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Abstract 

Triple negative breast cancers (TNBC) lack estrogen, progesterone and HER-2 receptors 

rendering them insensitive to current hormone targeted therapies. However, TNBC have 

been reported to express and secrete an additional growth factor, Nerve Growth Factor 

(NGF). They also express the two cognate receptors, the 75 kDa neurotrophin receptor 

(p75
NTR

) and the tropomyosin related kinase A receptor (TrkA) to which NGF can bind. 

Identifying NGF -mediated p75
NTR

signaling is a potential therapeutic target for TNBC. 

Using MDA-MB-231 cells, a representative of TNBC I confirmed a role for NGF-

mediated pro-survival signaling through p75
NTR

. It is well known that NGF signaling 

through TrkA mediates cancer cell proliferation, while its signaling through p75
NTR

 

protects breast cancer cells from apoptosis. Therefore, targeting NGF/p75
NTR

 signaling 

could potentially sensitize cells to chemotherapeutics. In this study, shRNA targeted to 

p75
NTR

 to knock down the receptor or inhibitors designed to disrupt the NGF/p75
NTR

 

signaling were used and it was found that disrupting NGF/p75
NTR

 signaling sensitized 

TNBC cells to apoptosis. The findings also illustrate that NGF regulates the levels of 

p75
NTR 

through two distinct mechanisms, post-translational and transcriptional. Firstly, 

using Western blotting it was found that exogenous NGF inhibits the endogenous 

processing of p75
NTR

. Secondly, it was shown that exogenous NGF increased p75
NTR

 

mRNA transcription as determined by RT-PCR. A differential sensitivity of the cells to 

apoptosis induction was observed with and without induction of p75
NTR

 by NGF. This 

regulation of p75
NTR

 by NGF is linked to increased resistance of these cells to 

chemotherapeutic drugs. Alteration in NGF signaling is not only implicated in resistance 

of breast cancer to chemotherapeutic reagents but it is also associated with a number of 

other disease states.  

Previous work in our group involved the design and generation of NGF variants with a 

view to using them to selectively target Trk or p75
NTR

 receptors. Here these variants were 

produced in HEK293T cells and their biological signaling was examined. Eight NGF 

variants were chosen and expressed into the media of HEK293T cells. The concentration 

of the variants was determined using an NGF ELISA followed by the analysis of TrkA-

induced pro-survival signaling. The I31R and R69D NGF variants displayed no TrkA 

pro-survival activity as they were unable to protect PC12 cells from TG induced cell 

death. Interestingly I31R displayed no TrkA activity but retained binding affinity to 
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p75
NTR

. I31 residue on NGF was identified as a target to disrupt TrkA signaling in disease 

conditions. 

The second part of the thesis focused on the pro-survival signaling mediated by the 

intracellular ER chaperone protein HSPB1 in response to ER stress. HSPB1 that belongs 

to the family of small heat shock proteins is a potent regulator of apoptosis. However, the 

role of HSPB1 in ER-stress induced apoptosis has not been delineated. Previous work in 

the lab has shown that thermal pre-conditioning can protect cells from ER stress induced 

cell death through its ability to regulate BH3 only protein, BIM. Here it is shown that 

overexpression of HSPB1 protected PC12 cells from ER stress induced apoptosis through 

ERK-mediated phosphorylation of BH3 only protein, BIM leading to proteasomal 

degradation of BIM. It is also shown that HSPB1 interacts with phospho-ERK 1/2 and 

BIM to mediate a cytoprotective effect against thapsigargin-induced ER stress. I also 

characterized the effect of mutations in HSPB1 in response to ER stress in PC12 cells. 

PC12 cells that stably expressed mutations in HSPB1 showed an inability to confer 

protection in response to ER stress and were unable to mediate degradation of BIM as 

they did in their wild type counterpart. 
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1 Chapter 1: Introduction 
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1. General Introduction 

Cells continually encounter various environmental insults causing mild to severe stress. 

As such they have evolved defense mechanisms to adapt to the adverse conditions and 

activate various extracellular and intracellular molecules to repair the damage caused by 

stress. If the cellular stress is particularly acute, or if the accumulation of damaged 

proteins is beyond repair, then the cells commit themselves to die. This thesis highlights 

(a) the role of ligand induced pro-survival signaling in the context of cancers, where 

resistance to cell death or sustaining proliferative signals through growth factors are 

hallmarks of cancer (Hanahan and Weinberg, 2011), and how specifically targeting the 

sites of ligand-receptor interaction can prove to be a therapeutic target in disease models, 

and (b) the pro-survival role of molecular chaperones (specifically, small heat shock 

proteins) that are activated in response to cellular stress.  

The two parts of the thesis thus examine extracellular (NGF/p75
NTR

) and intracellular 

(HSPB1) pro-survival molecules that negatively regulate cell death depending on cellular 

context. Although HSPB1, a molecular chaperone, has recently been reported to be 

secreted by macrophages (Salari et al., 2013), in our context HSPB1 is an example of 

intracellular negative regulator of apoptosis.  

The introduction to the thesis will be divided into three discrete sections, i.e. (a) 

Apoptosis, (b) Neurotrophin signaling, (c) Heat shock proteins and the background to 

each of these sections will be described.  

Cell death is a natural process that takes place continually in our body when cells can no 

longer divide and are replaced by new cells. It may also occur as a result of factors such 

as disease, localized injury or stress to mention a few. Cell death is classified according 

to the following guidelines: the morphological features (apoptosis, necrotic, autophagic); 

functional aspects (programmed cell death or accidental); the enzymes involved (with or 

without involvement of nucleases such as caspase-activated deoxyribonuclease (CAD) or 

proteases, such as caspases, calpains, cathepsins); and finally through immunogenic 

characteristics (immunogenic or non-immunogenic) (Kroemer et al., 2009). To date there 

are at least 13 different accepted biochemical forms of programmed cell death (PCD) 

characterized including apoptosis, necroptosis, autophagic cell death, ferroptosis, and 
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pyroptosis to mention some (Dixon et al., 2012, Galluzzi et al., 2012). This thesis will 

focus on the apoptotic mode of cell death.   

1.1 APOPTOSIS 

The term apoptosis was coined by Kerr, Wyllie and Currie in 1972 (Kerr et al., 1972). 

This is a process which is inherently programmed and has been shown to be initiated or 

inhibited by variety of stimuli including physiological and pathological stimuli (Kerr et 

al., 1972). During the formation of an adult animal from a fertilized embryo, there are 

several events of cell genesis and cell death.  In fact, many cells are produced during 

development with the ultimate fate of early cell death, and this is required for the normal 

physiological process to carry on. In this context, programmed cell death is a term 

indicating apoptosis. When defects in apoptosis occur, it can lead to developmental 

abnormalities and several disorders like cancers and autoimmunity (Baehrecke, 2002). 

Many signals such as neurotrophic factor deprivation, or metabolic stress or 

environmental toxins can activate neuronal cell death by triggering the apoptotic 

machinery in several neurodegenerative diseases such as Alzheimer’s disease or 

Huntington’s and Parkinson’s disease (Mattson, 2000). Therefore, investigation into the 

apoptotic machinery could reveal novel therapeutic targets.  

1.1.1 Morphological and biochemical characterization of apoptosis 

Apoptosis, which is defined as genetically programmed method of elimination of cells, is 

characterized by rounding-up of the cell, retraction of pseudopods, reduction of cellular 

volume (pyknosis), chromatin condensation, nuclear condensation and fragmentation 

(karyorrhexis), plasma membrane blebbing and formation of apoptotic bodies (Elmore, 

2007). The biochemical characterization of apoptosis include loss of plasma membrane 

integrity, exposure of phosphatidylserine (PS) residues from the inner to the outer plasma 

membrane, mitochondrial outer membrane permeabilization (MOMP), loss of 

mitochondrial membrane potential (ΔΨm), release of intra-mitochondrial space proteins, 

respiratory chain inhibition, caspase activation and DNA laddering (Kroemer et al., 

2009).  
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Apoptosis has been observed in Caenorhabditis elegans (C. elegans) where 131 cells of 

1090 undergo apoptosis during somatic development. (Ellis and Horvitz, 1986) This 

machinery was genetically controlled by key genes: CED-3, CED-4, CED-9 and EGL1 

(Lettre and Hengartner, 2006). Key members of the mammalian cell death machinery 

were identified based on their similarity to the C. elegans orthologue. For example, CED-

3 is related to the cysteine protease interleukin-1β converting enzyme (ICE, caspase-1) in 

mammals (Ellis et al., 1991). Interestingly, all vertebrate species studied thus far 

demonstrated evolutionarily conserved apoptotic machinery (Degterev et al., 2003). 

1.1.2 Caspases in the execution of apoptosis 

Caspases belong to the family of cysteine-dependent aspartate specific proteases and are 

characteristically activated during apoptosis (Alnemri et al., 1996). A family of at least 10 

related cysteine proteases have been identified (Cohen, 1997). They play an important 

role in maintaining cellular homeostasis through regulating inflammation and cell death 

(Wang and Lenardo, 2000) . Depending on the initiator caspases involved in regulating 

apoptosis, the apoptotic pathways can be distinguished between extrinsic or intrinsic 

apoptotic pathways (McIlwain et al., 2013) 

1.1.2.1 Classification of caspases 

Caspases can be classified based on (a) functions, (b) structure of caspases and (c) 

substrate specificity (Thornberry et al., 1997). To date, 11 human caspases have been 

identified: caspases-1-10 and caspase-14 (Alnemri et al., 1996, Pistritto et al., 2002). 

Caspase-13, was later found not to be a human but bovine (Koenig et al., 2001) and 

caspase-11 and -12 are murine enzymes that are most likely homologues of caspase-4 and 

-5 (Degterev et al., 2003).  

Functionally, there are two different families of caspases, the inflammatory caspases and 

apoptotic caspases. Inflammatory caspases include caspase-1, -4, -5, -11, -12 and -14. 

The apoptotic caspases can further be classified as initiator caspases and executioner 

caspases. These caspases act at different stages in the apoptotic cascade. Therefore, 

members of caspases that act to initiate the apoptotic cascade are called “initiator” 

caspases (including caspases-2, -8, -9,-10 and -15) and the members that execute 

apoptosis following signals from initiators of apoptosis are called “executioners or 

effector caspases” (including caspases- 3, -6 and -7) (Thornberry et al., 1997).  
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Structurally, caspases are classified based on their long or short pro-domains. All 

caspases are synthesized as inactive zymogens called pro-caspases that contain a pro-

domain followed by large p20 and small p17 subunits. The activation of the zymogen 

precursor occurs after a series of cleavage events leads to the separation of the large and 

small subunits, followed by removal of the pro-domain (Ramage et al., 1995, Yamin et 

al., 1996). The initiator and inflammatory caspases contain a long pro-domain that 

mediates the interaction of caspases with adaptor proteins (Chang and Yang, 2000). 

These domains include the death effector domain (DED), the caspases recruitment 

domain (CARD) or the pyrin domain (PYD). In apoptosis, initiator caspases get 

activated, and signal to the effector caspases. Effector caspases can activate each other or 

get activated by initiator caspases. Following this, the caspase activation signal is 

amplified and if the activation of caspases is high, then the cells commit to undergoing 

apoptosis. This effect is not reversible (Budihardjo et al., 1999). The effector caspases are 

characterized by the presence of a short pro-domain (Degterev et al., 2003). 

Caspases have high specificity for cleavage after the C-terminal aspartic acid residue and 

the three amino acids before the aspartic acid residue provide the substrate specificity for 

particular caspases (Thornberry et al., 1997). The substrate specificity for all caspases 

along with classification of caspases based on function and structure is shown in Table 

1.1.  
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Table 1.1 Mammalian caspases classified based on their function, structure and 

substrate specificity 

 

The table above shows classification of caspases based on their function, structure and 

substrate specificity. 

1.1.2.2 Activation of caspases 

Initiator caspases are present as monomers with their dimerization resulting in inter-chain 

autocatalytic cleavage and activation (Shi, 2004). This dimerization is facilitated by 

protein platforms or activating complexes which provide a focal point to concentrate 

caspases leading to proximity-induced activation and auto-cleavage (Shi, 2004). 

Proximity-induced activation of caspase is seen in caspase-9 activation and the complex 

is called the “apoptosome”. The caspase- 8/10 activating complex is called the Death 

Inducing Signaling Complex (DISC) (Sessler et al., 2013). Formation of the PIDDosome 
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is required for caspase-2 activation or the inflammasome for caspase-1,-4 and-5 

activation (Tinel and Tschopp, 2004, Martinon et al., 2002).  

Executioner caspases are present as dimers in the cell. The proteolytic cleavage and 

activation of initiator caspases leads to re-organization of the enzyme favoring formation 

of an active catalytic site. This mode of activation prevents inappropriate activation of 

executioner caspases (Shi, 2004, Taylor et al., 2008, Pop and Salvesen, 2009).  

1.1.3 Apoptosis pathways 

Apoptosis can be initiated either at the plasma membrane upon ligation of a death 

receptor (extrinsic receptor pathway), or at the mitochondria (mitochondrial intrinsic 

pathway) (Hengartner, 2000). There is also evidence that the two pathways are linked 

together and that molecules involved in one pathway can participate and influence the 

other pathway (Igney and Krammer, 2002). Other than these two major pathways, there is 

a third pathway which involves T-cell mediated cytotoxicity and perforin-granzyme-

dependent killing of the cell (Barry and Bleackley, 2002). This pathway engages 

granzyme B and all the three pathways converge at the mitochondrial intrinsic pathway 

and activate the executioner caspases (Martinvalet et al., 2005).   

1.1.3.1 The extrinsic apoptosis pathway 

One of the best characterized extrinsic apoptotic pathways is the binding of the death 

inducing ligand Fas (FasL) to the death receptor or Tumor Necrosis Factor (TNF)-α 

(ligand) binding to Tumor Necrosis Factor Receptor 1 (TNFR1) (Ashkenazi and Dixit, 

1998) as shown in Fig. 1.1. Upon binding of the ligand to its corresponding receptor at 

the plasma membrane, clustering of receptors takes place (Hsu et al., 1995). This then 

causes recruitment of the cytoplasmic adaptor proteins to the death domain (DD) (region 

on the receptor that is responsible for mediating apoptotic signaling by interaction with 

downstream effector molecules) of the respective receptors, i.e. binding of FasL to FasR 

causes binding of Fas-associated death domain (FADD) and similarly, binding of TNFα 

to TNFR results in the binding of the adaptor protein TNF receptor associated death 

domain (TRADD) with recruitment of FADD and receptor-interacting protein (RIP) (Hsu 

et al., 1995, Wajant, 2002). FADD then associates with procaspase-8 through 

dimerization of the death effector domain (DED). This leads to the formation of the 

Death-inducing signaling complex (DISC), resulting in activation of pro-caspase-8 
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(Kischkel et al., 1995). The extrinsic apoptotic pathway is inhibited by cellular FLICE-

inhibitory protein (c-FLIP) that binds to FADD and caspase-8 inactivating them (Kataoka 

et al., 1998). The activated caspase-8 now dissociates from the complex and either 

directly activates other caspases (Movassagh and Foo, 2008) or cleaves the BCL-2 pro-

apoptotic protein BID to its truncated form (tBID) that then translocates to the 

mitochondria (Li et al., 1998), resulting in the activation of the mitochondrial intrinsic 

pathway described below.  

1.1.3.2 The intrinsic apoptosis pathway 

The intrinsic apoptosis pathway is triggered by a wide range of stimuli such as 

endoplasmic reticulum (ER) stress, growth factor withdrawal, DNA damage, and 

radiation (Hotchkiss et al., 2009). These stressors cause oligomerization of the 

BAX/BAK which then causes pores in the mitochondrial membrane. This process is 

called mitochondrial outer membrane permeabilization (MOMP) (Tait and Green, 2010). 

MOMP allows release of pro-apoptotic proteins like cytochrome c, Smac/DIABLO, 

endonuclease G (EndoG), and apoptosis inducing factor (AIF) into the cytoplasm of the 

cell (Martinou and Green, 2001). Upon release, cytochrome c binds to APAF-1 

(apoptotic protease activating factor-1) activating it and causing its oligomerization in the 

presence of dATP. Pro-caspase-9 binds to the APAF-1 and cytochrome c complex which 

is called the apoptosome. The apoptosome is a heptamer and causes proximity-induced 

activation of caspase-9. Active caspase-9 causes the cleavage and activation of the 

effector caspases-3 and -7 (Acehan et al., 2002, Cain et al., 2002) leading to the classical 

morphology associated with apoptotic cells.  
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Fig. 1.1 The extrinsic and intrinsic apoptotic pathways  

Apoptosis can be mediated either through extrinsic pathway (receptor-mediated) or intrinsic 

pathway (mitochondria-mediated). During the extrinsic apoptosis pathway, receptors mediate the 

activation of the initiator caspases. The active initiator caspases either directly activate the effector 

caspases or causes the cleavage of BID to tBID. tBID translocates to the mitochondria and causes 

heteromerization of Bax/Bak pro-apoptotic molecules in the mitochondrial membrane, causing a 

pore leading to MOMP. Cyt c is released from the mitochondria inner membrane into the cytosol 

and is incorporated into a complex with procaspase- 9 and Apaf-1 leading to the formation of the 

apoptosome. The apoptosome activates the effector caspases leading to the activation of effector 

caspases. At this point both the pathways converge on activating the effector caspases-3 or -7 that 

cleave various other caspase substrates causing nuclear condensation, fragmentation of DNA and 

finally the death of the cell. Apoptosis can be inhibited by inhibitors of apoptosis proteins (IAPs) 
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like cIAP1/2 or XIAP (X-linked inhibitor of apoptosis). Smac (Second mitochondria-derived 

activator of caspases) inhibits the activity of XIAP.   

1.1.4 Regulation of apoptosis by the BCL-2 family of proteins 

Apoptosis is regulated by pro-apoptotic and anti-apoptotic members of the B-cell 

lymphoma-2 (BCL-2) family of proteins. They are related to each other by their 

conserved regions called BCL-2 homology (BH) domains (van Delft and Huang, 2006). 

Proteins belonging to this family have the ability to form homodimers or heterodimers, 

suggesting a competition between these proteins to elicit apoptosis (Gross et al., 1999).  

BCL-2 family members possess up to four conserved BCL-2 homology (BH) domains 

which are designated BH1, BH2, BH3 and BH4 as shown in Fig. 1.2. These correspond 

to α-helical segments (Adams and Cory, 1998). The anti-apoptotic members of this 

family such as BCL-2, BCL-XL, BCL-W, A1 and MCL-1 display sequence conservation 

in all four domains, whereas the pro-apoptotic proteins display less sequence 

conservation of BH4. On deletion or mutagenesis of BH4, the amphipathic α-helical BH3 

domain has been reported to serve as a critical death domain in the pro-apoptotic 

members. Pro-apoptotic members BAX and BAK lack a BH4 domain while they have 

BH1, BH2 and BH3 domains to mediate cell death. Other pro-apoptotic BCL-2 family 

members such as BIM, BID, BIK, BAD, HRK, NOXA, PUMA and BMF have sequence 

homology to one another but only within their BH3 domain (Gross et al., 1999). Many 

BCL-2 members contain a carboxy-terminal hydrophobic signal sequence and, in the case 

of BCL-2, this is essential for its targeting to membranes such as the mitochondrial outer 

membrane (Nguyen et al., 1993).  
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Fig. 1.2 Structure of the BCL-2 family members  

The BCL-2 family members are subdivided into anti-apoptotic and pro-apoptotic members and the 

structure of each member of the BCL-2 family is shown above. The members are further divided 

into (A) The BCL-2 family, (B) The Bax family or (C) The BH3 only family members. 

The BCL-2 family of proteins act upstream of irreversible cellular damage and act at the 

mitochondrion (Brunelle and Letai, 2009). The proteins belonging to the BCL-2 family 

have diverse modes of action. The BH3-only proteins (BID, BIK, BAD, HRK, BIM, 

BMF, NOXA and PUMA) are essential initiators of apoptosis (Huang and Strasser, 

2000). They can bind to the pro-survival members of the BCL-2 family such as BCL-2 

and BCL-XL with high affinity and induce apoptosis upon stress. The other pro-apoptotic 

BCL-2 proteins, BCL-2 associated X protein (BAX) and BCL-2 antagonist/killer-1 

(BAK) have an essential role downstream of loss of MOMP resulting in induction of 

caspase activation. The BH3-only proteins can also bind to BAX and BAK to mediate 

their pro-apoptotic effect (van Delft and Huang, 2006). The anti-apoptotic proteins in this 
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family, such as BCL-2 protein, block cell death by preventing the activation of BAX and 

BAK and inhibiting their oligomerization (van Delft and Huang, 2006). The anti-

apoptotic proteins function by sequestering BH3-only proteins and monomeric activated 

BAX and BAK. Certain cancer cells have been shown to depend on BCL-2 for their 

survival and a BCL-2 antagonist like ABT-737 in this scenario has therapeutic potential. 

However, these compounds are not effective in cells that express high levels of MCL-1 or 

A1, other members of anti-apoptotic family of proteins (Oltersdorf et al., 2005). The anti-

apoptotic and pro-apoptotic BCL-2 family members interact with one another. So, it is 

thought that the ratio of the pro- and anti-apoptotic genes determines the fate of the cell in 

response to cytotoxic stimuli (Oltvai et al., 1993). For instance, BIM has been shown to 

be induced in response to ER stress (Szegezdi et al., 2008, Puthalakath et al., 2007). The 

anti-apoptotic BCL-2 proteins function by inhibiting adaptors needed for activation of the 

caspases, and the pro-apoptotic BCL-2 proteins induce cell death by displacing this 

inhibition (Adams and Cory, 1998). Depending on the cellular context and specific death 

signals, certain pro-apoptotic members of the BCL-2 family can be induced. Of particular 

interest to this thesis is BIM, which is induced in response to many apoptosis stimuli, and 

undergoes transcriptional, post-transcriptional and post-translational modifications that 

lead to MOMP (Bouillet and Strasser, 2002, Szegezdi et al., 2008, Puthalakath et al., 

2007).  

BIM protein is an important member of the pro-apoptotic BCL-2 proteins; its expression 

is induced in response to various cellular stressors like ER stress and is directly involved 

in cell death (Puthalakath et al., 2007, Szegezdi et al., 2008).  

Bim mRNA undergoes alternative splicing, generating several isoforms of BIM. The 

known isoforms of BIM are BIMEL, BIML and BIMS (O'Reilly et al., 2000). The isoforms 

of BIM vary in their expression and exhibit tissue- specific transcriptional regulation in 

humans (U et al., 2001). In response to ER stress, it is usually BIMEL that is expressed at 

the protein level (Puthalakath et al., 2007). BIMS potently induces apoptosis and is only 

transiently expressed during apoptosis. BIML and BIMEL are expressed in unstressed 

cells, but the apoptotic activity of these isoforms is suppressed by their binding to 

microtubule-associated dynein motor complex via a dynein light chain binding domain 

(DLC domain) (Puthalakath et al., 1999). 
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The activity of BIM is tightly regulated by transcriptional, post-transcriptional and post-

translational modifications.  Bim is transcriptionally regulated by X-box Binding Protein 

1 (XBP1) (Kurata et al., 2011), and by CHOP in response to ER stress (Puthalakath et al., 

2007). Another study shows that the Bim promoter has a binding site for Fork head box 

class O, (FOXO) which induces expression of Bim in response to growth factor 

withdrawal (Gilley et al., 2003).  

BIM is also regulated post-transcriptionally via the control of microRNAs. These 

microRNAs are a class of non-coding RNAs that bind to the 3’ UTR of the target gene 

and repress its translation from mRNA to protein (Ambros, 2004). Some examples of 

microRNA clusters that have been reported to post-transcriptionally regulate the 

expression of BIM are: miR-24, where repression of BIM inhibits apoptosis in mouse 

cardiomyocytes (Qian et al., 2011); miR 17-92 cluster, where this cluster is oncogenic 

and the repression of this cluster contributes to the induction of BIM and therefore 

initiation of apoptosis (Molitoris et al., 2011); and miR-106B-25, where PERK-

dependent repression of this cluster contributes to the induction of ER stress-induced 

apoptosis via BIM (Gupta et al., 2012). 

BIM can also be post-translationally modified by phosphorylation under cellular stress 

conditions. BIMEL can be phosphorylated by various stress-activated kinases such as 

ERK1/2, JNK, p38 MAPK, and AKT (Ley et al., 2003, Luciano et al., 2003, Lei and 

Davis, 2003, Qi et al., 2006). This modification can alter the stability of protein and it can 

also alter its interaction with proteins in the BCL-2 family. For example, mutation in the 

Thr-112 site of BIMEL and BIML decreases its interaction with the pro-survival BCL-2 

gene, thereby causing increased cell survival (Hubner et al., 2008), whereas 

phosphorylation of BIML by JNK results in BAX-dependent induction of apoptosis (Lei 

and Davis, 2003).  

