proline-phenylalanine-rich region containing one or two WD/EPF hydrophobic 
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motifs (WDPF) (Theriault et al., 2004). The N-terminus also possesses many 

regulatory post-translational modification sites, which regulate quaternary 

structure. It appears that although the α-crystallin domain is important in 

oligomeric-complex formation, the N-terminal residues before the α-crystallin 

domain are necessary not only for complex formation but also for chaperone 

activity (Theriault et al., 2004). This is due to the role of phosphorylation in the 

regulation of cellular location and activity of sHSPs. Depending on the oligomeric 

state sHSPs have different client proteins and binding partners, and cell stressors 

lead to rapid phosphorylation of sHSPs causing de-oligomerization. Therefore, it is 

has been suggested that the phosphorylation status and structural organization of 

sHSPs acts as an intracellular stress sensor leading to initiation of adaptive 

strategies (Arrigo, 2013). sHSPs are capable of homo-oligomerization and hetro-

oligomerization giving an infinite number of conformational states with potentially 

diverse functions. The effects of the chimeric oligomers formed by sHSPs is only 

beginning to be studied and it is speculated that hetro-oligomers have different 

client protein profiles to homo-oligomers (Arrigo, 2013). Thus far only a handful of 

studies have investigated the formation of hetro-complexes formed by WT and 

mutant HSPBs. It seems that presence of mutated HSPBs alters oligomer size 

(Arrigo, 2013, Nefedova et al., 2013)  

In addition to be being constitutively expressed, some members, namely HSPB1, 

HSPB5, HSPB6 and HSPB8 are stress inducible (Bartelt-Kirbach and Golenhofen, 

2013). HSPB11 is a controversial member of the HSPB family. It was identified in 

2007 as novel heat-inducible HSP with anti-apoptotic properties (Bellyei et al., 

2007). However, sequence and structural analysis showed it does not have an ACD 

domain which is the defining feature of the HSPB family (Guido et al., 2010). 

 

1.12.1 Functions of HSPB1 

 



Chapter 1: Introduction 

 

- 37 - 

 

 

The HSPB1 family have diverse functions including inhibition of apoptosis and 

regulation of cytoskeleton dynamics. HSPB1 specifically inhibits activation of 

capases by interacting with cytosolic cytochrome c and preventing apoptosome 

formation (Bruey et al., 2000b, Concannon CG, 2001). Moreover HSPB1 can also 

prevent release of cytochrome c from the mitochondria. This effect is not due to 

the ability of HSPB1 to retain cytochrome c in mitochondria, rather HSPB1 has a 

stabilizing effect on the mitochondria via binding to F-actin preventing cytoskeletal 

disruption, Bid intracellular redistribution and cytochrome c release (Paul et al., 

2002b). A proportion of cyctolic cytochrome c has been show to interact with 

HSPB1 thereby reducing efficacy of apoptosome formation (Bruey et al., 2000b). 

Therefore HSPB1 can act both up stream and downstream of the mitochondria to 

modulate cytochrome c. HSPB1 can also directly associate with caspase-3. This 

protein-protein interaction was demonstrated in vivo and with purified proteins. 

Interaction of HSPB1 and the amino-terminal prodomain of caspase-3 inhibits the 

second proteolytic cleavage necessary for caspase-3 activation (Voss et al., 2007). 

HSPB5 has also been shown to inhibit the autocatalytic maturation of caspase-3 

(Kamradt et al., 2002). 

HSPB1 was reported to inhibit conformational BAX activation, oligomerization and 

translocation to the mitochondria following metabolic stress. No direct interaction 

was found between HSPB1 and BAX, rather HSPB1 promotes interaction of AKT, a 

pro-survival kinase with BAX. Specifically, HSPB1 prevents AKT inactivation by 

promoting PI3-Kinase activity, an upstream activator or AKT (Havasi et al., 2008b). 

HSPB1 and AKT are reported to co-exist in a signal complex with p38 MAPK, MK2 

which  phosphorylates AKT on Ser-473 (Rane et al., 2003). HSPB1 regulates AKT 

activation and promotes cell survival by scaffolding MK2 to the AKT signal complex 

(Wu et al., 2007b) 

In instances when mis-folded proteins cannot be refolded, proteasomal 

degradation of the potentially toxic protein occurs. Proteins are flagged for 

proteasomal degradation in a step wise fashion via the ubiquitin pathway. Ubiquitin 
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is a highly expressed cytosolic protein which is classed as the smallest HSP (8 kDa). 

Ubiquitin is considered a HSP because it contains an HSE in the promoter region 

and its primary function is to target proteins for removal via the ubiquitin-

proteasome pathway. The importance of ubiquitination in cell stress and 

proteostasis is demonstrated by the fact that increased ubiquitin-dependent 

degradation can replace the essential requirement for HSP induction (Friant et al., 

2003). 

The proteasome is the main intracellular proteolytic machinery in higher eukaryotic 

cells. It is found in both the nucleus and cytoplasm. It consists of a  multi-subunit 

complex formed by a 20S proteolytic core and two 19S regulatory subunit complex 

which are involved in degradation of ubiquitin-tagged proteins and also in some 

cases non-ubiquitinated substrates (Jariel-Encontre et al., 2008) 

Ubiquitination is a multi-step emzymatic pathway involving three classes of 

enzymes, E1 or ubiquitin activating enzyme, E2 or ubiquitin conjugating enzyme, 

and E3 or ubiquitin protein ligase (Fang and Weissman, 2004). This process leads to 

degradation of the tagged protein by the 26S proteasome complex with release of 

free and reusable ubiquitin catalyzed by ubiquitin-recycling enzymes (Fang and 

Weissman, 2004). (Fang and Weissman, 2004). E1 forms a thiol-ester bond between 

its active site cysteine and the carboxyl-terminal glycine of ubiquitin. The activated 

ubiquitin on E1 is subsequently transferred to the active site cysteine of an E2 by 

transesterification. E3 binds ubiquitin-charged E2 and substrate and facilitates 

formation of an isopeptide linkage between the carboxyl-terminal glycine of 

ubiquitin and an internal lysine residue on the substrate, or an ubiquitin already 

attached to the protein (Fang and Weissman, 2004). Substrate specificity is largely 

determined by the E3 ligase(Fang and Weissman, 2004). All known E3s identified so 

far contain either a HECT (homologous to E6-associated protein C-terminus) domain 

or RING (really interesting new gene)-finger motifs. Multi-ubiquitin chains are 

assembled via an isopeptide linkage between the lysine residue of the previous 

ubiquitin and the C-terminal glycine residue of the next ubiquitin. Different multi-
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ubiquitin chains can be formed, depending on the lysine residues used for 

ubiquitin–ubiquitin linkage. Linkage type and chain length seem to influence the 

fate of the conjugate.  Chains of four or more ubiquitin moieties linked via Lys48 of 

ubiquitin, promote proteasomal degradation of the substrates. By contrast, Lys63-

linked multi-ubiquitin chains, and also mono-ubiquitin, seem to have non-

proteolytic functions, such as signal transduction. It was recently shown that 

efficient multi-ubiquitination of some substrates requires additional conjugation 

factors. Such factors act as a scaffold to dock E3 ligases with their substrate or to 

catalyse an extension of the multi-ubiquitin chain in collaboration with E1, E2, and 

E3 and have been termed E4 enzymes. Therefore E4 ligases can be defined as an 

E3-like enzyme that cooperate with a substrate-specific ubiquitination machinery to 

increase the efficacy.  

HSPB1 has been shown to enhance proteasome activity (Parcellier et al., 2003, 

Lanneau et al., 2010). HSPB1 specifically binds to ubiquitin and preferentially 

interacts with poly-ubiquitinated species increasing their degradation in response 

to stress (Parcellier et al., 2003, Lanneau et al., 2010). Interestingly HSPB1 was 

found to specifically enhance degradation of proteins. Expression of HSPB1 leads to 

enhanced degradation of p27 KIP1  and IκBα while having no effect on other cell cycle 

proteins such as cyclin E, cyclin D1 cyclin A or β-catenin (Parcellier et al., 2003, 

Lanneau et al., 2010). HSPB1 can target mutant proteins such as cystic fibrosis 

transmembrane conductance regulator and mutant HSPB5 for degradation  (Ahner 

et al., 2012). Contradictory to this is the finding that HSPB1 protects the eukaryotic 

initiation factor eIF2E from ubiquitination and subsequent proteasomal degradation 

(Andrieu et al., 2010) and knockdown of HSPB1 induces degradation of several 

client proteins (Gibert et al., 2012). Therefore HSPB1 appears to exert substrate-

specific effects on proteasomal degradation and protein stability. 

 

1.12.2 Small heat shock proteins and peripheral neuropathies 
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Neurodegenerative diseases are characterized by a wide range of cognitive, 

behavioral and/or motor alterations, which develop as a consequence of the 

dysfunction and death of specific neuronal populations. Motor neuron diseases 

(MNDs) are a subclass of neurodegenerative diseases which effects motor neurons 

leading to dysfunction or death of motor neurons resulting in muscle weakness and 

atrophy. The unique morphology of motor neurons have been implicated as a 

sensitizing factor. Motor neurons are highly polarized with long axonal processes 

and are dependent on efficient proteostasis. For this reason motor neurons are 

thought to be particularly sensitive to several types of insults that are normally 

better managed in other neuronal or non neuronal cell types. In particular, motor 

neurons are highly sensitive to accumulation of mutant proteins. 

Overexpression of HSPs had been shown to be protective in numerous cell culture 

and animal models of neurodegeneration.  Conversely mutations in five members 

of the HSPB family, namely HSPB1, HSPB3, HSPB4, HSPB5 and HSPB8 are associated 

with the development of neurological disorders and muscular disorders suggesting 

a key role for these proteins in motor neuron functions and/or survival. In 

particular, mutations of HSPB1, HSPB3 and HSPB8 have been directly associated 

with MNDs. HSPB4 and HSPB5, have been associated with the development of 

congenital cataracts characterized also by neurological disorders and/or with 

desmin-related myopathy and cardiomyopathy. (Carra et al 2012) 
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 Aims and Rationale 1.13

 

Numerous similarities exist between the HSR and the UPR; (i) both are 

characterized by transcriptional induction of molecular chaperones, (ii) both are 

induced by a variety of stimuli which lead to protein mis-folding and (iii) the 

outcome of the cellular stress response depends on the severity and duration of the 

stressor. Based on these observations from the literature to date, we hypothesized 

that crosstalk existed between the HSR and the UPR. This hypothesis was 

investigated using well established inducers of the HSR and the UPR namely 

thermal preconditioning and ER stress inducing compounds Thapsigargin (TG) and 

Tunicamycin. 

 Initially cells mount a pro-survival response and cells can be rendered tolerant to 

stress by a preconditioning stimulus. Cross-tolerance can be induced wherein one 

stimulus provided protection against a subsequent toxic insult. We hypothesised 

that thermal preconditioning induces tolerance to ER stress. Therefore, we 

investigated if thermal preconditioning can protect cells against ER stress induced 

apoptosis. 

Very little is known on the role of HSPB1 and ER stress. Given its potent anti-

apoptotic abilities we investigated the role of HSPB1 in ER stress-induced apoptosis 

and the mechanism by which it protects cells during cell stress. Data from Chapter 3 

suggested HSPB1 could regulate BIM. Therefore in chapter 4 we investigated if 

expression of HSPB1 alone protects from ER stress induced cell death.  We also 

sought to determine the mechanism by which HSPB1 regulates BIM. 

HSPB1 protects against a number of cytotoxic insults and cellular stressors and in 

neurodegenerative disease models. Additionally, mutations in HSPB1 cause Charcot 

Marie Tooth Disease (Peripheral Neuropathy). Based on the results of Chapter 4 we 

hypothesised that HSPB1 mutants would be more sensitive to ER stress and 
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therefore investigated the response of neuropathy associated HSPB1 mutations to 

ER stress induced apoptosis and the effect of HSPB1 mutations on expression of 

BIM. 
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 Cell lines and cell culture 2.1

 

2.1.1 PC12 Cell Culture 

PC12 cells, a rat pheochromocytoma cell line, were obtained from European 

Collection of Cell Cultures (ECACC). These cells are a neuronal-like cell line and are 

widely used to study neuronal cell signalling and cell stress (Gorman et al., 2005). 

They are a semi adherent cell line, therefore, cells were cultured on poly-L-lysine 

(PLL) coated flasks to aid attachment of cells. To PLL coat flasks, a 0.001% w/v PLL 

solution made up in autoclaved ddH20 was added to culture flasks for ~3 h prior to 

seeding. PLL was removed and flasks were washed three times with autoclaved 

water. PC12s were maintained in Dulbecco’s Modified Eagle Medium (DMEM) 

(Sigma-Aldrich, D6429) supplemented with 10% heat inactivated horse serum ( 

Sigma-Aldrich, H1138), 5% foetal bovine serum (FBS) (Sigma-Aldrich, F2442), and 50 

U/ml penicillian and 50 µg/mL Streptomycin (Pen/Strep, Sigma-Aldrich, P0781 ) in a  

5% CO2 humidified incubator at 37oC. 

 

2.1.1.1 Generation of HSPB1 overexpressing cell lines 

Neo (Control), WT-HSPB1, and mutant HSPB1 expressing cell lines were generated 

as follows. Wildtype PC12s were seeded as previously described on PLL coated 6 

well plates. 24 h later cells were transfected with 0.75 µg of pCDNA-control plasmid 

(Neo), pCDNA WT-HSPB1, pCDNA-HSPB1S135F, pCDNA-HSPB1R127W, pCDNA-

HSPB1R136W, pCDNA-HSPB1t151I as described in section 2.3.1. 24 h after 

transfection plasmid expressing cells were selecting using 800 ng of G418 thereby 

enabling selection of stably overexpressing cells. 

Cells were maintained in T75 flasks (Greiner CELLSTAR, Cruinn). When the cells had 

grown to approximately 80% confluency, they were ‘trypsinised’ using 3 mL of 2X 

Trypsin/ EDTA (Sigma-Aldrich, T4174) diluted in Hank’s balanced salt solution 

(Sigma-Aldrich H9394)  at 37oC for 5 min. Trypsin was inactivated by adding 7 mL of 

fresh medium. Cells were then centrifuged at 1500 rpm for 5 min at room 

temperature(Thermo Scientific Sorvall ST16 Centrifuge). The supernatant was 
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removed and cells were re-suspended in 10 mL of fresh media. For experiments 

PC12 cells were seeded at 200,000 cells/ml.  

 

2.1.2 HeLa cell culture 

HeLa cells are a glandular cervical cancer line and are a well established model to 

study heat shock proteins. Cells were maintained in T75 flasks (See table 1.1). When 

the cells had grown to approximately ~ 80% confluency, they were ‘trypsinised’ 

using 3 mL of 2X Trypsin/ EDTA in HANKS balanced salt solution at 37oC for 5 min. 

Trypsin was inactivated by adding 7 mL of medium. Cells were then centrifuged at 

1,500 rpm for 5 min. The supernatant was removed and cells were re-suspended in 

10 mL of fresh media supplemented with 10% FBS, and 1% penicillin/streptomycin. 

For experiments HeLa cells were seeded at 30,000/mL. 

2.1.3 MEF cell culture 

Mouse Embryonic Fibroblasts (MEFs) are a Simian vacuolating virus 40 (SV40) 

immortalized cell line. MEF cells are a fibroblast cell line. Wild type and HSF1-/- 

MEFs were maintained in T75 flasks (See table 2.1). When the cells had grown to 

approximately ~ 80% confluency, they were ‘trypsinised’ using 3mls of 2X Trypsin/ 

EDTA in HANKS balanced salt solution at 37oC for 5 min. Trypsin was inactivated by 

adding 7 mL of medium. Cells were then centrifuged at 1,500 rpm for 5 min. The 

supernatant was removed and cells were re-suspended in 10 mL of fresh media 

supplemented with 10% FBS, and 1% penicillin/streptomycin. For experiments MEF 

cells were seeded at 125,000 cells/mL. 
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Table 2.1 Cell culture flasks 

Table 1.1 Cell culture flasks 

Plate/Flask 

Size 

96 well 

plate 

24 well 

plate 

6 well 

plate 

T25 T75 T175 

Surface 

area 

0.3 cm2 2 cm2 10cm2 25 cm2 75 cm2 175 cm2 

Volume of 

Media 

added 

100 µL 

 

500 µL 

 

2 mls 5 mls 10 mls 30 mls 
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 Drug treatments 2.2

 

Two pharmacological inducers of ER stress were used over the course of this study, 

Thapsigargin (TG) and Tunicamycin (TM).  

2.2.1.1 Thapsigargin 

TG is a well-established inducer of ER stress. TG induces ER stress by selectively 

inhibiting the Ca2+-ATPase responsible for Ca2+ accumulation by the ER. Mobilization 

of ER-sequestered Ca2+ to the cytosol and to the extracellular fluid subsequently 

ensues. Depletion of ER Ca2+ perturbs optimal functioning of ER-resident 

chaperones and the increase in cystolic Ca2+ leads to apoptosis. TG (Sigma-Aldrich, 

T9033) was re-suspended to a stock concentration of 4 mM/ml in DMSO. PC12 and 

MEFs were treated with 0.25 µM TG unless otherwise stated. HeLa cells were 

treated with 1.5 µM TG (Samali et al, 2009).  

2.2.1.2 Tunicamycin 

Tunicamycin (TM) inhibits N-glycosylation in eukaryotes by blocking the transfer of 

GlcNAc-1-P from UDP-GlcNAc to dolichyl-P. Proteins that are not glycosylated 

remain trapped in the ER leading to accumulation of mis-folded proteins within the 

ER lumen.  TM (Sigma-Aldrich T 7765) was re-suspended to a stock concentration of 

2 mg/ml in DMSO and stored at -80 °C. PC12 cells were treated with 2 μg TM. HeLa 

cells were treated with 1.5 μg TM (Samali et al, 2009).  

 

2.2.1.3 Control treated cells 

TG and TM were made up in DMSO therefore untreated control cells were 

generated by treating cells with DMSO made up in a similar manor as drugs were 

made. e.g PC12 were treated with 0.25 µM TG. TG was diluted 1:20 in medium and 

cells were then treated with appropriate volume of drug to generate final required 

concentration. For untreated controls DMSO was also first diluted 1:20 in medium 

and the same volume as was used to treat cells was added to untreated control.  
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2.2.2 Heat shock preconditioning 

Cell culture media was replaced with DMEM buffered with 10 µM HEPES. 1M stock 

of HEPES at pH 7.4 was made up in water, aliquoted and stored at -20 °C. 10 µl of 

1M stock was added per mL of culture media, i.e 50 µL to 5 mL in a T25 flask (See 

table 1.1 for details). It is added to the media to provide extra buffering capacity as 

cells are outside of the C02 incubator for an extended period of time. The culture 

flask lids were replaced with non-vented lids and were sealed by wrapping parafilm 

to prevent water from the water bath entering the flasks. Flasks were then placed 

in a swirling water bath at 42°C for 1 h after which culture media was replaced with 

37°C normal culture medium (HEPES free). Cells were allowed to recover at 37°C for 

6 h unless otherwise stated. 

 

 Transformation of plasmids  2.3

 Transformation is a technique used to introduce foreign DNA in the form of a 

plasmid into competent bacterial cells. For the generation of all plasmids, DH5α E. 

coli cells were used (Generated in Afshin Samali’s Lab, BRB, NUIG). 1 to 5 μL of 

plasmid DNA (usually 10pg to 100ng) was added to 20-50μL of competent cells in an 

eppendorph tube.Plasmid DNA was combined with the cells and incubated on ice 

for 30 min. The cold temperature aids the permeabilisation of the cells to ready 

them for taking up DNA. The mixture was then heat shocked at 42oC for 40 sec. 

Cells were placed on ice for 2 min and combined with 480 µl of Luria-Bertani (LB) 

Broth. Cells were allowed to recover and to grow at 37oC for 1 h. The cells were 

spread on LB agar plates containing either 50 μg/mL Kanamycin or Ampicillin 

(Sigma-Aldrich) and grown overnight at 37oC. The next day, bacteria from a single 

colony, were selected and inoculated into fresh LB broth plus antibiotic. Cells were 

incubated for approx. 8 h at 37°C with vigorous shaking (approx. 300 rpm). The 

resulting culture was centrifuged at 5000 g for 20 min to pellet the bacterial cells 
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containing the plasmid of interest. Plasmid extraction was carried out using Qiagen 

maxi-prep kit as per manufacturer’s guidelines (Quiagen, Cat. No. 12163). 
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 Transfections 2.4

 

2.4.1 DNA transfections 

For the transfection of PC12 cells, Lipofectamine (Fermentas) was used. It is a 

cationic polymer-based transfection reagent that forms positively charged 

complexes with DNA to allow efficient delivery of DNA into cells. 2mL of cells were 

seeded at 200,000 cells/mL in a 6 well plate. 24 h after seeding the culture media 

was replaced with DMEM with FBS minus pen/strep and then transfected with the 

plasmid of interest in a 1:2 ratio of DNA to Lipofectamine or 0.75 μg DNA: 1.5 μL 

Lipofectamine for a 6 well plate. The DNA-Lipofectamine complex was mixed by 

gently pipetting and incubated at room temperature for 20 min. The complex was 

added drop by drop to the cells and mixed gently by swirling the culture plate. The 

plate was incubated for 5 h at 37oC after which time the media was changed. 24 h 

later, the cells were used for experiments. 

2.4.2 siRNA transfections 

Darmacon siGENOME siRNA against BIM (ref no. M093533-01-0005) and a non 

targeting control (D-001206-13-05) were obtained from Fisher Scientific.(Dublin, 

Ireland) siRNAs were resuspended in Molecular grade water (Sigma-Aldrich, S4502) 

to a stock concentration of 40 μM  and were stored  at -80 °C. 

For siRNA transfection of PC12 cells Lipofectamine (Fermentas) was used. 500 μl of 

cells at 200,000 cells/mL were seeded in PLL coated 24 well plate. 24 h later media 

was replaced with 450 μl DMEM with FBS minus pen/strep. Culture were then 

transfected with siRNA of interest in a 1:2 ratio of DNA to Lipofectamine or 1 μL of 

10 μM siRNA to 2 μL Lipofectamine in 47 μL of serum-free medium. Therefore the 

final concentration of siRNA was 20 nM siRNA/ well. The DNA-Lipofectamine 

complex was mixed by gentle pipetting and incubated at room temperature for 20 

min. The complexe mixture was added dropwise to the cells and the resulting 

mixture was gently mixed by swirling the plate. The plate was then incubated for 5 

h at 37oC. The medium was changed and 24 h later cells were used for experiments. 
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 Flow Cytometry 2.5

2.5.1 Harvesting cells for flow cytometry 

To harvest cells, culture medium was removed and placed in the labelled 

ependorfs. Cells were washed with 500 µL of Hank’s Balanced salt solution. Hanks 

solution was removed and 500 µL of 1x trypsin was added to each well. Cells were 

put at 37oC for 5-7 min to detach cells from culture plate. Trysinized cells were then 

recombined with media in ependorphs. This ensures all cells both floating ‘dead’ 

cells and attached ‘live’ cells were collected. Cells were allowed to recover from 

trypsinization procedure for 15 mins at 37oC. After this time the cells were prepared 

according to the specific flow cytometry assay. 

2.5.2 Sub-G1 analysis of DNA fragmentation 

Caspase activated endonucleases ndonucleases degrade DNA in small fragments of 

about 180 bp in the latter stages of apoptosis. Consequently, large numbers of 

small fragments of DNA accumulate in the cell. If cells are fixed in ethanol and 

subsequently rehydrated, apoptotic cells can be observed as a fractional (sub-

diploid) DNA or 'sub-G1' peak in a DNA histogram. Organic solvents such as ethanol 

remove lipids and dehydrate the cells, while precipitating the proteins on the 

cellular architecture and are suitable for subsequent analysis of nucleic acids. 

Cells were seeded in duplicate in a 6 well plate and treated as previously described 

in section 2.1. Cells were harvested as previously detailed in section 2.4.1. Cells 

were centrifuged at 0.3 g for 5 min. Cells were washed in 1 x phosphate buffered 

saline (PBS) and re-suspended in 150 μL of PBS. Cells were fixed by adding 350 μL of 

ice-cold 100 % ethanol drop-wise, while gently vortexing. Cells were placed on ice 

for a minimum of 1 h for efficient fixation. Fixed cells can be stored at -20 for a 

maximum of 2 weeks or be analysed immediately. Once fixed, cells were stained 

with 20 μg/mL propidium Iodide (PI) for 30 min in the dark on ice. Cells were then 

analysed using a FACSCanto flow cytometer (BD Biosciences) with a total of 10,000 

events acquired per sample. Analysis was carried out with Cyflogic software. 
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2.5.3 Annexin V staining 

 

During apoptosis, phosphatidyl serine (PS) residues, which are normally located on 

the internal surface of the plasma membrane, redistribute to the external surface. 

PS binds the protein, Annexin V, and the change can be observed by incubating 

unfixed cells with fluorescein isothiocynate (FITC) labelled Annexin V which is 

generated in our laboratory (Afshin Samali Lab, BRB, NUIG). 