 

1.2 NEUROTROPHIN SIGNALING 

Pro-survival signaling can be mediated by extracellular growth factors. Dysregulated 

growth factor signaling is one of the hallmarks of cancer (Hanahan and Weinberg, 2000). 

This section will elaborate on neurotrophin signaling with particular emphasis on nerve 

growth factor (NGF) signaling. 
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Neurotrophins are critical for the development and maintenance of the peripheral and 

central nervous system. They play a crucial role in controlling cell survival, 

differentiation, growth arrest and apoptosis of sensory neurons (Wiesmann and de Vos, 

2001). The family of neurotrophins comprises of NGF, brain-derived neurotrophic factor 

(BDNF), neurotrophin-3 or -4/5 (NT-3/4/5). All the neurotrophins bind to p75
NTR

 with 

low affinity and with high specificity to the Trk family of receptor tyrosine kinases. The 

four mammalian neurotrophins can bind and activate one or more of the Trk receptors 

(Patapoutian and Reichardt, 2001). 

1.2.1 Neurotrophin family 

Neurotrophins are polypeptides that regulate the proliferation, survival, migration and 

differentiation of cells in the nervous system (Huang and Reichardt, 2003). Rita Levi-

Montalcini and Cohen identified the first member of this family in the 1950s. They 

discovered a target-derived soluble factor that induced neuronal cell survival and named 

it “Nerve growth factor (NGF)” (Levi-Montalcini and Angeletti, 1968). In 1982, Barde et 

al. discovered the second member of the neurotrophin family and named it BDNF. They 

purified BDNF from the porcine brain and found that this factor supported survival and 

neurite outgrowth of embryonic chick sensory neurons (Barde et al., 1982). NT-3, 

another neurotrophic factor related to NGF and BDNF was discovered by Maisonpierre 

(Maisonpierre et al., 1990). These three members of the neurotrophin family (NGF, 

BDNF and NT-3) are highly conserved from fish to mammals. A fourth member of the 

family, NT-4, was originally isolated in Xenopus and in viper venom. It displays 50%-

60% amino acid identity to NGF, BDNF, and NT-3 and has been shown to interact with 

the low-affinity NGF receptor and to induce neurite outgrowth from explanted dorsal root 

ganglia (Hallbook et al., 1991). The fifth member of this family, neurotrophin-5 (NT-5) 

was identified in 1991 (Berkemeier et al., 1991). This was structurally related to NGF 

and is expressed in embryonic as well as adult tissues. 

1.2.2 Structure of neurotrophins 

The structure of all the members of neurotrophin family is highly conserved except NT- 

4/5 (Shooter, 2001). The structure of neurotrophins will be detailed below with NGF as 

the primary neurotrophin of interest. 
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1.2.2.1 ProNGF and NGF  

NGF is a well characterized prototype member of a larger family of neurotrophins. It is a 

28 kDa protein consisting of two covalently linked 14 kDa monomers. It has a tertiary 

structure based on a cluster of 3 cysteine disulfides and 2 very extended, but distorted β-

hairpins. NGF interacts as a dimer, which is stabilized by interactions between aromatic 

residues (Bradshaw et al., 1994). The NGF dimer binds to the two distinct neurotrophin 

receptors TrkA and p75
NTR 

in neuronal and non-neuronal cells. They bind to the receptors 

through specific lysine residues (Bradshaw et al., 1994). 

Each mature NGF monomer contains a cysteine knot that is essential for the structure of 

the protein. Cys58-108 and Cys63-110 form a ring structure through which the third 

disulphide bond, Cys15-80 penetrates (McDonald, 1991). NGF is expressed as a pre-pro-

protein. The 18 amino acid N-terminal signal sequence targets the pre-pro-protein to the 

ER (Kliemannel et al., 2004). The 241 amino acid proNGF is necessary for protein 

expression, secretion and folding of the mature NGF (Suter et al., 1991, Rattenholl et al., 

2001, Lessmann et al., 2003, Kliemannel et al., 2004, Kliemannel et al., 2007). All 

neurotrophins generated from 31-35 kDa precursors can be intracellularly cleaved by 

several mammalian pro-protein convertases (PC) like furin, PC1, PC2, PACE4, PC5 and 

the PC5 isoform PC5/6-B (Seidah et al., 1996) and extracellularly by matrix 

metalloprotease 7 (MMP7) as well as plasmin (Lee et al., 2001b) to generate mature, 

secreted ligands.  

As illustrated in Fig. 1.3, proNGF has two N-linked glycosylation sites (at residues -52 

and -7) and five proteolytic cleavage sites. The first site is the pre-pro-domain region that 

is cleaved when the protein is targeted to the ER. The second and third sites of cleavage 

are at amino acid sites 193 and 162. These are the sites where proconvertases act to 

generate proNGF. The exact proconvertase is not known.  The fourth site of cleavage is 7 

amino acids from the furin cleavage site. This site can be cleaved extracellularly by 

MMP7. The intracellular cleavage of proNGF by furin generates the mature NGF, which, 

alternatively can be cleaved extracellularly by plasmin (Lee et al., 2001b).  
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Fig. 1.3 Structure of ProNGF and mature NGF 

ProNGF is a 241 aa long protein with two post-translational modification sites (N-linked 

Glycosylation sites; GlyNAc) highlighted in red and 5 cleavage sites as indicated above. The first 

cleavage site is the signal peptide or pre domain that gets cleaved during protein trafficking in the 

Golgi. The second and third sites of cleavage are mediated by pro-convertases. The fourth site of 

cleavage is 7 amino acids upstream of the furin cleavage site. This site is cleaved extracellularly 

by matrix metallo-protease 7 (MMP7). The final cleavage site generates the mature NGF and can 

be targeted intracellularly by furin and extracellularly by plasmin. The cysteine residues within the 

mature NGF are essential for protein structure. The molecular sizes of the different domains of 

NGF are also indicated. 

1.2.2.2 Crystal structure of NGF 

The crystal structure of NGF has been resolved (McDonald et al., 1991). NGF is a 27 

kDa symmetrical homodimer which is generated by hydrophobic forces between a core 

of β-stranded sheets joined by three cysteine bonds. The NGF molecule contains a 

clustering of ten charged residues around the β-hairpin loop incorporating Asp30-Lys34. 

This feature creates a dimer surface with a continuous positive charge that has been 

suggested to be involved in NGF/ p75
NTR

 interaction (He and Garcia, 2004). The crystal 

structure of NGF determined on co-crystallization with the TrkA, high affinity NGF 

receptor displayed structural features absent in the unbound NGF crystal structure. 

Importantly in the NGF/TrkA co-crystallization structure the N-terminal domain was 

resolved from residue serine 2; this region was unresolved on other structures but forms 

an important interface in the NGF/TrkA interaction (Wiesmann et al., 1999, Wehrman et 

al., 2007). The second difference was in the 10 amino acid loop from Ala40 - Arg50 of 
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the NGF when it interacts with the TrkA receptor (Wehrman et al., 2007). This region has 

a secondary structure resembling a beta hairpin. This difference suggests that the N-

terminal region and the Ala40-Arg50 are essential for NGF-TrkA interaction. When the 

crystal structure between unbound NGF and NGF bound to p75
NTR

 was compared, it was 

found that NGF binds to p75
NTR 

in the opposite orientation to TrkA. The NGF bound to 

p75
NTR

 is similar to the unbound ligand (Wehrman et al., 2007, He and Garcia, 2004).  

It has been proposed that NGF interacts with its receptors through two different sites 

creating a “high-affinity” NGF binding site through formation of a ternary 

TrkA/NGF/p75
NTR

 complex. It has been shown that the affinity of NGF for TrkA 

increases when p75
NTR

 is co-expressed (Hempstead et al., 1991). However, a recent study 

has shown that there is no evidence of a direct interaction between TrkA and p75
NTR

. It 

has been suggested that the increased affinity observed when TrkA and p75
NTR 

are co-

expressed may be through convergence of downstream signaling pathways and/or adaptor 

molecules that participate in both signaling pathways, rather than by physical interaction 

of the two receptors at the extracellular level (Wehrman et al., 2007). Shown in Fig. 1.4 is 

a schematic of the NGF in complex with TrkA and p75
NTR

. 

       

 

Fig. 1.4 Schematic of the NGF in complex with TrkA and p75
NTR 

(A) The TrkA receptor ( pink) consists of a leucine rich repeat (LRR) between two cysteine rich 

domains (CRD) that is followed by two large immunoglobulin like domains (Ig-like domains). 

The Ig-like domain that is proximal to the membrane interacts with the NGF dimer (blue). This 

domain is also called domain 5. (B) p75
NTR

 (orange). P75
NTR 

consists of 4 CRD, labelled 
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consecutively from the amino terminal of the receptor. The NGF interacts with the receptor at two 

sites. Site I is the interaction of CRD2 with the NGF and site II is where the C-terminal and N-

terminal domain of the NGF interacts with CRD3 and CRD4. The NGF (blue) is in opposite 

orientation in the complexes.  

1.2.3 Structure of neurotrophin receptors 

1.2.3.1 Tropomyosin–related kinase receptors (Trk receptors) 

Trk receptors are a family of three receptor tyrosine kinases, which bind to the family of 

neurotrophins with different affinities. The TrkA proto-oncogene was the first NGF 

receptor identified (Kaplan et al., 1991, Klein et al., 1991). Neurotrophin signaling 

mediated by Trk receptors regulates cell survival, proliferation, the fate of neural 

precursors, and axon and dendrite growth and in the adult nervous system the Trk 

receptors regulate synaptic strength and plasticity (Huang and Reichardt, 2003). The Trk 

receptors have highly conserved intracellular domains and unconserved extracellular 

domains that confer ligand specificity to the Trk family (Klein et al., 1990). 

As illustrated in Fig. 1.5, the Trk extracellular domain consists of two cysteine-rich 

domains (CRD) flanking three leucine-rich motifs (LRR), followed by two C2-type 

immunoglobulin-like (Ig-1 and Ig-2) domains (Huang and Reichardt, 2003). There is a 

linker region composed of 30-50 residues which links the extracellular domain to the 

transmembrane domain (Schneider and Schweiger, 1991). NGF binds to the Ig-2 domain 

that is proximal to the transmembrane region of TrkA (Wehrman et al., 2007, Wiesmann 

et al., 1999). These Ig-like domains have been reported to inhibit ligand independent 

dimerization of the receptor. This suggests that the conformation of Ig-like domains are 

altered upon NGF binding, leading to dimerization of the receptors and its 

phosphorylation and the activation of signaling pathway (Arevalo et al., 2000).  

The intracellular domain of TrkA contains 5 tyrosine residues that are critical for receptor 

function. These are: Y490 in the juxtamembrane domain; Y670, Y674, Y675 in the 

activation loop of the tyrosine kinase domain; and Y785 in the C-terminal domain. NGF 

binding to TrkA causes the phosphorylation of the tyrosine kinase domain leading to a 

downstream signaling cascade (Bibel and Barde, 2000). 
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1.2.3.2 p75
NTR

 

p75
NTR

 is a cell surface receptor glycoprotein that belongs to the Tumor Necrosis Factor 

receptor super family (TNFRsf). The alternative names for p75
NTR 

are LNGFR, CD271, 

TNFRsf16, and NGFR. It is classified as part of this family due to the structural 

homology and sequence homology of this protein with other members of TNFRsf (Chao, 

1994, Chapman, 1995). p75
NTR

 can bind to all neurotrophins with equal affinity. It can 

either form a complex with the Trk family of receptors or it can act by independent 

mechanisms to mediate its biological effect (Chao, 1994). 

p75
NTR

 has an N-terminal extracellular ligand binding domain, a short transmembrane 

domain and an intracellular death domain (Vroegop et al., 1992). It is 427 amino acids in 

length and its actual molecular weight is 55 kDa. N-linked and O-linked glycosylation in 

the extracellular domain of p75
NTR

 give it a molecular weight of 75 kDa.  p75
NTR

 has a 

single N-glycosylation site, located within the first cysteine-rich repeat (Johnson et al., 

1986). The removal of N-linked glycan does not affect the protein folding and its 

efficient exit from the ER (Baldwin and Shooter, 1995, Grob et al., 1985). The proximal 

stalk region contains several O-linked glycosylation sites that are essential for the apical 

sorting of the receptor (Yeaman et al., 1997). The extracellular domain of p75
NTR

 

contains 4 cysteine rich domains (CRD). Two different models of NGF binding to p75
NTR

 

have been reported: a 2:1 stoichiometry where an NGF dimer binds to a p75
NTR

 

monomer; and a 2:2 stoichiometry where an NGF dimer binds to two p75
NTR

. The 2:1 

stoichiometry could potentially engage a Trk receptor to form a tri-molecular NGF 

signaling complex (He and Garcia, 2004). The transmembrane region of p75
NTR

 contains 

a conserved Cys (257). p75
NTR

 forms dimers through disulphide linkage independent of 

ligand binding via this Cys (257) residue (Vilar et al., 2009).  

p75
NTR

 has been widely reported to be induced in response to stress (Roux et al., 1999). 

Several transcription factors have been shown to the involved in the regulation of 

expression of p75
NTR

 under stress (Ramos et al., 2007). p75
NTR

 has also been reported in 

several cell types to undergo constitutive proteolytic cleavage that is required for its 

signaling (Ceni et al., 2010).  
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1.2.3.3 Sortilin 

Mature NGF has been reported to bind to TrkA and have a pro-survival effect, whereas 

proNGF selectively binds to p75
NTR

 and induces apoptosis (Lee et al., 2001b). However, 

not all p75
NTR

 expressing cells respond to proNGF suggesting an involvement of 

additional membrane proteins. Sortilin, a ~95 kDa molecular weight protein belonging to 

the family of vacuolar protein sorting-associated protein 10 domain receptors (Vps-10p 

domain receptors) was found to act as a co-receptor, which on binding to p75
NTR

 and 

proNGF can induce apoptotic signalling in neuronal cells (Nykjaer et al., 2004). 

 

 

Fig. 1.5 Structure of neurotrophin receptors 

Neurotrophins can bind to p75
NTR

, Tropomyosin related kinase (Trk) receptors and Sortilin 

(SORT) receptor. Sortilin is a member of vacuolar protein sorting -associated protein 10-domain 

receptors. This figure was adapted from (Hondermarck, 2012).  

1.2.4 NGF signaling 

Other than their neurite outgrowth-inducing function or survival-promoting function on 

neuronal cells, the family of neurotrophins has varied biological effects depending on the 

cellular context. The role of NGF and its receptors have been reported in various cancers 
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outside of the nervous system (Kruttgen et al., 2006). The following section will 

elaborate on NGF signaling through TrkA and p75
NTR

 on neuronal cells and cancers. 

1.2.4.1 NGF/TrkA signaling 

The binding of NGF to TrkA results in the phosphorylation of the receptor tyrosine 

kinase domain of TrkA. Ligand-induced dimerization of the Trk receptor causes 

phosphorylation of specific tyrosine residues in the activation loop of the tyrosine kinase 

domain (Cunningham and Greene, 1998). This phosphorylation leads to an open 

conformation of the receptor kinase domain which allows the access of substrates to the 

kinases (Bibel and Barde, 2000). The two specific phosphorylated tyrosine residues Y490 

and Y785 serve as docking sites for binding of adaptor molecules to mediate signaling 

(Friedman and Greene, 1999).  

In neuronal cells, NGF/TrkA signaling can activate three signaling pathways: the 

Ras/Raf/MEK/MAPK pathway; the PI3K/AKT pathway; and the phospholipase C- γ 

(PLC-γ) pathway. Firstly, phosphorylation of TrkA upon NGF binding leads to the 

formation of variety of complexes of adaptor molecules. This leads to the activation of 

Ras/Raf/MEK/MAPK pathway. This pathway was identified in developing neurons and 

has been shown to mediate neuronal differentiation (Bibel and Barde, 2000).  Secondly, 

NGF/TrkA signaling can activate phosphoinositide 3 kinase (PI3K), one of whose 

substrates is AKT. This plays an important role in neuronal survival (Franke et al., 1997). 

Activation of PI3K directly by Ras is an important pathway by which NGF activates 

AKT through TrkA as PI3K do not directly interact with the Trk receptors (Franke et al., 

1997).. Thirdly phosphorylation of TrkA induces phosphorylation of PLC-γ, which 

through activation of intermediate proteins results in the activation of Protein Kinase C 

(PKC). It has been reported that one of the PKC isoforms, PKCδ is required for NGF-

induced neurite outgrowth (Corbit et al., 1999).  

In cancer cells, NGF /TrkA signaling has been reported to mediate their proliferation 

survival, invasion, migration, angiogenesis and metastasis (Descamps et al., 2001c, Dolle 

et al., 2005, Romon et al., 2010, Lagadec et al., 2009, Zhang et al., 2015). It has been 

reported that TrkA overexpression in breast cancer cells enhanced tumor cell growth, 

angiogenesis and metastasis (Lagadec et al., 2009). This was attributed to the constitutive 

activation of tyrosine kinase activity, and hyper-activation of PI3K-Akt and 

ERK/p38MAP kinases in breast cancer cells (Lagadec et al., 2009). Studies in the past 
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suggest that NGF activation of TrkA promotes a proliferative signal via the MAPK 

pathway in breast cancer cells and that this effect was independent of p75
NTR

 (Descamps 

et al., 2001c). This effect through TrkA was inhibited with the use of K252a (Descamps 

et al., 2001c), a pharmacological inhibitor of Trk receptors that inhibits the 

phosphorylation of the tyrosine kinase domain of Trks (Kase et al., 1986) 

1.2.4.2 NGF/p75
NTR

 signaling 

NGF signaling through p75
NTR

 can mediate a pro-apoptotic or pro-survival effect 

depending on the form of NGF that binds to p75
NTR

. The effect of NGF/p75
NTR

 is highly 

dependent on cellular context. For example, although p75
NTR

 signaling was originally 

studied in neuronal cells and it was identified to be a member of death receptor family, 

several studies have investigated NGF/p75
NTR

 signaling in non-neuronal cells and in 

several cancer models where they mediate different signaling pathways conferring pro-

survival effects. Constitutive processing of p75
NTR 

has been reported in several cell types 

and this has been shown to be important in NGF signaling through p75
NTR

 (Skeldal et al., 

2011). 

In the following section, proNGF/Aβ-mediated cell death through p75
NTR

 signaling in 

neuronal cells and NGF-mediated pro-survival signaling in cancers will be elaborated. 

1.2.4.2.1 p75
NTR

 mediated pro-death signaling  

Several studies have shown that proneurotrophins, including proNGF, can induce cell 

death in neuronal cells via p75
NTR

 (Nykjaer et al., 2004). However, not all cells that 

express p75
NTR

 can induce apoptosis as they require the co-expression of the sortilin 

receptor. Sortilin acts as a molecular switch governing the p75
NTR

 mediated pro-apoptotic 

signaling induced by proNGF (Nykjaer et al., 2004). The same observation is true for 

proBDNF-induced pro-apoptotic signaling in sympathetic neurons where co-expression 

of p75
NTR

 and sortilin are required for cell death (Teng et al., 2005). The mechanism of 

proNGF induced cell death is thought to be the same as the mechanism by which mature 

NGF binds to p75
NTR 

and induces neuronal apoptosis, occurring through activation of 

JNK and caspases (Harrington et al., 2002, Diarra et al., 2009). Another well –known 

example of p75
NTR

-mediated cell death in neuronal cells is through the binding of 

amyloid β (Aβ) peptide (Rabizadeh et al., 1994). Aβ peptides are the soluble fragment 

generated by cleavage of amyloid precursor protein (APP). Large Aβ peptide deposits are 
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found in the brain of patients suffering with Alzheimer’s disease (AD) (Selkoe, 2001). 

Aβ has been reported to directly interact with p75
NTR

 leading to c-Jun mediated apoptosis 

in hippocampal neurons (Diarra et al., 2009, Yaar et al., 1997).  

1.2.4.2.2 p75
NTR

- mediated pro-survival signaling  

NGF/p75
NTR

 signaling has been reported in several cancers such as breast cancer, prostate 

cancer and in melanomas. Reports show that primary and metastatic melanoma cell lines 

express and secrete all neurotrophins and that they also express p75
NTR

, Trk receptors and 

the p75
NTR

 co-receptor sortilin. NT-3, NT-4 and NGF have been reported to induce 

migration in the more metastatic melanoma cell lines and this effect is inhibited by the 

use of p75
NTR

 siRNA (Truzzi et al., 2008). In prostate cancers, p75
NTR

 has been proposed 

to be a tumor suppressor, where the loss of p75
NTR

 expression facilitates survival, 

proliferation and metastasis of tumor cells (Krygier and Djakiew, 2002, Krygier and 

Djakiew, 2001). 

 

Fig. 1.6 Autocrine signaling between NGF and its receptors in Breast cancer cells 

NGF receptors are expressed in both NBEC and BCC, but NGF is only produced by BCC which 

can activate its receptors through an autocrine signaling loop. NGF activates TrkA, mediating 

proliferative effects and it activates p75
NTR

, mediating pro-survival effects in BCC. 

NGF expression has been reported to contribute to breast cancer progression and 

pathogenesis (Adriaenssens et al., 2008, Descamps et al., 2001c). As shown in Fig. 1.6 

NGF receptors  are expressed in both breast cancer cells (BCC) and NBEC, but the latter 
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do not express NGF, which highlights the potential use of anti-NGF in the treatment of 

breast cancers (Descamps et al., 1998). NGF mediates a pro-survival effect through 

autocrine signaling via p75
NTR

 in breast cancers (Descamps et al., 2001c). It has been 

shown to protect MCF-7, MDA-MB-231, T47-D, BT-20 cell lines from C2-ceramide 

induced cell death (Descamps et al., 2001c). It has been reported that NGF exerts its anti-

apoptotic effects through p75
NTR

 by activation of NF-κB (Descamps et al., 2001c). The 

expression of p75
NTR

 is high in basal-like breast cancer cells and this can be used as a 

marker to predict a group of basal-like breast cancers with good prognosis (Reis-Filho et 

al., 2006). The activation of p75
NTR

 results in recruitment of adaptor proteins to the death 

domain of p75
NTR

 that then lead to pro-survival signaling through NF-κB in breast 

cancers, but the adaptor molecules that link NGF/p75
NTR

 activation and the NF-κB 

mediated pro-survival effect remain unknown (El Yazidi-Belkoura et al., 2003). This is 

illustrated in Fig. 1.7. There is only one report so far that shows the interaction of Tumor 

necrosis factor receptor associated death domain (TRADD) with the death domain of 

p75
NTR

 upon NGF binding to p75
NTR

 and its involvement in mediating the anti-apoptotic 

effect on MCF-7 cells by activating NF-κB pathway (El Yazidi-Belkoura et al., 2003). 

This report shows that the death domain of TRADD is required for its binding to the 

death domain of p75
NTR

 to mediate this effect. Other members of the TNFRSF like TNF-

R1 or TRAIL recruit TRADD to their death domains and use that as a platform to recruit 

other adaptor molecules, including Receptor-interacting protein 1 (RIP-1), TNF-R 

associated factor 2 (TRAF-2) and Fas-associated death domain (FADD), to promote cell 

survival or cell death (Muppidi et al., 2004). So far, there is no evidence showing the 

recruitment of other adaptor proteins to TRADD in breast cancer cells. In Schwann cells, 

RIP2 has been shown to bind to the death domain of p75
NTR 

and mediate a pro-survival 

effect by activating NF-κB (Khursigara et al., 2001). There are reports that show the 

interaction of other members of the TRAF family (TRAF2, 4, 6) directly with the p75
NTR

 

intracellular domain in 293T cells expressing p75
NTR

 (Ye et al., 1999, Zampieri and 

Chao, 2006, Khursigara et al., 1999, Kanning et al., 2003). Involvement of RIP2 or other 

TRAFs in NGF-mediated p75
NTR

 signaling in breast cancers is not known.  

Brain expressed X-linked 2 (BEX2) has been reported to be overexpressed in a subset of 

primary breast cancers, mainly in Er positive subtypes of breast cancers, and is reported 

to be regulated by estrogen (Naderi et al., 2007). In this cellular context, BEX2 has been 

shown to be required for NGF/p75
NTR

 dependent NF-κB activation and pro-survival 
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effects (Naderi et al., 2010b). There is no evidence so far of a direct interaction with 

p75
NTR

, but it is reported to be sufficient to bring about the anti-apoptotic effect of NGF 

in breast cancer (Naderi et al., 2007, Naderi et al., 2010a, Naderi et al., 2010b). BEX2 has 

also been shown to protect breast cancer cells from the intrinsic apoptotic pathway 

through modulation of Bcl-2 family members, including up-regulation of the anti-

apoptotic protein Bcl-2 and down-regulation of pro-apoptotic members Bad, Bak and 

PUMA (Naderi et al., 2010a). The homologues BEX1 and BEX3 have also been shown 

to interact with p75
NTR

. In neural tissues BEX1 inhibits NF-κB, links neurotrophin 

signaling to the cell cycle and may sensitize cells to apoptosis (Vilar et al., 2006, Ding et 

al., 2009).  BEX2 has been shown to be required for progression of MCF-7 breast cancer 

cells through the G1 phase of the cell cycle via its regulation of cyclin D and p21 (Naderi 

et al., 2010b, Naderi et al., 2010a). 