Cells were seeded in duplicate in a 24 well plate and treated as previously described 

in section 2.1 Following treatment, cells were harvested as previously detailed in 

section 2.4.1 and collected by centrigugation at 0.3 g for 5 min. The supernatant 

was removed and cells were washed with 1 mL of ice cold 1X PBS. Cells were 

centrifuged again, the supernatant was removed and cells were re-suspended in 50 

μL binding buffer (10 nM HEPES, pH 7.5, 140 mM NaCl, 2.5 mM CaCl2) containing 1 

μL of home-made FITC labelled Annexin V and incubated in the dark on ice for 15 

min. Cells were analyzed on a FACSCanto flow cytometer with a total of 10,000 

events acquired per sample. Analysis was carried out using Cyflogic software. 

 

2.5.4 Measurement of ΔΨm by TMRE staining 

Loss of mitochondrial membrane potential, ΔΨm, occurs during apoptosis and this 

can be measured by flow cytometry. Tetramethylrhodamine ethyl ester (TMRE) is a 

cell permeable, positively-charged, red-orange dye that readily accumulates in 

active mitochondria due to their relative negative charge. Depolarized or inactive 

mitochondria have decreased ΔΨm and fail to sequester TMRE. Carbonyl cyanide m-

chlorophenyl hydrozone (CCCP) is a ionophore un-coupler of oxidative 

phosphorylation and therefore destroys ΔΨm . 

 Cells were seeded in duplicate in a 24 well plate and treated as previously 

described in section 2.1 To generate a positive control, cells were treated with 40 

μM CCCP for 3 h prior to harvesting. After treatment, floating cells were collected 

and the remaining cells were ‘trypsinized’ and combined with floating cells in 
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ependorfs. Cells were allowed to recover at 37oC for 15 min, incubated with 100 nM 

TMRE at room temperature for 30 min in the dark and analysed by flow cytometry 

in the PE (FL-2, 564-601 nm) channel using a FACScanto flow cytometer. Analysis 

was carried out using Cyflogic software. 

 

 Analysis of type II caspase activity 2.6

DEVDase assay allows for detection of type II caspase activity due to specific 

cleavage of a fluorogenic substrate (N-Acetyl-Asp-Glu-Val-Asp-7-amino-4-

methylcoumarin or Ac-DEVD-AMC) by these caspases. During the assay, activated 

type II caspases cleave the substrate between DEVD and AMC, generating highly 

fluorescent AMC that can be detected using a fluorescence reader. Cleavage of the 

substrate only occurs in lysates of apoptotic cells; therefore, the amount of AMC 

produced is proportional to the number of apoptotic cells in the sample.  

Cells were seeded in a t25 flask and treated as previously detailed in section 2.1 

(see table 1.1). Cells were scraped with a cell scraper, harvested and pelleted by 

centrifugation at 1,500 RPM. After washing in PBS, the cell pellets were re-

suspended in 50 µL of ice cold PBS and 25 µL aliquot from each sample was 

transferred to duplicate wells of a microtiter plate and frozen at -80 °C. To initiate 

the reaction, add 50 µL of 50 µM of the caspase substrate carbobenzoxy-Asp-Glu-

Val-Asp-7-amino-4-methyl-coumarin (DEVD-AMC, Peptide Institute Inc.) in assay 

buffer (100 mM HEPES, pH 7.5, 10% sucrose, 0.1% CHAPS, 5 mM dithiothreitol 

(DTT) and 0.0001% Igepal-630, pH 7.25) was added to cell lysates. Liberated free 

AMC was measured by a Wallac Victor 1420 Multilabel counter (Perkin Elmer Life 

Sciences) using 355 nm excitation and 460 nm emission wavelengths at 37 °C at 60 

sec intervals for 25 cycles. After the measurement Bradford assay was preformed 

on the lysates to determine protein concentrations. Briefly, 2 µL of lysate was 

added to 200 µL of Bradford reagent in a 96 well plate in triplicate. The plate was 

measured immediately at 595 nm. The data were analyzed by linear regression and 

enzyme activity was expressed as nm of AMC released × min−1×mg−1 total cellular 
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protein. Statistical analysis was carried out on duplicate measurements of two 

independent repeats. 

 

 mRNA expression analysis 2.7

 

2.7.1  RNA preparation  

For RNA analysis experiments cells were seeded and treated as detailed in 2.1 in a 

t25 flasks (see table 1.1). Cells were scraped with a cell scraper, collected and 

centrifuged at 1500 rpm for 5 min. The pellet was then re-suspended in 500 µL 

(Sigma-Aldrich, #9424) of TRI reagent. To separate RNA from DNA and protein, 100 

µL of molecular grade chloroform (Sigma-Aldrich #496189) was add, mixed well and 

incubated for 2 min at room temperature. Samples were centrifuged at 12,000 g for 

15 min. The upper clear phase was carefully pipetted into freshly autoclaved 1.5 mL 

tubes, with special care taken not to disturb the interface. To precipitate the RNA, 

250 µL of isopropanol was added to each sample and incubated at -2OoC overnight. 

Samples were then centrifuged at 12,000 g for 10 min and the RNA pellet was 

washed in 75 % Ethanol. All of the ethanol was carefully removed and the pellet 

was air drIed to allow all traces of ethanol to evaporate. The RNA was re-suspended 

in 25 µl of sigma water and stored at -80 ° C until ready to use. RNA quality and 

quantity was determined by spectrophotometry using a Nanodrop reader.  

2.7.2  Reverse transcription (RT)-PCR 

To synthesise cDNA, 2 µg of RNA was subjected to DNase treatment with 1 µl 

DNase (Invitrogen) and 1 µl 10X Buffer (Invitrogen) added per reaction and 

incubated for 15 min at room temperature. The DNase was inactivated using 1 µl of 

25 mM EDTA and incubated at 65oC for 8 min. DNase treatment is conducted to 

ensure there is no contaminating genomic DNA in final cDNA preparation.  

The RNA was then reverse transcribed into cDNA using the Superscript II first strand 

RT-PCR system and oligo Dts (Invitrogen, No. 18418-012). To each reaction 1 µL of a 
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1ug/uL oligo DTs solution was added to each sample, which was mixed well, and 

heated at 65oC for 2 min, and then 42oC for 2 min. First strand mastermix consisting 

of molecular grade water, first strand buffer, 5 mM DTT, 5 mM dNTPs and 1 µL of 

superscript II enzyme was added to each sample and mixed well. The samples were 

kept at 42oC for 50 min followed by 75oC for 10 min. 

Conventional PCR for GAPDH was carried out using 2 µl of cDNA to check cDNA 

quality with 3 µL of forward and reverse primer, 4.5 µL of sigma water and 12.5 µL 

of 2x Go Taq mastermix (Promega) to a final volume of 25 µL. Primers to amplify 

GAPDH:  

GAPDH Fwd 5’ ACCACAGTCCATGCCATC 3’ and  

GAPDH Rev 5’ TCCACCCTGTTGCTG 3’. 

PCR cycle conditions: 94oC for 3 min, 94oC for 30 sec, 55oC for 30 sec (annealing 

temp), 72oC for 30 sec, 72oC for 7 min, 4oC for . Repeat steps 2-4 for 25 cycles.  

Anneling temperature was calculated as the primer TM- 3oC and was confirmed by 

temperature gradient PCR to determine optimal annealing temperature. 

 

2.7.3 Real time Quantitative RT-PCR 

Real time QRT PCR is a simple and yet quantitative way of determining differences 

in gene expression between samples. Taqman chemistry was used for this study 

which allows for the avoidance of non-specific amplification during PCR and does 

not require primer optimization steps. PCR using Taqman chemistry, also referred 

to as the 5’ nuclease assay, enlists the participation of forward and reverse primers 

designed to amplify the target of interest and a MGB (Minor groove binder) probe 

which hybridizes to the target, between the two primers. It is this probe that allows 

for Real time detection of product amplification. The probe has a fluorescent 

reporter dye attached to its 5’ end and the MGB and Non Fluorescent Quencher 

(NFQ) dye tagged at its 3’ end. As DNA polymerase amplifies the target it begins to 

cleave the probe separating the fluorescent dye from the NFQ allowing release of a 

fluorescent signal detected by the qRT-PCR machine. For qRT-PCR, cDNA is 

synthesised and diluted to a concentration of 40 ng per 10 µL reaction (See section 
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2.6.2); it is then combined with 5 µL Brilliant III Ultra-Fast QPCR Master Mix 

(Agilent), 0.5 µL of 20X Taqman gene expression assays (Applied Biosystems and 

Integrated Dna Technology), 0.15 µL of diluted reference dye and 1.85 µL of sigma 

water per reagtion and accurately dispensed to a fast optical MicroAmp 96-well 

plate (Applied Biosystems) in triplicate. The PCR is run for 40 cycles on an Applied 

Biosystems fast 7500 machine using the following cycling conditions: Hold at 95  oC 

for 3 min, then 40 cycles at 95 oC for 12 sec, and 60 oC for 30 sec.  

 

  In vivo Chaperone Assay 2.8

Double stable PC12 cell lines expressing luciferase and HSPB1 or Neo (See section 

2.1.1 for additional info) were seeded in triplicates as previously described in 

section 2.1 in three different 24-well plates (control-not heat shocked plate, heat 

shock recovery plate, heat shock no recovery plate). After 24 h the medium from 

each well in the three plates was replaced by 500 μL of fresh DMEM supplemented 

with 20 mM MOPS and 40 μg/mL cycloheximide. Cells were put back for 30 min in 

the 37 °C incubator to ensure complete inhibition of translation by cycloheximide. 

Subsequently, two plates were heat-shocked for 30 min at 44°C in a swirling water 

bath while one was kept in the 37°C incubator as a non-heat-shocked control. After 

the heat shock, one of the plates was allowed to recover at 37°C for 180 min (Heat 

shock recovery plate). The second plate was used a heat shock no recovery plate 

therefore immediately after heat shock medium was removed, and cells were 

frozen at −80°C. After the 180 min recovery time, medium was removed from the 

third plate, and cells were frozen at −80°C. Luciferase activity was measured using 

the Promega Dual Glo reporter assay system (Promega E1960) following the 

manufacturer's instructions as detailed below. The luciferase activity was expressed 

as a ratio of the luminescence between the heat-shocked conditions and the non-

heat-shocked control. Statistical significance was determined using a two-way 

ANOVA and Tukey Post-hoc analysis using GraphPad Prism Software  
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 Luciferase reporter Assays  2.9

Luciferase is a commonly used reporter enzyme which allows the study of gene 

expression, promotor region activity, intracellular signalling and protein folding. The 

Promega Dual Glo reporter system (E1960) allows simultaneous measurement of 

Luciferase and another bioluminescent molecular, Renilla, within the same sample. 

This allows normalization of Luficerase activity, which is driven by alterations in 

gene expression, to Renilla which reflects baseline activity. This highly sensitive 

assay is based on conversion of the chemical energy of luciferin oxidation through 

electron transition from the product molecule oxyluciferin. Firefly luciferase 

catalyzes luciferin oxidation using ATP-Mg+2 as a co-substrate. This reaction 

produces light proportional to the activity of luciferase.  

To carry out expression analysis using the luciferase reporter assay, cells were 

seeded and treated in a 24 well plate as detailed in section 2.1. For chaperoning 

assay cells used stably overexpressed luciferase and therefore did not need to be 

transfected prior to treatments (Section 2.7) For analysis of BIM 3’UTR cells were 

seeded and 24 h later transfected as outlined in section 2.3.1 with psiCHECK control 

plasmid or a BIM 3’UTR plasmid. To harvest samples for luciferase assays cell 

culture media was removed and cells were washed with 500 μL 1X PBS. Cells were 

lysed in 1X passive lysis buffer (PLB) which is supplied as a 5X stock in the promega 

kit. 100 μL volume of PLB was added to cells in each well of 24 well plate. Lysis was 

carried out by leaving plates on a rocker for 30 min. 20 μL aliquote of lysate was 

transferred by pipetting to to white microwell 96 well plates. White plates provide 

maximum reflection and minimum auto-fluoresence and autoluminescence. A 100 

μL volume of Luciferase Assay reagent was added to each wells and luminescence 

was measured for 10 sec, at a 2 sec inter sample delay. Results were recorded and 

100 μL of Stop and Glo was added to terminate Luciferase activity and measure 

Renilla activity. 
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  Cell Viability Assay 2.10

The MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazonium bromide) assay is 

based on the principle that viable cells have active mitochondria. The mitochondrial 

activity of cells can be assayed by monitoring the conversion of MTT to formazan 

crystals which are solubilised by addition of SDS and dimethyl formamide. 

Therefore a decrease in the cell viability is inversely proportional to the formmazan 

concentration which can be measured as OD on a plate reader. 

 

For MTT analysis 100 μL of cells at the appropriate density (See section 2.1) 

(200,000 cells/ml for PC12s i.e 20,000 cells/ well in a 96 well plate) were seeded in 

triplicate. Wells were set up for untreated, blanks and each treatment condition. 

Outer wells of the plate were not seeded with cells but with Hank’s balanced salt 

solution. After 24 h cells were treated by adding in 2 μL of drug at an appropriate 

concentration to yield final desired concentration (see section 2.1). For example 2 

μL of 4 mM TG was diluted in 640 μL of DMEM to generate an experiment stock of 

12.5 mM. Cells were treated by adding 2 μL of experiment stock to 100 μL of 

culture media.  Following treatment, 10 μL of MTT (5 mg/ml stock dissolved in 

Hank’s stored at 4°C until required ) was added to the wells and incubated at 37°C 

for 3 h. The reaction was stopped by adding 100 μl of stop mix solution containing 

20% w/v SDS in 40% dimethyl formamide. Plates were placed on an orbital shaker 

over night to allow the formazan precipitate to dissolve. The colour intensity is 

measured at 550 nm and the percentage cell viability is calculated using the 

untreated samples as the reference which is set 100% viability and expressing the 

viability of treated samples relative to the control. 

 

 Protein expression analysis 2.11

2.11.1 Western Blotting 
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Western blotting is a well-established technique used in research to separate, 

identify and assess protein expression. Proteins from a wide variety of biological 

samples can be separated based on molecular weight through gel electrophoresis. 

These protein are then transferred to a membrane producing a band for each 

protein. The membrane is then incubated with antibodies specific to the protein of 

interest. 

2.11.1.1 Preparation of samples for Western Blotting 

Cells were seeded in a 6 well plate and treated as previously described in section 

2.1. Following treatment, cells were scraped, collected in appropriately sized tubes 

and centrifuged at 5000 g for 5 min. The supernatant were removed and 1 mL of 

PBS was added to each pellet and the mixture centrifuged again. PBS was removed 

and cell pellets were frozen at -80°C. Time course samples were treated at the same 

time and harvested at the appropriate time point. All samples were lysed at the 

same time using in RIPA buffer (50 mM Tris-HCl, pH 8.8, containing 150 mM NaCl, 

0.5 % NaDeox, 0.1% SDS, 1% NP-40). Samples harvested from a 6 well plate were 

lysed in 46 µL of RIPA buffer containing a cocktail of protease inhibitors ( PMSF 1 

µM, Pepstatin 1 µg/ml, Leupeptin 10 µM, Aprotinin 2.5 µg/ml and ALLN, 250 µM) 

and phosphatase inhibitors ( 10 mM NaF, 1 mM Na3VO4). Samples were missed by 

vortexing and left on ice to lyse for 30 min. Protein concentration was determined 

by BCA assay (Pierce #23227). Briefly 2 µL of protein lysate was added in triplicate 

to a clear flat bottomed 96 well assay plate. A standard curve was generated using a 

1 mg/mL bovine serum albumin (BSA) stock. 200 µL of BCA assay reagent was 

added to each well and the plate was incubated at 37°C for 30 min. Absorbance was 

measured at 590 nM. 10-20 µg of protein was prepared as required for denaturing 

SDS-PAGE (Section 2.10.1.2) by adding the appropriate volume of 5x Laemmli’s 

buffer (60 mM Tris-Cl pH 6.8, 2% SDS, 10% glycerol, 5% β-mercaptoethanol, 0.01% 

bromophenol blue) and incubating for 5 min at 96°C. 
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2.11.1.2 SDS-PAGE gel electrophoresis 

 

Proteins were separated on 12% SDS- polyacrylamide gel. The proteins were 

transferred onto a nitrocellulose membrane with CAPS transfer buffer. Membranes 

were blocked with 5% non-fat milk for 1 h at room temperature. Membranes were 

probed with specific antibodies for Actin (Sigma, A2066), AKT (Cell Signalling 

Technologies #9272), Caspase-3 (Cell Signaling Technologies, #9662) Cleaved 

Caspase-3 (Cell Signalling Technologies 9664), Caspase-9 (Cell Signalling 

Technologies #9058) CHOP (Santa Cruz, sc793), eIF2α (Cell Signalling Technologies, 

#9722), ERK (Cell Signalling Technologies  #4696), HSPB1 (Enzo, ADI-SPA-801-F), 

Human specific HSPB1 (Enzo, ADI-SPA-803.-F), HSPA1 (Stressgen, SPA811), HspA5 

(Stressgen, SPA826), ), HSF1 (Cell Signalling Technologies # 4356), JNK (Cell 

Signalling Technologies  #9258), Mcl-1 (Cell Signalling Technologies #4572), NOXA 

(Calbiochem OP-180), PERK (Cell Signalling Technologies #3192), PUMA (Cell 

Signalling Technologies #4976), Phospho-AKT(Cell Signalling Technologies #9271), 

Phospho-BIM (Cell Signalling Technologies #4581) Phospho-ERK (Cell Signalling 

Technologies #9101), Phospho-JNK (Cell Signalling Technologies #9255), XBP1 

(Bioledgend, 619501). Goat secondary antibodies conjugated to horseradish 

peroxidase were from Jackson Labs. 

 

2.11.1.3 Densitometric analysis 

Quantative analysis of western blotting results was carried out using densitometric 

analysis with ImageJ software. Expression was normalized to the loading control 

(ACTIN) and expressed relative to untreated sample. 



Chapter 2: Materials and Methods 

 

- 74 - 

 

 

2.11.2 Immunostaining 

Cytocentrifuge preparations of PC12 cells were fixed on slides (FischerBrand, 12-

550-003) in 3.7% formaldehyde for 5 min at room temperature and then 

permeabilised with 0.2% Triton X-100 for a further 5 min at room temperature. 

Free antibody binding sites were blocked for 1 h at room temperature with PBS 

containing 5% goat serum and 1% BSA followed by 1 h incubation with the primary 

antibody (rabbit anti-HSP27, diluted 1:1000 with 1% BSA in PBS). Excess antibody 

was removed by 3×5 min washes in PBS. Then the slides were incubated with goat 

anti-rabbit IgG-Alexa-546 conjugate (diluted 1:200 in 1% BSA in PBS) for 1 h at room 

temperature. Unbound antibodies were removed by 3×5 min washes in PBS before 

mounting the slides with Vectashield containing the nuclear stain DAPI. Cells were 

visualized on IX51 Olympus microscope  

 

2.11.3 Assessment of Protein Half-Life 

PC12 cells were seeded at 200,000 (2 mls) in PLL coated 6 well plates. 24 h later 

cells were treated with TG for 24 h after which time media was removed and 

replaced with fresh media containing 10 μM cyclohexamide (CHX) for 0.5-3 h. At 

this time TG control and UT cells were harvested. Cyclohexamide treated cells were 

harvested after 0.5,1,2 and 3 h. Cells were harvested and analysed by western blot 

as previously described in section 2.11. Quantative analysis of protein expression 

was carried out using densitometric analysis normalized to loading control (ACTIN) 

(See section 2.11.1.3). Data was fit to a monoexponential decay curve using 

Microsoft excel where TG treated samples were set to 100%.  

2.11.4 Assessment of oligomeric status following ER stress 

Cells were seeded and treated in a t25 as previously detailed in section2.1. 4 

separate flasks were set up, untreated, TG treated, TM treated and heat shocked. 

24hrs later 2 flasks were treated with ER stress-inducing agents TG and TM or 

DMSO control as previous detailed for 12 h. As a positive control, cells were heat 
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shocked at 42oC for 1 h and allowed to recover for 2 h in fresh media. Cells were 

harvested by scraping cells with a cell scraper into media, collecting and 

centrifuging at 1500 rpm for 5 min, washed 1x in 5 mL of PSB. The supernatant was 

removed and cells were washed again in 2 mL of PSB. Cells were lysed in 100 μL of 

lysis buffer (25 mM HEPES, pH 7.4, 3.3% glycerol, 1 mM EDTA, 1 mM DTT, 0.1 mM 

PMSF) and snap frozen with liquid nitrogen and thawed at 37oC. Lysates were 

centrifuged at 14,000 rpm for 2 min and supernatants was transferred to new 

tubes. Lysates were chemically cross-linked by incubating with 1 volume of 0.1% 

glutaraldehyde for 40 minutes at 30 degrees. The cross-linking reaction was 

stopped by adding one volume of stopping buffer ( 1M Tris-HCl containing 10% SDS 

and 10 mM EDTA). Bromophenol blue was added to sample and equal volumes of 

lysate were run on 12 % SDS-polyacrylamide gel (see section 2.11.1) . Crossed-

linked HSPB1 species were detected by immunoblotting with antibody to HSPB1 

(Lambert et al., 1999).  

 

 Statistical analysis 2.12

One-way ANOVA followed by Tukey–Kramer multiple comparisons test were used 

for protein expression data (Densitometry) analysis for Fig 3.2.1, 3.2.2. Two-way 

ANOVA followed by Tukey–Kramer multiple comparisons test were used for protein 

expression data (Densitometry) analysis for Fig 3.2.3, 3.2.4, 3.2.5 flow cytometry 

data analysis. Two-way ANOVA followed by the Tukey–Kramer multiple 

comparisons test was used to determine significance in chaperoning assay 

experiments. For all tests, significance was set at p<0.05. 
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3. Chapter 3 
 

3. Cross-talk between different cellular stress response 

pathways: heat shock preconditioning attenuates ER stress 

induced cell death 
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 Introduction 3.1

 

Disruption to cellular homeostasis causes cellular stress, which, if unresolved leads 

to cell death. Maintaining cellular homeostasis is achieved by cell stress responses 

including the HSR and the UPR (Kultz, 2005, Fulda, 2010). Both stress response 

pathways are characterized by transcriptional induction of molecular chaperones 

which aim to restore cellular homeostasis and prevent proteotoxic stress (Hutt et 

al., 2009). Molecular chaperones are crucial for maintenance of proteostasis as they 

facilitate protein folding, prevent aggregation, as well as enhance ubiquitination 

and proteasomal degradation (Balch et al., 2008). 

Heat shock proteins are induced by a wide variety of noxious stimuli, all of which 

are associated with the accumulation of misfolded proteins, these include 

ischemia/hypoxia (Kinouchi et al., 1993), oxidative stress (Gomer et al., 1996), 

energy depletion (Mosser et al., 1990), heavy metals (Bauman et al., 1993), and 

response to proteasomal inhibition (Bush et al., 1997).  This has led to the proposal 

that the HSR is primarily a cellular response to the accumulation of unfolded 

proteins. In addition to enhancing expression of HSP, cell stress also leads to post-

translational alterations that modify cellular location and activity of HSPs (Lavoie et 

al., 1995, Keiichi Ishihara, 2003, Rafiee et al., 2003, Mattoo et al., 2013). 

As mentioned in Chapter 1, in mammalian cells accumulation of unfolded proteins 

in the ER leads to activation of PERK, IRE1 and initiates a transcriptional program, 

the UPR, which enables cells to cope with cell stress (Gorman et al., 2012a). The 

outcome of the cell’s response to ER stress depends on the severity and duration of 

the stress. Initially cells mount a pro-survival response; however, if the effects of 

the stressor cannot be resolved, cell death ensues. Stress-induced cell death is 

primarily executed via the intrinsic apoptotic pathway leading to mitochondrial 

outer membrane permeablization (MOMP), dissipation of mitochondrial-

innermembrane potential (ΔΨm) and release of pro-apoptotic factors, including 

cytochrome c (Samali, 2001, Gupta et al., 2009). This leads to activation of caspase-
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9 and caspase-3. The BCL-2 family proteins are the key regulators of MOMP and 

therefore represent critical regulators of cell fate (Kultz, 2005, Fulda, 2010). BCL-2 

homology domain 3 (BH3)-only proteins such as BIM and NOXA have been shown to 

be central mediators of ER stress-induced apoptosis in a number of cell lines, and 

RNAi-mediated knockdown of either protein shows significant protection against ER 

stress-induced cell death (Szegezdi et al., 2008, Zhang et al., 2012). NOXA has been 

shown to be critically involved in heat-induced apoptosis (Stankiewicz et al., 2009). 

Cells can be protected against heat-induced apoptosis via modulation of apoptotic 

events upstream of the mitochondria by HSPA1 overexpression (Stankiewicz et al., 

2005). HSPB1 has also been shown to modulate events upstream of the 

mitochondria (Samali, 2001) by promoting the phosphorylation and inactivation of 

the BH3-only protein BAD (Zoubeidi et al., 2013). A complex relationship exists 

between the UPR and the HSR. Both pathways are responses to mis-folded 

proteins, and studies in yeast have shown that the HSR can partially compensate for 

a defective UPR in IRE1 mutant cells (Liu and Chang, 2008). Genomic analysis of HSR 

target genes revealed a 25% overlap with the UPR response genes (Liu and Chang, 

2008). However, depending on the severity and duration of the thermal stress 

imposed, the HSR can either activate or suppress the UPR. This is a characteristic 

feature of hormesis, a term first coined in the 1940s (Mao and Franke, 2013). 

Hormesis is an adaptive response of cells and organisms to a moderate stress 

resulting in protection against a subsequent stressor. A classic example of hormesis 

is thermotolerance, or thermal preconditioning (TP), whereby cells subjected to a 

mild bout of thermal stress are subsequently protected against a more severe insult 

(Henle et al., 1979). This is also true for pathological stressors, for example a brief 

period of ischemia can mediate protection against a subsequent long term ischemic 

insult (Hausenloy and Yellon, 2011). Interestingly cells exposed to a stress stimulus 

can also develop cross-tolerance  to a different stress stimulus (Lindquist, 1986, 

Cheng et al., 2011). For example TP can protect PC12 cells from the neurotoxin 

MPP+ (Quigney et al., 2003). The protective effects of TP are not restricted to cell 

culture models. TP has been shown to be beneficial in preventing thrombosis (Li et 
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al., 2012) and ischemia/reperfusion-induced lung injury (McCormick et al., 2003) . 

The protection afforded by thermal preconditioning is linked to expression levels of 

HSPs as the survival advantage is abrogated by inhibitors of HSPs such as triptolide 

(Shu-Fen Hsu, 2013). We have also shown that overexpression of HSPA1 can protect 

cells against ER stress-induced cell death (Gupta et al., 2010). Given the apparent 

overlap between the HSR and the UPR, we sought to characterize the potential 

crosstalk between the two pathways and the effect of such a phenomenon on cell 

fate.  

 Previous work from our lab reported that a mild heat shock (HS) preconditioning 

protects cells against variety of cytotoxic agents that otherwise induce apoptosis. 

We therefore, investigated whether HS preconditioning can block ER stress-induced 

apoptosis. Cells were heat-shocked for 1 h at 42C. This led to a rapid induction of 

HSPA1 (Hsp70) HSPB1 (HSP27).  Levels of these proteins remained elevated for at 

least 24 h post-HS. Treatment of cells with ER stress inducing chemicals, 

thapsigargin (TG) and tunicamycin (TM) resulted in cell death. HS pre-treatment, for 

6 h prior to addition of TG/TM, significantly the induction of cell death. The 

inhibition of apoptosis was associated with reduced levels of the BH3-only protein, 

BIM. Overexpression of HSPB1, but not HSPA1, could mimic the effect of HS on 

expression levels of BIM. We conclude that HS is protective against ER stress-

induced cell death, partly through HSPB1-mediated reduction BIM. Furthermore we 

demonstrated that ER stress inducing agents could cause induction of the HSR as 

exemplified by induction of HSPs. Activation of the HSR by ER stress provides pro-

survival signalling as in the absence of HSF1 cells are more sensitive to ER stress-

induced apoptosis. These findings also provide further evidence for a cross talk 

between stress response pathways.  
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 Results 3.2

3.2.1 TG caused induction of HSPs in HeLa cells 

 

Given that ER stress is a potent inducer of mis-folded proteins we tested whether 

HSPs are induced by classical ER stress inducing agents TG (See section 2.1.4.1 for 

details). Treatment of HeLa cells, a human cervical cancer cell line, with 1.5 µM of 

the ER stress inducing agent, thapsigargin (TG), caused an gradual increase in the 

expression of HSPA1 which peaked at 18 h and returned to base line levels by 48 h 

(Fig. 3.2.1 A). HSPB1 was also induced by TG treatment in HeLa cells (Figure 3.2.1A). 

Cells which were heat shocked at 42°C for 1 h, followed by 24 h recovery at 37°C, 

were used as a positive control for HSP expression. 

Induction of HSPB1 by TG was further confirmed by immunofluorescence analysis 

of untreated cells, or cells treated with 1.5 µM TG for 24 h which causes approx. 

20% cell death at 24 h (Fig. 3.2.1B). Induction of HSPA1 and HSPB1 was determined 

by Western blotting and quantified by densitometry using ImageJ software. It was 

found that TG treatment caused a transient increase in HSPA1 expression which 

reached a maximal expression level of 3.3-fold ± 0.6 at 18 h, which returned to 

basal expression levels by 48 h (Fig. 3.2.1C). The increase in HSPA1 expression at 18 

h was comparable to cells that were heat shocked. HSPB1 induction following TG 

treatment was also increased by 2.2 ± 0.3 fold after 24 h; however, 48 h after 

treatment there was no significant difference between untreated and treated cells. 

Heat shock treatment caused a 5.0 ± 1.1 fold increase in HSPB1 expression and a 

3.3 ± 0.1 fold increase in HSPA1 (Fig. 3.2.1D). Therefore TG causes a transient 

increase in HSPs to a level which is comparable to heat shock. 
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Fig. 3.2.1 TG induces HSP expression in HeLa cells. (A) HeLa cells were treated for 0, 6, 

12, 24, 48 h with 1.5 µM TG. To generate a positive control, HeLa cells were heat shocked 

for 1 h at 42ºC followed by 24 h recovery at 37ºC. (B) Cytocentrifuge preparations of 

untreated HeLa cells or cells treated with 1.5 µM TG for 24 h were prepared. Samples were 

fixed with 3.7% formaldehyde and permeabilized with Triton X followed by staining with 

labelled anti-HSPB1 antibody and DAPI and visualized by fluorescent microscopy (C) 

Densitometric analysis of HSPA1 induction by TG in HeLa cells expressed relative to 

untreated cells. (D) Densitometric analysis of HSPB1 induction by TG in HeLa cells 

expressed relative to untreated. Values shown are representative of three independent 

repeats* P <0.05, ** P<0.01, *** P< 0.001, **** P< 0.0001 One-way ANOVA followed by 

Tukey’s post hoc analysis versus untreated cells. 

 

3.2.2 ER stress leads to induction of HSPs 

 

To determine if HSP induction is a specific response to TG-induced ER stress, HeLa 

cells were also treated with Tunicamycin (TM). TM induces ER stress by inhibiting 

protein N-glycosylation, causing accumulation of mis-folded proteins within the ER. 



Chapter 3: Results 1 

 

- 82 - 

 

 

Treatment of HeLa cells with 1.5 µG TM caused a potent induction of both HSPA1 

and HSPB1, indicating induction of HSPs is a general response to ER stress (Fig. 

3.2.2A). To determine if HSP induction following ER stress was a cell type-specific 

response, a rat pheochromocytoma cell line, PC12 cells, were treated with a 

optimized dose of 0.25 µM TG for 0-36 h (See Fig.4.2.3). This dosage typically 

causes 20% cell death at 24 h and therefore is comparable to the level of cell death 

induced by 1.5 µM TG in HeLa cells at 24 h. TG treatment caused a sustained 

increase in HSP expression that was comparable to levels in heat shocked control 

cells as seen in Fig. 3.2.2B. This demonstrates that the induction of HSPs occurs in 

multiple cell line following ER stress. 
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Fig. 3.2.2 ER stress induces HSPs. (A) HeLa cells were treated for 0, 6, 12, 24 or 48 h 

with 1.5 µM TM. Expression of HSPA1 and HSPB1 was determined by Western blotting. 

ACTIN was used as a loading control. To generate a positive control, HeLa cells were heat 

shocked for 1 h at 42ºC followed by 24 h recovery a 42ºC. (B) Densitometric analysis of 

HSPA1 induction following TM treatment in HeLa cells expressed relative to untreated cells. 
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(C) Densitometric analysis of HSPB1 induction following TM treatment in HeLa cells 

expressed relative to untreated cells. (D) PC12 cells were treated with 0.25 µM TG for 0, 12, 

24 and 36 h. Expression of HSPA1 and HSPB1 was determined by Western blotting and 

ACTIN was used as a loading control. Heat shocked cells were used as a positive control for 

HSP induction. (E) Densitometric analysis of HSPA1 induction following TG treatment in 

PC12 cells expressed relative to untreated cells. (F) Densitometric analysis of HSPB1 

induction following TG treatment in PC12 cells expressed relative to untreated cells. Values 

shown are representative of three independent repeats.* P <0.05, ** P<0.01, *** P< 0.001, 

**** P< 0.0001 One-way ANOVA followed by Tukey’s post hoc analysis versus untreated 

cells. 
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3.2.3 HSF1 is a functional component of the UPR  

 

To further delineate the role of the HSR during ER stress, we analysed HSF1 

induction. Expression of HSPs is primarily governed by the transcription factor, 

HSF1. We hypothesized that HSF1 would be activated in response to ER stress and 

thus cause the observed increase in expression of HSPs. We assessed expression 

levels of HSF1 following ER stress in HeLa cells. We observed a transient induction 

of HSF1 that reached a peak expression at 6 h of TG treatment, after which levels 

decline. Induction of HSF1 by TG was much less than that observed following HS 

recovery. Interestingly, this expression pattern paralleled the expression of HSPA1 

following TG treatment (Fig. 3.2.1C). To characterize the role of HSF1 in ER stress 

we obtained HSF-/- and wild type Mouse Embryonic Fibroblasts (MEFs). We assessed 

the sensitivity of WT and HSF-/- MEFs to TG treatments by DEVDase assay. Cells 

were treated with 0.1, 0.25, 0.5, 0.75, or 1 µM TG. HSF1-/- MEFs were significantly 

more sensitive to TG at all doses. In agreement with results from the DEVDase 

assay, HSF1-/- MEFs had more caspase-3 cleavage following ER stress. We could only 

detect caspase cleavage by Western blot at 48 h while the DEVDase assay could 

detect caspase activity at 24 h. This is due to the different sensitivities of the assays. 

The DEVDase assay detects caspases activity with higher sensitivity then Western 

blotting. These data suggest that HSF1 plays a protective role in ER stress. 
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Fig. 3.2.3 HSF1 is a functional component of the UPR. (A) HeLa cells were treated for 0, 

6, 12, 24 or 48 h with 1.5 µM TM or heat-shocked and allowed to recover for 0, 2, 4, or 24 h 

as a positive control. Expression of HSF1 was assessed by Western blotting. ACTIN was 

used as a loading control. (B) Densitometric analysis of HSF1 expression in HeLa cells 

following TG treatment expressed relative to untreated control. Values shown are 
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representative of three independent P <0.05, ** P<0.01, *** P< 0.001 One-way ANOVA 

followed by Tukey’s post hoc analysis versus untreated. (C) MEFs were treated with 0.1, 

0.25, 0.5, 0.75 or 1 µM TG for 24 h. DEVD-AMC cleavage activity was measured in whole 

cell extracts. Values shown are representative of two independent repeats preformed in 

triplicates P <0.05, ** P<0.01, *** P< 0.001 Two-way ANOVA followed by Tukey’s post hoc 

analysis versus wildtype. (D) Western Blot analysis of HSF1 expression in +/+ (wildtype) and 

-/-( knockout) MEFs. (E) MEFs were treated with 0.25 µG TG for 0, 18, 24, 48 h. Caspase-3 

cleavage was assessed by Western blotting using an anti-caspase-3 antibody. ACTIN was 

used as a loading control. (F) Densitometric analysis of cleaved caspase-3 expression in +/+ 

and -/- HSF1 MEFs expressed relative to 48 h TG treated +/+ cells. Values shown are 

representative of three independent P <0.05, ** P<0.01, *** P< 0.001 Student t-tests. 
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3.2.4 ER stress alters the oligomeric state of HSPB1 

 

Oligomerization is an essential property HSPs and governs its chaperoning activity. 

HSPB1 exists in a dynamic equilibrium of oligomeric states with small oligomers 

reported to mediate the chaperoning activity. Increased molecular chaperoning 

activity of HSPB1 correlates with the formation of small oligomers, with the HSPB1 

dimer being the most active species (Hayes et al., 2009b). 

To assess the nature of the HSPB1 oligomerization following ER stress, HSPB1 

overexpressing PC12 cells were treated with 0.25 µM TG, 2 µG TM or HS for 1 h as a 

positive control. Cells were harvested and lysates were incubated in a protein cross-

linking buffer containing 0.5 % glutaraldehyde. Chemical crosslinking offers a direct 

method to assess protein-protein interactions by generating covalent bonds 

between interacting proteins. Lysates were crosslinked for 30 min after which time 

the reaction was stopped with stopping buffer as described in (Lambert et al., 

1999). Non-denatured lysates were run on SDS-PAGE and immunoblotting for 

HSPB1 was carried out. In approach the interaction of HSPB1 can be assessed. A 

monomer of HSPB1 has a molecular weight of 27 kDa. On crosslinking higher 

molecular weight bands were observed at ~27 kDa, 54 kDa, 80 kDa and 175 kDa. 

Such a distribution of sizes in multiples of approximately 27 kDa is indicative of the 

formation of homotypic dimers, trimers and hexamers of HSPB1 (Fig. 3.2.4B). 

Densitometric analysis was carried out to assess differences. Data was normalized 

to UT for each oligomeric state. It was found that revealed that relative to 

untreated samples TG stress caused a statically significant increase in abundance of 

dimers and trimers (Fig. 3.2.3A). Heat shock also caused a statically significant 

increase in abundance of dimers and trimers (Fig. 3.2.3A). Although not statically 

significant a similar trend was observed in TM treated samples. This suggests in 

addition to inducing HSPs, ER stress also causes alterations in the oligomeric state 

of HSPB1. The changes were comparable with HS controls. In particular small 

oligomers (dimers and trimmers) were increased. As the dimeric form of HSPB1 is 
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reported to be responsible for the chaperoning effects of HSPB1 this suggests that 

in response to ER stress the chaperoning activity of HSPB1 is activated. 
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Fig. 3.2.4 ER stress alters the oligomeric state of HSPB1. (A) Representative 

densitomeric analysis of HSPB1 oligomerization following ER stress in gluteraldehyde cross-

linked samples. (B) Western Blot analysis of HSPB1 oligomerization following ER stress. 

UT, TG, TM or HS lysates were incubated with 0.05% gluteraldehyde. Cross-linked proteins 

were separated by SDS-polyacrylamide gel electrophoresis, and HSPB1 was detected by 

immunoblot. N=2. . P <0.05, ** P<0.01, *** P< 0.0001 Two-way ANOVA followed by Tukey 

post hoc analysis 
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3.2.5  HSPB1 cells have increased chaperoning capacity in response to ER stress 

To test whether the increase in HSPB1 dimers during ER stress conditions was 

associated with an increase in chaperoning activity of HSPB1, an in vivo refolding 

assay was performed. Briefly, this assay measured the refolding of heat-denatured 

luciferase. Luciferase is a luminescent protein; however, denatured luciferase is not 

luminescent. Denatured luciferase can be refolded if chaperones within the cell are 

active resulting in a restoration of luminescence. Using this assay PC12 cells which 

over-express a Neo vector plus luciferase or HSPB1 plus luciferase were generated 

(See section 2.1 for details on generation of cell lines). Briefly cells were treated 

with TG for 0.5 or 2 h after which 20 mM MOPS and 40 µM cyclohexamide were 

added for 30 min. Subsequently two plates of cells per treatment were heat 

shocked at 44ºC (to denature the luciferase) while the other remained at 37 ºC (not 

heat-shocked or control). After heat shock, one plate was harvested and stored at -

80ºC while the other plate was allowed to recover for 180 min at 37ºC. 

Chaperoning activity was determined as the ratio of luciferase luminescence in 

heat-shocked: non heat-shocked cells.  We can see that the degree of Luciferase 

denaturation was similar in Neo and HSPB1 cells.  Neo and HSPB1 cells recover 

Luciferase activity to a similar degree in untreated conditions. This suggests that no 

difference in chaperoning activity occurs between Neo and HSPB1 cells under 

untreated conditions. Fig. 3.2.5 shows that ER stress caused no significant change in 

the ability of Neo cells to refold Luciferase. In contrast HSPB1 overexpressing cells 

had increased chaperoning activity in response to ER stress. Differences were 

apparent between Neo and HSPB1 cells after 2 h of treatment. These data suggest 

that, in response to ER stress, the oligomeric state of HSPB1 maybe altered and the 

chaperoning capacity of HSPB1 is increased. 
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Fig. 3.2.5 HSPB1 increases chaperoning capacity of cells. Chaperoning activity during 

ER stress was assessed in Neo and HSPB1 cells following treatment with 0.25 µG TG for 

0.5 or 2 h. Chaperoning activity was determined by the Dual Glo Luciferase Assay. Values 

shown are means of 4 independent repeats preformed in triplicate ± SEM . P <0.05, ** 

P<0.01, *** P< 0.001 Two-way Anova followed by Tukey’s post hoc analysis versus Neo 

cells 
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3.2.6 Induction of HSPs in HeLa and PC12 cell lines following thermal 

preconditioning 

 

To investigate the role of the HSP induction following ER stress we set up a thermal 

preconditioning (TP) experiment. As previously mentioned, preconditioning is a 

well-established phenomenon in which a mild stressor can protect against 

subsequent cytotoxic insults (Gerner et al., 1976). Cross-protection is also possible 

whereby HSPs induced by one type of stress provide protection against a 

subsequent stressor (Cheng et al., 2011). We exposed cells to a non-lethal thermal 

stress by placing cells in a water bath at 42°C for 1 h (Gorman et al., 2005). Cells 

were allowed to recover for 6-72 h and HSPA1 and HSPB1 expression was assessed 

(Fig. 3.2.6A, B). The maximal level of HSPs was induced by 6 h of recovery and 

remained elevated for 48 h. The 6 h time point was selected as the optimal 

recovery time for subsequent thermal preconditioning experiments as HSPs were 

significantly increased in both cell lines at this time point. 
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Fig. 3.2.6 Induction of HSPs in HeLa and PC12 cell lines following TP. (A) HeLa cells 

were heat-shocked in HEPES buffered media for 1 h at 42 °C after which time the culture 

media was replaced and cells were allowed to recover at 37 °C for 0-72 h. Induction of HSP 
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was determined by Western Blotting using specific antibodies for HSPA1 and HSPB1. 

ACTIN was used as a loading control. (B) Densitometric analysis of HSPA1 induction 

following heat shock in HeLa cells expressed relative to not shocked cells (ns).(C) 

Densitometric analysis of HSPB1 induction following heat shock in HeLa cells expressed 

relative to not shocked cells (ns). (D) PC12 cells were heat shocked in HEPES buffered 

media for 1 h at 42 °C after which time the culture media was replaced and cells were 

allowed to recover at 37 °C for 0-72 h. Induction of HSP was determined by Western Blotting 

using specific antibodies for HSPA1 and HSPB1. ACTIN was used as a loading control. (E) 

Densitometric analysis of HSPA1 induction following heat shock in PC12 cells expressed 

relative to not shocked cells (ns). (F) Densitometric analysis of HSPB1 induction following 

heat shock in PC12 cells expressed relative to not shocked cells. Values shown for all 

densitometric analysis are representative of three independent repeats.* P <0.05, ** P<0.01, 

*** P< 0.001, **** P< 0.0001 One-way ANOVA followed by Tukey’s post hoc analysis versus 

not shocked cells. 

 

3.2.7 Heat shock preconditioning activates the UPR 

 

We then investigated how heat shock preconditioning effected UPR signalling. 

Using the optimized preconditioning conditions in HeLa cells, we assessed 

expression of key UPR markers by Western blotting following TG treatment. 

We first assessed the effect of heat shock preconditioning on activation of the PERK 

arm of the UPR. ER stress causes oligomerization of PERK and its 

autophosphorylation. Therefore activation of PERK can be assessed by Western 

blotting by examining the reduction in mobility or upshift in the band due to 

phosphorylation. Consistent with activation of PERK by ER stress there was an up 

shift in PERK with TG treatments (Fig. 3.2.7A). The expression of PERK was also 

increased following treatment (Fig. 3.2.7B) Heat shocked cells had significantly 

increased expression of PERK at basal levels and after 18 h of TG treatment (Fig. 

3.2.7B). The downstream consequence of PERK activation is EIF2α phosphorylation. 

Using antibodies specific for the phosphorylated form of EIF2α we found that heat 

shocked cells appeared to have higher pEIF2α at basal levels and following 18 h TG 

treatment while total EIF2α remained unchanged however changes in EIF2α were 
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not spastically significant (Fig. 3.2.7C). These data indicate heat shock 

preconditioning activates the UPR. 

 

Fig. 3.2.7 Heat shock preconditioning activates the UPR. (A) HeLa cells were not 

shocked or heat shocked and left to recover for 6 h after which they were treated with 1.5 

μM TG for 0-48 h. Samples were prepared for SDS-PAGE gels and probed using anti-

PERK, anti EIF2α and total EIF2α antibodies. Data are representative of three independent 

repeats. (B) Densitometric analysis of PERK expression in TG treated HeLa cells relative to 

not shocked untreated. (C) Densitometric analysis of phosphor-EIF2-alpha expression in TG 

treated HeLa cells relative to not shocked untreated. Values shown are representative of 

three independent repeats.* P <0.05, ** P<0.01, *** P< 0.001, **** P< 0.0001 Two- way 

ANOVA followed by Tukey’s post hoc analysis versus not shocked cells.   

  

3.2.8 Heat shock preconditioning activates an adaptive UPR response 

 

We next assessed expression of downstream targets of the UPR including pro-

survival factors such as XBP1s and HSPA5 as well as the pro-death inducing 

transcription factor, CHOP. As can be seen in Fig. 3.2.8 heat shock preconditioning 

caused an increase in the basal levels of HSPA5 which was further increased with 
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TG treatment. We have previously reported on the role of HSPA1 in enhancing 

XBP1s. In agreement with this we see that heat shock preconditioning causes more 

potent induction of XBP1 in heat-shocked cells compared to non-shocked cells. 

Expression analysis of the pro-apoptotic marker CHOP revealed no difference 

between non-shocked and heat shocked cells. Collectively these findings suggest 

that heat shock preconditioning activates an adaptive UPR response. 

 

 

Fig 3.2.8 Heat shock preconditioning activates the UPR. (A) HeLa cells were not 

shocked or heat-shocked and left to recover for 6 h after which they were treated with 1.5 

μM TG for 0-48 h. Samples were prepared for SDS-PAGE gels and probed using anti-

HSPA5, anti-XPB1s and CHOP antibodies. ACTIN was used as a loading control. All 

densitometric analysis is representative of representative of three independent repeats* P 

<0.05, ** P<0.01, *** P< 0.001, **** P< 0.0001 Two-way ANOVA followed by Tukey’s post 

hoc analysis versus untreated cells. 

 

3.2.9 Heat shock preconditioning protects against ER stress-induced apoptosis 



Chapter 3: Results 1 

 

- 98 - 

 

 

 

We have shown that heat shock preconditioning can augment expression of PERK 

phospho-EIF2α and XBP1, while levels of CHOP remained similar to non shocked 

cells. However, in order to determine whether heat shock pre-conditioning can 

protect cells against ER stress-induced apoptosis, cells were heat shocked at 42C 

for 1 h and allowed to recover at 37C for 6 h to allow induction of HSPs. Following 

recovery, cells were treated with TG for the indicated times. Cell death was 

determined by Sub-G1 analysis using flow cytometry (See section 2.4.2 for further 

details). As demonstrated in Fig. 3.2.9C, heat shock preconditioning led to a 10% 

reduction in the number of HeLa cells with sub-G1 DNA content indicating reduced 

cell death (Fig. 3.2.9A). Similar results were obtained with PC12 cells where heat 

shock preconditioning also reduced cell death by 10% (Fig 3.2.9B). 

 

Fig. 3.2.9 Heat shock preconditioning protects against ER stress-induced apoptosis. 

(A) HeLa cells were not shocked or heat shocked and left to recover for 6 h after which they 

were treated with 1.5 μM TG for 48 h. Cells were fixed in 70% ethanol and Sub-G1 analysis 

was determined by PI staining on PE-A channel (FacsCalibur flow cytometer) (B) PC12 cells 

were not shocked or heat-shocked and left to recover for 6 h after which they were treated 

with 0.25 μM TG for 36 h. Cells were fixed in 70% ethanol and Sub-G1 analysis was 

determined by PI staining on PE-A channel (FACSCanto flow cytometer). Values shown are 

representative of three independent repeats.* P <0.05, ** P<0.01, *** P< 0.001, **** P< 

0.0001 Two-way ANOVA followed by Tukey’s post hoc analysis versus not shocked cells. 
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3.2.10  Heat shock preconditioning attenuated caspase activation in HeLa cells 

 

ER stress-induced apoptosis occurs via the intrinsic pathway and is caspase-

dependent. We therefore tested if heat shock preconditioning could reduce 

caspase activity following ER stress. ER stress-induced caspase activity was 

determined by DEVDase assay. Caspase activity was reduced by 40% in 

preconditioned HeLa cells 48 h after treatment with 1.5 μM TG (Fig. 3.2.10 A). In 

agreement with reduced caspase activity, preconditioned cells had reduced 

expression of the active form of caspase-3, the p17 cleaved fragment, following the 

48 h TG treatment (Fig. 3.2.10 B). The effect of heat shock preconditioning on 

caspase activation was not specific to TG treatments as similar results were 

obtained in HeLa cells treated with 1.5 μg of TM (Fig. 3.2.10C). 
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Fig. 3.2.10 Heat shock preconditioning attenuated caspase activation in HeLa cells. 