Overexpression of p75
NTR

 in breast cancer cells has been shown to increase their survival 

through p21
waf1 

(Verbeke et al., 2010). This effect was associated with inhibition of 

apoptosis. The anti-proliferative effect was due to accumulation of cells in the G0/G1 

phase associated with decreased Rb phosphorylation and increased p21
waf1

. Inhibition of 

p21
waf1

 not only restored proliferation but also abolished the pro-survival effect of p75
NTR 

(Verbeke et al., 2010).  
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Fig. 1.7 NGF-p75
NTR

 signaling pathway 

NGF binds to p75
NTR 

and mediates cell survival through activation of NF-κB (Descamps et al., 

2001c) or cell death signal through activation of JNK (Gentry et al., 2000). In addition to these, 

NGF/p75
NTR

 signaling can also lead to cell cycle arrest (Chittka et al., 2004) or neurite retraction 

(Yamashita and Tohyama, 2003b).  

1.2.4.2.3 Regulated intramembrane proteolysis of p75
NTR

  

Several studies have shown that p75
NTR

 undergoes constitutive proteolytic cleavage in 

many cellular contexts (Kanning et al., 2003, Skeldal et al., 2011, Verbeke et al., 2013). 

p75
NTR

 undergoes regulated intramembrane proteolytic cleavage as shown in Fig. 1.8 that 

involves cleavage at the extracellular domain by phorbol myristate acetate (PMA)-

inducible membrane metalloproteinase (α-secretases) resulting in shedding of the 

ectodomain (Kanning et al., 2003). The resulting fragment is called the carboxy-terminal 

fragment (CTF) as shown in Fig.1.7. This is next cleaved by gamma-secretases around or 

within the transmembrane region to generate the intracellular domain fragment (ICD). 

The ICD is released into the cytoplasm with signaling capability (Kanning et al., 2003). 

This fragment has been shown to function in concert with TRAF-6 to activate the NF-κB 

pathway (Kanning et al., 2003). Several proteins including matrix metalloproteinases 
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(MMPs), a disintegrin and metalloproteases (ADAMs) have been reported to be 

implicated in glioma invasion (Nakada et al., 2007). The processing of p75
NTR

 was found 

to be required for the highly invasive behavior of p75
NTR

 positive malignant glioma 

(Wang et al., 2008). γ-secretase inhibitors have proven promising in the treatment of 

invasive glioma mediated by p75
NTR

 (Wang et al., 2008).  

A recent study showed that p75
NTR

 undergoes constitutive regulated proteolysis in TNBC 

cells (Verbeke et al., 2013). In this study, the CTF was shown to be important for the 

survival of breast cancer cells and the ICD had no effect (Verbeke et al., 2013), while the 

generation of the ICD by γ-secretase mediated cleavage of p75
NTR

 was important in 

glioma cell survival (Wang et al., 2008). Interestingly this CTF-mediated cell survival 

was independent of PI3K, NF-κB or MAPK signaling pathways. Which pathway 

contributes to the breast cancer cell survival is unknown (Verbeke et al., 2013) . The 

mechanism of neurotrophin mediated processing of p75
NTR

 is highly cell type dependent 

(Carter and Lewin, 1997). In PC12 cells, NGF has been shown to induce the processing 

of p75
NTR

 and this mechanism requires activated TrkA (Ceni et al., 2010). There are 

currently no reports that have investigated the mechanism of p75
NTR

 processing in breast 

cancers.  
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Fig. 1.8 Regulated intramembrane proteolysis of p75
NTR

 

 p75
NTR

 undergoes sequential cleavage by PMA-inducible activation of secretases. The first 

cleavage by α-secretases leads to shedding of the extracellular domain of p75
NTR

. This generates 

carboxy- terminal fragment (CTF). This is subjected to sequential cleavage by γ-secretases which 

leads to generation of intracellular domain fragment (ICD) which translocates to the nucleus to 
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activate various transcription factors. GM 6001 and DAPT are the inhibitors of activators of α- 

and γ- secretases, respectively.       

1.2.5 Regulation of p75
NTR

 expression 

p75
NTR

 expression and signaling has been implicated in mediating neuronal apoptosis 

after injury to the CNS (Roux et al., 1999), but very little is known about the mechanisms 

that regulate its expression. For example, p75
NTR

 expression is induced in apoptotic 

neurons after seizures (Roux et al., 1999) and via nitric oxide in conditions of osmotic 

swelling following brain injuries (Peterson and Bogenmann, 2003). Basal levels of 

p75
NTR

 are also rapidly induced after focal cerebral ischemia (Irmady et al., 2014). A few 

transcription factors are reported to regulate expression of p75
NTR

 under stress conditions. 

Hypo-osmolar stress induces p75
NTR

 expression by activating Sp1-dependent 

transcription in neurons (Ramos et al., 2007). Early growth response (Egr1 and Egr3) 

transcription regulators have been shown to directly activate p75
NTR

 gene expression and 

signaling in vivo (Gao et al., 2007). Induction of p75
NTR

 expression by NSAIDs (non-

steroidal anti-inflammatory drugs) decreases the p75
NTR

-dependent survival of prostate 

tumor cells (Quann et al., 2007). Reports also suggest that NGF is involved in the 

induction of p75
NTR

 expression in prostate cancer which is accompanied by a reduction in 

prostate cancer cell malignancy (Sigala et al., 2008). The regulation of p75
NTR

 expression 

by NGF has only been studied in prostate cancer. 

 

1.3 HEAT SHOCK PROTEINS [HSPS] 

Intracellular pro-survival signaling can be mediated by various factors such as molecular 

chaperones. The following section will elaborate on the role of molecular chaperones 

with heat shock protein as an example in mediating pro-survival signaling in response to 

stressors. 

Cells are subjected to various internal and external stimuli, which in some cases may 

induce stress. The induction of stress may lead to an altered cellular response to 

subsequent environmental signals. Prolonged exposure of the cells to such insults may 

result in accumulation of damaged DNA, proteins and lipids. To maintain homeostasis, 

cellular stress response (CSR) is initiated (Kultz, 2003). If the intensity of stress is mild, 

then it can lead to protective mechanisms by activation of heat shock proteins (HSPs) 
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(Samali et al., 2010), the endoplasmic reticulum unfolded protein response (UPR
ER

), or 

autophagy (Fulda et al., 2010).  

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

cyto-protective mechanisms found in nature (Ritossa, 1996).  It is an essential defense 

mechanism used by cells to protect themselves from a varied range of stimuli like heat 

shock, alcohols, inhibitors of energy metabolism, heavy metals, oxidative stress, slight 

alterations in the optimum temperature, inflammation and proteasomal inhibition 

(Lindquist, 1986, Morimoto, 1993, Bush et al., 1997). The redox state of the cells is 

affected by stress inducing agents and this  in turn, causes an increase and accumulation 

in the levels of misfolded proteins which may be deleterious by virtue of their altered 

biologic activities (Jolly and Morimoto, 2000). HSPs induced in response to cellular 

stress serve as molecular chaperones that function by transiently interacting with other 

proteins undergoing synthesis, aiding in their protein folding, translocation and refolding. 

The proteins that cannot be refolded or are damaged beyond repair are targeted for 

degradation (Ellis, 1993, Georgopoulos and Welch, 1993). Stress induced transcription of 

HSPs requires activation of Heat shock factor 1 (HSF 1), the master regulator of HSP 

genes in vertebrates (Akerfelt et al., 2010). The increased expression and accumulation of 

the stress proteins provides the cell with an added degree of protection (Welch, 1993). 

The induction of HSPs in response to a cellular stress can protect the cells against a 

subsequent stressor with this phenomenon termed as “cross protection” (Lindquist, 1986, 

Richter et al., 2010, Morimoto, 1998).  

1.3.1 Families of Heat shock proteins [HSPs] 

HSPs are classified into five major groups/families based on their molecular size: HSPH 

(HSP100), HSPC (HSP90), HSPA (HSP70), DNAJ (HSP40) and HSPB (the small heat 

shock proteins [sHSPs]) (Vos et al., 2008). The HSPB is a family of molecular 

chaperones consisting of at least 10 members in mammals (Taylor and Benjamin, 2005). 

Within each family are members that are expressed either constitutively or transiently or 

are inducibly regulated and/or shuttled or targeted to different cellular compartments 

(Jolly and Morimoto, 2000).  Along with this classification are the human chaperonin 

families HSPD/E (HSP60/HSP10) and CCT (TRiC). These are class of proteins that play 

an important role in the proper folding of newly synthesized cytosolic proteins and 

prevent their aggregation (Kampinga et al., 2009).  
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1.3.1.1 Small heat shock proteins [HSPB] 

Small heat shock proteins range from 12-43 kDa and they share significant sequence 

similarity within the “alpha-crystallin domain” (Taylor and Benjamin, 2005). They are 

defined by the conserved sequence of approximately 90 amino acid residues termed the 

alpha-crystallin domain which is flanked by variable amino- and carboxy-terminal 

extensions (MacRae, 2000). Although they share sequence similarity, they exhibit 

different patterns of gene expression, transcriptional regulation, localization within the 

cellular compartments and also functions (Taylor and Benjamin, 2005). The HSPB can be 

classified into two functional categories (Taylor and Benjamin, 2005). Class I sHSPs are 

ubiquitously expressed and include HSP27/HSPB1, CRYAB/HSPB5, HSP20/HSPB6, 

H11/HSPB8. Class II sHSPs display a tissue specific pattern of expression and include 

HSPB2, HSPB3, cvHSP/HSPB7, CRYAA/HSPB4, HSPB9 and ODF1/HSPB10. The 

expression of class II proteins is restricted to myogenic and testicular lineages (Taylor 

and Benjamin, 2005). Apart from containing a conserved α-crystallin domain, the family 

of sHSPs do share similarity in their ability to form large oligomers, a dynamic 

quaternary structure and mediate ATP independent chaperone activity (Haslbeck et al., 

2005). Although HSPs confer a cytoprotective effect in response to stress, mutations in 

these chaperones have been reported to cause diseases and these are termed 

chaperonopathies (Vos et al., 2008). Distal peripheral neuropathy such as Charcot-Marie 

Tooth Syndrome is linked to mutations in HSPB1 and HSPB8 (Houlden et al., 2008)    

The functions of small HSPs and αβ crystallin are to protect cells from cellular stress by 

acting as molecular chaperones (Horwitz, 1992). They mediate re-folding of unfolded 

proteins and mis-folded proteins (Horwitz, 1992). They also confer thermo-tolerance 

(Landry et al., 1989) through stabilization of microfilaments (Miron et al., 1991). Small 

HSPs, in particular HSPB1 protect cells against apoptosis by binding to Cu
2+

 thereby 

inhibiting generation of ROS, oxidative stress and amyloid aggregation  of Aβ peptides 

(Asthana et al., 2014), (Bakthisaran et al., 2015), they also mediate protection to 

apoptosis by binding to several components in the apoptotic cascade mediate effect on 

pro-survival pathways. They also function in RNA stabilization (Nover et al., 2001). 

Circulating HSPs confer immune-modulatory anti- inflammatory functions. They play a 

role in differentiation, proteasomal degradation, autophagy and development 

(Bakthisaran et al., 2015). 
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1.3.1.1.1 Heat shock protein B1 [HSPB1] 

Of all the sHSPs identified so far only a few of them, including HSPB1, are true heat 

shock proteins whose expression is enhanced in response to stress (Arrigo et al., 2007). 

As shown in Fig. 1.9, HSPB1 has a conserved C-terminal domain (the α-crystallin 

domain). This region is a highly structured β-pleated sheet with several contact points 

allowing oligomer formation and stabilization (Kim et al., 1998). HSPB1 also contains a 

WDPF domain in its N-terminal segment and a non-conserved flexible domain at the 

carboxy terminal which usually promotes solubility, chaperoning and oligomerization 

(Sun and MacRae, 2005). It is the property of sHSPs to form oligomers that controls the 

activity of these proteins. In contrast to other regions of the sHSPs, several mutations 

have been reported in the α-crystallin domain as shown in Fig. 1.8 (Baranova et al., 2011, 

Arrigo et al., 2007).  

 

Fig. 1.9 Structure of HSPB1 and mutations in HSPB1 

 The illustration shows structure of HSPB1 with sites of phosphorylation of HSPB1. It also 

shows{} mutations of HSPB1 reported in Charcot Marie Tooth disease. 

1.3.1.1.2 Functions of HSPB1 

HSPB1 is a 27 kDa molecular chaperone with an ability to interact with other members 

of the family such as HSPB8 (Sun et al., 2004)  These chaperones have been thought to 

mediate protection against apoptosis by interacting with key components; such as 

caspases, or cytochrome c of the apoptotic signaling pathway (Concannon et al., 2003). 
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HSPB1 can function as (a) an anti-apoptotic protein by exerting inhibition at various 

stages of the extrinsic and intrinsic apoptotic machinery, (b) a mediator of proteasomal 

degradation of target proteins. The following sections explain these two aspects in detail.  

1.3.1.1.2.1 HSPB1, as an anti-apoptotic protein 

HSPB1 can inhibit apoptosis at various stages in the apoptotic pathway, as shown in Fig. 

1.9. In response to cellular stress like heat shock or oxidative stress, induced HSPB1 

binds to and activates AKT, a pro-survival gene, thereby inhibiting apoptosis. Cells that 

express high levels of HSPB1 are most likely to be resistant to cell death in response to 

stressors (Konishi et al., 1997). As a molecular chaperone, HSPB1 has the ability to bind 

to various proteins and in this way HSPB1 can inhibit apoptosis by directly binding to 

effector procaspase and inhibiting caspase activation (Garrido et al., 1999, Samali et al., 

2001). HSPB1 can exert its anti-apoptotic effect through many possible ways. (a) 

Overexpression of HSPB1 blocks ROS production and suppresses the loss of 

mitochondrial membrane potential (ΔΨm) which mediates the release of cytochrome c. 

(b) It can directly interact with mitochondria and inhibit the release of cytochrome c. (c) 

It can bind to the components of the apoptosome complex and inhibit the activation of 

effector caspases (Samali et al., 2001). However a study by Pandey et al showed no 

association of HSPB1 with cytochrome c, Apaf-1 or procaspase- 9 and that HSPB1 exerts 

an inhibitory effect on apoptosis by binding to caspase-3 directly (Pandey et al., 2000). 

(d) HSPB1 has been shown to mediate cytoprotection in response to agents that damage 

the cytoskeleton of the mitochondria by negatively regulating the re-distribution of BID 

to the mitochondria, thereby preventing the release of cytochrome c and subsequent 

activation of the intrinsic apoptotic pathway (Paul et al., 2002). (e) Overexpression of 

HSPB1 in response to stress inhibited conformational BAX activation, oligomerization 

and translocation to the mitochondria, release of cytochrome c and apoptosis inducing 

factor (AIF) via a PI3-kinase dependent mechanism. HSPB1 prevented the inactivation of 

pro-survival kinase AKT by promoting PI3-kinase activity, an upstream activator of AKT 

and thereby increasing the interaction of AKT with BAX, an AKT substrate (Havasi et 

al., 2008). (f) HSPB1 and AKT are reported to co-exist in a signaling complex with 

p38MAPK, MAPK-activated protein kinase 2 (MK2) which phosphorylates AKT at Ser- 

473 (Rane et al., 2003). HSPB1 regulates AKT activation by scaffolding MK2 to the 

AKT signaling complex thereby mediating its pro-survival effect. (g) HSPB1 has been 

shown to bind to procaspase-3 which is in its inactive form and due to the sequestering of 



 

46 
 

procaspase-3 by HSPB1, the residues on procaspase-3 required for caspase-9 to cleave 

are masked and this results in inhibition of activation of caspase-3 (Concannon et al., 

2001). (h) HSPB1 can also exert its inhibitory effect by binding the death ligands to cell 

surface receptors like Fas (Mehlen et al., 1996). HSPB1 can interact with Daxx, a 

mediator of Fas- induced apoptosis (Charette et al., 2000).  

 

Fig. 1.9 Regulation of anti-apoptotic machinery by HSPB1 

HSPB1 is able to inhibit apoptosis at various stages. It can inhibit at various stages within the 

mitochondria by indirectly binding to BAX;  by inhibiting cytochrome c release; by binding 

directly to pro-caspase 3 and preventing its activation by caspase-9; by binding to one or more 

components of the apoptosome complex and it can bind to DAXX and prevent the activation of 

ASK-1 which in turn activates JNK, leading to apoptosis. 

The cytoprotective function of HSPB1 has also in part been attributed to its post-

translational modification. HSPB1 can be phosphorylated in response to cellular stress 



 

47 
 

such as ER stress (Ito et al., 2005). HSPB1 is phosphorylated at the serine residues in the 

N-terminal part of the polypeptide, in the WDPF domain and close to the α-crystallin 

domain as shown in Fig. 1.9. HSPB1 is phosphorylated at serine residues 15, 86 in 

rodents and serine 15, 78 and 82 in humans by mitogen-activated protein kinases 

associated protein kinases (MAPKAP kinases 2, 3) which are themselves activated by 

phosphorylation by MAP p38 protein kinase (Stokoe et al., 1992, Rouse et al., 1994). The 

phosphorylation of HSPB1 has been shown to decrease the size of the oligomers it forms 

(Kato et al., 1994). Phosphorylation at Ser-82 present in the region of dimerization results 

in dissociation of HSPB1 oligomers (Theriault et al., 2004). The conversion of HSPB1 

oligomers to dimers has been reported in the past to be mediated through phosphorylation 

of HSPB1 at Ser-78/Ser-82 or 86, while phosphorylation at Ser-15 only seemed to induce 

a small effect on oligomerization (Lambert et al., 1999, Gusev et al., 2002). So far, 

HSPB1 has been shown to have a cytoprotective effect in response to stress induced 

apoptosis. Recently in a study by Sun et al. the expression of HSPB1, which is under the 

control of HSF1, has been shown to negatively regulate ferroptotic cell death, an iron-

dependent form of non-apoptotic cell death. It has been shown that protein kinase C- 

mediated phosphorylation of HSPB1 at Ser 15 conferred protection against ferroptosis by 

reducing the iron mediated production of lipid reactive oxygen species (Sun et al., 2015). 

This points to the finding that phosphorylation of HSPB1 also plays a cytoprotective role 

in non-apoptotic cell death. The phosphorylation status and structural organization of 

sHSPs act as an intracellular stressor leading to initiation of adaptive strategies (Arrigo, 

2013). The presence of mutations in HSPBs also alter their oligomeric size (Arrigo, 

2013).  

1.3.1.1.2.2 HSPB1 as a mediator of proteasomal degradation 

As mentioned earlier, small heat shock proteins act as molecules that target proteins for 

proteasomal degradation. When the misfolded proteins are beyond repair, HSPB1 takes 

up the role of proteasomal degradation enhancer that targets the toxic misfolded protein 

for degradation (Georgopoulos and Welch, 1993). Ubiquitin is a highly expressed 

cytosolic protein which is classified as one of the smallest HSPs (8 kDa). It belongs to the 

family of HSPs because it contains a HSE in its promoter region and its primary function 

is to target misfolded proteins that are beyond repair to degradation via the ubiquitin-

proteasome pathway.  This process is of paramount importance in the cellular stress and 
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restoration of proteostasis because, with increased ubiquitin-dependent degradation, the 

requirement for HSP induction can be compromised (Friant et al., 2003).  

The proteasome is a multisubunit enzyme complex that plays a central role in the 

regulation of proteins that control cell cycle progression and apoptosis (Adams, 2003). It 

is found both in the nucleus and in the cytoplasm. It consists of a 20S proteolytic core and 

two 19S regulatory complexes which are involved in the degradation of ubiquitin tagged 

and also in some cases non-ubiquitinated substrates (Jariel-Encontre et al., 2008).  

HSPB1 has been shown to enhance proteasome activity in response to cellular stress 

(Parcellier et al., 2003). HSPB1 specifically binds to poly-ubiquitin chains and to the 26S 

proteasome in vitro and in vivo thereby enhancing their degradation of poly-ubiquitinated 

proteins under cellular stress (Parcellier et al., 2003). Some of the proteins that are 

degraded by the activity of HSPB1 are p27 
KIP1

 and IκBα (Parcellier et al., 2003). In 

contrast, HSPB1 can also protect eukaryotic initiation factor eIF4E from ubiquitination 

and inhibit their proteasomal degradation (Andrieu et al., 2010). Therefore HSPB1 

appears to exert substrate specific effects on proteasomal degradation and protein 

stability.  

1.3.1.1.3 Cancers associated with overexpression of HSPB1 

Under cellular stress, HSPB1 is phosphorylated and this results in the formation of 

HSPB1 oligomers. These oligomers prevent aggregation and regulate activity and 

degradation of several client proteins (Garrido et al., 2002). HSPB1 has been reported to 

be overexpressed in a wide range of malignancies including breast (Love et al., 1994), 

ovarian (Langdon et al., 1995), gastric (Huang et al., 2010), prostate (Rocchi et al., 2005), 

bladder (Lebret et al., 2003) and pancreatic cancer (Melle et al., 2007). Over expression 

of HSPB1 in cancers is associated with poor prognosis and multi-drug resistance by 

protecting cells from therapeutic agent induced apoptosis. Hence, HSPB1 can be used as 

a potential therapeutic target in cancers (Acunzo et al., 2014). The overexpression of 

HSPB1 can be targeted by the use of antisense oligonucleotides (ASOs) such as OGX-

427. OGX-427 is a modified antisense oligonucleotide that is complimentary to HSPB1, 

and it inhibits the expression of HSPB1 and also enhances drug efficacy in cancer 

xenograft models. Phase II clinical trials using OGX-427 in cancers of breast, lung, 

bladder, ovary and prostate are in progress. This approach in combination with 

chemotherapy can potentially enhance sensitivity of cancer cells to apoptosis (Baylot et 
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al., 2011). For instance, MiaPaCa-2 cells; a representative of pancreatic cancer cell line, 

grown both in vitro and xenografted in mice, showed enhanced gemcitabine sensitivity 

when used in combination with OGX-427 via mechanism involving eIF4E (Baylot et al., 

2011).  

1.3.1.1.4 Diseases associated with aberrant expressions of heat shock proteins 

Aberrant expressions of HSPs have been reported widely across a range of tumors. 

Because a prominent characteristic feature of tumor cells is their resistance to cell death, 

and HSPs contribute to cytoprotection in response to stressors, several studies are 

ongoing to understand if the association of altered expression of HSPs is causal or 

correlative across tumors (Jolly and Morimoto, 2000). Neurodegenerative diseases are 

characterized usually by the accumulation or oligomerization of misfolded proteins which 

form aggregates, thereby inducing cytotoxicity. In such cases, enhancement of 

components that stabilize protein folding have been thought to suppress the aggregation 

and toxicity to allow restoration of cellular function (Westerheide and Morimoto, 2005). 

Therefore understanding the cellular signaling mechanisms and functioning of HSPs with 

respect to cellular context warrants further studies.  
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1.4   Aims of the work  

1. To investigate the regulation of expression of p75
NTR

 in TNBCs  

2. To determine the biological relevance of the regulation of p75
NTR

 expression in 

TNBCs 

3. To determine the biological activity of NGF variants with altered receptor 

      specificity 

4. To investigate the mechanism of HSPB1-mediated regulation of ER stress-   

      induced apoptosis 

The central theme of this thesis is” investigating the role of extracellular and 

intracellular molecules in pro-survival signaling in response to varied stressors”. 
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2 Chapter 2: Materials and methods 
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2.1 Suppliers 

Alomone Labs, Jerusalem 91042, Israel. 

BD Biosciences-Pharmingen, San Diego, CA 92121, USA.  

Biomatik, Wilmington, Delaware, 19809, USA. 

Biosciences, Dun Laoghaire, Co Dublin, Ireland. 

Bio-Techne, Abingdon, OX14 3NB, United Kingdom. 

Calbiochem, Nottingham, NG9 2JR. 

Cell Signalling Technology (CST), Inc., Beverley, MA 01915, USA.  

Enzo lifesciences, Exeter, EX2 4DG, United Kingdom. 

Fisher Scientific Ireland, Dublin 15, Ireland. 

Genecopoeia, Rockville, MD, USA. 

Integrated DNA technologies, Leuven, B-3001, Belgium. 

Invitrogen, Crofton Rd., Dun Laoghaire, Dublin, Ireland.  

Medray Imaging systems, Dublin 22, Ireland. 

Merck Millipore, Billerica, MA 01821, USA. 

MyBio Ltd., Kilkenny, Ireland. 

New England Biolabs (NEB), Ipswich, MA01938-2723, UK.  

Pierce, Subsidiary of Thermo Scientific Ltd, Rockford, IL 61105 USA.  

Promega, Mulhuddart, Dublin 15, Ireland.  

R&D systems, Abingdon, OX14 3NB, UK.  

Santa Cruz Biotechnologies (SantaCruz), Inc., Santa Cruz, CA 95060, USA.  

Sigma-Aldrich Ireland, Dublin, Ireland. All chemicals were obtained from Sigma-Aldrich 

unless otherwise stated. 
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2.2 Methods 

2.2.1 Cell culture 

 Breast cancer cell lines 

A panel of breast cancer cell lines was used in this study. MDA-MB-231 and MCF-7 

were brought from European Collection of Cell Cultures (ECACC), HCC1806 was 

obtained from American Type Culture Collection (ATCC) and T47D was available in the 

lab. The expression of Er, Pr, Her2, p75
NTR

 in these cell lines are listed in Table 2.1.  

Cell line Er Pr Her-2 P75
NTR

 Subtype 

MDA-MB-231 - - - + Basal like 

HCC1806 - - - + Basal like 

MCF-7 + + - - Luminal A 

T47D + + - - Luminal A 

 

Table 2.1: Expression of Er, Pr, Her2 and p75
NTR

 across a panel of breast cancer cell 

lines.  

The above table summarizes the expression of Er, Pr, Her2 and p75
NTR

 across a panel of breast 

cancer cell lines with information on the subtype of breast cancer. 

MDA-MB-231 and MCF-7 were maintained in Dulbecco’s Modified Eagle Medium 

(DMEM) (Sigma, cat. no.  D6429) which contains 4500 mg/L glucose, L-glutamine, 

sodium pyruvate, and sodium bicarbonate. Media were supplemented with 10% heat-

inactivated fetal bovine serum (FBS) and the cells were maintained in a 5% CO2 

humidified incubator at 37 
º
C. Once the cells reached confluence, cells were seeded at 

3x10
4
 cells/cm

2
 and were sub-cultured by trypsinization every 48 h.   

HCC1806 and T47D were maintained in Roswell Park Memorial Institute Medium 

(RPMI 1640) (Sigma, cat. no. R0883) supplemented with heat-inactivated 10% FBS. The 

cells were maintained in a 5% CO2 humidified incubator at 37 
º
C.  Once these cells 

reached confluence, cells were seeded at 3x10
4
 cells/cm

2
 and the remaining cells were 

sub-cultured every 72 h.  
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PC12 cells 

PC12 cells, a semi- adherent rat pheochromocytoma cell line, were obtained from 

ECACC and were maintained in DMEM supplemented with heat-inactivated 10% Horse 

serum (HS), 5% FBS. Since these cells are semi-adherent, to facilitate their attachment to 

the flask, the flasks were coated with poly L-lysine hydrobromide (Sigma, cat. no. 

P6282) at 0.001% for 2-3 h at 37 
º
C. The flask was washed three times with 13 ml of 

sterile autoclaved distilled water. The cells were then seeded at 3x10
4
 cells/cm

2 
or 4x10

4
 

cells/cm
2 

for experiments in chapter 4 and 5 respectively and the stock flasks were 

subcultured every 72 h. The cells were maintained in 5% CO2 humidified incubator at 37 

º
C

  

RN22 Schwannoma cells  

RN22 Schwannoma cells were cultured in DMEM supplemented with heat-inactivated 

10% FBS and maintained in a 5% CO2 humidified incubator at 37 
º
C. Once cells reached 

confluence they were seeded at a density of 3 x 10
4
 cells/cm

2
, and cells were sub cultured 

every 60 h. 

Human embryonic kidney (HEK) cells 

Human embryonic kidney cells (HEK293T) were obtained from ATCC and HEK293T 

cells stably transfected with p75
NTR

 was made in the lab with HA-tagged p75
NTR

 

overexpressing plasmid kindly provided by Dr. Carlos Ibanez, Karolinska Institute, 

Stockholm, Sweden. The cells were cultured in DMEM supplemented with 10% FBS and 

maintained in a 5% CO2 humidified incubator at 37 
º
C. Once cells reached confluence 

they were seeded at a density of 2 x 10
4
 cells/cm

2
, and cell were sub-cultured every 60 h.  

2.2.2 Splitting Cells 

For regular passage of the cells, the culture medium was removed from the cells and the 

cells were washed in 7-8 ml of pre-warmed (37 
º
C) Hank’s Balanced Salt Solution 

(HBSS) (Sigma, cat. no. H9394). Attached cells were incubated with 2 ml of pre-warmed 

trypsin-ethylene diamine tetra acetic acid solution (0.05% trypsin-EDTA diluted in 

HBSS) for cells cultured in 75 cm
2
 flasks and 3-4 ml of trypsin-EDTA for cells cultured 

in 175 cm
2
 flasks. The flask was left for 2-3 min at 37 

º
C and the flask was swirled until 

the cells detach from the flask. 8 ml of pre-warmed complete medium was added to de-

activate the trypsin and the cells were centrifuged at 1200 rpm for 5 min. The medium 
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was decanted and the cell pellet was re-suspended in 10 ml complete medium, triturating 

few times to obtain a single-cell suspension. Cells were then counted using a 

hemocytometer under 10X magnification, and cells were seeded at the required density.  

2.2.3 Drug preparation and storage 

Drug Solvent Stock 

concentration 

Storage 

mNGF Culture media 250 µg/ml -80 ºC 

hβNGFc dH2O 50 µg/ml -80 ºC 

N-acetyl 

sphingosine (C2-

ceramide) 

DMSO 10 mM -20 ºC 

Etoposide DMSO 100 mM -20 ºC 

Thapsigargin DMSO 4 mM -20 ºC 

Tunicamycin DMSO 2 mg/ml -20 ºC 

Ro 08-2750 DMSO 20 mM -20 ºC 

TAT-Pep5 DMSO 25 mM -20 ºC 

Epoxomicin DMSO 1 mM -20 ºC 

GM6001 DMSO 10 mM 4 ºC 

DAPT DMSO 10 mM -20 ºC 

Phorbol myristate 

acetate (PMA) 

DMSO 1 mg/ml -20 ºC 

Cycloheximide DMSO 10 mg/ml  -20 ºC 

Actinomycin D DMSO 10 mg/ml -20 ºC 

UO126 DMSO 10 mM 4  ºC 

 

Table 2.2 summarizes the details of drug preparation.  

The above table summarizes information on preparation of drug indicating the stock concentration 

and storage conditions of the drug. 
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2.2.4 Plasmids 

shRNA for p75
NTR

 and the scrambled control (Sc.eGFP) were obtained from 

Genecopoeia and these were used to transiently transfect MDA-MB-231 and HCC1806 

cells. HA-tagged p75
NTR

 was also used in the MDA-MB-231 cells to overexpress p75
NTR

. 

EV (PCDNA 3.1), WT-NGF and number of NGF variants were developed by Dr. Laura 

Carleton and these plasmids were transiently transfected and expressed in HEK393T 

cells. 

2.2.4.1 Transformation of plasmids into E.coli cells 

For the generation of all plasmids, DH5α E. coli cells were used. Plasmid DNA (~10 ng) 

was combined with 25 μl of DH5α competent E. coli cells and incubated on ice for 30 

min to aid in the permeabilization of cells allowing them to take up the foreign DNA. The 

mixture was then heat shocked at 42
º
C for 40 sec. Cells were placed on ice for 2 min and 

combined with 475 μl of Luria-Bertani (LB) Broth. Cells were allowed to recover and 

started to grow at 37 
º 
C for 1 h. The cells were spread on LB agar plate containing 50 

μg/ml Ampicillin and grown overnight at 37 
º
C.  Next day, bacteria from a single 

colonies were further inoculated into 5 ml of LB broth containing antibiotic. This starter 

culture was incubated overnight at 37 
º 

C with shaking. The resulting culture was 

centrifuged at 5000g for 30 min to pellet the bacterial cells containing the plasmid of 

interest. Plasmid extraction was carried out using a Qiagen maxi-prep kit as per 

manufacturer’s guidelines (Qiagen, Cat. No. 12163) 

2.2.4.2 Transient transfection of cells 

2.2.4.2.1 DNA transfection 

2.2.4.2.1.1 Transient transfection of triple negative breast cancer cells 

At 24 h post seeding, cells were transfected with the desired plasmid using Turbofect 

transfection reagent (Fermentas). The transfection complex consists of 1:2 ratio of DNA: 

lipid in serum free media. The transfection mixture was gently pipetted to ensure mixing 

and was incubated at room temperature (RT) for 20 min. In the meantime, the wells were 

washed twice with DMEM containing 10% FBS, without antibiotic, alternatively, if the 

cells were cultured in antibiotic free media, then the media need not be changed prior to 

transfection; however, the media should be replaced 4 h post-transfection. After the 
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incubation the DNA: lipid complex was added slowly drop-wise on to the cells and the 

plate was swirled gently and incubated at 37 
º
C. At 4 h post transfection, media on the 

cells was changed to complete media and cells were treated as required. The typical 

transfection efficiency obtained was 90-95%. 

2.2.4.2.1.2 Transient transfection of PC12 cells 

At 24 h post seeding, cells were transfected with plasmid of interest using Lipofectamine 

2000 (Invitrogen) in 1:2 ratio of DNA: lipid, i.e., 0.75 µg of DNA plus 1.5 µl of 

transfection reagent in a volume of 500 µl of serum free media.  The complex was 

incubated for 20 min at RT and was added drop wise on the cells and incubated at 37 
º
C. 

At 5 h post transfection, the antibiotic- free, serum- containing medium was replaced 

with complete medium. The typical transfection efficiency obtained was 90%. 

2.2.4.2.1.3 Transient transfection of HEK293T cells 

At 24 h post seeding, HEK293T cells were transfected using JetPEI transfection reagent 

(Polyplus transfection reagents) with a DNA to lipid ration of 1:2. Briefly, for a 175 cm
2
 

flask containing 20 ml of antibiotic free media, 30 μg of DNA was diluted in 500 μl 150 

mM NaCl buffer, and in a separate tube 60 μl of JetPEI transfection reagent was 

incubated in 500 μl of 150 mM NaCl. The tubes were vortexed and incubated for at room 

temperature for 5 min. The transfection reagent was added to the DNA, vortexed, 

incubated at room temperature for 30 min and then added dropwise onto the cells. The 

cells were placed back into the incubator for 6 h, after which the media containing the 

transfection reagent was removed and replaced with fresh serum free media. The typical 

transfection efficiency obtained was 90-95%.  

2.2.4.2.2 siRNA transfection of PC12 cells 

Dharmacon siGENOME siRNA against BIM or MEK and a non-targeting control were 

obtained from Fisher Scientific. siRNAs were re-suspended in Sigma water to a stock 

concentration of 40 μM and the non-targeting siRNA was re-suspended in Sigma water to 

a stock concentration of 20 μM. The stock tubes of siRNAwere stored at -80 ºC.  

The cells were regularly sub-cultured in antibiotic free media. For siRNA transfection of 

PC12 cells Lipofectamine (Fermentas) was used. 200,000 cells/ml were seeded in PLL 

coated 12 well plate. 24 h later media was replaced with 450 μl of antibiotic free 

culturemedia and then transfected with siRNA of interest in a 1:2 ratio of DNA to 
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Lipofectamine or 1 μl of 10 μM siRNA plus 2 μl Lipofectamine in 47μl of serum free 

medium. The concentration of siRNA used was 20 nM. The DNA-Lipofectamine 

complex was mixed by gently pipetting and incubated at RT for 20 min. The complexes 

were added drop by drop to the cells and mixed gently by swirling the plate, and 

incubated for 5 h at 37 
º
C. Media was changed and 24 h later cells were either used for 

experiments. 

2.2.5 Determination of protein expression  

Expression of proteins is determined using the Western Blotting technique. This 

technique makes use of Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE) which separate proteins based on their molecular weight. The separated 

proteins are then transferred on to a nitrocellulose membrane which is then probed with 

antibodies against the protein of interest. 

2.2.5.1  Preparation of whole cell extracts for western blotting 

Cells were seeded at desired density and allowed to adhere to the culture dish overnight. 

Following treatments, cells were harvested by scraping them into culture medium. The 

remaining cells were washed with phosphate-buffered saline (PBS). Cells were then 

centrifuged at 2100 rpm for 5 min at 4 
º
C. The supernatant was discarded and the cell 

pellet was washed twice in 1 ml of ice-cold PBS. The cells were centrifuged at maximum 

speed for 30 sec. The supernatant was discarded and the cell pellet was lysed in desired 

volume of whole cell lysis buffer.  Whole cell lysis buffer (WCLB) contained 1 M N-2-

hydroxyethyl-piperazine-N-2-ethanesulphonic acid (HEPES) pH 7.5, 350 mM NaCl, 1 

mM Mgcl2, 0.5 mM Ethylenediaminetetraacetic acid (EDTA), 0.1 mM 

Ethyleneglycoltetraacetic acid (EGTA) and 1% Nonidet-P40 (NP-40)). Reducing agent, 

1, 4-dithio-DL-threitol (DTT) (0.5 mM), and protease inhibitors phenylmethylsulphonyl 

fluoride (PMSF) (0.1%), and 1% aprotinin were added to the lysis buffer at the time of 

lysing. The lysis buffer also contained phosphatase inhibitor sodium fluoride (NaF) (5 

mM) and sodium orthovanadate (Na3VO4) (1 mM). For detection of phosphorylated 

proteins, addition of DTT was avoided as this could inhibit the activity of phosphatase 

inhibitors. The cell pellet lysed in WCLB was allowed to swell on ice for 25 min and 

centrifuged at 14000 rpm for 10 min at 4 
º
C to remove genomic DNA and cell debris. The 

supernatant containing the cytosolic proteins was transferred to a new 1.5ml tube. The 

samples were prepared using this method unless otherwise specified. For harvest of cells 
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in Chapter 5, cells were centrifuged at 5000 g for 5 min at 4
 º
C throughout the harvest. 

The pellet was lysed in 46 μl RIPA buffer on ice for 30 min. The RIPA buffer is made up 

of 50 mM Tris-HCL, pH 8.8, 150 mM NaCl, 0.5 % Sodium deoxycholate (NaDeox), 0.1 

% SDS, and 1 % NP-40. To this lysis buffer, cocktail of protease inhibitors 1 μM, PMSF, 

1 μg/ml, Pepstatin , 10 μM, Leupeptin, 2.5 μg/ml, Aprotinin and 250 μM, ALLN,) and 

phosphatase inhibitors (10 mM NaF, 1 mM Na3VO4) were added before lysing the 

samples. 

2.2.5.2 Protein quantification of samples 

 The protein concentration of samples (in chapter 3 and 4), was determined using 

Bradford method with bovine serum albumin (BSA) as the standard. Samples were stored 

at -20
º
C until further analysis. The proteins in the lysed samples (in chapter 5) were then 

quantified using BCA assay (Pierce #23227). The constituents in the Bradford reagent 

react with the components of RIPA buffer and hence a different method of protein 

quantification was used. Samples were stored at -20
º
C until further analysis. 

2.2.5.3 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

2.2.5.3.1 Preparation of samples  

5X Laemmli’s SDS-PAGE sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 5% β-

mercaptoethanol, 1 mM PMSF, 0.05% bromophenol blue) was added to the protein 

samples until a concentration of 1X Laemmli’s SDS-PAGE buffer was obtained. The 

samples were centrifuged briefly before boiling at 95 
º
C for 5 min. 15 µg-30 µg protein 

was then resolved on to 8-15 % SDS-PAGE gels; the composition of gel is tabulated in 

Table 2.3.  
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Components 

(in ml) 

8%  

 (Running gel) 

12%  

(Running gel) 

15%  

(Running gel) 

Stacking 

gel 

H2O 1.9 1.7 1.2 1.36 

30% acrylamide 1.8 2 2.5 0.34 

1.5 M Tris-HCl 

pH 8.8 

1.3 1.3 1.3 - 

1.5 M Tris-HCl 

pH 6.8 

- - - 0.26 

SDS 0.05 0.05 0.02 0.02 

 Ammonium Per 

Sulphate (APS) 
0.05 0.05 0.05 0.02 

Tetramethylethyle

nediamine 

(TEMED) 

0.002 0.002 0.002 0.002 

Total  5 5 5 2 

 

Table 2.3: Composition of the SDS-PAGE gel 

The above table describes the components of SDS-PAGE running and SDS-PAGE stacking gels 

2.2.5.3.2 Running of the gel 

A broad range protein marker (10-230 kDa) (NEB) was run alongside the protein 

samples. Gels were electrophoresed in running buffer (25 mM s pH 8.3, 2 M glycine, 3 

mM SDS) at 80 V until the samples enter into the separating phase and then the voltage 

was increased to 100 V. The gel was stopped when the bromophenol blue dye present in 

the laemelli has reached the end of the gel.  
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2.2.5.3.3 Western Blotting: Transfer of proteins onto membrane 

The proteins from SDS-PAGE gels were electrophoretically transferred onto 

nitrocellulose membrane (Whatman) for 90 min at 110 V in transfer buffer (25 mM Tris 

pH 8.3, 2 M glycine and 20% methanol).. 

2.2.5.3.4 Probing membrane with antibody 

The membranes were blocked for 2 h (for p75
NTR

 determination) or 1 h for other proteins 

in blocking buffer (5% non-fat dried milk in 1X PBS containing 0.1% Tween-20 (PBS-

T)). The membrane was then incubated with primary antibodies according to the 

conditions in Table 2.4. Following the overnight (O/N) incubation with primary antibody, 

the membranes were washed 3 times with 0.1% 1X PBS-T, 10 min each at room 

temperature (RT) to remove any non-specific binding of the primary antibody or any 

unbound antibody. Then, the membrane was incubated for 1 h at RT with the appropriate 

horse radish peroxidase (HRP)-conjugated IgG antibody diluted in 5% non-fat dried milk 

in 0.1% 1X PBS-T. After incubation with secondary antibody, the membrane was washed 

thrice with 0.1% 1X PBS-T for 10 min each at RT followed by a 10 min wash with 1X 

PBS without Tween.  

2.2.5.3.5 Developing the membrane 

The membrane was then incubated with 1 ml Western Chemiluminescent HRP substrate 

(Advansta or Pierce) for 2 min at RT and the protein bands were visualized by exposure 

to X-ray film (AGFA).  

2.2.5.3.6 Stripping the membrane 

Before re-probing the membrane for different protein, antibodies were stripped from the 

membrane. The membrane was washed twice with 10 ml of 1X PBST for 10 min at RT. 

The membrane was then incubated for 30 min at RT in 10 ml of the stripping buffer (2 M 

Tris HCl pH 6.8, 10% SDS, and 0.5 % Tween, 100 mM β-mercaptoethanol). β- 

mercaptoethanol is added fresh to the stripping buffer. The membrane was washed twice 

with 10 ml of 1X PBST for 10 min at room temperature. Membrane was then blocked 

with blocking buffer and incubated with desired primary antibody and developed as 

described in the previous section. 

 



 

62 
 

Table 2.4: Conditions for probing membranes with antibodies  

Primary 

antibody  

(1° Ab) 

Dilution 

of 1° 

Ab 

Incubation Secondary  

antibody  

(2° Ab) 

Dilution 

of  

2° Ab 

ECL Source Cat. No. 

α- actin 1:2000 1 h at RT Rabbit 1:10000 Advansta Sigma A2066 

α- BIM 1:1000 1 h at RT Rabbit 1:10000 Advansta Enzo ADI-

AAP-

330-E 

α- pBIM 1:1000 O/N at 4° C Rabbit 1:10000 Advansta CST 4581 

α- 

caspase-3 

1:1000 O/N at 4° C Rabbit 1:10000 ECL-

Plus 

CST 9662 

α- 

caspase-9 

1:1000 O/N at 4° C Rabbit 1:10000 ECL-

Plus 

CST 9058 

α- Total 

ERK 

1:1000 O/N at 4° C Mouse 1:10000 Advansta CST 4696 

α- pERK 1:1000 O/N at 4° C Rabbit 1:10000 Advansta CST 9101 

α- 

HSPB1 

1:1000 1 h at RT Rabbit 1:10000 Advansta Enzo ADI-

SPA-

803-F 

α- pIκBα 1:1000 O/N at 4° C Mouse 1:10000 Advansta CST 9246 

α- Total 

JNK 

1:1000 O/N at 4° C Rabbit 1:10000 Advansta CST 9252 

α- pJNK 1:1000 O/N at 4° C Mouse 1:10000 Advansta CST 9251 

α- NGF 1:1000 O/N at 4° C Rabbit 1:10000 Advansta Santa 

Cruz 

SC548 

α- p75
NTR

 1:5000 O/N at 4° C Rabbit 1:10000 Advansta Millip

ore 

07-476 

α- PARP 1:1000 O/N at 4° C Rabbit 1:10000 Advansta CST 9542 

 

The above table details conditions for probing membrane with antibodies with details of 

the species antibodies were raised in, source of purchase of antibody and catalogue 

number. 
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2.2.6 mRNA expression analysis 

2.2.6.1 Total RNA extraction 

For experiments to characterize expression of p75
NTR

 in MDA-MB-231, HCC1806, 

MCF-7 and T47D cells, cells were seeded at 3.5x10
4
 cells/cm

2 
into 75 cm

2
 flask. For the 

rest of the experiments, MDA-MB-231 and HCC1806 cells were used and were or not 

subjected to treatments in 25 cm
2
 flask. Cells were harvested by scraping into medium 

and transferred to 15 ml falcon tubes. Flasks were washed with 1X PBS to ensure 

removal of all the cells. This was added to the falcon tube and centrifuged at 2100 rpm 

for 5 min at 4
o
C. The supernatant was removed and the pellet was re-suspended in 1 ml 

of Trizol reagent (Sigma) and this was transferred to 1.5 ml Eppendorf tubes. Cells 

remained in Trizol for maximum time of 5 min and were vortexed for 1 min. The tubes 

were left at RT for 5 min and stored in -80
 º

C for longer storage. On the day of 

continuation of RNA extraction, the samples were left to thaw on ice. 200 µl of 

chloroform/ml Trizol was added to the tubes and the suspension was mixed well by 

inversion for 15 seconds. The tubes were incubated for 15 min at RT and then spun at 

13000 rpm for 15 min at 4 
º
C. 400 µl of upper aqueous phase containing the RNA was 

transferred to new Eppendorf tube, while being careful not to touch the white interphase 

layer. 400 µl of isopropanol/ ml Trizol was added drop wise to the tube to precipitate the 

RNA. The tubes were inverted quickly 6-7 times and left at -20
 º

C overnight. The 

following day, the samples were spun at 13000 rpm for 15 min at 4
 º
C. Supernatant was 

removed avoiding the area of pellet. The supernatant at this point was retained until the 

yield of RNA was confirmed.  1 ml of 85% ethanol (diluted with the RNase inhibitor 

diethyl pyrocarbonate (DEPC)-treated water) was added to the pellet and vortexed gently 

to mix. The tubes were centrifuged at 13000 rpm for 15 min at 4
 º
C. Supernatant was 

removed and the pellet was air-dried in a laminar hood for approximately 25 min. The 

pellet was re-suspended in 15 µl of RNase free water (Sigma) and heated on a 65 
º
C heat 

block for 15 min to completely dissolve the RNA. RNA concentration was determined by 

measuring absorbance at 260 nm (A260 nm) using a spectrometer (Nanodrop). 40 µg/ml 

RNA has an A260 nm of 1.0.  Purity of RNA was ascertained with respect to protein 

contamination using A260 nm/ A280 nm ratio. The ratio of nucleic acid to protein 

between 1.7 and 2.1 was considered acceptable. RNA was stored at -80
 º
C.  
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2.2.6.2  cDNA synthesis (reverse transcription) 

All reagents used in the cDNA synthesis were from Invitrogen. 2 µg RNA was used for 

each sample. To this 1 µl of 10X DNase I reaction buffer, 1 µl of 1 U/µl amplification 

grade DNase-I enzyme (to remove genomic DNA contamination) and sterile dH2O were 

added to make up the reaction volume to 10 µl in sterile PCR Eppendorf. The tubes were 

incubated for 15 min at room temperature and then spun down. 1 µl of 25 mM EDTA 

was added and mixed gently with pipette. This step helps in deactivating the DNase 

thereby providing high quality and quantity of cDNA. The tubes were then incubated at 

65 
º
C for 8 min in a ‘Biometra T3’ thermocycler. 1 µl of 0.5 µg/µl oligo (dT) 12-18 (the 

cDNA primer) was then added to the tubes and incubated at 65 
º
C for 2 min to reduce 

secondary structures (denaturation). This was followed by incubation at 42 
º
C for 2 min 

(allows annealing and cooling to catalytic temperature of superscript). While the samples 

were incubating at the deactivating of DNase step, 1X strand master mix was prepared. 

This mix contained: 4 µl 5X First strand buffer, 2 µl of 0.1 M DTT, 1 µl of 10 mM 

deoxynucleotide triphosphate (dNTPs). 2.6 µl of DEPC water was added to the mix. 0.4 

µl of Superscript III was added just before the samples were incubated at 42 
º
C for 50 

min. The samples were then incubated at 75
 º

C for 10 min to inactivate superscript 

reverse transcriptase. The samples could at this step be incubated at 4
 º
C indefinitely.  