(A) Non shocked and heat-shocked HeLa cells were treated for 0-48 h with TG and DEVD-

AMC cleavage activity was measured in whole cell extracts. Values shown are 

representative of two independent repeats preformed in triplicates P <0.05, ** P<0.01, *** P< 

0.001 Two-way ANOVA followed by Tukey’s post hoc analysis versus non-shocked. (B) 

Time course study of TG-induced caspase-3 cleavage in non shocked and heat-shocked 

HeLa cells detected by Western blotting. Densitometric analysis was used to determine 

caspase-3 cleavage relative to non-shocked cells. Values shown are representative of three 

independent repeats. **** P< 0.0001 Student’s t test versus non-shocked. (C) Time course 

study of TM-induced caspase-3 cleavage in not shocked and heat-shocked HeLa was 

detected by Western blotting. ACTIN was used as a loading control. Densitometric analysis 

was used to determine caspase-3 cleavage relative to non-shocked cells. Values shown are 

representative of three independent repeats. **** P< 0.0001 Student’s t-test versus non-

shocked. 
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3.2.11  Heat shock preconditioning attenuated caspase activation in PC12 cells 

 

To ensure the protective effects of heat shock preconditioning were not unique to 

HeLa cells we preformed similar experiments in the PC12 model. As can be seen in 

Fig. 3.2.11 A, heat shock preconditioned cells had 30% less caspase activity at 24 h 

and a 50 % reduction in caspase activity at 36 h. 
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Fig 3.2.11 Heat shock preconditioning attenuates caspase activation in PC12 cells. (A) 

Time course study of TG-induced caspase activity as measured by DEVD-AMC cleavage 

was measured in whole cell extracts in not shocked and heat-shocked PC12 cells. Values 

shown are representative of  two independent repeats preformed in triplicates P <0.05, ** 

P<0.01, *** P< 0.001, **** P< 0.0001  Two-way ANOVA followed by Tukey’s post hoc 

analysis versus not shocked (B) Time course study of TG-induced caspase-3 and caspase-9 

cleavage in not shocked and heat-shocked cells. ACTIN was used as a loading control. (C) 

Densitometric analysis of caspase-9 cleavage expressed relative to 36 hr not shocked. (D) 

Densitometric analysis of caspase-3 cleavage expressed relative to 36 hr not shocked. 

Values shown in C and D are representative of three independent repeats * P <0.05, ** 

P<0.01, *** P< 0.001, **** P< 0.0001. Student’s t-test versus 36 hr not shocked. 

3.2.12  Heat shock preconditioning reduces expression of pro- apoptotic BCL-2 

family members 

 

We have previously demonstrated that ER stress-induced apoptosis involves 

activation/induction of BH3-only proteins with subsequent MOMP (Gupta et al., 

2009). Previous studies in this group have also demonstrated that HS 

preconditioning inhibits HS-induced apoptosis at the level of the mitochondria and 

prior to BAX activation (Samali, 2001). This prompted us to investigate whether HS 

preconditioning affected expression levels of BCL-2 family members. To this end we 

carried out Western blot profiling of the BCL-2 proteins BIM, NOXA, PUMA, BAD 

and MCL1. 

TG treatment caused an increase in expression of the pro-apoptotic protein BIM at 

48 h. However, HS preconditioning prevented BIM expression (Fig. 3.2.12A). NOXA 

was also increased following TG treatment and induction was similar in not shocked 

and heat shocked cells (Fig. 3.2.12B). Unexpectedly, TG treatment caused a 

reduction in PUMA expression and HS preconditioning further attenuated this. We 

saw a subtle reduction in the levels of BAD following TG treatment. Heat shock had 

lower expression levels of BAD Consistent with previous reports we saw down-

regulation of MCL1 following ER stress however, this was unaffected by heat shock 

preconditioning. 
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Fig. 3.2.12 Heat shock preconditioning reduces expression of pro-apoptotic BCL-2 

family members. HeLa cells were not shocked or heat-shocked and left to recover for 6 h 

after which they were treated with 1.5 μM TG for 0-48 h. Samples were prepared for SDS-

PAGE gels and probed using anti-BIM, anti-NOXA, anti-PUMA, anti-BAD, anti-MCL1 

antibodies. ACTIN was used as a loading control. Densitometric analysis of BCL-2 family 

proteins expressed relative to not shocked. Values shown are representative of three 

independent repeats * P <0.05, ** P<0.01, *** P< 0.001, **** P< 0.0001 Two-way ANOVA 

followed by Tukeys post hoc analysis. 
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3.2.13  Heat shock preconditioning reduced ER stress-induced BIM expression  

 

We decided to further investigate the effect of heat shock preconditioning on BIM 

expression given the crucial role of BIM in ER stress induced apoptosis (Puthalakath 

et al., 2007) We treated HeLa cells with TM and found that heat shock 

preconditioned cells had significantly reduced expression of BIM (Fig. 3.2.13 A). This 

demonstrates that activation of the HSR caused inhibition of ER stress induced BIM 

expression. We saw similar results in PC12 cells indicating that regulation of BIM by 

the HSR is a general and not a cell type specific response (Fig. 3.2.13 B). 

 

 

Fig. 3.2.13 Heat shock preconditioning reduces expression of pro-apoptotic BCL-2 

family members.(A) HeLa cells were not shocked or heat-shocked and left to recover for 6 

h after which they were treated with 1.5 μM TG for 0-48 h. Samples were prepared for SDS-

PAGE gels and probed using anti-BIM, ACTIN was used as a loading control. Densitometric 

and statistical analysis was carried out on BIM expression in TG treated HeLa cells. (B) 

PC12 cells were not shocked or heat shocked and left to recover for 6 h after which they 

were treated with 0.25 μM TG for 0-36 h. Samples were prepared for SDS-PAGE gels and 

probed using anti-BIM, ACTIN was used as a loading control. Densitometric analysis of BIM 

expressed relative to not shocked untreated. Values shown are representative of three 
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independent repeats * P <0.05, ** P<0.01, *** P< 0.001, **** P< 0.0001 Two-way ANOVA 

followed by Tukeys post hoc analysis versus not shocked. 
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3.2.14  Generation of cell lines overexpressing HSPs 

 

To investigate which HSP was responsible for regulation of BIM following heat 

shock preconditioning we set up a HSP over-expression system. The rat 

pheochromocytoma cell line, PC12, was initially selected to address this question as 

PC12 cells express very low levels of endogenous HSPs (Quigney et al., 2003). In 

addition these cells induce BIM expression following ER stress and would therefore 

provide a suitable model system to decipher, which HSP is leading to a reduction in 

BIM following heat shock preconditioning. HSPA1 and HSPB1 are the most potently 

induced heat shock proteins following HS preconditioning, therefore these two 

HSPs were selected for further study. Cells stably overexpressing either HSPA1, 

HSPB1 or a control empty vector (Neo) were generated by transient transfection of 

pcDNA-HSPA1, pcDNA-HSPB1, or a control vector pcDNA. Cells that contained the 

overexpression plasmids were then selected for using the antibiotic resistant 

marker in the plasmid, G418, this allowed generation of a stable pool of colonies.  

Cells were validated for overexpression of HSPs by Western blotting (Fig 3.2.14). 
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Fig 3.2.14. Generation of stably over expressing HSPA1 and HSPB1 cells. (A) Protein 

extracts from Neo and HSPA1 cells were analyzed by SDS-PAGE followed by Western 

blotting using a specific anti-HSPA1 antibody.(B) Protein extracts from Neo and HSPB1 cells 

were analyzed by SDS-PAGE followed by Western blotting using a specific anti-HSPB1 

antibody. ACTIN was used as a loading control. 

 

3.2.15 Over expression of HSPB1 reduces ER stress-induced BIM. 

 

A time course study of Neo, HSPA1 and HSPB1 PC12 cells was carried out with TG 

using the previously optimized drug concentration of 0.25 μM. Samples were then 

probed for expression levels of BIM. As can be seen in Fig. 3.2.15 TG treatment lead 

to a time dependant increase in BIM expression, however, over-expression of 

HSPA1 did not reduce BIM expression (Fig. 3.2.15 A). In contrast, PC12 cells 

overexpressing HSPB1 were found to have reduced levels of BIM expression 

following TG treatment (Fig. 3.2.15 B). This was not a stimulus specific effect as 

HSPB1 cells treated with 2 μg of TM also expressed lower levels of BIM. This 

indicates that HSPB1 may have a role in the reduction of BIM expression following 

ER stress. 
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Fig 3.2.15 Overexpression of HSPB1 reduces ER stress induced BIM. (A) Neo and 

HSPA1 PC12 cells were treated with TG and protein extracts were assessed for levels of 

BIM. Actin was used as a loading control. Densitometric and statistical analysis was carried 

out on TG treated Neo and HSPA1 cells (B) Protein extracts from TG treated Neo and 

HSPB1 cells were analysed by SDS-PAGE followed by Western blotting using a specific 

BIM antibody. ACTIN was used as a loading control. Densitometric and statistical analysis 

was carried out on TG treated Neo and HSPB1 cells (C) Protein extracts from TM treated 

Neo and HSPB1 cells were analysed by SDS-PAGE followed by Western blotting using a 

specific BIM antibody. ACTIN was used as a loading control. Densitometric and statistical 

analysis was carried out on TM treated Neo and HSPB1 cells Values shown are 

representative of three independent repeats. * P <0.05, ** P<0.01, *** P< 0.001, **** P< 

0.0001 Two- way ANOVA followed by Tukey’s post hoc analysis versus Neo   
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 Discussion 3.3

 

The HSR and the UPR are induced by common stimuli including mis-folded protein 

accumulation, proteasome inhibition, oxidative stress, and infection. We propose 

that co-activation of the stress pathways occurs in response to noxious stimuli in 

order to help cells cope. The UPR is a biphasic stress response pathway in which 

protective mechanisms are initially employed to help cells survive; however, if 

these measures fail, apoptosis ensues. We have shown that ER stress inducing 

drugs cause induction of both HSPA1 and HSPB1 in PC12 and HeLa cell lines. We 

observed a transient increase in HSPs following ER stress treatment. Of note, the 

decline of HSPs levels, which occurred at 48 h, coincided with initiation of cell death 

(Fig. 3.2.1 and Fig 3.2.2). Potentially the reduction of HSPs in the latter stages of the 

UPR is one of the elusive switching mechanisms in the transition from an adaptive 

to a maladaptive UPR response. Induction of HSPs was found to occur in both the 

human cell line (HeLas) and rat cell line (PC12s) and in response to different ER 

stress inducing agents (Fig. 3.2.1 and Fig.3.2.2). This suggests that induction of HSPs 

is general adaptive feature of the UPR and may act to help cells deal with ER stress 

and prevent ER stress-induced apoptosis. 

The increase in expression of HSPs was paralleled by a transient increase in 

expression of HSF1 the main transcription factor involved in the classical HSR. 

Consistent with HSF1 and heat shock proteins having a role in ER stress we see that 

HSF1-/- MEFs are more sensitive to ER stress-induced apoptosis. This demonstrates 

the functional significance of co-activation of the HSR and the UPR. HSF1 mediated 

activation of the HSR is an integral component of the proteostasis network. It is 

therefore logical that loss of this network would cause activation of the UPR due to 

the build-up of mis-folded proteins. Our data shows that in the absence of HSF1 

cells are more sensitive to ER stress-induced caspase activation (Fig. 3.2.3). These 

data suggest that UPR mediated activation of the HSR enhances the cells capacity to 

prevent ER stress induced apoptosis. 
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Inhibition of HSF1 has previously been shown to enhance apoptosis in response to a 

proteasome inhibitor, PS-341 (Tay et al., 2012). Co-operation between the HSR and 

the UPR is further exemplified by the observation that loss of vitamin B12 causes ER 

stress due to impaired activation of HSF1 (Ghemrawi et al., 2013). This suggests 

that the HSR is involved in setting the basal threshold to ER stress. It also 

demonstrates the redundancy of the HSR and the UPR as loss of one leads to a 

compensatory activation of the other, a feature that has previously been noted in 

HSF1 knockout MEFs (Liu and Chang, 2008). This again highlights the potential 

crosstalk of these two key proteostasis pathways. 

 

We were interested in further delineating the role of the HSPs in ER stress given the 

fact that HSPA1 and HSPB1 were induced in HeLa and PC12 cell lines in response to 

ER stress. HSPB1 acts as an ATP-independent molecular chaperone and has 

previously been shown to protect against apoptosis, however its role in ER stress 

has not been addressed. 

Post translational modifications of HSPs adds an additional layer of regulation to 

the HSR, a measure that is particularly important in stress conditions (Hatayama et 

al., 1994, Rafiee et al., 2003). The dynamic organization of HSP oligomers appears 

to be a crucial feature governing HSP activity (Bruey et al., 2000a). It has been 

demonstrated that in response to different stress stimuli HSPB1 alters its 

oligomerization status which maybe enable differential client protein interactions 

(Paul et al., 2012). In this way HSPB1 can mount a tailored response to the imposed 

stress. We therefore investigated the regulation of HSPB1 functionality under ER 

stress conditions. HSPB1 exists in an equilibrium of oligomers in unstressed cells 

with cellular stress leading to rapid phosphorylation on residues S15, S78, and S82 

by mitogen-activated protein kinase–activated protein kinase 2 and 3 (MK2, MK3). 

This causes disassembly of large oligomers into small oligomers. 

 There is an as yet incomplete understanding of the nature of HSPB1 oligomeric 

state required for optimal chaperoning capacity. Rogalla et al (1999) used in vitro 
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refolding of citrate synthase to assess chaperoning activity. Comparing light 

scattering ability of aggregates in the presence of HSPB1, or the triple mutant 

HSPB1 -S15D,S78D,S82D (phospho-mimic mutant), they found that the triple 

mutant had significantly decreased ability to act as a molecular chaperone, to 

suppress thermal denaturation and facilitate refolding (Rogalla et al., 1999). These 

data suggest that un-phosphorylated HSPB1 acts as a molecular chaperone. These 

findings contradict a recent finding by Hayes et al (2009) who performed a 

comparative analysis of HSPB1, triple phosphorylated by MK2 kinase, and the 

HspB1-S15D, S78D, S82D triple mutant. It was shown that the widely used triple 

mutant was only a partial and qualitative mimic for phosphorylated HSPB1 (Hayes 

et al., 2009a). MK2 phosphorylated HSPB1 was smaller in size than the mutant and 

showed enhanced protection against aggregation compared to the mutant (Hayes 

et al., 2009a). Therefore phoshorylated HSPB1 was suggested to be the chaperone 

competent form of HSPB1 (Hayes et al., 2009a). Current opinion is that stress 

induced phosphorylation and subsequent de-oligomerization of HSPB1 provides a 

transient increase in chaperoning capacity so that unfolded protein may be 

refolded by the HSPA1 machinery. Failure of this mechanism is purported to lead to 

formation of large oligomers which sequester misfolded proteins and prevent 

aberrant potentially cytotoxic protein interactions (Bryantsev, 2007). 

In agreement with current literature, which suggests that small oligomers of HSPB1 

mediate chaperoning activity, we observed both increased formation of HSPB1 

dimers and increased chaperoning activity in HSPB1 over-expressing cells in 

response to ER stress.  

Our data suggest that HSPB1 is present in a chaperoning ‘inactive’ state in 

unstressed cells as no difference was observed between Neo and HSPB1 cells with 

regards to chaperoning capacity in untreated conditions. In contrast, treatment 

with the ER stress inducer, TG, causes an increase in chaperoning activity of HSPB1 

(Fig.3.2.3). It is also uncertain as to which phosphorylation state and hence which 

oligomeric state of HSPB1, prevents apoptosis. In the case of ischemic injury, 
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phosphorylated HSPB1 is necessary to provide protection (Stetler et. al. 2009). In a 

recent study, Gibert et al (2013) generated peptide aptamers which specifically 

interact with HSPB1 (Gibert et al., 2013). Characterization of the biochemical 

properties of the effect of aptamers on the oligomeric state of HSPB1 revealed the 

aptamers resulted in a redistribution of HSPB1 to large oligomers and a 

concomitant reduction in phosphorylation of S78 (Gibert et al., 2013). Transfection 

of these aptamers into HeLa cells caused increased sensitivity to staurosporine-

induced apoptosis compared to the control (Gibert et al., 2013). These data suggest 

that phosphorylated HSPB1 is necessary to protect from staurosporine-induced 

apoptosis and highlights the importance of alterations in HSPB1 oligomerization 

and its resultant effect on cell fate.  Conversely, non-phosphorylated HSPB1 was 

reported to protect cells from cisplatin and etoposide. The apparent discrepancies 

may reflect stimulus specific alterations in HSPB1 to allow cells to fine tune stress 

response to the stress imposed. Indeed Paul et al 2010 demonstrated the stimulus 

specific HSPB1 dynamics (Paul et al., 2012). They observed that etoposide led to 

formation of large oligomers. In accordance with Bruey et al 2000, the large 

oligomers are necessary for protection against etoposide (Bruey et al., 2000b). 

Therefore it seems that different stimuli cause discrete changes in the structural 

organization of HSPB1 producing a stressor-specific survival strategy. With this in 

mind it is plausible that ER stress induces formation of small oligomers of HSPB1, 

thereby increasing its chaperoning capacity and aiding in the attenuation of ER-

stress induced apoptosis. In agreement with this hypothesis it has been reported 

that ER stress causes phosphorylation of HSPB1 (Ito et al., 2005). In the case of 

HSPA1 its chaperoning property is essential for mediating protection against 

apoptosis (Mosser et al., 2000). This was demonstrated by assessment of heat 

induced cell death in cells expressing WT HSPA1 or an ATPase deletion mutant, an 

EEVD deletion mutant or a mutated EEVD construct, all of which which all reduce 

the chaperoning ability of HSPA1. It was found that only WT HSPA1 could protect 

against heat-induced cell death thereby emphasizing the prosurvival role of HSPs 

chaperoning activity. 
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Our data pointed to co-activation, co-operation and cross modulation of the HSR 

and UPR.  We sought to better clarify the role of the HSR in modulating ER stress by 

setting up a thermal preconditioning model. Previous reports have established that 

the UPR is activated following thermal stress however the effect of thermal 

preconditioning on cell fate has not been explored. In this work thermal 

preconditioning induced HSPA1 and HSPB1 expression in HeLa and PC12 cells (Fig 

3.2.6). Co-activation of the HSR and the UPR was further exemplified in the 

increased expression of pro-survival UPR markers HSPA5 and XBP1s in 

preconditioned cells (Fig 3.2.8). This suggests that preconditioning leads to mild ER 

stress which causes activation of a pro-survival UPR response in a manner 

reminiscent of hormesis. Specific activation of pro-survival aspects of the UPR has 

previously been demonstrated in cells treated with very low concentrations of ER 

stress inducers TG or TM (Rutkowski et al., 2006, Mendes et al., 2009). As such, 

thermal preconditioning primes cells for a subsequent ER stress insult. We 

hypothesized that thermal preconditioning could therefore confer a survival 

advantage to cells in ER stress conditions. The pro-survival effects of thermal 

preconditioning in responce to apoptosis inducing agents has previously been 

reported however the exact mechanisms are not well understood (Cheng et al., 

2011). Our data clearly demonstrate that thermal preconditioning can protect 

against ER stress-induced apoptosis (Fig.3.2.9, Fig.3.2.10, Fig.3.2.11). ER stress-

induced apoptosis is mediated via the mitochondrial/intrinsic pathway (Gupta et al., 

2009). HSPs, in particular HSPA1 and HSPB1 have been linked to interference with 

the intrinsic pathway via inhibition of the release of cytochrome c and subsequent 

caspase activation (Concannon CG, 2001). We too saw reduced caspase activation 

and activity in preconditioned cells.  

The role of the BCL-2 family as critical regulators of events at the mitochondria and 

therefore cell fate is well established (Bouillet and Strasser, 2002, Stankiewicz et al., 

2009, Zhang et al., 2012) . Previous reports have demonstrated the ability of HSPB1 
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to regulate BAD via the AKT pathway (Zoubeidi et al., 2010). HSPA1 has also been 

shown to regulate NOXA. Additionally cross-tolerance induced by thermal 

preconditioning of SHSY5Y cells has been shown to reduce BAX activation in 

response to staurosporine (Cheng et al., 2011). This suggested to us that the 

cytoprotective effects of TP on ER stress-induced apoptosis could be due to 

regulation of the BCL-2 family. We have shown that preconditioned cells have lower 

levels of the key ER stress-associated BH3-only protein BIM. To date, no reports 

have linked HSPs to the regulation of BIM, and given its crucial role in ER stress 

induced apoptosis we were interested in identifying the HSP capable of regulating 

BIM expression. We found that cells which over-express HSPB1 had reduced 

expression of BIM in response to ER stress and we propose that thermal 

preconditioning modulates BIM, in part, via increased expression of HSPB1. As HSPs 

were induced by ER stress in our hands, we propose a role for HSPs in the ER stress 

response, modulation of cell fate and in particular we propose a HSPB1-BIM 

pathway in the adaptive phase of the UPR. To test the aforementioned hypothesis 

we further explored the role of HSPB1 in ER stress-induced apoptosis in PC12s cell 

which overexpress human HSPB1 or a control vector. Using this model system we 

also investigated the mechanism by which HSPB1 regulates BIM expression as 

details in chapter 4. 
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4 Chapter 4 

4. Regulation of ER stress-induced apoptosis by HSPB1 
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4.1 Introduction 

 

HSPB1 is the best characterized and most studied member of the small HSP family. 

HSPB1 has been shown to mediate protection from diverse cell stressors including 

heat shock (Samali, 2001), oxidative stress (Rogalla et al., 1999), metabolic stress 

(Havasi et al., 2008a), 6-hydroxydopamine (Gorman et al., 2005) staurosporine 

(Paul et al., 2002a), and DNA damage (Kanagasabai et al., 2013).  The commonality 

between these stressors is activation of the mitochondrial apoptotic pathway.  

In Chapter 3, we demonstrated that HSPB1 could reduce expression of the pro-

apoptotic BOP, BIM during conditions of ER stress. We therefore investigated 

whether overexpression of HSPB1 could protect cell from ER stress. In this chapter, 

we speculate that HSPB1 mediated regulation of BIM would afford HSPB1 cells 

protection during ER stress and seek to identify how HSPB1 regulates expression of 

BIM. 

BIM is a key pro-apoptotic member of BCL-2 family of protein, the expression of 

which is necessary for apoptosis in diverse cell types including hematopoietic, 

epithelial, neuronal, and germ cells, both in vitro and in a pathological setting 

within the whole animal (Puthalakath et al., 2007, Wakeyama et al., 2007). BIM is 

induced by numerous stimuli including ER stress (Puthalakath et al., 2007), NGF 

withdrawal (Whitfield et al., 2001), and by BCL-2-inhibitable stress stimuli, including 

cytokine deprivation or treatment with ionomycin or taxol (Bouillet et al., 1999). 

BIM has been shown to be important in neuronal cell death (Kudo et al., 2012, 

Sanphui and Biswas, 2013). Depletion of BIM reduces both developmental cell 

death and trophic factor withdrawal-induced apoptosis in neurons (Putcha et al., 

2001). Additionally depletion of BIM reduces ER stress-induced apoptosis indicating 

it is a player in UPR-mediated cell death (Puthalakath et al., 2007, Szegezdi et al., 

2008, Gupta et al., 2012).  
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Alternative splicing results in several BIM mRNA splice variants encoding different 

BIM isoforms. The major splice variants are BIMEL, BIML and BIMS. Other less well 

studied BIM isoforms have been identified, namely BIMα1, BIMβ1, BIMβ2, BIMα2, 

BIMβ3, BIMβ4 (Marani et al., 2002). These isoforms show variable expression 

among normal tissues at least in humans, suggesting a tissue-specific transcriptional 

regulation of BIM. Of these lesser studied isoforms, only BIMα1 and α2 contain a 

BH3 domain, however their biological significance remains to be fully defined (U et 

al., 2001, Marani et al., 2002). The other isoforms which lack the BH3 domain may 

function as decoys of pro-apoptotic BIM splice variants, thereby representing a 

novel regulatory mechanism for BIM (Adachi et al., 2004). With regard to ER stress 

BIMEL is the primary isoform induced at protein level (Puthalakath et al., 2007, 

Szegezdi et al., 2008). BIMEL, like BIML is bound and sequestered to the cytoskeleton 

microtubular motor complex via a dynein light chain binding domain (DLC), a 

domain that is absent from BIMs and is regarded as the reason for the apoptotic  

potency of BIMs (Adachi et al., 2004)  

BIM can be regulated by a variety of transcriptional, post-transcriptional and post-

translational modifications. The regulation of BIM is highly complex and varies with 

cellular context (Ley et al., 2005). Examination of the proximal BIM promoter 

reveals binding sites for FoxO, MYB, C-JUN and ERG-1, and CHOP-C/EBPα (Biswas et 

al., 2007). BIM can be transcriptionally regulated by the pro-survival UPR gene, 

XBP1. Modulation of XBP1 expression by siRNA knock down was shown to increase 

BIM at mRNA level (Kurata et al., 2011), although it was not investigated whether a 

binding site for XBP1 is located in the BIM promoter.  