2.2.6.3 Reverse transcription Polymerase chain reaction (RT-PCR) 

2 µl of cDNA was amplified using 10 mM forward and reverse primers corresponding to 

the gene of interest. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 

amplified in parallel to confirm whether equal quality and quantity of cDNA was used.  

The PCR was carried out in a total reaction volume of 25 µl, containing 2 µl cDNA, 3 µl 

of primers each, 12.5 µl of 2 X Go Taq PCR master mix (Promega) and the volume was 

made up to 25 µl with RNase and DNase free H2O (DEPC water). Reactions were kept 

on ice during preparation and a master mix was made for multiple samples. The negative 

control used contained master mix and primers with water instead of cDNA. The PCR 

reagents were placed in the thermocycler and cDNA was amplified under the optimized 

conditions for corresponding genes as shown in Table 2.5 A. The PCR products were 

spun down and stored short-term at 4
 º
C

 
or long-term (3-4 weeks) at -20

 º
C. The sequence 

of primers for each gene of interest is tabulated in Table 2.5 B.  
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Table 2.5 A: Optimized PCR conditions for amplification of respective genes 

Steps P75
NTR

 NGF BDNF GAPDH 

Hot start 95
 º
C /3 min 95

 º
C /3 min 95

 º
C /3 min 95

 º
C /3 min 

Denaturation 95
 º
C /1 min 

(32 cycles) 

95
 º
C /1 min 

(32 cycles) 

95
 º
C /1 min 

(32 cycles) 

94
 º
C / 30 sec 

(24 cycles) 

Annealing 59.8 
º
C /1min 53

 º
C / 1 min 54

 º
C / 1 min 58 

º
C / 1 min 

 

Extension 72
 º
C / 1 min 72

 º
C / 1 min 72

 º
C / 1 min 72

 º
C / 1 min 

Final extension 72
 º
C /10 min 72

 º
C /10 min 72

 º
C /10 min 72

 º
C /10 min 

Size 201 bp 313 bp 266 bp 452 bp 

 

Table 2.5 B: Primer sequences for gene of interest 

Gene of interest Primer sequence 

P75
NTR

 Forward primer 5’-GTGGGACAGAGTCTGGGTGT-3’ 

Reverse primer AAGGAGGGGAGGTGATAGGA 

NGF Forward primer ATACAGGCGGAACCACACTC 

Reverse primer TGCTCCTGTGAGTCCTGTTG 

BDNF Forward primer TACTTTGGTTGCATGAAGGCTGCC 

Reverse primer ACTTGACTACTGAGCATCACCCTG 

GAPDH Forward primer ACCACAGTCCATGCCATC 

Reverse primer TCCACCACCCTGTTGCTG 
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2.2.7 Flow cytometry based assays 

2.2.7.1 Sub G1 analysis 

Cells were seeded into a 6 well plate at desired density and allowed to adhere overnight. 

Following the experimental treatment, cells were harvested by trypsinization. Following 

observable detachment of cells from the culture dish, trypsin was combined with media in 

the tube and centrifuged at 1200 rpm for 5 min. Supernatant was removed and the cell 

pellet was re-suspended in 500 µl of ice cold 1X PBS. Cells were centrifuged at 14000 

rpm for 30 sec. Supernatant was removed and cell pellet was re-suspended in 150 µl of 

1X PBS (ice cold) and 350 µl of 100 % ice cold ethanol was added drop wise while the 

cell suspension was gently vortexed. This avoids clumping of the cells. The cells were 

then stored at -20 
º
C overnight. The samples can remain at this step for 2-4 weeks. On the 

day of analysis, samples were removed from -20 
º
C and were centrifuged gently at 5000g 

for 5 min. Supernatant was removed and the cell pellet was re-suspended in 300 µl of 

Propidium Iodide (PI) stain (50 µg/ml PI and 100 µg/ml RNase A in 1X PBS) and 

incubated in the dark on ice for 30 min before analysis. 10000 events were recorded by 

flow cytometry on a BD FACSCanto on channel PE. The analysis was carried out using 

Cyflogic software.  

2.2.7.2 Tetramethylrhodamine, Ethyl Ester, Perchlorate (TMRE) staining 

Cells were seeded into a 24 well plate at desired density and allowed to adhere overnight. 

Following the experimental treatments, cells were harvested by trypsinization. Following 

detachment of cells, trypsinized cells were combined with media and the cells were 

allowed to recover for 15 min at 37
 º
C.  

2 mM of TMRE was diluted to 10 µM TMRE in HBSS and the cells were re-suspended 

gently in a final concentration of 100 nM in HBSS. The cells were then incubated in the 

dark for 30 min with occasional mixing of the tubes to avoid settling of the cells to the 

bottom of the tube. The samples were measured by flow cytometry using a BD 

FACSCanto on channel PerCP and PE.  The analysis was carried out using Cyflogic 

software.  

2.2.7.3 Annexin V staining 

Cells were seeded into a 24 well plate at the desired seeding density and allowed to 

adhere overnight. The cells were treated as desired and harvested by trypsinization. The 
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trypsin was the inactivated by addition of media and the cell suspension was added to a 

1.5 ml tube. The cells were then allowed to recover membrane integrity by incubation 

under normal culture conditions for 15 min.  

After the recovery time the cells were placed on ice and centrifuged a 5000g at 4
 º
C for 5 

min with soft brake. The supernatant was then removed and the cells were gently re-

suspended in 500 μl 1X PBS, the cells were centrifuged as before and the supernatant 

was removed. The cells were gently re-suspended in 50 μl calcium buffer (10 mM 

HEPES pH 7.5, 140 mM NaCl and 2.5 mM CaCl2) containing 20 μg/ml of recombinantly 

expressed and purified Annexin V conjugated to Fluorescein isothiocyanate (FITC). The 

cells were then incubated in the dark for 15 min after which 300 μl of calcium buffer was 

added and the samples were analyzed immediately by flow cytometry using a BD 

FACSCanto on channel FITC. All analysis was carried out using Cyflogic software. 

2.2.8 Plate reader- based assays 

2.2.8.1 Detection of caspase-3 activity by DEVDase assay 

Cells were seeded at desired densities in 25 cm
2
 flasks and allowed to adhere overnight. 

Following experimental treatments, the activity of caspase-3 like enzymes (DEVDase 

activity) was determined fluorometrically using DEVDase assay. The cells were scraped 

into the medium and centrifuged at 2100 rpm for 5 min at 4 
º
C. The supernatant was 

discarded and the cell pellet was re-suspended in 500 µl of ice cold 1X PBS. The cells 

were centrifuged at maximum speed for 30 sec. The cell pellet was re-suspended in 50 µl 

of ice cold 1X PBS, and 25 µl of the re-suspended pellet was added to microtitre plate 

and was flash-frozen in liquid nitrogen. The samples can be stored for weeks at -80
 º
C. 

On the day of analysis, samples were thawed on ice and Wallac Victor x3 microplate 

reader (excitation 355 nm, emission 460 nm) was set to 37
 º

C. 50 µM of DEVDase-

substrate (DEVD-AMC) in reaction buffer (100 mM HEPES) pH 7.5, 10% sucrose, 0.1% 

3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulphonate (CHAPS), 5 mM DTT, 

0.01% NP-40) was added to the lysates. The release of free AMC was monitored at 37 
º
C 

at 60 s intervals over a 30 min period. Fluorescence units were converted to nanomoles of 

AMC released per minute per mg of enzyme using a standard curve generated with free 

AMC and related to protein concentration.  
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2.2.8.2 MTT assay 

Cells were seeded into a 96 well plate at the required seeding densities and allowed to 

adhere overnight. After desired treatments, cell viability was determined by adding 10 µl 

of 3-(4, 5-dimethylthiazol- 2-yl)-2, 5-diphenyl tetrazolium bromide solution (MTT) at 5 

mg/ml in HBSS to each well. The cells were left in the incubator for 2-3 h and the 

reaction was stopped by the addition of 100 µl of stop solution (20% SDS, 50% 

dimethylformamide in dH2O) to the wells. The plate was left rocking in dark for 3-18 h at 

RT to re-dissolve the resulting formazan precipitate. The absorbance was then determined 

at 550 nm using the Victor x3 plate reader.  

2.2.9 Nuclear morphology assay 

2.2.9.1 DAPI staining 

Cells were seeded in a 24 well plate in 0.5 ml complete medium. The cells were treated 

according to the experimental protocol. After the treatment time the medium was 

removed and the cells were harvested by trypsinization. 200 μl of the cells were loaded 

on to the cytocentrifuge and the cells were cytocentrifuged on to the slides at 200 rpm for 

5 min.  The slides were allowed to air dry and 200 μl of 3.7% paraformaldehyde was 

added on to the cells and incubated for 20 min at RT. Following the fixation step, slides 

were washed three times in 1X PBS and the slides were allowed to dry.  To mount the 

cells onto slides, 3 μl of DAPI in VECTASHIELD (Vector Laboratories Ltd) was placed 

on the slide which was overlaid with a cover slip and the edges sealed with varnish. The 

DAPI stained nuclei were then visualized using the Olympus IX51 fluorescence 

microscope (excitation 360 nm, emission 460 nm). 

2.2.9.2 Haematoxylin and eosin stain 

Cells were treated as desired and cells were harvested by trypsinization. The cells were 

cytocentrifuged on to the slides at 200xg for 5 min. Cells were then fixed in methanol for 

5 min at room temperature and stained in Harris hematoxylin solution for 5 min. The 

slides were then washed in running tap water to get rid of excess stain. The cytosol was 

stained with Eosin Y for 30 sec. Excess eosin stain was removed by washing the slides in 

running tap water. The slides were allowed to air dry and were mounted with 

approximately 10 µl mounting medium and covered with a coverslip. 
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2.2.10 Expression of NGF and NGF variants in mammalian cells 

Plasmids containing WT-NGF sequence or NGF variant sequence in a pcDNA3.1 

backbone under the control of T7 promoter were previously made in the lab (L.Carleton, 

PhD thesis 2013). These NGF constructs generated contained a C-terminal His tag in 

order to help in purification. To express NGF protein, HEK293T cells were seeded into 

serum free and antibiotic-free medium at 10x10
6
 cells/T175 flask and allowed to adhere 

overnight. The cells were then transfected using 1:2 ratio of DNA: JetPEI reagent. At 5 h 

post-transfection the media on the cells were replaced with 20 ml of fresh serum free 

media. The cells were left in culture for 72 h to allow accumulation of secreted NGF in 

the media. The media from the cells were collected and spun down at 1200 rpm for 5 min 

to remove any cells from the collected media. This media was collected in a 50 ml falcon 

tube under sterile conditions and was stored at -80 
0
C until quantified. The transfected 

cells were then harvested for western blotting. 

2.2.11 Determination of NGF concentration using enzyme linked immunosorbent 

assay (ELISA) 

To detect and quantify secreted recombinant NGF, an ELISA was used.  100 µl of 1:1000 

dilution of NGF antibody (sc-548, SantaCruz) (capture antibody) made up in 1X PBS 

was coated onto microplate immune maxisorp 96 well plates (Fisher Scientific) and the 

plate was incubated at room temperature overnight. Next, any unbound antibody was 

washed away from the plate and the plate was washed 3 times with 200 µl 1X PBST. The 

plate was then blocked with 100 µl of 1% BSA in 1X PBST. The plate was incubated for 

1 h at room temperature. Following the incubation, plate was washed 3 times with 200 µl 

1X PBST. 100 µl of NGF- containing sample was applied to the plate. hβNGF 

(Alomone) was used to generate a standard curve, with concentrations from 0.312 ng/ml 

to 10 ng/ml. The stock hβNGF (50 µg/ml) was first diluted in dH20 to 500 ng/ml and the 

subsequent dilutions were made in 1XPBST containing 1% BSA. The samples were 

incubated at room temperature for 2 h. Any proteins that did not bind to the capture 

antibody were removed and washed 3 times with 200 µl 1X PBST. The bound NGF was 

then detected using a biotin-tagged anti-NGF antibody (detection antibody, R&D 

systems). 100 µl of 50 ng/ml antibody made up in 1% BSA-1XPBST was added to the 

wells and the plate was incubated at room temperature for 4 h. The unbound antibody 

was removed and the plate was washed 3 times with 200 µl 1X PBST. 100 µl of 1:400 

dilution (made in 1% BSA- 1XPBST) of Streptavidin-Horse Raddish Peroxidase (Strep-
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HRP) (R&D systems) was added to the wells and incubated in the dark at room 

temperature for 20-30 min. The plate was then washed 3 times with 200 µl 1X PBST to 

remove excess HRP. 100 µl of 3, 3’, 5, 5’- Tetramethylbenzidine (TMB) was added to 

the plate and incubated in the dark for 20 min at room temperature. The reaction was 

stopped by addition of 50 µl of 2 M H2SO4 (Fisher Scientific) and the absorbance was 

read at 450 nm and 550 nm immediately using the Victor x3 microplate reader. The 

values from the two absorbance were then subtracted and this was used in calculating the 

amounts of NGF secreted.  

2.2.12 Preparation of beta-amyloid (Aβ1-42) peptide 

Human beta amyloid peptide was custom synthesized by Biomatik based on the sequence 

(from N to C): Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val-His-His-Gln-Lys-

Leu-Val-Phe-Phe-Ala-Glu-Asp-Val-Gly-Ser-Asn-Lys-Gly-Ala-Ile-Ile-Gly-Leu-Met-Val-

Gly-Gly-Val-Val-Ile-Ala (42aa). This was obtained in the form of lyophilized powder. 

Human beta amyloid was re-suspended using two different protocols adapted from (Hu et 

al., 2013) and (Song et al., 2013).  

Aβ1-42 oligomers were prepared by dissolving the peptide in Hexafluoro-2-propanol 

(HFIP) and HFIP was removed by air-drying the tubes in fume hood O/N. The peptide 

was then dissolved at 2.5 mM in DMSO, and brought to 100 µM in ice-cold DMEM and 

incubated at 4
 º
C for 24 h. This method of preparing Aβ1-42 oligomers will be referred to 

as protocol 1 (Song et al., 2013). Aβ1-42 fibrils were prepared by dissolving the peptide in 

HFIP as mentioned above and the peptide was diluted to final concentration of 1 mg/ml 

in phosphate-buffered saline (PBS) and incubated at 37 
º
C for 24 h. This method of 

preparing Aβ1-42 oligomers will be referred to as protocol 2 (Hu et al., 2013). 

2.2.13 Immunoprecipitation  

HSPB1 overexpressing PC12 cells were seeded at 200,000 cells/ml in a 25 cm
2
 flask. The 

cells were then treated with 0.25 μM TG for 24 h. On the day of treatment, epoxy coated 

dynal beads (Novex) re-suspended in dimethylformamide was washed in the buffers 

supplied along with the kit. 1 mg beads were used per IP reaction and this was then 

conjugated with 2 µl of anti-HSPB1 or anti-phospho-ERK (p-ERK) or rabbit IgG (as a 

negative control) and the tubes were allowed to rotate for 16-24 h at 37
º
C. The total 

volume in the tube during this step is 100 µl/IP reaction. Immediately prior to use the 
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beads were collected on the magnetic rack and the supernatant was discarded. The beads 

were then washed with different buffers (HB, LB and SB) supplied in the kit.  The 

supernatant is discarded at each step. The last wash with SB was done for 15 min at RT 

and the tubes were left rotating during this step. The supernatant was separated on 

magnet and the beads were stored in the same volume as coupling reaction and stored at 

4
º
C until further use.  

The cells were harvested by scraping into the medium and this was carried out on ice at 

all times. The cells were centrifuged at 800 rpm for 5 min. The pellet was then washed 

three times in 1 ml of ice cold 1X PBS. The cell pellets were lysed in lysis buffer adapted 

from cell signaling technology. The composition of lysis buffer is as follows: 20 mM Tris 

HCl (pH 7.5), 150 mM NaCl, 1 mM EGTA, and 1 mM EDTA, 1% Triton-X 100. The 

lysis buffer contained protease and phosphatase inhibitors ;1 mM β glycerophosphate, 1 

mM sodium orthovanadate (Na3VO4), 10 μM Leupeptin, 1 mM PMSF and 5 mM NaF. 

The cells were lysed in 500 μl lysis buffer with inhibitors and allowed to rotate for 1 h at 

4 
º
C. In the meantime, the beads were equilibrated with lysis buffer with inhibitors by 

washing the beads in lysis buffer and to the beads that were conjugated with either 

HSPB1 or phosho-ERK, 610 μl of lysis buffer with inhibitors were added and to the 

beads conjugated with IgG, 310 μl of lysis buffer with inhibitors were added. After the 1 

h lysis of the cells, 40 μl of the sample was retained and this is called the Input. To the 

remaining lysate, 300 μl of beads conjugated with either anti- HSPB1 or anti-phospho-

ERK or anti-rabbit IgG was added and allowed to rotate for 4 h at 4 
º
C. Next, the samples 

were placed on magnet and the beads were collected. 40 μl of the sample was retained 

(the Post-IP samples). The beads were then washed with 200 μl of lysis buffer with 

inhibitors and the supernatant was discarded. This step was repeated 4 times and the last 

wash was carried out by placing the tubes on a rotator for 5 min at RT. The beads were 

collected and to this 30 μl of EB supplied in the kit) was added and the samples were 

allowed to rotate for 5 min at RT. The tubes were placed on the magnetic rack and the 

supernatant was collected and transferred to a new Eppendorf tube. The beads were again 

eluted in 30 μl of EB and the resulting supernatant was combined to the supernatant 

collected from the previous step. This is the IP sample. 1 X Sample buffer was added to 

the samples and was boiled at 95 
º
C for 5 min. The samples were then resolved on 12% 

SDS-PAGE gel as described in section 2.2.3 and probed for BIM, HSPB1 and phospho-

ERK.  
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2.2.14 Statistical analysis 

Statistical analysis of the results was carried out using GraphPad Prism (for Chapters 3 

and 5) or SPSS software (Chapter 4). Values are expressed as mean ± SEM of 3 

independent experiments. The choice of statistical test used across this thesis in indicated 

in each chapter. Differences were considered statistically significant at p<0.05. 
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3 Chapter 3: Results 

      Nerve growth factor (NGF) mediated regulation of p75
NTR 

expression contributes to chemotherapeutic resistance in triple 

negative breast cancer cells 
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3.1 Introduction  

Breast cancer is the most common cause of cancer death followed by lung cancer in 

women (Ferlay et al., 2015). It can be subdivided into multiple types based on expression 

of estrogen (Er), progesterone (Pr) and Human epidermal growth factor receptor-2(Her2) 

receptors (Perou et al., 2000, Sorlie et al., 2001). Triple negative breast cancers (TNBCs), 

which lack expression of Er, Pr and Her2 (Perou et al., 2000), are the most difficult to 

treat because of the lack of targeted therapies (Foulkes et al., 2010).  

Neurotrophins are a small family of polypeptides that are well characterized in their 

abilities to regulate the survival, development and functions of neurons (Reichardt, 2006, 

Hempstead, 2006). The neurotrophin family comprises nerve growth factor (NGF), brain 

derived-neurotrophic factor (BDNF), neurotrophin-3 (NT-3), neurotrophin- 4/5 (NT-4/5) 

(Hallbook et al., 2006). They bind to two distinct classes of receptor. The low affinity 

nerve growth factor receptor, also known as the p75 neurotrophin receptor (p75
NTR

), 

belongs to the tumor necrosis factor receptor superfamily (TNFRSF) and can bind all 

neurotrophins with approximately equal affinity (Chao, 1994). In contrast, the 

tropomyosin related kinase (Trk) receptors exhibit specificity with TrkA binding NGF, 

TrkB binding BDNF and NT4/5 and TrkC binding NT3 (Vanhecke et al., 2011, Patani et 

al., 2011, Hondermarck, 2012, Descamps et al., 2001c).  

Nerve growth factor (NGF) is produced by over 80% of primary breast tumors tested, 

giving it a potentially broader target range than ER or HER-2 (Adriaenssens et al., 2008). 

Pro-survival NGF signaling mediated by p75
NTR

 may contribute to the resistance of breast 

tumors to chemotherapy (Adriaenssens et al., 2008). TNBCs are reported to secrete NGF 

and express its receptors, p75
NTR

 and TrkA, leading to NGF-activated autocrine signaling 

(Dolle et al., 2003a). Normal breast cells do not secrete NGF, although they express both 

TrkA and p75
NTR

 receptors. Hence, NGF-targeted treatment would be more specific to 

breast tumor cells (Adriaenssens et al., 2008). This provides a rationale for NGF as a 

potential therapeutic target for TNBC. Hence, NGF-targeted treatment would be specific 

to breast tumor cells (Dolle et al., 2003a). Anti-NGF therapy holds the possibility of 

increasing the effectiveness of cytotoxic/ genotoxic drugs used as adjuvant therapies in 

breast cancer treatment. 

The p75
NTR

/NGF signaling has been implicated  in several cancers, including prostate 

(Sigala et al., 2008) and breast cancer (Descamps et al., 2001c). It has been reported that 
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NGF acts as an anti-apoptotic survival factor for breast cancer cells, and that this is 

mediated by p75
NTR

-dependent activation of NF-kappaB (Descamps et al., 2001c). 

Interestingly, p75
NTR

 expression is mainly in basal breast cancer cells (Reis-Filho et al., 

2006). Therefore it may be a more relevant therapeutic target in the treatment of TNBCs.  

Regulation of expression of p75
NTR

 has been studied extensively over the last decade. 

Studies show that p75
NTR

 expression is induced in apoptotic neurons after seizures (Roux 

et al., 1999), its expression is induced via nitric oxide in conditions like osmotic swelling 

following brain injuries (Peterson and Bogenmann, 2003). Basal levels of p75
NTR

 are 

rapidly induced after focal cerebral ischemia (Irmady et al., 2014). There are reports of a 

few transcription factors that could potentially regulate expression of p75
NTR

 under stress 

conditions. These include Sp1-dependent transcription in neurons (Ramos et al., 2007), 

direct activation of p75
NTR

 gene expression by early growth response (Egr1 and Egr3) 

transcription regulators (Gao et al., 2007). Loss of p75
NTR

 in prostate cancer is an 

indication of metastatic prostate cancer. NSAIDs (non-steroidal anti-inflammatory drugs) 

such as R-flurbiprofen or ibuprofen selectively induce the expression of p75
NTR

. This 

results in reduced survival of human prostate tumor cells (Quann et al., 2007, Andrews et 

al., 2002). In prostate cancer cells exogenous NGF can upregulate p75
NTR

 expression and 

thus reduce cell malignancy (Sigala et al., 2008).  

In many cell types including PC12 cells or TNBC cells, it has been well documented  that 

regulated intramembrane proteolysis of the p75
NTR

 is a prerequisite for its signaling 

(Skeldal et al., 2011). p75
NTR

 is cleaved by alpha-secretase to liberate its ectodomain, 

while the remaining C-terminal fragment is then cleaved by presenilin-dependent 

gamma-secretase, producing an intracellular domain (ICD) that is released into the 

cytosol (Skeldal et al., 2011) . It has been reported that NGF induces cleavage of p75
NTR

 

and that this requires TrkA activation in PC12 cells (Ceni et al., 2010). Proteolytic 

processing of p75
NTR

 has also been recently reported in TNBC cells (Verbeke et al., 

2013).  

The aim of the current work is to investigate whether NGF is involved in the regulation 

of p75
NTR

 in breast cancer cells.  We show that NGF can regulate the levels of full length 

p75
NTR

 (FLp75
NTR

) in breast cancer cells and that this is linked to the increased resistance 

of TNBC cells to chemotherapeutic drug-induced cell death. 
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3.2 Results 

3.2.1 Characterization of p75
NTR 

in panel of breast cancers 

Characterization of a panel of breast cancer cells across various subtypes including MCF-

7, T47D (Luminal A) and MDA-MB-231 (TNBC) for expression of p75
NTR

, was carried 

out using anti- p75
NTR

 (ANT-007; Alamone labs) that was available in the lab. This 

antibody recognizes the extracellular epitope of human p75
NTR

 (#ANT-007). From Fig. 

3.1 A it is clear that this antibody picks up lot of other bands making the interpretation of 

the actual p75
NTR

 band very difficult. Hence, anti-p75
NTR

 antibody from Millipore (# 07-

476) was obtained. This antibody recognizes the intracellular domain of p75
NTR

. In order 

to characterize the breast cancer cell lines for expression of p75
NTR

, optimization of anti-

p75
NTR

 was carried out. Various conditions were used to optimize the antibody.  

Blots shown in Fig. 3.1 B (a) and (b) were blocked in 5% Milk-PBST for 2 h, but the 

difference between the two blots is that the blot shown in Fig. 3.1 B (a) was probed for 

anti-p75
NTR

 at 1:5000 dilution made up in 5% BSA-PBST, while the blot shown in Fig. 

3.1 B (b) was also probed for anti-p75
NTR

 (1:5000 dilution) made up in 5% Milk-PBST. 

Similar conditions were used on the blots shown in Fig. 3.1 B (c) and (d), but these 

membranes were blocked in 5% Milk-PBST for 1 h. As seen in Fig. 3.1.B, anti-p75
NTR

 

obtained from Millipore gave a clear band for p75
NTR

. This was confirmed by PC12 or 

HEKp75 cells (derived from HEK293 cells and stably expressed p75
NTR

) which were 

used as a positive control for p75
NTR

 (Landreth and Shooter, 1980). HEK293T cells were 

used as a negative control. Irrespective of the conditions used, the results show that 

MDA-MB-231 alone expresses a huge amount of p75
NTR

 while MCF-7 or T47D do not. 

It has been well reported in the literature that MCF-7 cells express p75
NTR

 (Descamps et 

al., 2001c). The data that shows MCF-7 not expressing p75
NTR

 led to testing if milk 

solution was too harsh in blocking and that if it actually blocked the protein of interest. 

So, we tested if blocking with 5% BSA-PBST would make a difference to the expression 

pattern of p75
NTR

. Using 5% BSA-PBST made no difference to the p75
NTR

 expression 

pattern in MCF-7 or T47D cells. Fig. 3.1 C shows that on higher exposure, there is very 

faint band for p75
NTR

 in MCF-7 and T47D. The cells were lysed in whole cell lysis buffer 

(WCLB In order to clarify if lysing cell pellet with WCLB was not efficient enough in 

these cells, a much harsher way of direct lysis with 2X Sample Buffer (2XSB) was taken. 

As shown in Fig. 3.1 D, the method of lysis also made no difference to the expression of 

p75
NTR

 and on higher exposure; faint bands appear around 75 kDa. To be absolutely sure 
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that the band picked up on western blot around 75kDa was p75
NTR

, the samples were 

subjected to digestion by PNGase F enzyme. It has been well documented in the literature 

that native p75
NTR

 is a 55 kDa molecular weight protein that due to post translational 

modifications by addition of N and O- linked glycosylation acquired high molecular 

weight (Yeaman et al., 1997). PNGase F has been shown to remove N-linked 

glycosylation chains (Weskamp et al., 2004) which can be seen by down-shift in the band 

size of p75
NTR

. From Fig. 3.1 E, it is obvious that PNGaseF removes the glycosylating 

residues both in Hekp75 and MDA-MB-231 cells and the size of p75
NTR 

is reduced 

confirming that the band we obtain using anti-p75
NTR

 is  p75
NTR

.  For all the experiments 

requiring detection of p75
NTR

, blocking for 2 h with 5% Milk-PBST followed by 

incubation of membrane with anti-p75
NTR

 (1:5000 made up in 5% BSA-PBST) overnight 

was followed. To investigate the expression of p75
NTR

 at mRNA level, RT-PCR with 

specifically designed primers for p75
NTR

 was carried out and from Fig. 3.1 F and G, it is 

clear that the results from RT-PCR and western blot complement each other. Taking 

together the data from western blot and RT-PCR, it is not feasible to work with cell lines 

other than MDA-MB-231 cells expressing very low levels of p75
NTR

 and so, MDA-MB-

231 was used for further studies in this chapter.  
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Fig. 3.1: Characterization of p75
NTR

 in a panel of breast cancer cell lines:  Western Blot 

analysis on whole cell extracts to examine the expression of p75
NTR 

using [A] anti-p75
NTR

 (ANT-

007) from Alamone labs. Optimization of anti-p75
NTR

 (07-476) obtained from Merck Millipore 

was carried out. [B] Membranes were blocked in 5% Milk-PBST for 2 h and incubated with anti-

p75
NTR

 (1:5000) made up in (a) 5% BSA-PBST , (b) 5% Milk-PBST Membranes were blocked in 

5% Milk-PBST for 1 h and incubated with anti-p75
NTR

 (1:5000) made up in (c) 5% BSA-PBST , 

(d)  5% Milk-PBST.[C] Membrane was blocked in 5% BSA-PBST for 2 h and incubated with 

anti-p75
NTR

 (1:5000) made up in 5% BSA-PBST. [D] Cells were lysed in 2X SB or in WCLB and 

probed for anti-p75
NTR

 (07-476). [E] HEKp75 cells and MDA-MB-231 cells were subjected to de- 

glycosylation with PNGaseF and probed for anti-p75
NTR

. This gel is assembled although the 

samples were all run in the same gel. [F] Expression of p75
NTR

 was determined henceforth with 

blocking membrane in 5% Milk-PBST for 2 h and incubating overnight with 1:5000 dilution of 

anti-p75
NTR

 (07-476) made up in 5% BSA-PBST. [G] Expression of p75
NTR

 was also confirmed at 

mRNA level using RT-PCR with specifically designed primers for p75
NTR

. PC12 cells or HEKp75 

cells were used as a positive control and HEK293T was used as a negative control. 
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3.2.2 Expression of p75
NTR

 increases during in vitro culture of TNBC cells  

The expression of p75
NTR

 in culture in a panel of BC cells with addition of HCC1806, 

another cell line representative of TNBC was examined. Of the three cell lines, only 

MDA-MB-231 cells expressed p75
NTR

 at early (24 h) times in culture (Fig. 3.2 A). 

During culture of the cells for a further 2 days, the expression of p75
NTR

 increased in both 

of the TNBC cell lines, while in contrast, there was no increase in p75
NTR

 levels in MCF-

7 cells (Fig. 3.2.A). The increase observed in both MDA-MB-231 and HCC1806 cells 

was blocked by inhibition of neurotrophin interaction with p75
NTR

 (Fig. 3.2 B), using 

Y1036, a small molecule inhibitor that can bind to NGF and BDNF and thus prevent their 

interaction with p75
NTR 

(Eibl et al., 2010), Ro 08-2750, a small molecule inhibitor that 

binds to NGF and induces a conformational change preventing its binding to p75
NTR 

(Niederhauser et al., 2000) and anti-NGF neutralizing antibody. These data indicate that 

neurotrophins may regulate the expression of p75
NTR

 in TNBC cells.  

 

Fig. 3.2:  Increase in expression of p75
NTR

 in culture: MCF-7, MDA-MB-231 and HCC1806 

cell lines were seeded at 3x10
4
 cells/cm

2
. [A] Cells were harvested at 24 h, 48 h and 72 h. [B] 

MDA-MB-231 and HCC1806 cell lines were seeded and 24 h post-seeding, cells were treated with 

or without 50 µM Y1036, inhibitor of NGF/BDNF binding to p75
NTR

, or 2 nM Ro 08-2750, 

inhibitor of NGF binding to p75
NTR

, or 2 µg/ml α-NGF and harvested 24 h post-treatment. 

Western blot analysis on whole cell extracts was carried out to determine the expression of 

p75
NTR

. Actin was used as a loading control. These data are representative of n=3. 

3.2.3 Expression of neurotrophins and p75
NTR

 in TNBC cells 

To confirm the involvement of neurotrophins in the regulation of its receptor, MDA-MB-

231 and HCC 1806 cells was screened for expression of NGF, BDNF and p75
NTR

 using 

RT-PCR with GAPDH as a house-keeping control. Both cell lines were shown to express 
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NGF, BDNF and p75
NTR

 as shown in Fig. 3.3 A. Using Western blotting, an increased 

level of proNGF was observed in the lysates from both of these cell lines during 3 days in 

culture (Fig. 3.3 B). This is indicative of increased production of NGF by the cells. To 

confirm this, an ELISA assay was used to quantify secretion of mature NGF into the 

culture medium at different days during culture of the cells (Fig. 3.3 C). There was a 

significant increase in NGF levels in the culture medium from both cell types, reaching 

almost 6 and 3 ng/ml for HCC1806 and MDA-MB-231 cells respectively, by 72 h (Fig. 

3.3 C). We used an additional way to test if NGF was secreted into the medium of MDA-

MB-231 cells. The medium from MDA-MB-231 cells which were 72 h in culture was 

collected and centrifuged to remove the cells. This media was then applied onto PC12 

cells. These cells have been reported to differentiate and extend neurites upon NGF 

treatment (Drubin et al., 1985). If NGF is secreted into the media of MDA-MB-231 cells, 

by applying the conditioned media onto PC12 cells, they should extend neurites. 

Treatment of PC12 cells with 100 ng/ml of commercially available mNGF was used as a 

positive control. As indicated by arrows pointing towards neurites, in Fig. 3.3 D, when 

conditioned media from MDA-MB-231 cells was applied to PC12 cells and left for 4-5 

days, PC12 cells started to extend neurites and this was not seen in PC12 cells treated 

with unconditioned media, indicating there could be possible secretion of NGF into the 

media of MDA-MB-231 cells. We used 2 µg/ml NGF-neutralizing antibody to 

antagonize the effect of mNGF in PC12 cells. However, use of NGF-neutralizing 

antibody could not completely prevent the neurite extensions in PC12 in the presence of 

MDA-MB-231 conditioned media. . But the secretion of NGF was detectable on ELISA 

as shown in Fig. 3.3 C.  
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Fig. 3.3: Neurotrophins and neurotrophin receptor expression in TNBC cells: [A] MDA-MB-

231 and HCC1806 cell lines were seeded at 3x10
4
 cells/cm

2
. Total RNA was extracted using 

Trizol method and mRNA expression of p75
NTR 

[201 bp], NGF [313 bp] and BDNF [266 bp] was 

carried out with specifically designed primers using RT-PCR. GAPDH [452 bp] was used as a 
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loading control. [B] Cells were harvested at 24 h, 48 h and 72 h and Western blot analysis was 

carried out on whole cell extracts to determine the expression of pro-NGF. Actin was used as a 

loading control. [C] NGF-ELISA was carried out on culture medium harvested at 24 h, 48 h and 

72 h. The secretion of NGF was quantified with commercially available hβNGF as the standard. 

These data are representative of n=3. Statistical analysis using ANOVA with Tukey’s post -hoc 

test was done between the different time points. In both the cell lines, amount of NGF secretion 

between 24 h vs 72 h and 48 h vs 72 h are statistically significant *p <0.05. [D] PC12 cells were 

seeded at 3x10
4
cells/cm

2
 and treated with 100 ng/ml commercially available mNGF with/without 

2 µg/ml α-NGF antibody or conditioned or unconditioned MDA-MB-231 media for 5 days. NGF 

was replenished alternate day to induce longer neurite outgrowth. The cells were imaged on day 5 

under the microscope. The arrows in red indicate neurite outgrowth. Conditioned media from 

MDA-MB-231 cell were able to induce neurite in PC12 cells. 

3.2.4  Expression of p75
NTR

 correlates with the expression of neurotrophins in 

basal-like breast cancer subtype 

The data shown so far suggests that increase in the expression of p75
NTR

 or NGF 

corresponds to increase in the expression of the other in TNBC in culture. Therefore 

correlation between expression of NGFR (p75
NTR

) and all neurotrophins primarily NGF 

and also (BDNF, NT3, NT4 was determined across patients with different subtypes of 

breast cancer. Gene correlation analysis was carried out using breast cancer gene-

expression miner v3.1 (bc-GenExMiner v3.1). This permits one to compute correlation 

coefficients between gene expressions or to find lists of correlated genes in breast cancer 

across all subtypes (Jezequel et al., 2013). The gene expression correlation statistical 

analysis is applied on published annotated genomic datasets and the results are displayed 

as Pearson’s pairwise correlation plot. On analyzing the correlation between p75
NTR

 

(NGFR) and neurotrophins, there was a weak yet highly significant (p<0.0001) positive 

correlation between p75
NTR

 and NGF, NT3, NT4 but not with BDNF in all patients 

having breast cancer. A correlation between p75
NTR

 and NGF in basal-like breast cancers 

was determined. A weak positive correlation between NGF and p75
NTR

 yet with high 

significance was observed in basal-like breast cancers (Fig. 3.4 A and B). As mentioned 

before TNBCs are basal like breast cancer. The data shown in Fig. 3.1 A and Fig. 3.3 B 

agrees with the positive correlation between p75
NTR

 and NGF in TNBC patients. Fig. 3.4 

represents the Pearson’s pairwise correlation plot between NGF vs p75
NTR 

in [A] all 

patients, [B] in patients having basal-like subtype of breast cancer. Table 3.1 shows a 

summary of the significance of correlation between genes (p75
NTR

 vs neurotrophins) with 
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indication of positive, negative or null correlation (r value) and of the sample size (n) 

across all subtypes of breast cancer.  

 

 

 

Fig. 3.4: Expression of p75
NTR

 (NGFR) correlates with the expression of neurotrophins in 

basal-like breast cancer subtype: Pearson’s pairwise correlation of NGFR vs neurotrophins; 

NGF, BDNF, NT3 and NT4 was carried out using breast cancer gene-expression miner v3.1 (bc-

GenExMiner v3.1). [A] Correlation plot of NGFR vs neurotrophins (NGF, BDNF, NT3 and NT4) 

in all patients irrespective of the sub type of breast cancer. [B] Correlation plot of NGFR vs 

neurotrophins (NGF, BDNF, NT3 and NT4) in patients with basal-like breast cancer. [C] A 

summary of the correlation between NGFR vs NGF, BDNF, NT3 and NT4 across all subtypes of 

breast cancer. ‘r’ value represents the co-efficient of correlation that determines positive, negative 
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or null correlation between the two genes of interest, ‘n’ represents sample size and ‘p’ value 

indicates the statistical significance.  

3.2.5 NGF induces an increase in expression of p75
NTR

 in TNBC cells 

NGF is reported to be secreted by many breast tumors, and is shown to activate its 

receptors through autocrine signaling (Dolle et al., 2003a). Given that TNBC cells 

express NGF, we hypothesized that the regulation of p75
NTR

 could be due to secretion of 

NGF into the culture medium of the cells. This could increase p75
NTR

 levels by 

stimulating transcription of p75
NTR

 gene, or by inhibiting degradation of the full length 

protein which is known to undergo regulated intramembrane proteolysis (Verbeke et al., 

2013, Skeldal et al., 2011). To test this hypothesis, we treated MDA-MB-231 cells with 

NGF for different times ranging from 0-12 h. Addition of exogenous NGF increased the 

expression of p75
NTR

 protein and mRNA over time and addition of NGF inhibitors or 

neutralizing antibody inhibited this regulation  (Fig. 3.5 A and B). To further investigate 

if this increase in expression of p75
NTR

 was through NGF dependent 

transcriptional/translational regulation of p75
NTR

, cells were treated with 10 μg/ml 

actinomycin D (an inhibitor of transcription) or 10 μg/ml cycloheximide (a global 

translational inhibitor), in the presence or absence of NGF. There was a decrease in the 

expression of p75
NTR

 with actinomycin D and cycloheximide in the presence of NGF as 

opposed to NGF treated cells alone (Fig. 3.5 C). Taken together, these data indicate that 

NGF activates the transcription/translation of p75
NTR

 in these cells. Next we investigated 

the role of TrkA and p75
NTR

 in this effect. Inhibition of TrkA kinase activity by K252a 

(Tapley et al., 1992) or of p75
NTR

 by TAT-Pep5 (which binds to the death domain of 

p75
NTR

 to block downstream signaling) (Yamashita and Tohyama, 2003a) both caused a 

reduction in NGF-induced increase in p75
NTR

 expression (Fig. 3.5 D).  

Receptor intramembrane proteolysis of p75
NTR

 is mediated by the action of α and γ 

secretases (Brown et al., 2000). Importantly, NGF has been shown to induce rapid and 

robust secretase-dependent proteolysis of p75
NTR

 in PC12 cells (Ceni et al., 2010). To 

determine if the increase in expression of FL p75
NTR

 in TNBC cells was due to inhibition 

of regulated intramembrane proteolysis of p75
NTR

, cells were treated with NGF in the 

presence or absence of GM6001, an inhibitor of α secretase which cleaves p75
NTR

 to 

produce the 25 kDa C-terminal fragment (CTF) or DAPT, an inhibitor of γ secretase 

whose action produces the 19 kDa intracellular domain (ICD) of p75
NTR 

(Urra et al., 

2007a). These treatments were performed in the presence of epoxomicin to inhibit 
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proteasomal degradation of the cleavage fragments (Wang et al., 2008).  p75
NTR

 was 

found to undergo constitutive cleavage in MDA-MB-231 cells, as seen by the presence of 

the ICD in samples treated with epoxomicin only (Fig. 3.5 E). Treatment of cells with 

NGF inhibits processing of p75
NTR

, partially, at both the levels of cleavage, resulting in 

an increase in levels of FLp75
NTR

 (Fig. 3.5 F).  

In order to test the effect of inhibition of activity of secretases on cell survival, MDA-

MB-231 cells were pre- treated with either 10 µM GM6001 or 10 µM DAPT for 2 h 

followed by treatment with 500 ng/ml TRAIL for 24 h and the cells were harvested for 

(a) SubG1 analysis or (b) TMRE assay. Fig. 3.5 G and H show that inhibition of α-

secretase mediated cleavage results in sensitization of cells to TRAIL induced cell death, 

while inhibition of γ-secretase using DAPT did not have an effect than TRAIL alone. 

This suggests that inhibiting the processing of FLp75
NTR

 has a negative effect on cell 

survival. However, NGF mediated inhibition of processing of p75
NTR

 was not significant 

enough to induce cell death in our system.  

 



 

86 
 

 

Fig. 3.5: NGF mediated increase in the expression of p75
NTR

: MDA-MB-231 was seeded at 

3x10
4
 cells/cm

2
. [A] MDA-MB-231 cells were treated with 100 ng/ml NGF for indicated time 

points and cells were harvested for WB and RT-PCR. [B] MDA-MB-231 cells were treated with 

100 ng/ml NGF and/or 2 μG/ml NGF-neutralizing antibody (α- NGF). Cells were harvested 12 h 

post treatment and probed for anti-p75
NTR

.  Anti-actin was used as a loading control. [C] MDA-

MB-231 cells were pre-treated with 10 μG/ml Actinomycin D or 10 μG/ml Cycloheximide for 1 hr 

prior to treatment with or without 100 ng/ml NGF for 12 h.  Cells were harvested and western 

blotting was carried out to examine the expression of p75
NTR

. [D] MDA-MB-231 cells were pre-

treated with 100 nM K252a or 40 μM TAT-Pep5 for 1 h before addition of 100 ng/ml NGF for 12 

h. Cells were harvested and western blotting was carried out on whole cell extracts and expression 
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of p75
NTR

 was determined. [E] MDA-MB-231 cells were pre-treated with 1 μM Epoxomicin, a 

proteasomal degradation inhibitor and 10 μM GM6001, an α-secretase inhibitor or 10 μM DAPT, 

a γ-secretase inhibitor for 1 hr before treatment with 100 ng/ml NGF or 300 ng/ml Phorbol 

myristate acetate (PMA), an activator of secretases. Cells were harvested after 2, 6, 12 or 24 h. 

The positive control with PMA treatment was harvested after 2 h of treatment. [F] MDA-MB-231 

cells were pre-treated with 1 μM Epoxomicin, a proteasomal degradation inhibitor and 10 μM 

GM6001,an α-secretase inhibitor or 10 μM DAPT, a γ-secretase inhibitor for 1 hr before treatment  

with 100 ng/ml NGF or 300 ng/ml Phorbol myristate acetate (PMA), an activator of secretases. 

Cells were harvested after 12 h. Western blot analysis was carried out on the whole cell extracts. 

The expression of p75
NTR

 was examined. [G] MDA-MB-231 cells were treated with or without 10 

µM GM6001, alpha-secretase inhibitor or 10 µM DAPT, 1 h prior to treatment with 500 ng/ml 

TRAIL for 24 h. The cells were then harvested for Sub G1 and TMRE assays. These data are the 

mean ± SEM of three independent experiments, *p < 0.05. One-way ANOVA followed by 

Tukey’s post hoc-test was carried out. These data are representative of n=3. 

3.2.6 Inhibition of interaction of NGF/p75
NTR

 sensitizes cells to apoptosis in MDA-

MB-231 cells 

NGF/ p75
NTR

 signaling is reported to promote resistance of breast cancer cells to 

apoptosis induction (Descamps et al., 2001b). To show that the NGF-induced increase in 

p75
NTR

 is important for pro-survival signaling in TNBC cells, we initially tested the role 

of this receptor in the resistance of MDA-MB-231 cells to ceramide-induced cell death. 

Ro 08-2750 could sensitize MDA-MB-231 cells to C2-ceramide induced apoptosis 

indicated by the loss of mitochondrial transmembrane potential (Fig. 3.6 A). To test if 

inhibition of p75
NTR

 also had similar effect to inhibition of NGF on the cells, p75
NTR

 in 

MDA-MB-231 was (a) genetically knocked down or (b) chemically inhibited by TAT-

Pep5. Fig. 3.6 B shows the transfection efficiency of shp75
NTR

 with scrambled vector 

expressing eGFP as a control. The transfection was optimized using different 

concentrations of shp75
NTR

 and with different lipid:DNA ratio over 24 h and 48 h using 

turbofect transfection reagent. The samples were analyzed using FACS to quantify the 

percentage of transfection efficiency. Knock down of p75
NTR

 using shRNA directed 

against p75
NTR

, also sensitized MDA-MB-231 cells to C2-ceramide induced apoptosis, as 

determined by an increase in the subG1 population (Fig. 3.6 C). Although, TAT-Pep5 did 

not sensitize MDA-MB-231 cells to C2-ceramide induced cell death, an additive effect 

was observed with the treatments as shown in Fig. 3.6 D. From these results, it is evident 
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that interfering with the interaction of NGF/p75
NTR

 sensitizes cells to drug induced cell 

death and that NGF and p75
NTR

 are pro-survival factors in our system.  

 

Fig. 3.6: Inhibition of p75
NTR

/NGF interaction induces apoptosis in MDA-MB-231 cells:  

MDA-MB-231 cells were seeded at  3x10
4
 cells/cm

2
 and treated with [A] 1 nM Ro 08-2750 1 h 

prior to treatment with 20 µM ceramide for 24 h. Cells were harvested for TMRE assay. [B] 

MDA-MB-231 cells were transfected with different concentrations of sc.eGFP and shp75
NTR

 in 

different ratios and harvested at 24 h and 48 h. The samples were then harvested and % of GFP 

uptake was analyzed on the FACS. [C] MDA-MB-231 cells were transfected with 1 µg 

shp75
NTR

and sc eGFP plasmid DNA. 24 h post transfection, cells were treated with or without 40 

µM ceramide for another 24 h. Cells were harvested for Sub G1 analysis. [D] MDA-MB-231 cells 

were pre-treated with 40 µM TAT-Pep5 prior to treatment with 20 µM ceramide. Cells were 

harvested after 24 h for TMRE assay. These data are the mean ± SEM of three independent 

experiments, *p < 0.05, *8p<0.01.  
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3.2.7 Neurotrophin mediated increase in p75
NTR

 promotes resistance of TNBC 

cells to apoptosis induction 

Next the biological relevance of the increase in p75
NTR

 by NGF was determined. The 

sensitivity of HCC1806 cells to Ro 08-2750 at 24 and 72 h was compared since these 

cells express almost no p75
NTR

 at 24 h and exhibit a very large increase in p75
NTR

 by 72 h 

(Fig. 3.2 A). This would allow us to distinguish the effect of p75
NTR

 induction on these 

cells in response to C2-ceramide treatment clearly. HCC1806 cells exhibited a 

pronounced differential sensitivity to apoptosis induction at 24 and 72 h (Fig. 3.7 A, B 

and C). These findings were confirmed using DEVDase assay which showed 

sensitization of HCC1806 to C2-ceramide induced cell death in the presence of 2 nM Ro 

08-2750 at the later time but not at the earlier time (Fig. 3.7 A). Analysis of loss of 

mitochondrial membrane permeability using TMRE showed that the cells were resistant 

to single or combination treatment at the earlier time, while at the later time the cells 

were sensitive to treatment with Ro 08-2750 alone, but were not further sensitized to C2-

ceramide (Fig. 3.7 B).Analysis of nuclear morphology by DAPI staining showed more 

apoptotic bodies and nuclear condensation indicating apoptosis in response to NGF 

inhibition at the later time point (Fig. 3.7 C).  Taken together, these data show that 

HCC1806 cells are sensitized to C2-ceramide induced death at later time points compared 

to earlier time points. 
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Fig. 3.7: p75
NTR

 promotes protection in TNBC cells: MDA-MB-231 cells were seeded at 3x10
4
 

cells/cm
2
. For  the early time point [on the left], HCC1806 cells were treated with 2 nM Ro 08-

2750 4 h post seeding and 1 h after Ro 08-2750 treatment, cells were treated with 40 µM ceramide 

for 24 h. For the later time point [on the right], HCC1806 were treated 48 h post seeding with 2 

nM Ro 08-2750 and after 1 h pre-treatment with Ro 08-2750, cells were treated with 40 µM 

ceramide for 24 h. Cells were harvested for [A] caspase-3 activity assay [DEVDase assay], [B] 

loss of mitochondrial membrane potential assay [TMRE assay] and [C] DAPI staining. Statistical 

analysis on DEVDase assay using One-way ANOVA followed by Tukey's post-hoc test showed 
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**p<0.05 and *p<0.05 on TMRE assay. These data are the mean ± SEM of three independent 

experiments. 