The post-transcriptional regulation of gene expression is an important control 

mechanism particularly in the case of cellular stress when cells need to respond to 

change rapidly. BIM is regulated by a number of microRNAs, which are small non 

coding RNAs which bind to the 3’UTR of target genes and repress translation of 

mRNA into protein. MicroRNAs that regulate BIM include mir-24 (Qian et al. 2011), 

and the ER stress regulated clusters miR-17-92 (Molitoris et al., 2011) and miR-

106B-25 (Gupta et al., 2012).  
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An important regulator of BIM during cell stress conditions involves post-

translational modification by phosphorylation. BIM can be phosphorylated by ERK, 

JNK, P38, ATK and PKA (Ley et al., 2003, Luciano et al., 2003, Putcha et al., 2003, Qi 

et al., 2006, Moujalled et al., 2011).  Phosphorylation may increase or decrease the 

apoptotic potential of BIM, alter its interaction with anti-apoptotic BCL-2 family 

proteins, or alter BIM protein stability (Hübner et al., 2008).   

BIMEL is reported to have five phosphorylation sites, three of which are due to 

phoshor-ERK signalling, S55, S65 ( S69 in humans) and S73 (Hübner et al., 2008). 

Phosphorylation of these sites is thought to occur in a hierarchical fashion where 

phosphorylation of S65 drives phosphorylation of the other residues. The 

consequence of ERK mediated phosphorylation of BIM on S65 is enhanced 

proteasomal degradation (Ley et al., 2003). Additionally in response to IL-3, 

phosphorylation by ERK decreases interaction of BAX with BIM, thereby reducing 

apoptosis (Harada et al., 2004).  

Data also indicate that, in neuronal cells, JNK may phosphorylate BIM on S65 

(Putcha et al., 2003, Ley et al., 2004). The mechanism of how phosphorylation of 

BIM by JNK can enhance apoptotic ability, while phosphorylation by ERK increases 

proteasomal degradation is unclear. In vitro both ERK and JNK can phosphorylate 

BIMEL, however, ERK is more effective (Ley et al., 2005). It is possible that S65 may 

undergo JNK mediated phosphorylation in the absence of ERK signalling. Additional 

sites phosphorylated by JNK include S100, S112, S114, the consequence of which is 

stabilization of BIM leading to increased apoptosis (Geissler et al., 2013).  

The identity of the E3 ligase responsible for polyubiquitination of BIM has been 

controversial. Reported E3 ligases for BIM include βTrCP an F box protein (Dehan et 

al., 2009), and CBL (Akiyama et al., 2003), a ring finger protein, however, both of 

these findings have proven difficult to reproduce (Wiggins et al., 2007, Wiggins et 

al., 2011). Other reported ligases include Rack1, CIS, DRG1 and TRIM2.  

Interestingly it has been shown that BIM can undergo ERK-driven degradation in an 

ubiquitin independent manner (Wiggins et al., 2011). BIM is an intrinsically 
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disordered protein (IDP) which does not have a well-defined tertiary structure and 

commonly undergoes structural transition upon binding to cognate partners. IDPs 

often undergo degradation by uncapped 20S proteasome without poly-

ubiquitination  (Wiggins et al., 2011). BIMEL  has been shown to undergo ubiquitin 

independent proteasomal degradation (Wiggins et al., 2011). 

 

In relation to ER stress, BIM has been shown to be transcriptionally regulated by 

CHOP (Puthalakath et al., 2007). Post-transcriptionally, ER stress suppresses 

microRNAs of the miR-17-92 family and miR-106-92 family, leading to increased 

mRNA stability and increased BIM protein expression. Post-translational 

modifications of BIM have also been reported during ER stress, due to 

dephosphorylation of BIM by PP2A (Puthalakath et al., 2007). In melanoma cell 

lines this was found to be an indirect effect, via PP2A-mediated dephosphorylation 

of ERK, leading to stabilization of BIM and increased apoptosis (Tay et al., 2012). 

Results from Chapter 3 demonstrated the pro-survival effects of TP in ER stress. We 

also identified HSPB1 as a novel regulator of BIM expression. The aim of this study 

was to delinate the role of HSPB1 in ER stress-induced apoptosis and to examine 

the mechanisms by which HSPB1 can regulate BIM accumulation in the cells 

following ER stress. PC12 cells which expressed a control vector (Neo) or HSPB1 

were used to investigate the protective effects of HSPB1 during ER stress-induced 

apoptsis. Using an siRNA knock down approach we demonstrated that regulation of 

BIM is key to the protective effects afforded by HSPB1 overexpression. Molecular 

analysis of the pathways which regulate BIM was carried out to determine how 

HSPB1 regulates BIM. 

Although HSPs including HSPA1, HSPA5, and HSPB5 have previously been liked to 

regulation of ER stress-induced cell death, nothing is currently known about the 

role of HSPB1. Our previous results revealed induction and modulation of HSPB1 by 

TG suggesting it may have a role in regulation of cell death induced by ER stress. 

The findings reported in this Chapter demonstrate that HSPB1 is a novel regulator 
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of ER stress-induced apoptosis and has uncovered HSPB1 as a stimulator of BIM 

degradation.



Chapter 4: Results 2 

121 

 

4.2 Results 

4.2.1 HSPB1 over-expression increases cell viability in response to ER stress  

 

Results from Chapter-3 found that induction of HSP by heat shock preconditioning 

could attenuate ER stress-induced apoptosis. Heat shock preconditioning induces 

numerous HSPs. We therefore investigated whether over-expression of the small 

HSP, HSPB1, could provide protection against ER stress-induced cell death. 

Following 24 h treatment with TG, cell viability in Neo and HSPB1 cells was 

determined by MTT assay. As can be seen in Fig 4.2.1 A, HSPB1 over-expressing 

cells showed significantly enhanced survival at a range of TG concentrations of 0.1, 

0.25 and 0.5 μM. Cell morphology was assessed by making cytospin preparations of 

cells followed by hemotoxylin-eosin staining. Neo cells treated with TG displayed 

characteristic features of apoptosis including cell shrinkage, nuclear condensation 

and membrane blebbing. Cells over-expressing HSPB1 displayed less apoptotic 

features (4.2.1 B) 

 

Figure 4.2.1 HSPB1 over-expression increased cell viability in response to ER stress 

(A) Neo and HSPB1 PC12 cells were treated with 0, 0.1, 0.25 0.5, 1 μM TG for 24 h followed 

by MTT assessment of cell viability. Values shown are representative of three 

independent repeats. * P <0.05, ** P<0.01, *** P< 0.001, **** P< 0.0001 Two- way 

ANOVA followed by Tukey’s post hoc analysis versus Neo 
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Neo versus HSPB1 cells. (B) The morphology of the untreated and cells treated with 0.25 

μM TG for 48 h was examined by making cytocentrifuge preparations of cells followed by 

staining with haematoxylin and eosin dyes 

 

4.2.2 HSPB1 over-expression attenuates ER stress induced cell death. 

 

To confirm that the reduction in cell viability was due to apoptosis, we carried out a 

panal of apoptosis assays. Cells that are undergoing apoptosis have fragmented 

DNA due to the action of nucleases which can be measure by Subg1 analysis (See 

section 2.4.2 for details). Cell cycle profiles were assessed for Neo and HSPB1 cells 

following 36 h of 0.25 μM TG treatments. It was found that HSPB1 cells have a 

significant reduction in the % of cells with a sub-G1 population (10% reduction). Fig 

4.1.2 B shows representative histograms. 

 

 

Fig 4.2.2 HSPB1 over-expression attenuates DNA fragmentation following ER stress 

(A) Neo and HSPB1 PC12 cells were treated with 0.25 μM TG for 36 h. Cells were fixed in 

70 % ethanol and Sub-G1 analysis was determined by PI staining on PE-A channel 

(FacsCanto flow cytometer). Values shown are representative of three independent 

repeats.* P <0.05, ** P<0.01, *** P< 0.001, **** P< 0.0001 Two-way ANOVA followed by 

Tukey’s post hoc analysis versus Neo. (B) Representative histograms of Neo (Black) and 

HSPB1 (Grey) cells treated with 0.25 μM TG.for 36 h. 
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4.2.3  HSPB1 over-expression reduces ER stress induced apoptosis. 

 

To verify the protective effects of HSPB1 on ER stress induced by TG treatment, 

annexin V staining was carried out (See section 2.4.3 for details). Annexin V binds to 

phosphatidylserine (PS) which is exposed on the surface of apoptotic cells (Galluzzi 

et al., 2009). HSPB1 over expressing cells showed reduced annexin V binding in both 

a dose independent and time independent manner (Figure 4.2.3 A,B). Significant 

protection against cell death was seen in HSPB1 cells following treatment with 0.5 

μM, 1 μM and 2 μM TG at 24 hrs (approx. 50% less annexin V positive cells in HSPB1 

cells than in the neo). HSPB1 over-expression caused a significant 10% reduction in 

apoptosis at 36 h and 48 h of TG treatment. Collectively, these data demonstrate 

the protective effect of HSPB1 in ER stress-induced apoptosis. 

 

 

Figure 4.2.3 HSPB1 over-expression reduces ER stress induced apoptosis. (A) Neo 

and HSPB1 cells were treated with 0.1 0.25 0.5, 1 or 2.0 μM TG for 24 h. The % cell death 

was estimated by flow cytometry based measurement of Annexin V. (B) Time course study 

of Neo and HSPB1 cells treated with 0.25 μM TG for 0-48 h. The % cell death was estimated 

by flow cytometry based measurement of Annexin V. Values shown are representative of 

three independent repeats.* P <0.05, ** P<0.01, *** P< 0.001, **** P< 0.0001 Two-way 

ANOVA followed by Tukey’s post hoc analysis versus Neo.   
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4.2.4  HSPB1 mediated protection occurs upstream of the mitochondria 

 

HSPB1 can positively modulate cell fate by regulating events upstream and 

downstream of the mitochondria. We investigated how HSPB1 regulated apoptotic 

events during ER stress. Apoptosis induced by ER stress occurs via the 

mitochondrial pathway; therefore, we investigated the intrinsic pathway in Neo and 

HSPB1 cells. We assessed alterations in mitochondrial membrane potential using 

tetramethyl rhodamine ethyl ester (TMRE) (See section 2.4.4 for details). A greater 

proportion of HSPB1 cells retained mitochondrial membrane potential compared to 

Neo cells (Figure 4.2.4 A). Consistent with HSPB1 protecting cells from ER stress-

induced apoptosis upstream of the mitochondria, release of cytochrome c was 

reduced in HSPB1 over expressing cells (Figure 4.2.4 B).  
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Figure 4.2.4 HSPB1 mediated protection occurs upstream of the mitochondria. (A) 

Changes in ∆Ψm in Neo and HSPB1 cells treated with 0.25 μM TG-treated cells were 

determined by Flow cytometry based measurement of TMRE at 48 h (B) Release of 

cytochrome c into cytosol was detected by Western blot analysis of cytosolic fraction 

obtained by Digitonin permeabilization of cells treated with TG at indicated time points. 

ACTIN was used as a loading control. Data is representative of three independent 

repeats.(C) Densitometric anaylsis of cytochrome c release was carried out and statically 

significant assessed by students t-test versus Neo. .* P <0.05, ** P<0.01, *** P< 0.001, **** 

P< 0.0001 
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4.2.5 HSPB1 reduces caspase activation following ER stress 

 

Apoptosis is defined as a caspase-dependent form of programmed cell death. We 

therefore tested caspase activation in Neo and HSPB1 cells following ER stress. 

Caspase activation can be monitored by Western blot analysis and probing for 

caspase cleavage products (See section 2.10. for details). 

Following TG treatment, capsase-9 undergoes cleavage, producing a ~35 kDa 

fragment. This process was reduced is HSPB1 over-expressing cells. Similarly 

caspase-3 is cleaved to the p17 fragment following 24, 34, and 48 h of TG 

treatment. This was significantly attenuated in HSPB1 over-expressing cells. As can 

be seen in Fig 4.2.5A, HSPB1 cells have reduced caspase-9 and caspase-3 cleavage. 

Activity of type II caspases can be determined by using a fluorescently labelled 

peptide substrate, DEVD-AMC. In agreement with Western blot data, HSPB1 cells 

have lower levels of caspase enzymatic activity (Fig 4.2.5 B). The modulatory effect 

of HSPB1 on caspase activation is not specific to TG treatments as similar results 

were obtained in cells treated with TM (Fig 4.2.5C). 
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Fig 4.2.5 HSPB1 reduces caspase activation following ER stress. (A) Neo and HSPB1 

PC12 cells were treated with 0.25 μM TG for 0,12, 24,36 and 48 h. Caspase cleavage was 

assessed by Western blotting using anticaspase-9 and anti-caspase-3 antibodies. ACTIN 

was used as loading control (B) Caspase activation was measured by DEVDase activity of 

whole cell lysate at indicated time points after TG treatment. (C) Neo and HSPB1 PC12 cells 

were treated with 2 μg TM for 0, 24, 36 and 48 h. Caspase cleavage was assessed by 

Western blotting using anticaspase-9 and anti-caspase-3 antibodies. ACTIN was used as 

loading control Data is representative of three independent repeats. 
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4.2.6  BIM is involved in ER stress-induced apoptosis 

 

Previous reports have demonstrated the involvement of BIM in ER stress-induced 

apoptosis (Puthalakath et al., 2007, Gupta et al., 2012, Zhang et al., 2012). We 

wanted to assess the role for BIM in ER stress-induced apoptosis in PC12s treated 

with TG. Cells were transfected with 20 nM BIM siRNA or a non-targeting control 

siRNA using lipofectamine for 5 h (See section 2.3.2 for details) 24 h after 

transfection, cells were treated with TG for 0, 24 or 48 h. Knockdown efficiency was 

determined by Western blotting of untreated cells or cells treated with 0.25 μM TG 

for 0 or 48 hrs. Fig 4.2.6 demonstrates that 20 nM of siRNA effectively knocked 

down BIM expression. In agreement with BIMs role in ER stress induced apoptosis 

we observed reduced caspase-3 cleavage in cells treated with BIM siRNA (Fig 4.2.6). 

This suggests that BIM is important for initiating mitochondrial apoptosis in 

response to TG in PC12 cells.  

 

Fig 4.2.6 Involvement of Bim ER stress induced apoptosis. (A) 24 h after siRNA 

transfection PC12 cells were uttreated or treated with 0.25 μM TG for 48 h. BIM and 

Caspase-3 cleavage were assessed by Western blotting using anti-caspase-3 and anti-BIM 

antibodies. ACTIN was used as loading control. Data is representative of two independent 

repeats. (B) Densitometric analysis of BIM and caspase3 expression in control and BIM 

siRNA treated cells. 
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4.2.7 Knock down of BIM attenuates ER stress induced apoptosis 

 

We next determined what % of cell death was due to increased expression of BIM 

following TG treatment. Cell death was determined by annexin V staining and flow 

cytometry. As can be seen in Fig 4.2.7 A knock down of BIM significantly reduced ER 

stress induced apoptosis following 48 h treatment with TG. Fig 4.2.6 B shows 

representative histograms. 

 

Fig 4.2.7 Knock down of BIM attenuates ER stress-induced apoptosis (A) 24 h after 

siRNA transfection PC12 cells were treated with or 0.25 μM TG for 0, 24, 48 h. The % cell 

death was estimated by flow cytometry based measurement of Annexin V. Values shown 

are representative of three independent repeats.* P <0.05, ** P<0.01, *** P< 0.001, **** P< 

0.0001 Two-way ANOVA followed by Tukey’s post hoc analysis versus Neo (B) 

Representative Histograms from (A). 
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4.2.8 HSPB1 mediated protection against ER stress is dependent on regulation of 

BIM 

  

Given that HSPB1 is a potent regulator of apoptotic events downstream of the 

mitochondria including activation of caspases (Bruey et al 2000, Concannon et al 

2001), we wanted to test the significance of HSPB1 mediated regulation of BIM. The 

protective effects observed in HSPB1 over-expressing cells may be due to previously 

reported downstream regulation of caspase-3 and cytochrome c release 

mechanism. Alternatively, HSPB1 mediated regulation of BIM may be the upstream 

event which ultimately leads to reduced caspase activation. To test this hypothesis 

we transfected Neo and HSPB1 cells with control siRNA or a BIM targeting siRNA. 24 

hpost-transfection cells were treated with TG. Cell death was determined by 

annexin V staining. As observed in previous experiments, HSPB1 over-expression 

led to a 15% protection against ER stress in control siRNA treated cells compared to 

Neo control cells (fig 4.2.8B vs A). When BIM was knocked out with BIM targeting 

siRNA, ER stress induced cell death was reduced by 20% of Neo cells (Fig 4.2.8 C vs 

A). There was a 2% difference in cell death between Neo and HSPB1 cells when BIM 

was knock down (Fig 4.2.8 D vs C). This data demonstrates that ~85% of the 

protective effects of HSPB1 overexpression are due to regulation of BIM (Fig 4.2.8 B 

vrs B). 
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Figure 4.2.8 HSPB1 protects against ER stress via regulation of BIM. (A) Neo cells were 

transfected with ctrl siRNA and followed by treatment with TG for 48 h. (B) HSPB1 cells 

were transfected with ctrl siRNA and followed by treatment with TG for 48 h. (C) Neo cells 

were transfected with BIM siRNA and followed by treatment with TG for 48 h. (D) HSPB1 

cells were transfected with BIM siRNA and followed by treatment with TG for 48 h.  The % 

cell death was estimated by flow cytometry based measurement of Annexin V. (E) Values 

shown are representative of three independent repeats.* P <0.05, ** P<0.01, *** P< 0.001, 

**** P< 0.0001 Two-way ANOVA followed by Tukey’s post hoc analysis 

 

4.2.9 HSPB1 regulates BIM via a post transcriptional mechanism 

 

Results from Figures 4.2.1-4.2.5 show that HSPB1 over-expression can protect 

against ER stress induced apoptosis. Figures 4.2.6 and 4.2.7 demonstrate that BIM is 

a key mediator of ER stress induced apoptosis. Importantly, we demonstrated the 

protective effects mediated by HSPB1 over-expression are dependent on regulation 
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of BIM (Fig 4.2.8). Subsequent work sought to identify the mechanism by which 

HSPB1 can regulate BIM expression. 

BIM is subject to multiple modes of regulation at transcriptional, post 

transcriptional and posttranslational levels. To this end, we tested if HSPB1 over-

expression was causing a reduction in BIM mRNA, and subsequently reducing BIM 

at the protein level. qRT-PCR analysis of BIM mRNA was carried out in Neo and 

HSPB1 PC12s following TG treatment for 0, 6, 12, 18, 24, or 36 h. As can be seen in 

Fig 4.2.9A TG-induced a modest maximal (approx. 3.5-fold) increase in BIM mRNA. 

Crucially, no difference was observed between Neo and HSPB1 cells. This modest 

increase in BIM mRNA fails to correlate with an approx. 18-fold increase in BIM at 

protein level (Fig 4.2.9 B).  These data suggest that post-transcriptional regulation 

of BIM is the key regulator of expression during ER stress and HSPB1-mediated 

reduction in BIM protein levels may be due to post-transcriptional regulation. 

 

 

Fig 4.2.9 HSPB1 regulates BIM via a post-transcriptional mechanism. (A) Expression 

levels of BIM mRNA levels in Neo and HSPB1 cells following 0.25 μM TG for 0-36 h was 

quantified by real-time RT-PCR, normalizing against GAPDH. (B) Densitometric analysis of 

BIM expression following Western Blotting was determined using Image J software. Values 

shown are representative of three independent repeats non significant (Neo versus HSPB1) 

as determined by Two-way ANOVA followed by Tukey’s post hoc analysis versus Neo   
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4.2.10  Regulation of BIM by HSPB1 is not due to microRNA activity 

 

BIM is a target of two paralogue microRNA clusters, miR-17-92 and miR-106B-25 

leading to translational repression (Gupta et al., 2012). Both of these microRNA 

clusters are down regulated during ER stress resulting in an increase in BIM (Gupta 

et al 2012). Therefore we sought to determine if microRNA-mediated repression 

was responsible for reduced induction of BIM in HSPB1 cells.  

To determine if regulation occurs through direct binding of members of the miR-17-

92 cluster to BIM 3’-UTR, a BIM 3’-UTR reporter plasmid was used which contains 

the conserved binding sites (for members of miR17-92) in the psiCHECK2 vector, 

downstream of the renilla luciferase gene (see schematic Fig. 4.2.10 A). We have 

also found that this construct is responsive to the 106B-25 cluster and therefore is 

an ideal tool to assess activity of miR17-92 AND miR106B clusters at the BIM 3’UTR.  

Neo and HSPB1 cells were transfected with either a control psiCHECK2 plasmid or 

the BIM 3’-UTR plasmid. 24 h later cells were treated with TG for a further 24 h (See 

section 2.3.1 for details). Luciferase activity was determined with the DualGlo 

Luciferase assay kit (See section 2.8 for details). Results were normalized to control 

vector. In agreement with previous findings, it was observed that TG caused an 

increase in luciferase activity of the reporter construct in Neo cells indicative of a 

reduction in microRNA activity. No difference was seen between the activity of the 

BIM 3’UTR  as determined by luciferase activity in HSPB1 cells compared to Neo 

cells. Therefore these data suggests that the differential expression of BIM in HSPB1 

cells is not due to microRNA-mediated repression. 
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Fig 4.2.10 Regulation of BIM 3’UTR. (A) Schematic representation of the BIM 3'UTR 

reporter construct (B) PC12 cells were transfected with BIM 3'UTR reporter or control 

plasmid. 24 h post-transfection cells were left untreated (UT) or treated with 0.25 μM TG for 

24 h. Luciferase activity was assessed using DualGlo assay system and normalized to 

Luciferase activity (Renilla/Firefly) and expression relative to control the plasmid is shown. 

Values shown are representative of three independent repeats.* P <0.05, ** P<0.01, *** P< 

0.001, **** P< 0.0001 Two-way ANOVA followed by Tukey’s post hoc analysis   



Chapter 4: Results 2 

135 

 

4.2.11  HSPB1 over-expression alters stress kinase signalling 

 

Previous results in this chapter suggest HSPB1 regulates BIM expression via a post-

translational mechanism. Stress kinases are important regulators of BIM, acting to 

regulate its activity and expression via post-translational modifications (Ley et al., 

2004). We carried out analysis of AKT, JNK and ERK during ER stress as these kinases 

have been previously shown to regulate BIM. 

Using antibodies which specifically detect the phosphorylated form of AKT we 

found that HSPB1 cells express higher basal levels of phospho-AKT. We could not 

detect AKT in Neo cells. TG treatment caused a reduction in levels of phospho-AKT 

relative to total AKT in HSPB1 cells. We used an antibody which detects levels of 

phosphorylated p46 and p54 JNK isoforms dually phosphorylated at both threonine 

183 and tyrosine 185. This antibody does not recognize unphosphorylated JNK. JNK 

was found to undergo phosphorylation during ER stress as indicated by an increase 

in the levels of phospho-JNK relative to total JNK. HSPB1 cells had earlier 

attenuation of phospho-JNK and a delayed activation of phospho-JNK. To study 

activation of ERK, we used an antibody which detects endogenous levels of p44 and 

p42 MAP Kinase isoforms phosphorylated either individually or dually at Thr202 

and Tyr204 of Erk1 (Thr185 and Tyr187 of Erk2). Expression of phosphor-ERK was 

down-regulated by TG treatment in a time dependant manner. HSPB1 over-

expressing cells had higher basal levels of phosphor-ERK and the decline following 

TG treatment was significantly less than for Neo cells, suggesting phospho-ERK is 

stabilized in HSPB1 cells.  
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Figure 4.2.11 HSPB1 modulates the PI3K/AKT and MEK/ERK and JNK pathways. (A) 

Western Blot analysis of total and Phospho-ATK in Neo and HspB1 PC12s following 0.25 

μM TG. (B) Western Blot analysis of total and Phospho-JNK in Neo and HspB1 PC12s 

following 0.25 μM TG. (C) Western Blot analysis of total and Phospho-ERK in Neo and 

HspB1 PC12s following 0.25 μM TG. Data is representative of at least three independent 

repeats. 
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4.2.12  Phospho-ERK regulated BIM during ER stress 

 

We noted a parallel inverse relationship between expression of BIM and phospho-

ERK. Significant differences in expression level of BIM occur at 24 h in Neo and 

HSPB1 cells (Fig 4.2.9 B).Similarly we see prominent differences in expression levels 

of phospho-ERK at 24 h between Neo and HSPB1 cells (Fig 4.2.9C). This suggested to 

us a casual relationship between phosphor-ERK signalling and BIM expression. 

To delineate the role of phospho-ERK signalling during ER stress we inhibited 

phospho-ERK with a MEK1 inhibitor, U0126. ERK is the only known target of MEK1 

therefore U0126 is widely used as a tool to inhibit phospho-ERK (Roberts and Der, 

2007). PC12s were treated with 10 μM of a 1:1000 stock of U0126 every 12 h or 

with DMSO as a control. Top-up treatments were necessary due to the short half 

life of UO126 in culture. U0126 caused abrogation of phospho-ERK while levels of 

total ERK remained unchanged (Fig 4.2.12 A). Inhibition of phospho-ERK activity was 

paralleled by increased levels of BIM (Fig 4.2.12 A). These results suggest that ERK 

may be involved in the regulation of BIM expression during ER stress. We next 

investigated the effect of phospho-ERK on cell fate during ER stress. Cells were 

treated with TG or with TG in the presence of absence of U0126. Cell death was 

measured by annexin V staining. No toxicity was observed in cells treated with 

UO126 alone as can be seen at the 0 hour treatment in U0126 treated cells (Fig. 