3.2.8 Inhibition of p75
NTR

 in culture induces basal cell death in TNBC cells 

Similar to the approach taken to inhibit NGF secretion over time in culture and looking to 

sensitize the cells to apoptosis, HCC1806 cells which expressed massive p75
NTR

 over 

time in culture were treated with 40 µM TAT-Pep5 at similar time points mentioned in 

the previous section. Although no significant sensitization was observed with 

combination treatments of TAT-Pep5 and C2-ceramide, TAT-Pep5 on its own was able 

to increase basal cell death in these cells as shown in Fig. 3.8 A and this basal cell death 

was increased at later time points where TAT-Pep5 would have more p75
NTR

 to bind to 

and inhibit its signaling compared to earlier time point where there is less p75
NTR

 

expression. The last time point (72 h) mentioned in the previous section was omitted as 

the difference between 24 h and 48 h would be clearer where there little to no p75
NTR

 at 

24 h and huge induction at 48 h time point in HCC1806 cells (see Fig. 3.2 A) and the 

effect of TAT-Pep5 would be more obvious at these two time points. Similar effect was 

seen in MDA-MB-231 cells where TAT-Pep5 was able to increase basal cell death at 24 

h and MDA-MB-231 cells have been shown to express p75
NTR

 at this time point (see Fig. 

3.2 A). The cells were harvested for TMRE assay as shown in Fig. 3.8 B. To further 

strengthen the data with TAT-Pep5, HCC1806 cells were transfected with shp75
NTR

 using 

turbofect reagent. Knockdown of p75
NTR

 in HCC1806 induces cell death which is shown 

by cleavage of PARP as seen is Fig. 3.8 C. Similar effects were observed in MDA-MB-

231 cells., however, the assays used to determine cell death was determination of cells in 

the Sub G1 phase of cell cycle, and the knockdown of p75
NTR

 was confirmed using 

Western blotting (Fig. 3.8 D).  
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Fig. 3.8:  Inhibiting p75
NTR

 expression in culture induces basal cell death in TNBC cells: 

MDA-MB-231 and HCC1806 cells were seeded at 3x10
4
 cells/cm

2
. [A] For the early time point, 

HCC1806 cells were treated with 40 µM TAT-Pep5 4 h post seeding and harvested 24 h post 

treatment and for the late time point to allow accumulation of p75
NTR

, cells were treated with 40 

µM TAT-Pep5 24 h before its harvest. Western blot analysis was carried out on whole cell 

extracts. The membrane was blotted for anti-PARP. [B] MDA-MB-231 cells were treated with 40 

µM TAT-Pep5 and harvested after 24 h for TMRE assay. [C] HCC1806 cells were transfected 

with shp75
NTR

 along with its respective controls and knockdown of p75
NTR

 in itself was able to 

induce basal cell death. [D] Similar to HCC1806, MDA-MB-231cells were also transfected with 

shp75
NTR

 and the lysates were probed for expression of p75
NTR

. To quantify the % of cell death, 

transfected MDA-MB-231 cells were harvested for Sub G1 analysis. These data are the mean± 

SEM of three independent experiments. Unpaired t-test was carried out to determine statistical 

significance.   
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3.3 Discussion 

Dysregulation in the NGF signaling through its receptors and imbalance in the levels of 

expression of the receptors have been reported to contribute to the chemo-resistance in 

several cancers such as breast cancer (Descamps et al., 2001a, Verbeke et al., 2010, 

Zhang et al., 2015) or pancreatic cancers (Zhu et al., 2002). Therefore targeting NGF- 

mediated autocrine signaling or the expression of the NGF receptor has a high therapeutic 

potential. This study shows that NGF can regulate the expression of p75
NTR

 in TNBC 

cells. NGF increased the expression of p75
NTR

 by partially inhibiting the processing of 

p75
NTR

 and by partially inhibiting the transcription of p75
NTR

. This study also shows that 

inhibition of NGF/p75
NTR

 interaction differentially sensitizes TNBC cells to apoptosis 

induction in the presence or absence of induction of p75
NTR

 expression. 

A panel of breast cancer cell lines across all subtypes was screened for the expression of 

p75
NTR. 

Out of these, the basal-like breast cancer cells, also interchangeably called the 

TNBC cells expressed high levels of p75
NTR

. An increase in expression of p75
NTR

 over 

time in culture was observed in MDA-MB-231 and HCC1806 cells. High levels of 

expression of p75
NTR

 in basal- like breast cancer subtype has been reported by (Reis-

Filho et al., 2006). The increase in p75
NTR

 expression diminished in the presence of NGF 

inhibitor Ro 08-2750, NGF /BDNF inhibitor Y1036 and also in the presence of NGF-

neutralizing antibody (α-NGF). This suggested the involvement of neurotrophins in the 

regulation of p75
NTR

.  

It is well published that breast cancer cells express and secrete NGF that can activate the 

receptors through autocrine signaling (Descamps et al., 2001c). (Dolle et al., 2003b) has 

also shown that NGF is overexpressed in breast cancer cells maintained in culture. 

However, they did not show expression of proNGF in the culture. NGF is expressed in 

the cells in the pro-form, which then undergoes protein folding and maturation and is 

then secreted into the media as mature NGF (Kliemannel et al., 2007). The expression of 

proNGF corresponding to the increase in expression of p75
NTR

 in culture was observed. 

However, to determine if secreted NGF was regulating the expression of p75
NTR

, NGF-

ELISA was carried out quantify the NGF secreted by TNBC cells. The amount of NGF 

secreted by these cells also increased over time in culture. This increase in secretion of 

NGF was not due to the increase in the number of cells in culture. This is because the 

approximate doubling time of these cell lines is 38 h (for MDA-MB-231) and 30 h (for 
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HCC1806). The increase in NGF over time was more than the number of cells at that 

time. The secretion of NGF into the TNBC cell media was also confirmed by applying 

the conditioned media on to PC12 cells, a model of rat pheochromocytoma, because these 

cells have been shown to extend neurites in the presence of NGF (Drubin et al., 1985). 

Commercially available NGF and conditioned media taken from MDA-MB-231 cells at 

day 3 in culture showed neurite outgrowth and anti-NGF inhibited the neurite outgrowth 

on PC12 cells treated with commercially available NGF. However, anti-NGF did not 

have an effect on neurite outgrowth on cells treated with conditioned media. Neurite 

extensions seen in the presence of MDA-MB-231 conditioned media could possibly also 

be due to stress resulting from the difference in the media composition of PC12 vs MDA-

MB-231. Several other factors could also induce neurite formation in PC12 cells like; 

activation of stress- activated kinases (Giasson et al., 1999). The secretion of NGF was 

however confirmed by ELISA. The data from NGF ELISA confirmed the involvement of 

NGF in the regulation of p75
NTR

. 

To directly test the effect of NGF in the regulation of p75
NTR

, MDA-MB-231 cells were 

treated with exogenous NGF for short time course up to 12 h. An increase in expression 

of p75
NTR 

mRNA and protein was observed upon NGF treatment. This expression of 

p75
NTR

 diminished in the presence of α-NGF. Expression of p75
NTR

 has been shown to be 

induced in conditions of stress (Roux et al., 1999, Peterson and Bogenmann, 2003, 

Irmady et al., 2014). Transcriptional regulation of p75
NTR

 has been previously reported 

under stressed conditions (Ramos et al., 2007, Gao et al., 2007). Therefore, the regulation 

of p75
NTR

 by NGF at the transcriptional level was studied. This study also showed that 

the regulation of p75
NTR

 expression was partially through NGF-dependent transcription of 

p75
NTR

. To determine the mechanism of NGF-mediated regulation of p75
NTR

, MDA-MB-

231 cells were treated with Actinomycin D or Cycloheximide, in the presence or absence 

of NGF. NGF-mediated regulation of p75
NTR

 expression diminished in the presence of 

the inhibitors suggesting that NGF could activate p75
NTR

 transcription/translation. Next, 

the ability of NGF to regulate the expression of p75
NTR

 by inhibiting the degradation of 

full length p75
NTR 

was determined. P75
NTR

 has been reported to undergo proteolytic 

processing in various cell types include breast cancer cells (Skeldal et al., 2011, Verbeke 

et al., 2013). A recent study by (Verbeke et al., 2013) show that p75
NTR

 undergoes 

constitutive proteolytic cleavage in breast cancer cells and this regulated intramembrane 

proteolysis involves the activity of secretases. This mechanism is well established in cell 
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types including glioblastoma (Wang et al., 2008) or medulloblastoma (Wang et al., 

2010). The effect of processing of p75
NTR

 on the expression of FLp75
NTR

 was determined. 

NGF partially inhibited the processing of FLp75
NTR

 resulting in the increased expression 

of FLp75
NTR

. Studies on PC12 cells show that activation of TrkA by NGF enhances the 

processing of p75
NTR

 resulting in the generation of the ICD fragment (Urra et al., 2007b), 

which can activate various transcription factors (Kanning et al., 2003). TAT-Pep5, an 

inhibitor that binds to the death domain of p75
NTR

 (Yamashita and Tohyama, 2003b) and 

K252a, a tyrosine kinase inhibitor that blocks the activation of Trk receptors (Tapley et 

al., 1992) increased basal FL p75
NTR 

levels. However, these receptors are required in the 

active form for NGF to regulate expression of p75
NTR

, i.e., inhibition of TrkA or p75
NTR

 

death domain diminishes NGF- mediated regulation of p75
NTR

. In breast cancer cells, 

constitutive proteolytic processing of p75
NTR

 is thought to be necessary for the turnover 

of p75
NTR

 and for the NGF/p75
NTR

 pro-survival signaling under normal conditions. It is 

possible that NGF regulates the expression of p75
NTR

 by increasing the availability of full 

length p75
NTR

 to interact with NGF, and mediate its pro-survival effect. In contrast to 

neuronal cells, where the ICD is essential to mediate survival effect, it has been shown 

that in breast cancer cells, the carboxy terminal fragment (CTF) is necessary for its 

survival (Verbeke et al., 2013).  

It has been suggested that expression of p75
NTR

 may be linked to a subgroup of basal-like 

breast carcinomas with good prognosis (Reis-Filho et al., 2006). As mentioned earlier, 

NGF is overexpressed across all the subtypes of breast cancer. Therefore, to target NGF-

regulated induction of p75
NTR

 might be of therapeutic relevance. TNBCs exhibited 

differential sensitivity to apoptosis with or without induction of p75
NTR

. The cells with 

little to no p75
NTR

 were very resistant to Ro 08-2750 because on ELISA, there was no 

detectable NGF after 24 h of cell culture; but when NGF and p75
NTR

 were allowed to 

accumulate in the system, Ro 08-2750 was able to efficiently sensitize the cells to 

apoptosis. Overexpression of p75
NTR

 has been reported to enhance breast cancer cell 

survival through p21
waf1 

(Verbeke et al., 2010). Genetic knockdown of p75
NTR

 by p75
NTR

 

shRNA was able to sensitize the cells to drug-induced apoptosis. Alternatively, peptide 

inhibitor, TAT-Pep5 was also used which increased basal cell death but failed to sensitize 

the cells to drug-induced apoptosis. However, it conferred an additive effect to drug 

induced cell death. A similar approach to using Ro 08-2750 at different time points was 

carried out using TAT-Pep5. There was an increase in PARP cleavage indicating an 
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increase in basal cell death where p75
NTR

 expression was induced; however, there was no 

increased PARP cleavage in the presence of apoptosis inducer. 

TNBC cells are difficult to treat subtype of breast cancer and are insensitive to current 

targeted therapies due to the lack of expression of Ee, Pr and Her-2 receptors (Perou et 

al., 2000, Foulkes et al., 2010). The fact that NGF signaling is specific to TNBC cells and 

not to NBEC indicates NGF as a potential therapeutic target. It has been reported that use 

of NGF-neutralizing antibody on MDA-MB-231 xenograft in SCID mice reduced the 

tumor growth, size and volume, thus highlighting the therapeutic potential of targeting 

NGF in breast cancers (Adriaenssens et al., 2008). A correlation between expression of 

NGF and p75
NTR

 genes in patients with breast cancer was determined and this analysis 

showed a weak yet highly significant positive correlation between the expression of the 

two genes in all patients (irrespective of the subtypes), patients with basal-like breast 

cancer and Er+ or –ve breast cancers . However, this correlation was not significant in 

Luminal subtypes of breast cancer. This correlation was similar for NT3 or NT4 vs 

p75
NTR

. This is consistent with the findings of this study where an increase in expression 

of p75
NTR

 was observed in TNBC cells and not in Luminal subtypes. The increase in 

expression of p75
NTR

 was accompanied by the increase in expression of proNGF and 

secretion of mature NGF into the media of TNBC cells. Therefore, targeting one of the 

two might have an effect on the other. Collectively, the data in this study show that NGF 

can regulate the levels of FLp75
NTR

 in breast cancer cells and that this may be linked to 

the increased resistance of TNBC cells to chemotherapeutic drug-induced cell death. The 

findings from this study can be exploited therapeutically by targeting the activity of 

p75
NTR

, thereby inducing more cell death. 

Therefore, targeting NGF secretion and its interaction with p75
NTR

 in combination with 

conventional chemotherapeutic drugs will be of high therapeutic value in TNBC patients 

where expression of p75
NTR

 is a marker of good prognosis. This approach of targeting 

breast cancers is not restricted to basal like breast cancers but can also be applied across 

subtypes of breast cancer as they all overexpress NGF and express p75
NTR

. 
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4 Chapter 4: Results 

Biological activity of rationally designed NGF variants with 

predicted receptor specificity 
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4.1 Introduction 

NGF is known to bind to two receptors; TrkA and p75
NTR 

(Bradshaw et al., 1994). NGF-

mediated TrkA signaling induces differentiation, neurite outgrowth, synaptic plasticity 

and pro-survival effect in neuronal cells (Bibel and Barde, 2000). It can induce 

proliferation through activation of MAPK pathway in various cancers such as breast 

cancer, pancreatic cancers and prostate cancers (Descamps et al., 2001c, Zhu et al., 2002, 

Djakiew, 2000). In contrast, NGF-mediated p75
NTR

 signaling can induce pro-survival or 

pro-death signaling depending on the cellular context, and also on the form of NGF that 

binds, i.e., proNGF or mature NGF. For example, NGF signaling through p75
NTR

 

mediates pro-survival signaling through activation of NF-κB in breast cancer cells 

(Descamps et al., 2001c), whereas binding of proNGF and NGF to p75
NTR

 mediates 

neuronal cell death through activation of JNK (Nykjaer et al., 2004, Gentry et al., 2000) . 

Thus, NGF signaling through its receptors mediates diverse biological effect depending 

on cellular context. Receptor imbalance and abnormality in the production of mature 

NGF are associated with pathogenicity of cancers and diseases like AD (Roux and 

Barker, 2002). 

AD is a progressive neurodegenerative disorder characterized by extracellular deposition 

of amyloid- β (Aβ) peptides and the formation of intracellular neurofibrillary tangles, 

accompanied by synaptic dysfunction and cognitive decline (Selkoe, 2001). The number 

of predicted AD cases was estimated at 36 million in 2010, and is expected to triple by 

2050 due to the aging population (Huang and Mucke, 2012). This increases the need for 

an effective treatment strategy for AD. Aβ has been implicated in the pathogenesis of AD 

by the discovery of mutations in the amyloid precursor protein (APP) in a small 

percentage of familial AD patients (Goate et al., 1991). It has been shown that the 

binding of Aβ to p75
NTR

 induces neuronal apoptosis (Yaar et al., 1997) via activation of 

the c-Jun signaling pathway (Knowles et al., 2009). In contrast, p75
NTR

 enhances 

neuronal survival when bound by NGF (Rabizadeh et al., 1994). The expression of 

p75
NTR

 is abundant in basal forebrain cholinergic neurons (BCFN) (Rabizadeh et al., 

1994) , while lower levels of NGF and TrkA have been reported in these cells (Scott et 

al., 1995). Together, this could explain the degeneration of BCFNs observed in AD 

(Rabizadeh et al., 1994). An early phase clinical trial of NGF gene therapy via 

implantation of autologous fibroblasts modified genetically to express human NGF in the 

forebrain showed a reduced rate of decline with cognitive testing (Tuszynski et al., 2005). 
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This method of using NGF as therapy has proved to be beneficial only on early stages of 

AD treatment and not in advanced stages due to enhanced amyloid toxicity (Olson et al., 

1992).  

Decreased NGF signaling through its receptors has been linked to insensitivity to pain 

(Minde et al., 2004, Einarsdottir et al., 2004) and high levels of NGF have been detected 

in several acute and chronic pain states (McKelvey et al., 2013). Anti-NGF therapies that 

inhibit NGF signaling through its receptors, thus causing insensitivity to pain, have been 

developed (Kumar and Mahal, 2012). One of the most successful therapies so far has 

been the administration of monoclonal anti-NGF antibody, Tanezumab, which is in Phase 

II and III of clinical trials for treatment of pain associated with osteoarthritis of the knee 

(Brown et al., 2012, Lane et al., 2010). The use of NGF neutralizing antibody has been 

reported on MDA-MB-231 xenograft in SCID mice that showed reduction in tumor size, 

volume and growth (Adriaenssens et al., 2008). This is an example of targeting altered 

NGF signaling in the context of cancers. However, development of patient tolerance and 

drug related immunogenicity is associated with use of biologics such as neutralizing 

antibodies; therefore an alternative therapeutic option is much sought after despite the 

success of Tanezumab (Pascual-Salcedo et al., 2011).  

Rationally designed NGF variants were previously generated using the FoldX protein 

design algorithm in collaboration with van der Sloot and Serrano (Carleton, PhD thesis, 

2013).  This algorithm provides details of important interaction in the protein which 

contributes to the stability of protein and to the formation of protein complexes. This 

algorithm helps to generate mutations in proteins whose crystal structure has already been 

resolved.  (Guerois et al., 2002). For each mutation generated in the NGF, the change in 

the free energy of unfolding of the ligand-receptor complex was calculated relative to that 

of the WT-NGF. The difference in the free energy of unfolding between the WT and the 

variant NGF was then determined (ΔΔG). The variants that had increased binding affinity 

to the receptor were more difficult to unfold and had a higher free energy of unfolding 

giving a negative ΔΔG. Conversely, if there was decreased binding affinity of ligand and 

the receptor, that was indicated with a positive ΔΔG.  

Based on this approach, several NGF variants with predicted altered binding affinity to 

TrkA or p75
NTR 

receptors were generated, of which eight NGF variants were chosen for 

further study. A method of expressing WT-NGF and NGF variants in mammalian cells 
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was developed by Dr. Laura Carleton and the activity of the in-house recombinant human 

WT-NGF expressed was determined (Carleton, PhD thesis 2013). The actual binding 

affinity of the expressed NGF variants to TrkA or p75
NTR

 was determined from the 

TrkA/p75
NTR

 binding studies (Carleton, PhD thesis 2013) and is summarized in Table 

4.1.  

NGF variant TrkA P75
NTR

 

H4D ↑ ↔ 

H4E ↑ ↓ 

I31R 0 ↔ 

K32R ↑ ↑ 

G33M ↓ ↔ 

R69D 0 0 

H84Q ↓ ↔ 

A98I ↑ ↑ 

 

Table 4.1 Summary of NGF binding data: The table summarizes the actual binding affinity 

of each NGF variant to TrkA or p75
NTR

 on the binding studies performed by Carleton (Carleton, 

PhD thesis, 2013). The symbols (↑) indicates increased binding to the receptor relative to WT-

NGF, (↓) indicates decreased binding to the receptor, (0) indicates no binding to the receptor and 

(↔) indicates unchanged binding to the receptor.   

The biological activity of NGF variants through TrkA or p75
NTR

 was previously 

examined, revealing that some of the NGF variants were biologically active through their 

signaling via TrkA (H4D, H4E, K32R, G33M, H84Q and A98I), and this was confirmed 

by (a) their ability to activate ERK and AKT signaling pathways, (b) by their ability to 

induce neurite outgrowth in PC12 cells and (c) by their ability to protect PC12 cells 

against TG-induced cell death, an effect which was lost in the presence of pan-Trk 

inhibitor, K252a (Carleton, PhD thesis, 2013). In that study there did not appear to be any 

difference in the ability of the NGF variants tested to activate TrkA signaling. However, 

that may have been due to the use of NGF variants at saturating concentrations. 

Regarding p75
NTR

, several approaches were taken to develop a biological assay to 

determine the activity of NGF through p75
NTR

, with a view to testing the variants. 
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ProNGF/NGF-induced apoptosis through its signaling via p75
NTR

 was investigated on 

several cell lines such as PC12, RN22, SK-N-MC, and NGF/p75
NTR

-mediated pro-

survival signaling through activation of NF-κB was tested on MDA-MB-231 cells or in 

HEK cells overexpressing p75
NTR

. However, despite several approaches taken to test 

p75
NTR

 biological activity, none of the assays was successful.   

The aim of this chapter is to (a) distinguish the potency of individual NGF variants 

through TrkA signaling; (b) to develop a p75
NTR 

biological assay; and (c) to test the 

biological activity of NGF variants through their signaling via p75
NTR

.  

4.2 Results 

4.2.1 Expression of NGF variants 

The protocol used for expressing in-house WT-NGF was followed to express the eight 

NGF variants chosen for this study. As the activity of in-house WT-NGF was comparable 

to that of commercially available hβNGF (referred to as hβNGFc from now on), WT-

NGF was used as a positive control for comparison with the NGF variants. The NGF 

variants were expressed in HEK293T cells. ProNGF and mature NGF were expressed in 

the lysate while the secreted NGF was detected in the culture media of HEK293T cells as 

shown in Fig. 4.1.A. The secreted NGF was then quantified using NGF-ELISA as shown 

in Fig. 4.1.B. I31R, R69D and G33M NGF variants were secreted in lesser quantities, 

while the other NGF variants used in this study were secreted at levels comparable to the 

WT-NGF. The NGF variants were re-expressed as required whenever stocks of neat NGF 

variants ran low. Consistently, I31R and R69D NGF variants were secreted in lesser 

quantities.  
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Fig. 4.1: Expression of the NGF variants  

The NGF variant constructs were transfected into HEK293T cells using JetPEI transfection 

reagent. (A) 48 h after transfection the media were collected and the cells were lysed. Pro-

NGF/NGF expression in the HEK293T cells and the secretion of the NGF into the media was 

analysed by Western blotting using an anti-NGF antibody. The data are representative of 3 

independent experiments. (B) The concentrations of NGF secreted into the media were quantified 

using an ELISA. Commercially available hβNGF from R&D systems was used as standard for 

NGF concentration. These data are representative of n=1.  

4.2.2 Biological activity of NGF variants through TrkA 

4.2.2.1 Dose response of NGF variants to determine protection against TG-induced 

cell death 

Previous studies in the lab have shown that NGF can protect PC12 cells from TG-induced 

cell death (Szegezdi et al., 2008) and that WT-NGF, H4D, H4E, K32R, G33M, H84Q 
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and A98I NGF variants could protect cells from TG-induced cell death in PC12 cells 

(Carleton, PhD thesis 2013). However, no distinguishable effect was observed in 

previous studies between NGF variants when they were used at 50 ng/ml. Therefore, a 

range of concentrations of WT-NGF or NGF variants (12.5-50 ng/ml) were tested to 

determine if any of the variants were more potent in mediating the pro-survival effect in 

response to TG-induced cell death. Consistent with the findings of Carleton (Carleton, 

PhD thesis, 2013), the WT-NGF or NGF variants except I31R and R69D mediated 

protection at a concentration of 50 ng/ml.  From Fig. 4.2.A and B, NGF variants did not 

have significant effect at lower concentrations, and no NGF variant tested was more 

potent than WT-NGF in mediating protection.  

 

Fig. 4.2: NGF variant-mediated protection against TG-induced cell death: PC12 cells were 

treated with indicated concentrations of NGF-containing media followed by 0.25 μM TG 

treatments and cell viability was measured. In (A) the dose response of H4D, H4E, I31R and 

K32R variants and in (B) the dose response of G33M, R69D, H84Q and A98I variants are shown. 

The viability of cells treated with EV HEK293T conditioned media in the absence of TG was set 
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to 100%, all treatments were expressed as a percentage of that. The data are representative of 3 

independent experiments +/- the Std. Dev *** p<0.001, **p<0.01, * p<0.05.  

4.2.3 Developing a p75
NTR

 biological assay 

Determination of the biological activity of NGF variants through p75
NTR

 was a goal of the 

current study, for which a model showing NGF signaling through p75
NTR

 was needed. 

Several approaches were previously taken to develop a NGF-p75
NTR

 biological assay, 

using published approaches, but these were unsuccessful. Here, several other approaches 

were taken based on published literature involving NGF-p75
NTR

 signaling. 