4.2.12B). However, U0126 led to an increase in cell death at 48 h (Fig 4.2.12B). No 

significant difference in cell death was observed at earlier time points. These data 

suggest that loss of phospho-ERK signalling contributes to cell death. 
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Figure 4.2.12 Phospho-ERK can regulate BIM during ER stress. (A) Western Blot 

analysis of total and Phospho-ERK and total and Phospho-BIM in Neo PC12s following 0.25 

μM TG or TG in combination with 10 μM U0126 for 0, 24, 36 or 48 h. Samples were 

harvested and prepared for SDS-PAGE. Protein expression was determined by western 

blotting using anti BIM and caspase-3 antibodies.  (B) Annexin V determination of apoptosis 

following TG treatment in presence or absence of ERK inhibitor U0126. Values shown are 

means of three independent repeats ± SEM. Un-paired Students t-test * P <0.05, ** P <0.01 

*** P< 0.0001 TG vrs TG+U0126. 
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4.2.13  HSPB1 mediated protection against ER stress induced apoptosis is 

phospho-ERK dependent 

 

We wanted to test if increased phospho-ERK signalling was responsible for the 

protective effects observed in HSPB1 cells. We reasoned that HSPB1 would not be 

able to protect against ER stress in the absence of ERK. To test this hypothesis we 

treated Neo and HSPB1 PC12 cells with TG alone or TG plus the MEK inhibitor 

U0126. The previously optimized concentrations of 10 μM U01236 every 12 h and 

0.25 µm TG were used. The U0126 0 hour sample was treated with U0126 for the 

duration of the experiment, i.e., 48 h and therefore represents maximal toxicity 

induced by U0126 alone. Cells were treated for 0, 24, 36, or 48 h. Results are shown 

in Fig 4.2.13. TG treated HSPB1 cells had reduced apoptosis compared to Neo cells. 

However in the presence of U0126 HSPB1 could no longer protect cells from ER 

stress, indicating that HSPB1 mediated protection against ER stress is dependent on 

regulation of phospho-ERK. 

 

Figure 4.2.13 HSPB1 mediated protection against ER stress induced apoptosis is ERK 

dependant. (A) Annexin V determination of apoptosis following TG treatment in presence or 

absence of ERK inhibitor U0126 over time Values shown are representative of three 
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independent repeats.* P <0.05, ** P<0.01, *** P< 0.001, **** P< 0.0001 Two-way ANOVA 

followed by Tukey’s post hoc analysis versus Neo  
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4.2.14  HSPB1 over-expressing cells have increased levels of phospho-BIM 

 

Increased levels of phospho-ERK in HSPB1 cells could lead to increased 

phosphorylation of BIM on S65. To test this we used a BIM antibody which was 

specific for BIM which has been phosphorylated on S65. We found that a small 

proportion of BIM was phosphorylated on S65 in Neo cells in response to TG 

treatment. HSPB1 cells had similar levels of phospho-BIM to Neo cells. When taking 

into account the lower levels of total BIM in HSPB1 cells, there is a higher ratio of 

phospho BIM to total BIM in HSPB1 cells compared to Neo cells. This analysis was 

carried out by densitometry. Fig 4.2.14 shows one representative experiment of 

three separate repeats. Therefore a higher percentage of BIM is phosphorylated in 

HSPB1 cells 

 

Fig. 4.1.14. HSPB1 cells have higher levels of S65 phospho-BIM. (A) Western Blot 

analysis of total and Phospho-BIM Neo and HSPB1 PC12 cells following 0.25 μM TG for 0, 

12, 24, 36 or 48 h. Samples were harvested and prepared for SDS-PAGE. (B) Densitometric 

analysis of relative phospho-BIM levels in Neo and HSPB1 cells following 0.25 μM TG for 0, 

24 and 48 hrs. Data is representative of three independent repeats repeats ± SEM.* P 

<0.05, ** P<0.01, *** P< 0.001, **** P< 0.0001 Two-way ANOVA followed by Tukey’s post 

hoc analysis versus Neo 
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4.2.15  HSPB1 mediated regulation of BIM is partially due to regulation of 

phospho-ERK 

 

We next investigated the effect of loss of phospho-ERK signalling on BIM in 

expression in Neo and HSPB1 cells. We hypothesised that loss of phospho-ERK 

would lead to similar expression levels of BIM in Neo and HSPB1 cells. Cells were 

treated for 0, 24 or 48 h with TG alone or TG U0126. In agreement with previous 

results TG caused a loss of phosphor-ERK.  Treatment of cells with U0126 efficiently 

reduced basal levels of phospho-ERK while expression levels of total ERK remained 

unchanged. BIM was induced in a time dependant manner in Neo cells and addition 

of U0126 led to earlier induction of BIM. HSPB1 cells had reduced levels of BIM 

following TG treatment compared to Neo cells. Inhibition of phospho-ERK in HSPB1 

cells caused massive accumulating of BIM however only at 48 hours of treatment.  

Treatment of HSPB1 cells with U0126 causes a reduction in levels of phospho-BIM 

on S65. Unexpectedly inhibition of phospho-ERK was paralleled by an increase in 

the levels of phosphor-BIM in Neo cells. Therefore an alternative kinase must be 

phosphorylating BIM in the absence of ERK signalling in Neo cells. 

  



Chapter 4: Results 2 

143 

 

 

 

Fig 4.2.15 Regulation of Phospho-BIM (A) Neo and HSPB1 PC12s were treated for 0, 24, 

48 h with 0.25 μM TG alone or TG plus 10 μM U0126. Samples were prepared for SDS-

PAGE and expression of ERK,phospho-ERK, BIM and phosphor-BIM were determined by 

Western Blot.  Data is representative of four independent repeats. 
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4.2.16  HSPB1 decreases the protein half-life of BIM 

 

Given the well-established role of phospho-ERK in enhancing degradation of BIM 

via the proteasome and the proteasome enhancing capabilities of HSPB1, we 

hypothesised that HSPB1 was acting as an E4 ligase to enhance BIM degradation. To 

test this hypothesis, we assessed protein half-life of BIM in Neo and HSPB1 over-

expressing cells using cycloheximide which interferes with the translocation step in 

protein synthesis, thus blocking translation elongation. This makes it a useful tool to 

study protein stability/half-life. 

Neo and HSPB1 cells were pre-treated with TG for 24 h. After 24 hours untreated 

control cells and TG treated positive control cells were harvested and frozen. The 

remaining samples were treated with fresh media containing 10 μM cyclohexamide 

(CHX) for 30 min, 1 h, 2 h or 3 h after which time cells were harvested and all 

samples were processed according to the Western blot methods (See section 2.10 

and 2.10.3 for details) 

The cyclohexamide time course experiment showed that in HSPB1 over expressing 

cells,BIM had a shorter half-life compared to Neo cells (Fig 4.2.16A). In HSPB1 

overexpressing cells BIM levels had returned to that of untreated conditions by 30 

min while in Neo cells BIM levels show a slow decline but even by 3 h BIM 

expression was still elevated (Fig 4.2.16 A). Protein half-life can be calculated by 

fitting densitomeric analysis to a mono exponential decay curve. BIM half-life was 

calculated by setting TG treated BIM levels (T=0 ) in Neo and HspB1 cells as 100 % 

and expressing cyclohexamide treated samples (0.5,1,2,3 h) relative to t=0. In this 

way the reduced expression of BIM in HSPB1 cells is accounted for in calculating 

protein half-life. As can be seen in (Fig 4.2.16 B) in HSPB1 over expressing cells BIM 

has a half-life of less than 2 h while in Neo cells the half-life is ~ 13 h. Therefore BIM 

degradation is enhanced in the presence of HSPB1. 
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Fig 4.2.16 HspB1 increases proteasomal degradation of BIM. (A) PC12 cells were pre-

treated with TG for 24 h to induce BIM, followed by 0.5, 1, 2, 3 h of CHX treatment. Samples 

were harvested and BIM expression was determined by Western Blotting using anti-BIM 

antibodies. ACTIN was used as a loading control. (B) Densitometric analysis of BIM 

expression normalized to Actin and expressed relative to 0 hr CHX was fitted to a 

monoexponential decay curve in order to calculate half life in Neo and HSPB1 cells. Values 

shown are representative of six independent repeats.* P <0.05, ** P<0.01, *** P< 0.001, **** 

P< 0.0001 Two-way ANOVA followed by Tukey’s post hoc analysis versus Neo 
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4.2.17  HSPB1 regulates BIM via proteasomal degradation 

 

To show that HSPB1 is enhancing proteasomal degradation of BIM we pre-treated 

cells with TG for 24 h after which time the media was replaced with media 

containing CHX10 μM) plus proteasome inhibitor MG132 (20 μM). This was 

required to ensure BIM was not being degraded via an alternative degradation 

pathway such as the autophagy pathway which has previously been shown to 

contribute to the degradation of BIM in an ERK independent manner. Figure 4.2.17 

shows that proteasomal inhibition blocks HSPB1 mediated degradation of BIM. 

 

 

 

 

 

 

 

 

 

 

Fig 4.2.17 HSPB1 causes proteasomal degradation of BIM. PC12 cells were pre-treated 

with TG for 24 h to induce BIM, followed by 0.5, 1, 2, 3 h of CHX and MG132 treatment. 

Samples were harvested and BIM expression was determined by Western Blotting using 

anti-BIM antibodies. ACTIN was used as a loading control. Densitometric analysis of BIM 
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expression was carried out expressed relative to 0 hours of CHX treatment. Values shown 

are representative of three independent repeats no significance Two-way ANOVA followed 

by Tukey’s post hoc analysis versus Neo 
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4.3 Discussion 

 

The ER stress pathway is an important physiological stress response, which is also 

implicated in patho-physiological situations. The signalling pathways which lead to 

ER stress induced cell death are not completely understood (Gorman et al., 2012a). 

It is evident that understanding the molecular switches that govern change from an 

adaptive to a maladaptive response is an important area of research. 

As previously mentioned, HSPB1 provides a potent pro-survival signal in response 

to diverse apoptotic stimuli. In recent years HSPB1 has garnered attention as a 

possible therapeutic target due to the pro-survival effect mediated by its 

expression, especially in neuronal cells (Wagstaff et al., 1999, Zourlidou et al., 2004, 

Patel et al., 2005, Stetler et al., 2008a, Stetler, 2009, 2011). These studies 

emphasise the protection afforded by HSPB1 in response to neurodegenerative 

disease. ER stress and deregulated UPR signalling is a feature of many 

neurodegenerative diseases including Alzheimer’s Disease (Katayama et al., 2001, 

Hoozemans et al., 2009, Ho et al., 2012), Parkinson’s Disease (Holtz and O'Malley, 

2003) and ALS (Farg et al., 2012) (Atkin et al., 2013). Several authors have reported 

that cell death occurring in neurodegenerative diseases is associated with the ER 

and ER stress.Therefore, modulation of the UPR is a potential treatment aimed at a 

common feature of neurodegenerative diseases regardless of aetiology.  

This work highlights the importance of HSPB1 in mediating protection against ER 

stress induced cell death. Moreover it identifies a novel function of HSPB1 as a 

regulator of degradation of BIM. 

HSPB1 has been shown to be phosphorylated in response to ER stress (Ito et al., 

2005). However the functional relevance of HSPB1 and its effect on ER stress 

induced apoptosis has, until now, not previously been studied to the authors’ best 

knowledge. We demonstrate that HSPB1 over expression could protect cells from 

ER stress induced apoptosis. This was evident from increased cell viability, reduced 

DNA fragmentation, reduced exposure of phosphatidylserine, reduced caspase 
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cleavage and reduced caspase enzymatic activity, as well as reduced loss of 

mitochondrial membrane potential and release of cytochrome c from the 

mitochondria. The latter result, release of cytochrome c from the mitochondria, 

indicates that the protective effects of HSPB1 are a result of modulation of events 

up-stream of the mitochondria.  

Previous studies have highlighted the protective effects of HSPB1 downstream of 

the mitochondria through regulating the release of cytochrome c and reducing 

activation of caspase-3. Direct interaction occurs between HSPB1 and caspase-3 

reducing the enzymatic activity of caspase-3 due to a reduction in proteolytic 

cleavage necessary for caspase-3 activation (Voss et al., 2007). 

Arrigo (2002) demonstrated the HSPB1 exerts its regulation over cytochrome c 

release from the mitochondria via stabilizion of F-actin in the cytoskeleton. This 

inhibits BID redistribution to the mitochondria and subsequent activation of the 

intrinsic pathway. Of interest is that stabilization of the cytoskeleton could only 

partially explain the protective effects of HSPB1 upstream of the mitochondria; in 

the presence of an F-actin stabilizer, phalliodan, HSPB1 was still able to enhance cell 

survival (Paul et al., 2002b). Therefore, additional, novel regulatory mechanisms 

must exist that explain how HSPB1 can regulate the intrinsic pathway upstream of 

the mitochondria.  

An obvious node of intervention of mitochondrial apoptosis would be regulation of 

the BCL-2 family.  HSPB1 has previously been shown to reduce BAX activation 

(Havasi et al., 2008b) and cause BAD inactivation (Zoubeidi et al., 2010). In the 

present study, we have demonstrated that both heat shock preconditioning and 

over-expression of HSPB1 leads to a reduction in expression of the pro-apoptotic 

BH3 only protein BIM. We were able to show that 85% of the protective effects of 

HSPB1 over-expression was due to regulation of BIM.  

The importance of BIM in ER stress-induced apoptosis has previously been 

demonstrated (Puthalakath et al., 2007, Gupta et al., 2012, Zhang et al., 2012). The 

authors typically observed 50% less cell death in BIM knock down cells compared to 
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control cells. In the present study, we see a 30% difference in cell death between 

control siRNA-treated cells and BIM siRNA-treated cells. One difference between 

this study and Gupta et al (2012), which also used PC12 cells, is that different 

methods were used to knock down BIM, i.e., transient transfection of siRNA 

(present work) versus stably over-expressing BIM shRNA in PC12 cells (Gupta et al, 

2012). Nevertheless, BIM seems to play a role in ER stress induced apoptosis, albeit 

a fractional one, as cells are not completely resistant to ER stress-induced cell death 

in the absence of BIM.  It may be that several other BH3-only proteins cooperate to 

induce ER stress-induced cell death. Alternatively, it is possible that in the absence 

of BIM, other BH3 only proteins take over as the key mediator of BAX/BAK 

activation. It would therefore be insightful to investigate the compensatory effect 

the BCL2 family by knocking down multiple BH3 only proteins at once. This may 

cause a more striking phenotype with regards protection against apoptosis. 

HSPB1 has been reported to protect cells via a number of ways. Therefore we 

wanted to investigate the significance of HSPB1 regulation of BIM on cell fate. We 

saw that HSPB1 over-expressing cells had 30% less cell death relative to Neo control 

cells. In the absence of BIM, HSPB1 could only afford a modest protection of 7% 

relative to Neo BIM siRNA following TG treatment. These data highlight the 

physiological importance of HPSB1 mediated regulation of BIM for the protective 

effects seen by HSPB1  over-expression. 

We next investigated the mechanism by which HSPB1 may regulate BIM. The mRNA 

expression levels of BIM can be increased in response to cell stress; however, this 

differs greatly between cell types (Reimertz et al., 2003b) meaning that there is cell 

type specific regulation of BIM. We saw only a three-fold increase in BIM mRNA 

levels following TG treatment and no difference was observed between Neo and 

HSPB1 cells. This is in agreement with reports which saw only modest (Puthalakath 

et al., 2007) or no induction of BIM mRNA following TG treatment (Reimertz et al., 

2003a). The induction of BIM mRNA observed by Puthalakath et al (2007) was due 

to direct binding of CHOP to the promoter of BIM. We observed no difference in 

expression levels of CHOP between Neo and HSPB1 cells (data not shown), again 
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highlighting the potential role of post-transcriptional mechanisms in the regulation 

of BIM in our system. Of note, Szegezdi et al (2008) did see an increase in BIM 

mRNA expression in PC12 cells following TG treatment. However, the dosage of TG 

used was six times higher than the dosage used in our study (Szegezdi et al., 2008). 

This suggests that, depending on the amplitude of the stressor imposed, BIM can be 

differentially regulated. 

MicroRNAs are emerging as critical determinants of cell fate during cell stress 

conditions (Gupta et al., 2012, Upton et al., 2012, Cawley et al., 2013). Previous 

studies from our group have established a role for two microRNA families in the 

regulation of BIM during ER stress, namely the 106b and 17-92 clusters. We 

questioned whether differential expression of BIM in Neo and HSPB1 cells was due 

to increased expression of BIM targeting microRNAs in HSPB1 overexpressing cells. 

We addressed this question using a reporter of activity at the BIM 3’UTR, the site 

where microRNAs exert their effect. In line with previous reports, we saw an 

increase in activity at the BIM 3’UTR but no difference between Neo and HSPB1 

cells, therefore ruling out a role for HSPB1. This result was confirmed by qRT-PCR 

analysis of specific microRNAs and of the host genes for the 106b and 17-92 

clusters. No difference in expression was observed, thereby ruling out HSPB1 

modulation of BIM targeting microRNAs as the regulator of BIM protein expression 

in our model.  

Collectively our data suggests a role for post-translational modification of HSPB1. 

Such regulation is important in stress situations when cells require rapid alteration 

in protein expression or function (Thomas and Lieberman, 2013). Given the well-

documented regulation of BIM by stress kinases, we hypothesised that HSPB1 

modulation of BIM was due to altered phosphorylation of BIM. This hypothesis was 

supported by literature which has previously identified HSPB1 in the regulation of 

AKT (Havasti et al 2008) and JNK (Stetler et al 2008). 

Havasti et al (2008) demonstrated that HSPB1 could prevent BAX activation via 

modulation of AKT. HSPB1 has also been shown to cause inactivation of BAD via 

AKT. By phosphorylating BAD, AKT precludes its binding to the anti-apoptotic BCL2 
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family members leading to increased cell survival (Havasi et al., 2008b). Therefore 

regulation of stress kinases may provide an explanation as to how HSPB1 regulates 

events upstream of the mitochondria. Szegezdi et al (2008) identified a role for the 

PI3K/ATK pathway in regulating TG-induced apoptosis. It was found that inhibition 

of AKT with LY294002 led to an increase in TG-induced BIM expression. We were 

unable to observe phospho-AKT in Neo cells at basal levels or in response to ER 

stress. While HSPB1 over-expressing cells had higher levels of AKT at basal levels, 

phospho-AKT was undetectable following TG treatment. This suggested a lack of 

relevance of AKT in TG-induced BIM expression in our model. A study by Stetler et 

al also observed increased expression of phospho-AKT in cortical neurons treated 

with HSPB1 adenovirus. In their OGD inhibition of the upstream kinase of AKT, PI3K 

failed to affect the protective properties of HSPB1 against OGD or bleomycin 

(Stetler et al., 2008a). In contrast MEF cells which exhibit high levels of phospho-

AKT at basal levels, treatment with ER stressors causes significant reduction in 

phosphor-AKT signalling (Qin et al., 2010). Phospho-AKT is linked with 

transcriptional and post-transcriptional regulation of BIM (Qi et al., 2006, Zhu et al., 

2008). Phospho-AKT has also been reported to phosphorylate BIM on S87 leading to 

a reduction in its apoptotic capacity. We see a difference in expression of BIM 

protein levels between Neo and HSPB1. Therefore, as AKT only affectS apoptotic 

ability,and not expression it could not be responsible for the post-transcriptional 

difference observed between Neo and HSPB1 cells with respect to BIM expression. 

Phospho-AKT has also been show to regulate BIM transcriptionally via FoxO3a 

(Sunters et al., 2003). However, we saw no difference in mRNA expression of BIM 

between Neo and HSPB1 cells. Therefore, we reason that AKT is not responsible for 

reduced levels of BIM in HSPB1 cells. Despite this, the higher basal levels of 

phospho-AKT may mediate a survival advantage to the HSPB1 cells in a BIM 

independent manner. We would need to inhibit AKT and assess cell death following 

TG treatment to confirm this observation. 
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JNK has been shown to be important for ER stress-induced cell death. JNK is 

activated in response to ER stress via the IRE1 pathway. HSPB1 has been linked to 

regulation of JNK activity (Stetler et al., 2008a), as has HSPA1 (Mosser et al., 2000). 

Regulation of JNK by HSPA1 has been demonstrated to regulate BIM UV induced 

apoptosis. In the presence of JNK, BIML  translocates to the mitochondria to initiate 

cell death. HSPA1 impedes this process (Li et al., 2010).  

The physiological importance of HSPB1 mediated JNK regulation was shown by 

Stetler et al (2008). They investigated the mechanism by which HSPB1 

overexpression protected against ischemic brain injury that they pinpointed to 

regulation of the ASK1-JNK pathway. ASK1 is an upstream kinase that regulates JNK. 

Via a physical interaction with ASK1, HSPB1 acts as a dominant negative in the 

ASK1-JNK pathway. Of interest this study assessed the potential of HSPB1 to 

regulate the BH3 family by treating control and HSPB1 overexpressing cells with a 

BH3 peptide. This peptide contains residues 57-72 of the BH3 only domain and can 

induce cell death by interacting with and antagonizing anti-apoptotic members of 

the BCL-2 family of proteins.  It was found that HSPB1 overexpression was unable to 

protect cells against BH3 peptide induced cell death. Based on these results, Stetler 

et al (2008) ruled out a role for HSPB1 in the regulation of BIM. Critically, this 

peptide lacks the BIM degron, the minimal sequence required for degradation of 

BIM which consists of an ERK docking site, an ERK phosphorylation site and a lysine 

residue (Wiggins et al., 2010). Therefore the study by Stetler et al 2008 shows that 

HSPB1 cannot regulate a non-degradable BIM.  

We saw that HSPB1 over-expressing cells had reduced levels of phospho-JNK. In 

addition we saw that ER stress caused a reduction in levels of ERK, however levels 

of phospho-ERK are maintained at high levels in HSPB1 over-expressing cells. Both 

JNK and ERK have been implicated in the proteasomal degradation of BIM. In the 

case of ERK this is well established and occurs due to S65 phosphorylation of BIM 

causing increased proteasomal degradation (Ley et al., 2003, Luciano et al., 2003, 

Ley et al., 2004). To date, only one report has demonstrated that JNK can influence 

degradation of BIM. It was show that in neuronal cells, JNK also can phosphorylate 
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S65 thereby inhibiting its proteasomal degradation (Putcha et al., 2003). It is 

perplexing how phosphorylation of the same site can have opposite effect on 

protein turnover. A possible explanation for this may be provided by the 

observation that while both JNK and ERK can bind to BIM, ERK does so with much 

greater affinity (Ley et al., 2004). Therefore in non-stressed cells when phospho-ERK 

levels are high, BIM is rapidly turned over by proteasomal degradation. When cell 

stress occurs and phospho-ERK levels decline, this provides JNK with an opportunity 

to interact with BIM and promote its stability. Our data would suggest such a 

model. We see that at the times when phospho-ERK is most down regulated, p-JNK 

expression is increased. Therefore the cells seem to have synchronized alterations 

in stress kinase expression that can regulate BIM stability. Our data on BIM 

phosphorylation during ER stress also supports this hypothesis. We see that in the 

absence of phospho-ERK signalling S65 of BIM undergoes phosphorylation. In this 

instance ERK cannot be mediating the increase in phosphor-BIM so an additional 

kinase must be responsible.  

We saw that inhibition of phospho-ERK led to similar expression levels of BIM in 

Neo and HSPB1 cells at 48 h. We have excluded the possibility that the effects of 

U0126 on cell death and BIM are due to DMSO toxicity as the levels of cell death at 

0 hours of TG were comparable with previous experiments in which cells were 

treated with a single vehicle dose of DMSO. 

At 24 hours HSPB1 could still reduce BIM indicating that HSPB1 mediated regulation 

of ERK can only partially account for its effect on BIM. Clearly addition mechanisms 

occur which facilitate HSPB1 regulation of BIM. Certainly our data show that the 

half-life of BIM is reduced from 7 h to 1.7 h in the presence of HSPB1. Phospho-JNK 

can suppress proteasomal degradation of BIM. HSPB1 cells express reduced levels 

of phospho-JNK and thereby reducing the block imposed by phospho-JNK on BIM 

degradation. Therefore a dual regulation of stress may be what leads to HPSB1 cells 

expressing lower levels of BIM. We postulate that HSPB1 acts as an E4 ligase 

scaffolding ERK and BIM together facilitating proteasomal degradation. This process 

is further aided by reduced expression of JNK. 
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5 Chapter 5 

 

Functional assessment of neuropathy associated HSPB1 

mutants 
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5.1 Introduction 

Motor neuron diseases are a heterogeneous group of progressive 

neurodegenerative disorders affecting the central and peripheral nervous systems. 

Conditions can be classified as sporadic or hereditary. The causes of sporadic MNDs 

are not known, but environmental, toxic, viral, or genetic factors have been 

implicated (Kanning et al., 2010)).  Sporadic MNDs include progressive bulbar palsy, 

primary lateral sclerosis and amyotrophic lateral sclerosis (ALS), which is the most 

common MND. Inheritable MNDs account for 10% of cases and include 

neurofibromatosis, Friedreich’s ataxia, Huntington’s Disease and Charcot-Marie-

Tooth disease (CMT) (Carra et al., 2012). With an estimated prevalence of 1 in 

2,500, CMT is one of the most common inherited neurological disorders (d’Ydewalle 

et al., 2012). It is characterized by progressive degeneration of peripheral nerves 

which leads to weakness and atrophy of distal muscles in lower limbs, feet and 

hands with eventual difficulty in ambulation and fine motor tasks (Ackerley et al., 

2006). Current treatments of CMT are symptomatic treatments only, such as pain 

relief and surgery to correct foot and hand deformities. No therapy has been 

approved to slow disease progression (d’Ydewalle et al., 2012). 

 

 CMT is subdivided into two classifications. CMT1 is the demyelinating form that is 

associated with abnormalities in myelination by Schwann cells in the periphery.  

CMT2, is the axonal, nondemyelinating form, in which the abnormality develops in 

the axons of peripheral neurons (Suter and Scherer, 2003). CMT can be transmitted 

in an autosomal dominant, autosomal recessive or X-linked dominant manner 

(Zuchner and Vance, 2006). Subtypes are further classified on the basis of the 

genetic mutation involved.  Mutations in HSPB1 are a cause of Charcot-Marie-Tooth 

disease type 2F (CMT2F) and cause distal hereditary motor neuropathy 

(dHMN)(Dierick et al., 2005, Ackerley et al., 2006, Dierick et al., 2007, Zhai et al., 

2007, James et al., 2008). Interestingly, mutations in other small heat shock 

proteins such as, HSPB3 and HSPB8 are also a cause of dHMN, perhaps highlighting 
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the importance of small HSPs in neuronal survival (Irobi et al., 2010, Kolb et al., 

2010).  

Having established the protective role of WT HSPB1 in ER stress induced apoptosis 

(chapter 4) we undertook a study to investigate the effect of mutant HSPB1 in ER 

stress and ER stress-induced cell death. We chose our well characterized neuronal- 

like model system PC12 cells to investigate this question. 

 



Chapter 5: Results 3  

 

158 

 

5.2 Results 

 

5.2.1 Generation of mutant HSPB1 over-expressing cell lines 

 

Given the protection afforded by HSPB1 over-expression in ER stress induced 

apoptosis we were interested in investigating the effect of mutant HSPB1 

overexpression in cells under ER stress. To this end we generated stable cell lines 

that over-expressed a Neo control plasmid, wildtype HSPB1 or S135F, R127W, 

R136W or T151I in PC12 cells(See section 2.1.1.1 for details). These mutants were 

chosen because they occur in the alpha-crystalin domain of HSPB1 which has been 

identified as a ‘hot spot’ in relation to HSP associated neuropathies. Cells were 

validated for over expression of HSPs by Western Blotting using an anibody specific 

for human HSPB1 (Fig 5.2.1 A). We can see that Neo cells express no HSPB1 while 

HSPB1 was expressed to a similar level in WT HSPB1, S135F, R127W, R136W and 

T151I, thereby allowing for comparison of function between the cell lines. 

We were interested to see if the mutant showed a normal diffuse cytoplasmic 

staining as is expected for HSPB1. Such a pattern of expression is evident in WT 

HSPB1 and the mutant cell lines, R127W, R136W. However, S135F shows a 

predominantly nuclear localization with T151I also displaying higher nuclear 

expression than WT HSPB1. 
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Fig 5.2.1 Generation of mutant HSPB1 over-expressing cell lines. (A) Protein extracts 

from in Neo, WT HSPB1, S135F, R127W, R136W and T151I PC12s were analyzed by SDS-
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PAGE followed by Western blotting using a specific anti-HSPB1 antibody. Densitometric 

analysis of HSPB1 expression in cells .* P <0.05, ** P<0.01, *** P< 0.001, **** P< 0.0001 

One-way ANOVA followed by Tukey’s post hoc analysis versus Neo cells. (B) 

Cytocentrifuge preparations of Neo, WT HSPB1, S135F, R127W, R136W and T151I PC12s 

were stained with anti-HSPB1 and DAPI. Cells were visualized by fluorescent microscopy 

with 60x oil magnification.  

 

5.2.2 Mutant HSPB1 expressing cells differentiate upon addition of NGF 

 

PC12 cells are neuronal-like cells which can be stimulated to extend neurites and 

differentiate into a sympathetic neuron-like phenotype by the addition of Nerve 

Growth Factor (NGF) (Drubin et al., 1985).We were interested in investigating the 

functionality of mutant HSPB1. We therefore asked if the mutant expressing cells 

would differentiate normally and form neurites. To test this we added 100 ng of 

NGF to PC12 cells for 7 days after which time cells were imaged. NGF was added 

only at the beginning of the experiment. Results are depicted in Fig 5.2.2. 

Undifferentiated PC12 cells are spherical in appearance and all six cell lines had a 

similar morphology in untreated conditions. The addition of NGF caused formation 

of neurities in all cell lines. We observed no difference in the degree of 

differentiation as indicated by neurite outgrowth and neurite branching between 

the cell lines. Therefore data indicated that mutant HPSB1 expressing cells 

differentiate like wild-type cells. 
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Fig 5.2.2 Mutant HSPB1 expressing cells differenciate upon addition of NGF. Neo, 

wildtype HSPB1, S135F, R127W, R136W and T151I were seeded at 15,000 cells per well of 

a 24 well plate. 24 hours later 100 ng/ml of mouse NGF was added for 7 days or cells were 

left untreated. Cells were visualized by light microscopy at 40x magnification. N=2 

5.2.3 HSPB1 mutants are more sensitive to ER stress-induced apoptosis 

We next investigated if mutant HSPB1 cells were capable of protecting cells against 

ER stress in a similar manner to wild type HSPB1. Neo, wildtype HSPB1, S135F, 

R127W, R136W and T151I cells were treated with 0. 25 μM TG for 0, 24, 48 or 60 

hours. There was no significant increase in cell death at 24 hours of TG treatment in 

Neo and HSPB1 cells. Similar results were obtained for levels of cell death at 24 

hours in the mutant cell lines. At 48 and 60 hours of TG treatment, WT HSPB1 over-

expressing cells showed attenuated ER stress induced apoptosis compared to Neo 

cells. No significant difference in levels of cell death was observed between Neo 

and S135F, R127W, R136W or T151I cells. Therefore mutant HSPB1 cells cannot 

protect against ER stress induced apoptosis.  
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Fig 5.2.3 HSPB1 over-expressing mutants are more sensitive to ER stress induced 

apoptosis. (A) Time course study of Neo, wildtype HSPB1, S135F, R127W, R136W and 

T151I cells treated with 0.25 μM TG for 0-60 hrs. The % cell death was estimated by flow 

cytometry based measurement of Annexin V. Values shown are representative of three 

independent repeats.* P <0.05, ** P<0.01, *** P< 0.001, **** P< 0.0001 Two-way ANOVA 

followed by Tukey’s post hoc analysis versus Neo cells. 

5.2.4 HSPB1 mutants fail to protect against loss of ∆Ψm  following TG 

Mitochondrial outer membrane permeabilization (MOMP) and loss of ∆Ψm are 

critical events in ER stress induced apoptosis, and are governed by the BCL2 family. 

MOMP initiates the activation of caspases due to release of cytochrome c. We have 

previously shown that wildtype HSPB1 protects cells from ER stress upstream of the 

mitochondria (Chapter 4). We were therefore interested in how mutant HSPB1 cells 

regulated mitochondrial dynamics by flow cytometry using TMRE (See section 2.4.4 

for details). Neo, wildtype HSPB1, S135F, R127W, R136W and T151I cells were 

treated with 0.25 μM TG for 0, 24 or 48 hours. As a positive control for 

mitochondrial depolarisation, cells were treated with 40 μM carbonyl cyanide 3-

chlorophenylhydrazone (CCCP) for 3 hrs. Following treatments, cells were 
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incubated with 100 nM TMRE for 30 minutes in the dark. The loss of ΔΨm was 

detectable as a loss of TMRE signal, as determined by flow cytometry.  

WT-HSPB1 cells were protected from loss of mitochondrial membrane potential 

following ER stress compared to Neo cells. However, neither S135F, R127W, R136W 

or T151I could reduce ER stress-induced loss of mitochondrial membrane potential.  

Collectively data from Figures 5.2.3 and 5.2.4 demonstrate that HSPB1 mutants are 

more sensitive to ER stress-induced cell death. While WT HSPB1 can protect against 

MOMP to inhibit ER stress-induced apoptosis, mutants fail to do so and this may 

result in increased cell death. 
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Fig. 5.2.4 HSPB1 mutants fail to protect against loss of mitochondrial membrane potential 

following ER stress. (A) Time course study of Neo, wildtype HSPB1, S135F, R127W, 

R136W and T151I cells treated with 0.25 μM TG for 0-48 hrs. Loss of ΔΨm was determined 

by Flow cytometry based measurement of TMRE. CCCP treated cells were used as a 

positive control (B) Representative histograms of data shown in (A) Values shown are 
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representative of three independent repeats.* P <0.05, ** P<0.01, *** P< 0.001, **** P< 

0.0001 Two-way ANOVA followed by Tukey’s post hoc analysis versus Neo cells. 

 

5.2.5 HSPB1 mutants have increased caspase-3 cleavage following TG  

 

To further characterize the effect of HSPB1 mutants in response to ER stress-

induced apoptosis, we assessed caspase-3 cleavage in Neo, WT- HSPB1, S135F, 

R127W, R136W and T151I cells in untreated cells and cells given TG treatment for 

24 or 48 hours. Caspase-3 exists as a 30 kDa protein in unstressed cells. Upon 

exposure to apoptotic stimuli it is cleaved into 3 fragments namely, p19, p17 and 

p12. Our antibody is unable to detect the p12 fragment. We observed cleavage of 

caspase-3 to a p19 and p17 fragment in all cell lines. In response to TG, caspase 

cleavage-3 was reduced in HSPB1 cells. A higher degree of caspase-3 cleavage was 

observed in cells expressing S135F, R127W and T151I. We did not observe any p17 

expression in untreated conditions. 

 

 

 

Fig. 5.2.5 Mutant HSPB1 cells have increased caspase-9 cleavage in response to ER 

stress. Activation of caspase-3 was assessed in Neo, WT-HSPB1, S135F, R127W, R136W 

and T151I. Cells were treated with 0.25 μM TG for 0-48 hrs. Samples were harvested and 
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prepared for SDS-PAGE followed by probing with anti-caspase-3 antibody. Data is 

representative of four independent repeats. 

 

 

5.2.6 HSPB1 mutants have an altered UPR response 

 

We next investigated the UPR response of Neo, wildtype HSPB1, S135F, R127W, 

R136W and T151I cells. Cells were treated with 0.25 μM TG for 0-48 hrs. We 

assessed expression of some of the key UPR markers including HSPA5, PERK, and 

phosphor-EIF2α. We saw induction of HSPA5 in all cells upon TG treatment (Fig 

5.2.6). WT- HSPB1 cells had higher expression of HSPA5 than Neo cells. S135F and 

R127W expressing cells had similar levels of HSPA1 to WT- HSPB1. Cells expressing 

mutants R136W and T151I had expression levels of HSPA1 similar to Neo cells. 

PERK is one of the UPR sensors and autophosphorylates upon activation. This can 

be seen as a retarted mobility, or upshift on SDS-PAGE gels. We saw an upshift in 

PERK in Neo, WT-HSPB1 and S135F cells following 24 and 48 hrs of TG treatment. In 

contrast no upshift in PERK was seen in R127W, R136W ABD T151I cells (Fig 5.2.6). 

Expression levels of PERK remains the same as untreated conditions in these cells 

possibly indicating a failure to activate the UPR.  

We also assessed expression of phosphor-EIF2α in Neo, WT- HSPB1, S135F, R127W, 

R136W and T151I cells. WT- HSPB1 expressing cells had higher levels of phospho-

EIF2α than Neo cells. Mutants S135F had earlier phosphorylation of EIF2α than WT-

HSPB1. Mutant R136W also displayed earlier phosphorylation of EIF2α however 

levels were lower at 48 hrs than WT-HSPB1, with levels more comparable to that of 

Neo cells. Cells expressing mutant R127W had significantly higher levels of 

phosphorylation of EIF2α than WT- HSPB1. Cells expressing mutant T151I failed to 

induce phosphorylation of EIF2α in response to TG treatment.  
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Fig. 5.2.6 Mutant HSPB1 cells have an altered UPR response. Neo, WT-HSPB1, S135F, 

R127W, R136W and T151I cells were treated with 0.25 μM TG for 0-48 hrs. Samples were 

harvested and prepared for SDS-PAGE followed by probing with anti-HSPA5, PERK, 

Phospho- EIF2α. ACTIN was used as a loading control. Data is representative of four 

independent repeats.  Densitometric analysis of HSPB1 expression in cells .* P <0.05, ** 

P<0.01, *** P< 0.001, **** P< 0.0001 Two-way ANOVA followed by Tukey’s post hoc 

analysis versus Neo untreated cells. 
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5.2.7 HSPB1 mutants have higher levels of BIM than WT HSPB1 

 

Our previous data demonstrated a novel function of HSPB1 in regulation of BIM 

during ER stress (Chapter 4). We questioned whether mutated forms of HSPB1 

could have lost the potential to regulate BIM and therefore have become more 

sensitive to ER stress. We took our Neo, WT- HSPB1, S135F, R127W, R136W and 

T151I cells and treated them with 0.25 µM TG for 0, 24, 48 hours. In agreement 

with previous results, the WT-HSPB1 cells had reduced levels of BIM compared to 

Neo cells. In comparison to WT-HSPB1 cells mutant S135F had high basal levels of 

BIM and higher levels of BIM following treatment. R127W had no BIM in untreated 

conditions but showed earlier induction of BIM and expressed higher levels of BIM 

at 48 hours than WT-HSPB1 and Neo cells. R136W had very high levels of BIM in 

untreated conditions and these remained elevated throughout treatments. T151I 

had slightly higher levels of BIM at untreated conditions and higher levels at 24 and 

48 hours (Fig 5.2.7). 
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Fig 5.2.7 HSPB1 mutants have higher levels of BIM. Neo, WT-HSPB1, S135F, R127W, 

R136W and T151I cells were treated with 0.25 μM TG for 0-48 hrs. Samples were harvested 

and prepared for SDS-PAGE followed by probing with anti-BIM. ACTIN was used as a 

loading control. Data is representative of four independent repeats. Densitometric analysis of 

HSPB1 expression in cells .* P <0.05, ** P<0.01, *** P< 0.001, **** P< 0.0001 Two-way 

ANOVA followed by Tukey’s post hoc analysis versus Neo untreated cells. 
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5.3 Discussion 

 

The human genome encodes 10 classical  HSPB’s (Garrido et al., 2012). Although it 

remains elusive as to how such ubiquitiously expressed proteins specifically lead to 

neuronal disturbances, given the cytoprotective role of HSPBs it is not surprising 

that mutation of small heat shock proteins correlates with neurological and 

muscular disorders. Mutations in eight family members namely HSPB1, HSPB2, 

HSPB3, HSPB4, HSPB5, HSPB6, HSPB7 and HSPB8 are associated with human 

diseases, many of which occur in the alpha-crystalin domain (Carra et al., 2012). In 

particaular HSPB1 and HSPB8 have been linked to dHMN and CMT (Evgrafov et al., 

2004, Irobi et al., 2010) Neurons are particularly sensitive to accumulation of 

misfolded proteins, a phenomenon which results from cell stress. HSPs are the first 

line of defence against proteotoxic stress and this may, at least in part, explain the 

neuronal specific sensitivity to sHSP mutations. 

Much of the research on the pathological mechanism of HSPB1 mutants has 

focused on interaction of mutants with neurofilament light (NFL) and medium 

chains (NFM). Neurons are hypersensitive to disturbances and this has been 

suggested to account for the neurodegenerative phenotype of HSPB1 mutations 

(Dierick et al., 2005, Almeida-Souza et al., 2010). Mitochondrial distrubances have 

been reported in a model of CMT2E, and event which precedes neurofilament (NF) 

disruptions (Tradewell et al., 2009).  

Twenty different mutations in HSPB1 have been identified with diverse biochemical 

features. R127W, R136W and S135F have increased monomerization and 

preferentially interact with tubulin to induce hyperphosphorylation of NFs and 

reduce anterograde transport of NFs (Almeida-Souza et al., 2010). To date there 

have been no studies to the authors best knowledge, on the response of mutant 

HSPB1 cells to cell stress. Given the role of ER stress in progressive 

neurodegenerative diseases and our finding on the protective role of HSPB1 in ER 
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stress, we were interested in characterizing the response of mutant HSPB1 

overexpressing cell to ER stress. 

We generated stable mutant HSPB1 expressing PC12 cells. All the mutants 

expressed to a similar level as wildtype protein overexpressing cells. 

Morphologically the cells were similar to WT-HSPB1. Immunofluresence analysis 

revealed that WT HSPB1 R127W, R136W and T151I displayed a difuse primarily 

cytoplasmic expression profile. This is in agreement with previous publications 

which show a cytoplasmic expression profile for HSPB1 with a concentrated 

expression in the perinuclear region (Gorman et al., 2005, Paul et al., 2012). One 

mutant, S135F showed altered cellular distrbution in PC12 cells and to a much 

lesser extent T151L also. Immunfluresence assessment revealed a predominetally 

nucelar expression for S135F. Microinjection of S135F cDNA into motor neurons 

also displayed a diffusly distributed expression profile predominantly in the 

perikarya (supplementary data (Zhai et al., 2007)). How this mutant results in 

nuclear accumulation is unknow at the present time. 

Numerous reports have shown that transient overexpression of mutant HSPB1 as 

well as mutant HSPB8 leads to formation of intracellular aggreates within the cell 

(Ackerley et al., 2006, James et al., 2008). We too observed formation of aggregates 

upon transient transfection of R127W, T151I and R136W in PC12s (data not shown). 

However none of the mutants formed aggregates in stably overexpressing cells (Fig. 

5.2.1 B). Formation of aggregates may be due to protein overload of the cells 

induced by transient transfection. It can be seen that even wildtype HSPB1 will form 

aggregates when transiently overexpressed due to massive overexpression of the 

protein (Ackerley et al., 2006). Similarly transient overexpression of wild type 

HSPB8 leads to formation of aggregates in 17% of COS cells (Fontaine et al., 2006). 

Additionally, other studies have reported reduced cell viability by transient 

transfection of mutant HSPs (Evgrafov et al., 2004). We observed no difference in 

cell death between Neo, WT HSPB1, R127W, R136W and T151I in untreated 

conditions (Fig. 5.2.3 and Fig 5.2.4). In agreement with these results we saw no 
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caspase-3 cleavage in untreated conditions in any of the mutant expressing cells 

(Fig 5.2.5). Therefore our stably transfected model enables the study of the long 

term effects of mutant HSPB1 expression in cells and represents a more 

physiologically relevant model to investigate the consequence of HSPB1 mutations. 

Our previous work (Chapter 4) demonstrated the importance of the HSPB1-ERK-

BIM axis in conditions of ER stress. Here we demonstrate that mutant forms of 

HSPB1 fail to regulate BIM. Current understanding of the pathophysiology of HSPB1 

mutants S135F, R127W and R136W is that they show increased chaperoning 

activity and increased interaction with client proteins, as determined by tandem 

affinity purification of HSPB1 and HSPB1 mutants in 293Ts (Almeida-Souza et al., 

2010). However, mutants T151I and P182L do not have altered chaperoning activity 

or interaction with client proteins (Almeida-Souza et al., 2010). Our data show that 

all mutants tested showed increased sensitivity to ER stress and higher expression 

levels of BIM. One could postulate that the regulation of BIM by HSPB1 is 

independent of the chaperoning activity, as mutants which have higher 

chaperoning activity still cannot reduce levels of BIM. Alternatively mutations in 

HSPB1 may alter client specificity such that mutants show increased interaction 

with certain clients leading to a consequent reduction in interaction with other 

client proteins. Additionally, regulation of BIM by HSPB1 may be a multi-step 

process requiring different functional states of HSPB1 

Heat shock stress was found to cause a cyclic alteration in HSPB1 oligomerization 

(Almeida-Souza et al., 2010). Thirty min after heat shock, a significant proportion of 

HSPB1 existed in a monomeric state, which returned to a dimeric state by 60 min, 

and was fully restored to a dimeric state by 24 hours (Almeida-Souza et al., 2010). 

In contrast, the mutant S135F and R127W cells maintained heat induced 

monomeric form (Almeida-Souza et al., 2010). Although the HSPB1 mutations 

R127W and S135F are present predominantly as monomers, they still form 

oligomers. SEC analysis by Souza et al (2010) revealed that S135F and R127W 

mutants had a slightly increased propensity to be in oligomeric state. However, in 
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contrast to the WT-HSPB1 oligomer formed by mutants S135F and R127W were 

primarily made up of monomeric HSPB1 and not dimeric HSPB1.(Almeida-Souza et 

al., 2010). It is possible that the oligomer of monomers may not be functional in the 

same way as an oligomer of dimers would so do. Souza et al (2010) demonstrated 

that phosphorylation of HSPB1 was dispensible for the dimer to monomer 

transition. Therefore we propose that the altered oligomeric state of mutants 

S135F, R127W and R136W may result in an inability to degrade HSPB1.  

We observed an altered UPR response in the mutant HSPB1 cells, particularly in 

R136W and T151I. Of note, while mutant R136W did have higher chaperoning 

activity than wildype HSPB1, it was significantally lower that the other mutants 

S135W and R127W. We see that R136W and T151I generally had reduced activation 

of the UPR response as demonstrated by reduced PERK upshift and therefore 

phosphorylation of PERK as well as reduced HSPA5 expresssion and EIF2α 

phosphorylation. HSP regulation of EIF2α has previously been noted where 

overexpression of HSPB8 causes increased EIF2α phosphorylation resulting in 

increased autophagy, a prosurvival degradation pathway (Carra et al., 2009b). We 

have not explored regulation of autophagy in HSPB1 cells but potentially this 

pathway aids in the increased survival of HSPB1 cells in response to ER stress. 

Impaired induction of EIF2α in mutant T151I and R136W may exaccerbate ER stress 

induced cell death. Alternatively, or in addition, the impaired activation of EIF2α in 

the UPR in R136W and T151I could lead to a loss of the damage controlling action 

of reduced translation typically induced by ER stress. Therefore T151I and R136W 

cells could experience an high burden of protein folding in the ER in response to cell 

stress. A lack of induction of UPR associated chaperones such as HSPA5 would 

exaccerbate this condition leading to ER stress induced cell death.  

It is interesting that the four mutants, which only differ in one amino acid 

substitution, vary so much in their regulation of the UPR. This may be explained by 

the differential structural make up of oligomers formed by S135F, R127W versus 

R136W and T151I, in which the latter show higher propensity to monomer based 
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oligomers(Almeida-Souza et al., 2010). It would be interesting to do a detailed study 

of oligomeric state following TG treatment in Neo, WT-HSPB1 and mutant cell lines 

and test if a correlation exists with oligomeric state and regulation of UPR 

components. 

 

Suppression of UPR signalling by a neurodegenerative disease associated protein 

mutation has previously been reported for Presenilin 1 (PS1), a protein associated 

with Alzheimer’s Disease (Katayama et al., 2001). It has been found that PS1 causes 

reduction in HSPA5 expression and PERK signalling (Katayama et al., 2001). More 

recently ER stress induced cell death and activation of the intrinsic apoptotic 

pathway has been implicated in the pathogenesis of AD (Kudo et al., 2012). Taken 

together with our data, this highlights the role of disease causing protein mutations 

and regulation of ER stress in neurodegenerative diseases. 
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6.1 Discussion 
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Proteostasis; the link between aging and neurodegeneration? 

The proteostasis network includes the HSR and the UPR and permits survival in 

response to cellular stress. The aetiology of neurodegenerative diseases is diverse, 

yet one commonality in susceptibility is advanced age, typically emerging in the 

fifth decade of life. It has in fact been suggested the level level of activity of the 

proteostasis network governs the cells capacity to cope with cell stress and that 

age-dependent onset of many neurodegenerative diseases is due to a decline in the 

proteostasis pathway leading to accumulation of toxic and mis-folded proteins 

(Douglas and Dillin, 2010). In dividing cells, damaged proteins can be sequestered in 

the mother cell, thereby preventing transmission a potentially lethal protein to the 

daughter cell. In post-mitotic cells such as neurons this is not possible and the 

proteostasis pathway is key for cell survival (Douglas and Dillin, 2010). Principally 

this involves molecular chaperones and members of the heat shock family of 

proteins (Cohen and Dillin, 2008). The neuronal-specific effect of disease-causing 

protein mutations may also be explained by proteostasis network differences 

between cell types. Protein mutations and, in particular, mutations in molecular 

chaperones are associated with neuronal-specific degeneration (Irobi et al., 2010) 

Autophagic clearance of mutant superoxide dismutase (mSOD) was found to be 

higher in muscle cells than motor neuron cells (Crippa, 2013). Therefore 

investigation into regulation of proteostasis networks in neuronal cells will be 

crucial for understanding mechanism of neurodegeneration. 

  

Cross talk between stress response pathways 

 We have demonstrated co-activation and co-operation of two key components of 

the proteostasis network, the UPR and the HSR. Co-activation of stress pathways is 

not a novel concept. The UPR has been shown to induce and regulate the 

autophagy pathway at multiple levels (Deegan et al., 2013).  
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Similarly, crosstalk exists between the HSR and autophagy, where the HSR 

suppresses activation of autophagy. Loss of HSF1 led to a compensatory increase in 

autophagy (Dokladny et al., 2013). The aforementioned studies demonstrate the 

interplay and cross-regulation of stress response pathways in the cell. Additionally 

it suggests a multi-tier system in which one stress pathway is dominant in certain 

conditions, but loss of the dominant pathway can result in activation of an 

alternative pathway. Our data supports such a model. We see that the HSR is 

induced by ER stress as exemplified by increased HSPs and HSF1, however, not to 

the same extent as seen with classical heat shock. In this instance, the UPR is the 

dominant pathway, while the HSR serves to assist the UPR in coping with ER stress. 

The compensatory nature of the stress responses is further exemplified by the 

study by Liu and Chang (2008) who used a yeast model system which lacked a UPR 

response due to deletion of IRE1. By over-expressing HSF1 they could relieve some 

of the defects seen in the UPR-deficient cells (Liu and Chang, 2008). 

 The induction of HSPs that we observed following ER stress may be due to HSF1. 

This could be investigated by determining expression of HSP in HSF1 -/- and wildtype 

MEFs following ER stress. If HSF1 is responsible for HSP induction following ER 

stress then there would be no induction in HSF1 -/- MEFS. An alternative hypothesis 

is that the UPR is leading to activation of HSP during ER stress. The HSPB1 promotor 

contains binding sites for ATF3 and ATF5 which are PERK-dependent transcription 

factors (Nakagomi et al., 2003, Wang et al., 2007). This could be assessed by 

treating cell with TG alone or in combination with GSK2656157, a PERK inhibitor 

(Atkins et al., 2013). A different approach would be to investigate HSP expression in 

PERK -/- ATF6  -/- and IER1  -/  MEFs and corresponding wildtypes. This would facilitate 

detailed study of the individual arms of the UPR for induction of HSPs. Of note, 

other studies have reported no increase in expression of HSPA1 in response to ER 

stressors in myeloma cells (Davenport et al., 2007). 

We see that HSF1 -/- MEFs are more sensitive to ER stress-induced apoptosis.  

Similarly inhibition of HSPC1 via 17-AAG led to induction of ER stress and cell death 
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in myeloma cells. Cell death was in part due to ER stress (Davenport et al., 2007). 

This again highlight the importance of the HSR and HSPs in survival of cells following 

ER stress. It has recently been demonstrated in yeast cells that over expression of a 

constitutively active HSF1 caused increased resistance to ER stress (Hou et al., 

2013). To the authors knowledge, this study in the first to characterize the role of 

activation of the HSR on cell fate in mammalian cells. Previous reports have 

indicated activation of the HSR by ER stress however none have shown the 

functional consequence of the HSR in modulating ER stress induced apoptosis. Our 

data demonstrate that activation of the HSR by thermal preconditioning protected 

cells from subsequent ER stress-induced cell death. 

 

We were able to investigate in further details the regulation of HSPs by ER stress. 

We observed alterations in HSPB1 oligomerization consistent with an increase in 

chaperoning activity which was further demonstrated by an in vivo chaperoning 

assay. The observed alterations in HSPB1 oligomerization in response to ER stress 

again suggest cross modulation of stress response pathways whereby a component 

of one stress pathway is modified and recruited into a different stress response. We 

hypothesize that the altered oligomerization of HSPB1 observed in response to ER 

stress could cause increased cellular protection and this supports investigation into 

strategies to promote formation of small HSPB1 oligomers as a cytoprotective 

measure against ER stress induced cell death. 

 Future work will be required to characterize the role of phosphorylation of HSPB1 

in ER stress. One strategy to address this question would be transfection of 

phosphor-mimicking and non-phosphorylatable HSPB1 into PC12 cells which 

express very low levels of endogenous HSPs and therefore results would not be 

complicated by expression of wild type proteins. However, results would have to be 

interpreted carefully given that the phosphor-mimic would only be a partial 

representative of in vivo phosphorylated HSPB1. An alternative approach could be 

to block HSPB1 phosphorylation with inhibitors.   
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Modulation of the UPR by HSPs 

Our data highlight the functional significance of crosstalk between the HSR and the 

UPR. Using both a thermal preconditioning model and over-expression system we 

demonstrated the protective effects of HSPs in ER stress conditions. Thermal 

preconditioning is an example of mild acute stress, such transient stressors lead to 

activation of pro-survival pathways. In contrast, chronic stress such as that 

observed in neurodegenerative diseases is a persistent stress which cumulates over 

the course of a number of years. Clearly a mechanism must be in place to enable 

survival of cells in spite of persistent cell stress (Rutkowski and Kaufman, 2007). 

Disease-causing protein mutations such as those caused by mSOD, are tolerated for 

years without any apparent cell death (Douglas and Dillin, 2010). 

 

Long term stress may cause partial suppression or modification of the UPR sensors 

in order to promote cell survival (Rutkowski and Kaufman, 2007). Full activation of 

the UPR leads to engagement of apoptotic pathways, a response which is mediated 

by all three arms of the UPR. Therefore regulation of the UPR sensors or their 

downstream signalling pathway must occur in order to cope with chronic stress. An 

elegant example of this is the divergent outcome on cell fate that depends on the 

oligomeric state of IRE1. Regulation of the UPR pathway and ER stress by heat 

shock proteins may be part of the regulatory system that facilitates long term 

survival during chronic stress. HSPA5 is a HSP70 family member and acts to regulate 

activation of the UPR sensors IRE1, ATF6 and PERK. Like other molecular 

chaperones HSPA5 has a protective role in the cells. Knock-down of HSPA5 with 

siRNA potentiates apoptosis in PC12 cells in response to NGF withdrawal or 

staurosporine treatment (Yu et al., 1999). The mechanism of regulation of the UPR 

sensors is emerging as a more complex situation than initially thought. In the case 

of IRE1, HSPA5 is thought to deactivate IRE1 by maintaining sufficient ER stress 
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sensing monomers of IRE1 (Korennykh and Walter, 2012). This may be a mechanism 

by which cells adapt to chronic cell stress. 

 

It has been shown that over-expression of HSPA1 in PC12 cells can protect against 

ER stress induced apoptosis via modulation of IRE1 mediated XPB1 splicing (Gupta 

et al., 2010). The HSP40 family member p58ipk  is an XBP1 target. The function of 

p58ipk  is to deactivate PERK and restore protein translation, an event which is 

required for cells to recover from ER stress (Yan et al., 2002). It has also been 

proposed that p58ipk   acts in conjunction with HSPA1 to regulate co-translational 

degradation of ER localized proteins which helps reduce build-up of polypeptides at 

the ER during ER stress (Oyadomari et al., 2006). HSPC1 has been shown to be 

involved in stabilization of PERK and IRE1 as HSPC1 inhibitors reduced protein half-

life of both PERK and IRE1. Additional roles for HSPs in the modulation of the UPR 

response include Cdc37-Hsp90 which is thought to inhibit IRE1 autophosphorylation 

by binding to the kinase domain - dimer interface, thereby supressing activation of 

IRE1 (Ota and Wang, 2011).  

The role of sHSPs in the regulation of ER stress induced apoptosis is not well 

defined. To date the only sHSP linked to regulation of ER stress-induced apoptosis is 

HSPB5 (αβ-crystallin). It was found that both ER stress and HSPB5 were activated in 

response to myocardial infarction (MI) (Mitra et al., 2013). Additionally, knockdown 

of HSPB1 led to increased cytochrome c release and caspase activation in response 

to MI. Although this study highlights a role for HSPB5 in MI, it does not clearly 

address the regulation of ER stress-induced apoptosis by HSPB5 (Mitra et al., 2013).  

A more detailed investigation was carried out by Dou et al 2012 where they showed 

that deficiency of HSPB5 caused increased sensitivity of retinal cells to ER stress. 

This was attributed to increased BAX activation and increased caspase 3 activation. 

However the upstream regulation of this effect was not identified. To date, no 

studies, to the author’s knowledge, have investigated the role of HSPB1 in ER stress 

induced cell death. We have shown that HSPB1 is protective against ER-stress. We 
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have further detailed the mechanism of this protection and have established a role 

for ERK-driven proteasomal degradation of BIM via HSPB1. Given our observation 

that HSPB1 is induced by ER stress it is tempting therefore to speculate that 

induction of HSPB1 is a feature of the pro-survival UPR response and the return of 

expression and chaperoning activity to basal levels may represent a threshold stage 

in the switch to a cell death- inducing UPR response. 

We have demonstrated cross talk between two components of the proteostasis 

pathway however it is likely that others stress response pathways are modulated by 

HSPB1s in stress situations. Expanded polyglutamine repeats, which are a feature of 

Huntington’s Disease and spinocerebellar ataxia, lead to induction of ER stress-

induced apoptosis (Kouroku et al., 2006). As a protective mechanism, autophagy is 

induced via the PERK-EIF2α pathway, inhibition of which leads to increased 

aggregate formation (Kouroku et al., 2006). Interestingly, the HSPs have also been 

implicated in this pathway with respect to autophagy clearance of ALS-associated 

mutant superoxide dismutase, mSOD. HSPB8 has independently shown to increase 

autophagy via EIF2α  (Carra, 2009, Carra et al., 2009a) as well as aiding in the 

clearance of mSOD (Crippa et al., 2010). Currently it is unknown if HSPB1 can 

regulate autophagy but it is plausible given the similarities in functional properties 

of HSPB1 and HSPB8.  

The aforementioned studies highlight the stress modulating and prosurvival effects 

of HSPs. It is apparent therefore that HSPs are an integral part of stress response 

pathways. Preconditioning and hormesis show a high degree of protective 

plasticity. Preconditioning with ER stress agents was found to protect against UV, 

H2O2 and mutation induced retinal degeneration, and thermal preconditioning can 

protect against diverse stimuli. This suggests that therapeutic strategies which act 

to augment one stress response pathway may be beneficial in cases where another 

stress response pathway has been de-regulated or mutated. Therefore chemical 

modulators of the HSR may be beneficial under the conditions where the UPR is 

dysregulated or pathogenic. Work from our laboratory would suggest that such 
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interventions could support activation of a pro-survival UPR response via the 

combined action of HSPB1 and HSPA1, as well as attenuating ER stress induced 

apoptosis. In addition increased expression of HSPB1 would attenuate cell death via 

regulation of BIM. 

Considerable progress has now been made towards a detailed understanding of the 

signalling pathways of the ER stress response, with a view to developing UPR 

targeted therapeutics. Chaperones which reduce phosphorylation of PERK and IRE1 

were shown to improve glucose tolerance and insulin sensitivity in insulin-resistant 

obese mice (Özcan et al., 2006). Furthermore, treatment with salburinal, a small-

molecule inhibitor of eIF2α de-phosphorylation, results in sustained eIF2α 

phosphorylation, and protects cells from ER stress and viral infection (Boyce et al., 

2005). What is apparent from the literature is that while ER stress is a common 

feature of neurodegenerative diseases, UPR signalling can vary greatly. For example 

PS1 mutants inhibit IRE1 signalling (Katayama et al., 1999), whereas in Parkinsons 

Disease (PD) there is increased activation of the IRE1-JNK pathway. Therefore 

detailed analysis of UPR signalling would be required for each disease state and 

possibly each mutation. Our study of the UPR response in HSPB1 mutants further 

exemplified the differences in UPR signalling mediated by proteins that differ by 

only one amino acid substitution. Potentially, mechanisms that increase activity of 

the HSR and/or individual HSPs, could be a viable option for defective UPR signalling 

associated diseases. The defective IRE1 signalling in PS1 mutants could be restored 

by overexpression of HSPA5 indicating the protective effects of HSPs in ER stress 

(Katayama et al., 1999). We demonstrate that the HSR can modify the UPR and 

improve survival in ER stress conditions. Two compounds which boost HSF1- 

activity, GGA and BGP-15, seem to specifically boost HSF1 activity in conditions of 

proteotoxic stress and have been found to be protective in models of disease states 

(Tanaka and Mizushima, 2009, Gombos et al., 2011, Zhang et al., 2011a). 
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HSPB1 as general regulator of cell death 

It has been noted that neuroprotective strategies which act downstream of the 

mitochondria may only serve to delay, rather than prevent, cell death. The 

proteolytic avalanche that is the caspase cascade means that cellular destruction is 

imminent once initiator caspases become activated.  A more prudent 

neuroprotective intervention would be to preserve the integrity of the 

mitochondria, thus minimizing caspase activation. We have demonstrated the 

ability of HSPB1 to protect cells up stream of the mitochondrial pathway. 

The protective effects of thermal preconditioning and HSPs are not limited to 

regulation of apoptotic cell death (Wagstaff et al., 1999). Heat stroke-induced 

neurodegeneration is associated with necrotic cell death (Kourtis et al., 2012). 

Preconditioning C. elegans at mildly elevated temperatures protects animals from 

heat-induced necrosis. This protective effect of preconditioning was mediated by 

the sHSP, HSP16.1 (Kourtis et al., 2012). HSPB1 can also regulate the extrinsic 

apoptotic pathway. DAXX acts as an adapter of Fas that can recruit and activate 

apoptosis signal-regulated kinase 1 (Ask1), a mitogen-activated protein kinase 

kinase kinase. Activation of Ask1 can then lead to the activation of JNK. HSPB1, 

when in its dimeric form, has been shown to interact with DAXX preventing its 

association with Fas and Ask1 (Charette et al., 2000). DAXX is primarily a nuclear 

protein; however, co-expression with ASK1 leads to redistribution to the cytoplasm 

(Charette and Landry, 2000). Heat stroke-induced neurodegeneration is associated 

with necrotic cell death (Kourtis et al., 2012).  

HSPC1 has been recently linked to the regulation of necroptosis, an RIP1-dependant 

form of regulated necrosis (Yan et al., 2013). When the intrinsic apoptotic pathway 

is blocked, cell death can switch modalities and execute elimination of the cells via 

an alternative mechanism. This can occur when caspases are blocked or the pro-

survival BCL-2 proteins are overexpressed. It was found that inhibition of HSPBC 

caused cell death in BCL-2 overexpressing cells via necroptosis (Yan et al., 2013). To 

date, no studies have been carried out on the effect of sHSPs on necroptosis, but 
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potentially sHSPs may act as general modulators of programed cell death 

modalities. 

 

Identification of a novel stress response axis; HSPB1-BIM 

In addition to highlighting the role of HSPB1 in ER stress, we have identified a novel 

function for HSPB1, specifically in the regulation of the pro-apoptotic protein BIM. 

We have shown that ER stress leads to induction and alteration of HSPB1 which 

alters the expression levels of BIM kinases. We were also able to demonstrate the 

physiological relevance of the novel HSPB1-BIM pathway. It can be seen that HSPB1 

mutants, which have high levels of BIM, are more sensitive to ER stress induced cell 

death. Numerous studies have now highlighted the role of BIM in neuronal cell 

death, in particular in disease states. Work carried out in our lab has also revealed 

that HSPB8 can reduce BIM expression. However, the mechanism by which this 

occurs is currently unknown. HSPB8 mutants are also associated with CMT and distal 

hereditary motor neuropathies (dHMN). Potentially BIM is a common pathogenic target 

in CMT and dHMN. Mutations in the myelin sheath protein P0, cause CMT1B. The 

mutant P0 is retained in the ER causing activation of the UPR response (Pennuto et 

al., 2008). Ablation of CHOP expression reversed motor function defects in mouse 

models (Pennuto et al., 2008). These authors did not investigate the intrinsic 

apoptosis pathway in their model but as CHOP is a transcriptional regulator of BIM, 

the protective effects of CHOP may be a result of reduced BIM expression. BIM is 

also involved in neuronal cell death in ALS models (Suzuki et al., 2011, Soo et al., 

2012, Matus et al., 2013). HSPB1 has been show to afford protection in transgenic 

mouse models of mSOD ALS (Sharp et al., 2008). Given the importance of BIM in 

ALS associated degeneration, we speculate that protection afforded by HSPB1 in 

ALS models may, in part, be accounted for by HSPB1-mediated regulation of BIM. 
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A study of the anti-apoptotic effects of HSPA4 (α-crystallin) demonstrated that 

overexpression in CHO cells could reduce staurosporine and etoposide induced 

apoptosis (Pasupuleti et al., 2010).  The authors also demonstrated that HSPA4 

could protect cells from cell death induced by overexpression of BIM (Pasupuleti et 

al., 2010). However, it is unlikely that HSPB4 was involved in the regulation of BIM 

expression, as BIM was expressed equally in empty vector control cells and HSPB4 

cells (Pasupuleti et al., 2010). Therefore while both HSPB1 and HSPB4 can protect 

from BIM-induced apoptosis, the mechanisms appears to differ.  

Activation of the ER stress pathway is a salient feature of neurodegenerative 

diseases (Doyle et al., 2011). Our data show that induction of HSPs provides partial 

protection against ER stress-induced apoptosis. In light of this, induction or 

activation of HSPs may be a potential therapeutic intervention in 

neurodegenerative diseases in which ER stress plays a pathophysiological role. 

In addition to being important for ER stress induced apoptosis, BIM is recognised as 

an important modulator of neurodegenerative disease associated cell death. Two 

recent publications have demonstrated the role of BIM in neuronal cell death 

induced by Beta-Amyloid (Aβ) (Kudo et al., 2012, Sanphui and Biswas, 2013). Both 

studies demonstrated induction of BIM in response to Aβ. Sanphui and Biswas 

(2013) showed that Aβ caused a reduction in AKT and other kinases, which regulate 

FOXO2A, a transcriptional regulator of BIM. Therefore a model can be suggested in 

which Aβ causes increased BIM expression leading to activation of the intrinsic 

pathway. We and others have shown that HSPB1 can modulate AKT. We 

additionally demonstrate that HSPB1 can reduce BIM levels by proteasomal 

degradation. Therefore increasing expression and/or activity of HSPB1 may be a 

therapeutically exploitable avenue in AD, as HSPB1 would act at multiple levels of 

the cell death pathway and inhibit both transcriptional induction of BIM, as well as 

clearing protein levels via the proteasome. 
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Kudo et al (2012) demonstrated the role of the BAX/BAK-dependant apoptotic 

pathway in Aβ induced cell death. It was shown that Aβ caused a 4-fold increase in 

PIPI uptake and this was reduced to 1.5 fold in BAX knockout cells. That detectable 

levels of cell death still occurred in the absence of an intact mitochondrial pathway 

indicates that multiple cell death modalities occur simultaneously in response to 

Aβ. As a modulator of multiple cell death modalities, HSPB1 holds therapeutic 

promise. 

Data from our thermal preconditioning model in HeLa cells revealed reduced 

expression of PUMA and NOXA in response to preconditioning. We were able to 

ascertain that HSPB1 is the HSP capable of regulating BIM expression. However, it is 

plausible that HSPB1-mediated protection against ER stress is via regulation of 

multiple BH3-only proteins. Alternatively the reduction in PUMA and/or NOXA may 

be due to modulation by another HSP. For our study we chose to investigate HSPA1 

and HSPB1 as they are the most widely expressed and most potently induced HSPs 

in response to thermal stress. Alternative candidates for HSP regulation of BH3-only 

proteins include HSPA1, HSPB5, HSPB6, HSPA5 and HSPA6 (Vos et al., 2008b, 

Bartelt-Kirbach and Golenhofen, 2013). It was demonstrated that HSBP1 was not 

heat inducible in HeLa cells (Chowdary et al., 2004). Therefore, it is unlikely that 

HSPB8 is accounting for regulation of BH3-only proteins in our thermal pre-

conditioning HeLa model as HSPB8 is not induced by heat shock in HeLa cells. The 

ideal model to address this would be siRNA knock down of stress-inducible HSPs in 

HeLa cells followed by western blot profiling for the BCL-2 family under ER stress 

conditions. The benefit of such a system is minimal genetic manipulation and 

therefore adaptation of the cells.  

 

We have demonstrated that HSPB1 is capable of regulating BIM, in part, via 

regulation of phospho-ERK.  In our thermal preconditioning model we also 

observed a reduction in the expression levels of NOXA and PUMA. Other recent 

studies have shown that loss of phospho-ERK signalling via Vemurafenib treatment 
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increased expression PUMA and NOXA (Beck et al., 2013). This suggests that 

phospho-ERK is involved in inhibition of BIM, PUMA and NOXA. Potentially the 

reduced expression levels of BIM, PUMA and NOXA in thermal preconditioned cells 

is due to HSPB1 regulation of phospho-ERK. To study the requirement for phospho-

ERK in the protective effects and BH3-only regulating effects of thermal 

preconditioning, we would need to chemically inhibit ERK using U0126 or 

genetically inhibit phospho-ERK with siRNA. If thermal preconditioning could still 

protect cells and reduce levels of BH3 only proteins in the absence of phospho-ERK 

this would mean that ERK does not have a role in our thermal preconditioning 

model. Alternatively, if the protection of thermal preconditioning is abrogated in 

the absence of phosphor-ERK this would suggest it is necessary for protecting cells 

via thermal preconditioning. A role for phospho-ERK in heat shock enhanced NGF 

outgrowth has already been shown (Read et al., 2008). This suggests that phospho-

ERK is activated by heat shock. 

JNK too is reported as a regulator of the BCL2 family specifically BIMEL ,BIML  and 

BMF. We could only detect a faint band for BMF at 6 h in HeLa cells following 

treatment. Given the fact that cell death occurs after 24 h, it is unlikely BMF plays a 

role in TG induced cell death in HeLa cells. Expression of phospho-JNK in the 

thermal preconditioned cells was not investigated however it may be reduced 

compared to non shocked cells due to the fact that both HSPA1 and HSPB1 regulate 

JNK. It would be interesting to investigate the contribution of altered phosphor-JNK 

signalling in thermally preconditioned cells by inhibiting or knocking down JNK. We 

think that the regulation of BIM via HSPB1 is due to dual regulation of both ERK and 

JNK; a similar situation may be occurring in the thermal precondition model. 

Although thermal preconditioning models have been used against various insults, 

the exact molecular mechanism by which preconditioning protects cells is not well 

defined. Certainly HSPs are required but which aspect of HSP functioning is required 

and which signalling pathways are involved remains to be determined. 
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HSPB1 regulation of IDP 

Previous studies have demonstrated the role of HSPB1 in regulation of proteasome 

activity and degradation of certain clients. Expression of HSPB1 leads to enhanced 

degradation of p27 KIP1  and I κBα. Like BIM, p27 KIP1  (Dunker and Uversky, 2008) and 

IκBα (Mathes et al., 2010) are intrinsically disordered proteins IDP. IDP can be 

partially or entirely unstructured when in solution by themselves and only fold 

when in complex with partner proteins. Unstructured regions mean that IDP have 

larger surface areas for protein interaction, and post-translational regulation of 

such regions facilitate biodiversity of these proteins (Babu et al., 2011). Given their 

unusual properties, IDP must be carefully regulated in the cell in order to prevent 

unwanted interactions. This is certainly true for BIM which has complex regulatory 

mechanisms in place at transcriptional, post-transcriptional and post-translational 

levels. It has been observed that overexpression or mutation of IDP such as ataxin-

1, a-synuclein and huntingtin are often associated with neurodegenerative diseases 

(Babu et al., 2011). It has been estimated that 30 % of eukaryotic cell proteomes 

consist of IDPs (Dunker et al., 2001). A characteristic feature of IDP is ubiquitin-

independent degradation by the proteasome. Ubiquitin usually flags proteins for 

degradation. How are IDP degraded in a regulated fashion in the absence of a clear 

signalling molecular such as ubiquitin? Potentially HSPB1 interaction with IDP 

facilitates degradation and over rides the requirement for ubiquitin. This may be 

important in stress response pathways where many proteins are being 

ubiquitinated for signal transduction and degradation. Ubiquitin-independent 

degradation pathways would free up ubiquitin for the aforementioned processes. It 

has been shown that in addition to reduced proteostasis aged cells have reduced 

capacity to maintain metastable proteins such as IDPs (Ben-Zvi et al., 2009). The 

loss of molecular chaperones, as a result of proteostasis collapse, may account for 

this effect. 

Our future work will focus on further delineating the regulation of BIM by HSPB1. 

HSPB1 can increase ubiquitination of client proteins; however BIM can be degraded 
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independent of ubiquitin. We will therefore assess levels of ubiquitinated BIM in 

Neo and HSPB1 cells. To investigate this we will transfect Neo and HSPB1 cells with 

HA-ubiquitin. After immuno-precipitation pull down of ubiquitinated proteins has 

been performed, expression levels of BIM will be determined by Western blotting.  

Thus far, we have focused on the role of ERK in HSPB- mediated regulation of BIM. 

However, our data with U0126 clearly demonstrate that other mechanism are at 

play due to the fact that HSPB1 cells still have significantly less BIM even when the 

ERK pathway is inhibited. Analysis of phospho-BIM revealed increased expression 

following ERK inhibition. We postulate that JNK signalling is responsible for this 

effect and will attempt to delineate the contribution of JNK in the protection and 

reduction of BIM seen in HSPB1 cells. Further characterization of the mutant HSPB1 

cell lines will be performed, specifically focusing on investigating ERK and JNK 

signalling.  
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