4.2.3.1 NGF-mediated protection in breast cancer cells as a biological assay for 

p75
NTR

 signaling 

It is widely reported that NGF mediates pro-survival signaling in breast cancer cells 

through p75
NTR

 by activating the NF-κB pathway (Descamps et al., 2001c). MDA-MB-

231 cells, a model of TNBC, were used to determine the NGF-mediated protection in 

response to C2-ceramide induced cell death. C2-ceramide was chosen to induce cell 

death in an attempt to reproduce the results published by (Descamps et al., 2001c). In 

addition to C2-ceramide, etoposide, a genotoxic drug was also chosen.  Etoposide has 

been used in treatment of metastatic breast cancers (Calvert et al., 1993). Cells were pre-

treated with commercially available mouse NGF (mNGF) at 100 ng/ml for 24 h. 

Following this, the cells were treated with C2-ceramide or etoposide at the indicated 

concentrations. As shown in Fig. 4.3 A, loss of mitochondrial membrane potential was 

determined. NGF did not protect the cells from drug-induced apoptosis. A cell viability 

assay was performed where cells were treated with the indicated concentration of drugs 

in the presence or absence of two different concentrations of NGF. As 100 ng/ml NGF 

did not protect cells from drug induced cell death, shown in Fig. 4.3 A, a higher 

concentration of NGF was also included in this assay (Fig. 4.3 B). However, the higher 

concentration of NGF was also unable to protect cells from drug-induced cell death. As 

the outcome of both the assays showed no NGF-mediated protection in response to drug-

induced cell death, the experiments were not performed multiple times; instead a 

different strategy was used to address our question.  

The lack of protection with NGF may have been due to masking of any protective effect 

by the presence of growth factors present in the foetal bovine serum (FBS) since the 

experiments were performed in complete medium. In order to eliminate this possibility, 
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the cells were serum starved for 24 h prior to co-treatment with 100 ng/ml mNGF and 5 

µM C2-ceramide for 24 h. The proportion of cells in SubG1 phase of cell cycle (Fig.4.3 

C) and cells with low mitochondrial membrane potential (Δψm) were determined using 

FACS (Fig.4.3 D). In both assays NGF was seen to mediate a slight protection against 

C2-ceramide induced cell death; however, this was not statistically significant.  
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Fig. 4.3: NGF-mediated protection in breast cancer cells:  (A and B) MDA-MB-231 cells were 

pre-treated with 100 ng/ml or 1 µg/ml commercially available mouse NGF for 24 h followed by 

treatment with indicated doses of drugs for 24 h. (A) % cells with loss of mitochondrial membrane 

potential (Δψm) was measured (B) viability of cells was measured using MTT assay. The data are 

representative of n=1. (C and D) MDA-MB-231 cells were serum starved for 24 h, followed by 

co-treatment with 100 ng/ml NGF and/or 5 µM C2-ceramide for 24 h. (C) % of cells in sub-G1 

population of cell cycle was measured (D) % cells with loss of mitochondrial membrane potential 

(Δψm) was measured. One way ANOVA was performed followed by Tukey’s post- hoc test to 

determine statistical significance; *p<0.05.  

4.2.3.2 Aβ1-42 –induced cytotoxicity through p75
NTR 

in PC12 cells 

It is well documented that the binding of Aβ1-42 mediates neuronal apoptosis through its 

binding to p75
NTR

 (Rabizadeh et al., 1994). Recent studies have shown that in cortical 

neurons, in the presence of neurotrophins (NTs), p75
NTR

 binds to NTs and Trk receptor to 

mediate pro-survival signaling through activation of AKT pathway, whereas in the 

absence of NTs, p75
NTR

 forms a complex with death receptor 6 (DR6) and Aβ1-42 and 

mediates activation of caspase-3 through oligomerization of the cytoplasmic death 

domain of p75
NTR

 and DR6 receptors (Hu et al., 2013). The Aβ1-42/p75
NTR

- mediated pro-

death signaling was determined in PC12 cells, which normally express p75
NTR

 and in 

HEK293T engineered to overexpress p75
NTR

.  

Several reports in the literature suggest that AD is characterized by accumulation of 

several types of amyloid deposits containing the Aβ1-42 peptides generated from the 

cleavage of APP (Glabe, 2008). These Aβ1-42 form fibrillary aggregates, that are known to 

induce cytotoxicity in neurodegenerative diseases such as AD (Hu et al., 2013). However, 

there are also studies that show that the soluble Aβ1-42 may form oligomers capable of 

causing about ten-fold inhibition in neuronal viability compared to the Aβ-fibrils (Stine et 

al., 2003).  Two methods were used to re-suspend Aβ1-42 peptide as described in Chapter 

2. Aβ1-42 peptide was re-suspended using protocol 1 to promote Aβ1-42 oligomers and 

protocol 2 was used to promote Aβ1-42 fibrils. The cytotoxicity mediated by oligomeric 

Aβ1-42 (generated using Protocol 1) and fibrillary Aβ1-42 (generated using Protocol 2) was 

tested on PC12 cells with the concentrations of Aβ1-42 published in the respective 

protocols. As shown in Fig. 4.4.A and B, both forms of Aβ1-42 induced a 40% reduction in 

PC12 cell viability, but oligomeric Aβ1-42 was more potent than fibrillary Aβ1-42, because 

the 40% reduction in cell viability was achieved at much lower concentration. This 
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finding was consistent with reports in the literature that oligomeric Aβ1-42 was more 

potent in inhibiting neuronal cell viability. Therefore, oligomeric Aβ1-42 was used in the 

subsequent experiments.  

 

Fig. 4.4: Aβ1-42 mediated cytotoxicity in p75
NTR

 expressing cell lines: PC12 cells were treated 

with indicated concentrations of (A) fibrillar Aβ1-42 or PBS (a vehicle control) (B) oligomeric Aβ1-

42 for 48 h. Cell viability was measured using MTT assay. The data are representative of n=2. 

4.2.3.3 NGF-mediated protection against Aβ1-42 -induced cytotoxicity in PC12 cells  

Next, the ability of NGF to protect PC12 cells from Aβ1-42 -induced cytotoxicity was 

determined. Cells were treated with Aβ1-42 in the presence or absence of increasing 

concentrations of commercially available mNGF. No NGF-mediated protection was 

observed in response to Aβ1-42–induced cytotoxicity in PC12 cells (Fig. 4.5 A and B B).  

PC12 cells have been reported to express both p75
NTR

 and TrkA (Rabizadeh et al., 1994). 
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To confirm the the expression of p75
NTR

 in PC12 cells Western blot analysis was 

performed (Fig.4.5.C).  

 

Fig. 4.5: Aβ1-42 mediated cytotoxicity in p75
NTR

 expressing cell lines: (A and B) PC12 cells 

were pre-treated with 100 ng/ml or 200 ng/ml mNGF in the presence or absence of 30 µM 

oligomeric Aβ1-42 for 48 h and cell viability was measured by MTT assay. The data are 

representative of n=2. (C) A Western blot confirming the expression of p75
NTR

 in PC12 cells. 

4.2.3.4 Aβ1-42 –induced cytotoxicity through p75
NTR 

in HEK293T cells 

It is known that the activity of NGF through p75
NTR

 depends on the relative levels of the 

receptors (Masoudi et al., 2009, Fahnestock et al., 2004, Nykjaer et al., 2004). In 

approaches where cell lines expressing both p75
NTR

 and TrkA were used, NGF/TrkA 

interactions could be obscuring any p75
NTR

 response. Therefore, the use of cell lines that 

would express only p75
NTR

 will allow studying NGF signaling through p75
NTR
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independent of TrkA.  HEK293T cells and HEK293T cells stably overexpressing p75
NTR

 

(HEKp75) were used to determine Aβ1-42 -induced cytotoxicity. Firstly, the expression of 

p75
NTR

 was confirmed using Western blot in HEKp75 cells and HEK293 cells did not 

express p75
NTR

 as shown in Fig. 4.6 A. In order to test the effect of Aβ1-42-induced 

cytotoxicity through p75
NTR

, HEK293T and HEKp75 cells were treated with Aβ1-42 and 

cell viability was assessed 48 h post-treatment using MTT assay. Aβ1-42 induced 

cytotoxicity in both the cell lines, however, in contrast to the established reports, 

HEKp75 cells exhibited similar levels of Aβ1-42  sensitivity to parental HEK293T cells as 

shown in Fig. 4.6 B.  

 

Fig. 4.6: Aβ1-42 mediated cytotoxicity through p75
NTR

 in HEK293T cells: (A)  Western blotting 

was performed to determine the expression of p75
NTR

 in HEK293 and HEKp75 cell lines. (B) 

HEK293T and HEKp75 cells were treated with the indicated concentrations of oligomeric Aβ1-42 

for 48 h and cell viability was measured using MTT assay. The data are representative of n=3. One 

way ANOVA was carried out followed by Tukey’s post-hoc test. **p<0.01. 

4.2.3.5 Effect of NGF on NF-κB activity in RN22 schwannoma cells 

RN22 schwannoma cells have been reported to express only p75
NTR

 and not TrkA 

(Gentry et al., 2000).  

It has been shown that NGF activation of NF-κB through its signaling via p75
NTR

 

mediates an anti-apoptotic effect in RN22 schwannoma cells (Gentry et al., 2000). In 

RN22 schwannoma cells, NGF signaling through p75
NTR

 can mediate pro-survival effects 

by activating NF-κB (Gentry et al., 2000). However, when NF-κB is inhibited, NGF can 

induce cell death through activation of JNK (Gentry et al., 2000). NGF has been shown to 
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cause a reduction in RN22 cell viability upon inhibition of NF-κB using peptide inhibitor, 

SN50 or non-degradable IκB mutants (Gentry et al., 2000). Therefore, the effect of 

NGF/p75
NTR 

signaling upon NF-κB inhibition was determined. The protocol was adapted 

from Gentry et al because in my study, PS1145 was used as NF-κB inhibitor. RN22 cells 

in serum-free media were co-treated with commercially available mNGF and hβNGFc in 

the presence of PS1145, an inhibitor of the I-κK complex of the NF-κB (Yemelyanov et 

al., 2006).  Cell viability was measured after 24 h. There was a 5-6% reduction in cell 

viability with hβNGFc.  Co-treatment with PS1145 in the presence or absence of mNGF 

or hβNGFc reduced RN22 cell viability; however, there was only a modest reduction in 

cell viability (Fig. 4.7 A).  A 30% reduction in cell viability was observed in the presence 

of NGF and inhibition of NF-κB with SN50 as shown by (Gentry et al., 2000).  

Next, to determine the effect of NGF on NF-B signaling, RN22 cells were washed in 

serum free media and the cells were treated with 100 ng/ml hβNGFc for 15 min. A 

decrease in total IκB was observed with NGF treatment compared to the untreated cells 

as shown in Fig. 4.7 B, indicating NGF-mediated activation of NF-κB through p75
NTR

 

signaling.  
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Fig. 4.7: NGF signaling through p75
NTR

 in RN22 cells: (A) RN22 cells were serum starved and 

co-treated with 5 µM PS1145 in the presence or absence of 100 or 200 ng/ml hβNGFc for 24 h 

and the cell viability was assessed using MTT assay. The data are representative of n=2 (B) RN22 

cells were washed three times in serum free media and treated with or without 100 ng/ml hβNGFc 

for 15 min and cells were harvested. The expression of Total IκB was determined on Western blot 

using anti-Total IκB antibody. Actin was used as a loading control.  The data are representative of 

n=3.  

4.2.4 Biological activity of NGF variants through p75
NTR

 signaling 

Out of all approaches used so far to examine NGF mediated signaling through p75
NTR

, 

NGF signaling in RN22 showed the most promise. In the binding studies for NGF 

binding to p75
NTR

 or TrkA and in the biological activity of NGF variants through TrkA 

carried out previously (Carleton, PhD thesis, 2013), R69D showed no binding to either 
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TrkA or p75
NTR

 and I31R showed no binding to TrkA but retained the binding to p75
NTR

 

(Table 4.1) and these data were reflected in the inability of these two variants to mediate 

a biological effect through TrkA signaling. Interestingly, I31R was the only one of the 

variants that retained binding affinity to p75
NTR

 and not to TrkA. Therefore, the 

biological activity of I31R NGF variant through p75
NTR

 signaling was tested in RN22 

schwannoma cells. Two approaches were taken to determine the biological activity of the 

variants in RN22 cells. The effect of I31R, R69D and in-house WT-NGF on RN22 cell 

viability was tested at 24 h and 48 h. As the biological activity of WT-NGF and 

commercially available hβ NGFc were comparable from earlier studies WT-NGF was 

used as a positive control. As shown in Fig. 4.8 A, a reduction in cell viability was 

observed with WT-NGF at 48 h, however, EV, I31R and R69D showed much greater 

reduction in cell viability at 24 h and 48 h. This result was not able to discriminate 

between the NGF variants based on their activity through p75
NTR

.  In order to distinguish 

the effect of I31R from R69D and EV, RN22 cells were treated with these variants along 

with in-house WT-NGF as a positive control and their effect on the degradation of total 

IκB was determined at 15 min because at this time point hβNGFc caused degradation of 

total IκB (Fig. 4.8 B). The I31R NGF variant dramatically decreased the levels of total 

IκB. Intriguingly, there was also a drop in the level of total IκB with R69D; however the 

degradation of total IκB was greater in I31R treated cells. This suggested the ability of 

I31R to activate NF-κB through its binding to p75
NTR

. These data is in agreement with the 

binding of I31R to p75
NTR

 (Carleton, PhD thesis, 2013)  



 

114 
 

 

Fig. 4.8: NGF variants signaling through p75
NTR

 in RN22 cells: (A) RN22 cells were treated 

with 100 ng/ml NGF variants or WT-NGF for 24 h and 48 h. Cell viability was assessed using 

MTT assay. The data are representative of n=2. (B) RN22 cells were washed three times in serum 

free media and treated with or without 100 ng/ml NGF variants and WT-NGF for 15 min and cells 

were harvested. The levels of Total IκB was determined on Western blot using anti-Total IκB 

antibody. Actin was used as a loading control.  The data are representative of n=3.  
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4.3 Discussion 

An imbalance in the NGF signaling through its receptors has been shown to be involved 

in several diseases including Alzheimer’s disease (Fahnestock et al., 2001), chronic pain 

(Indo et al., 1996, Minde et al., 2004), spinal cord injury (Beattie et al., 2002) and chemo-

resistance of several cancers such as breast cancer (Descamps et al., 2001c), pancreatic 

cancer (Zhu et al., 2002). Therefore targeting NGF signaling has a high therapeutic 

potential. This study focused on determining the biological activity of the NGF variants 

designed using the FoldX protein design algorithm. 

Previous studies in the lab in collaboration with van der Sloot and Serrano generated 

NGF variants using the FoldX protein design algorithm (Carleton, PhD thesis, 2013). 

This is an algorithm which determines the interactions of protein complexes and also 

determines the stability of the protein (Guerois et al., 2002). Based on this algorithm, 

single point mutations on NGF were generated that had predicted altered binding affinity 

to its receptors. This algorithm has been successfully used to generate mutations in 

TRAIL with high affinity to the death receptors (van der Sloot et al., 2006, Tur et al., 

2008). The essential amino acids involved in the NGF/p75
NTR

 or NGF/TrkA interaction 

have already been identified by introducing mutations in the NGF ligand and determining 

its effect on interaction with receptors (Bradshaw et al., 1994). Many of the NGF variants 

generated by FoldX algorithm were in the interaction sites of NGF and its receptor. It has 

been reported that NGF interacts with p75
NTR

 through two sites, the site I interaction 

involves amino acid positions 23-35 (loop I) and at positions 92-100 (loop IV) of the 

NGF, and the site II interaction involves the amino acid positions 11-21 of NGF 
 
(He and 

Garcia, 2004, Wehrman et al., 2007).  For example, the I31 residue on NGF has been 

shown to be located in loop I in the interaction site I and this has been shown to directly 

interact with p75
NTR

 (He and Garcia, 2004) and TrkA (Wiesmann et al., 1999). The 

FoldX algorithm predicted this residue as an important site of NGF interaction and 

generated a mutation in that residue; I31R. The biological activity of I31R along with 7 

other NGF variants was determined in this study.  

A protocol to express in-house WT-NGF variants was developed in the lab (Carleton, 

PhD thesis, 2013). Based on this protocol, I expressed the eight variants chosen for the 

study in HEK293T cells and the secreted NGF was quantified using NGF ELISA. The 

expression of mature NGF was confirmed on Western blotting also. On the Western blot 
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for mature NGF in the media, the expression of I31R, K32R, R69D and A98I were 

comparable. However, when the secretion of NGF was quantified using NGF ELISA, the 

amounts of I31R NGF secreted was ~280 ng/ml and of R69D NGF was ~190 ng/ml and 

the levels of K32R and A98I was ~2000 ng/ml and ~1000 ng/ml. The discrepancies seen 

in the expression of I31R and R69D in Western blotting and ELISA may be attributed to 

the fact that the proteins detected on Western blotting are in the denatured form, whereas 

the ELISA detect proteins in their native form and cannot detect proteins in the denatured 

form.  

The biological activity of these variants at TrkA confirmed the inability of these two 

variants to mediate signaling through TrkA. The remaining variants showed protection 

against TG-induced cell death in PC12 at a concentration of 50 ng/ml and at lower 

concentrations although some of them showed protection, this was not statistically 

significant. R69D was predicted to have no change in its binding to TrkA and it was 

predicted to have a decrease binding to p75
NTR

. However, on the binding studies carried 

out previously in the lab, R69D showed no binding to either receptor (Carleton, PhD 

thesis, 2013). To determine if this was due to instability of the protein, the calculation of 

stability of protein was carried out using the FoldX algorithm (Guerois et al., 2002). 

R69D was predicted to be unstable on the FoldX algorithm (Carleton, PhD thesis, 2013). 

This is could be a possible reason for its inactivity and lack of binding to either receptor. 

Previously other variants of I31 have been generated, I31A, I31M and I31V (Bradshaw et 

al., 1994) and these variants exhibited altered binding affinity to TrkA. For instance, 

I31A and I31M exhibited a 30% TrkA binding relative to WT-NGF and I31V showed a 

130% TrkA binding. This demonstrates the importance of this residue in its interaction 

with TrkA and the effect of substitution of amino acid on TrkA interaction (Ibanez et al., 

1992). Consistent with altered binding affinity of mutated I31 residue of NGF, I31R 

mutant generated also showed no binding to TrkA. However, it did retain its binding to 

p75
NTR 

(Carleton, PhD thesis, 2013). Of note is that the ability of the previously reported 

I31 mutations to mediate activity of p75
NTR

 was not tested (Ibanez et al., 1992). The 

stability calculations of I31R indicated that this I31R NGF variant was stable and the lack 

of signaling through TrkA was indeed through its inability to bind to TrkA (Carleton, 

PhD thesis, 2013).  

Out of the 8 variants tested, I31R was the only variant that was different from the other 

variants generated to have an altered receptor affinity (Carleton, PhD thesis, 2013). This 
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variant had no binding affinity to TrkA, yet retained its binding affinity to p75
NTR

. With 

the intention of testing the biological activity of I31R NGF variant through p75
NTR

, a 

p75
NTR

 biological assay was aimed to be developed. Several approaches were taken in the 

lab previously to test pro/NGF mediated pro-death signaling and NGF mediated pro-

survival signaling through p75
NTR

 in various models. These experiments were 

unsuccessful (Carleton, PhD thesis, 2013). NGF-mediated signaling through p75
NTR

 via 

the activation of NF-κB has been widely published in breast cancer (Descamps et al., 

2001c).  This model was used to test the effect of NGF signaling through p75
NTR

. A 

breast cancer model where NGF has been shown to mediate pro-survival signaling in 

response to C2-ceramide induced death was used as first approach. Pre-treatment of 

MDA-MB-231 cells with NGF could not protect them from C2-ceramide induced cell 

death. It was considered that the failure of this assay may have been due to the 

interference of growth factors present in the FBS.  FBS contains several growth 

promoting factors such as insulin, growth hormones and cortisol and it could be that these 

growth factors together mask any effect of NGF in the system. There are several reports 

that show the role of numerous other growth factors mediated pro-survival signaling in 

breast cancers such as insulin-like growth factor mediated (Nahta et al., 2003). In 

addition, cross-talk of growth factor signaling is at interplay in breast cancers (Lee et al., 

2001a). Therefore, activation of several other growth factor- mediated receptor signaling 

could be taking place masking the effect of NGF.  To eliminate these potential interfering 

factors the activity of NGF was tested under serum starved conditions.  Although NGF 

could not significantly protect cells from C2-ceramide induced death, it did mediate a 

slight protection. It is shown in chapter 3 that the levels of expression of p75
NTR

 are 

regulated in TNBC cells cultured in vitro and that they exhibit a differential sensitivity to 

apoptosis inducers depending on the levels of p75
NTR

. The possible explanation for not 

observing significant protection could be due to low levels of expression of p75
NTR

 in the 

cells at that time point. Whether serum starvation of cells has an effect on regulation of 

the expression of p75
NTR

 in breast cancer cells is not known. However, NGF-mediated 

regulation of p75
NTR

 has been reported in hippocampal astrocytes 48 h post-serum 

starvation (Cragnolini et al., 2009). 

Next, Aβ1-42-mediated cytotoxicity through signaling via p75
NTR

 was examined. Although 

oligomeric Aβ1-42 was able to induce cytotoxicity with higher potency than fibrillary Aβ1-

42, NGF was not able to protect PC12 cells from Aβ1-42-induced cell death. The toxicity of 
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Aβ1-42 is mediated through its binding to p75
NTR

 in the absence of NGF, while in the 

presence of NGF, it potentiates neuronal survival (Rabizadeh et al., 1994). However, 

when NGF binds to TrkA, it enhances the toxicity of Aβ1-42 peptide (Rabizadeh et al., 

1994). Later studies in the field showed that Aβ1-42 peptide  does not bind to TrkA and it 

can only activate signaling pathways by binding to p75
NTR

 (Yaar et al., 2002). It is 

possible that the presence of TrkA in PC12 cells obscures NGF signaling through p75
NTR

, 

and this could be the reason for no observable NGF-mediated protection in PC12 cells in 

response to Aβ1-42 peptide treatments.HEK293T cells engineered to overexpress p75
NTR

 

were used to study p75
NTR

-mediated signaling. Based on the findings from the literature, 

one would expect increased Aβ1-42–mediated cytotoxicity in p75
NTR

 overexpressing cells 

(Yaar et al., 1997, Fombonne et al., 2009), but in contrast, HEKp75 cells exhibited 

similar levels of sensitivity to Aβ1-42–mediated cytotoxicity when compared to parental 

cell lines. As HEK293T cells which lack p75
NTR

 also seem to be sensitive to Aβ1-42–

treatments, the reduction in cell viability can be attributed to non- specific effect of the 

peptide. The experimental design can be improved by using a reverse Aβ42-1 peptide 

which would serve as a negative control for the experiment and the effect of Aβ1-42 can be 

determined on HEKp75 cells.   

In contrast to NGF-mediated pro-survival signaling through TrkA in neuronal cells, NGF 

has also been shown to activate the c-Jun pathway in cultured oligodendrocytes, although 

that study did not show the induction of apoptosis in that system (Gentry et al., 2000). 

NGF has also been shown to activate NF-κB suggesting a possible role of NGF-mediated 

pro-survival mechanism in these cells. NGF has been shown to induce cell death through 

p75
NTR

 signaling upon inhibition of NF-κB pathway in RN22 schwannoma cells (Gentry 

et al., 2000).  First the effect of NGF and NGF variants on cell viability was determined.  

Although there was a slight reduction in the cell viability with WT-NGF and I31R, there 

was reduction in cell viability with R69D also which had no binding affinity to either 

receptor. This assay was not able to distinguish the activity of NGF variants. The same 

study showed NGF-induced degradation of total IκB in RN22 cells within 15 min of 

addition of NGF indicating the activation of NF-κB (Gentry et al., 2000). In order to 

distinguish the activity of I31R and R69D through p75
NTR

, their effect on activation of 

NF-κB was determined. WT-NGF and I31R were able to activate NF-κB in RN22 cells at 

15 min. This could suggest a possible activation of NF-κB through p75
NTR 

in RN22 cells. 

This result is in agreement with the data obtained on p75
NTR

 binding studies of variants, 
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where I31R variant retained its binding affinity to p75
NTR

 (Carleton, PhD thesis, 2013). 

Interestingly, R69D which has been shown to have no binding affinity to either receptor 

has also been shown to activate NF-κB. This could suggest a p75
NTR

-independent 

activation of NF-κB pathway. On the binding studies of p75
NTR

, I31R did not show 

binding to p75
NTR

 at an affinity greater than the WT-NGF (Carleton, PhD thesis, 2013). 

However, the fact that there is greater activation of NF-κB with I31R than WT-NGF on 

the Western blot may suggest a difference in binding kinetics of the NGF variants 

compared to WT-NGF and activation of NF-κB.  

A previous study in the lab identified a key residue, I31, that plays an important role in 

NGF/TrkA interaction. This study focused mainly on determining the biological activity 

of the variants. However, the biological activity of I31R variant through p75
NTR

 needs to 

be fully validated. The main limitation to the study is the lack of robust p75
NTR

 biological 

assay to test the biological activity mediated through p75
NTR

. Currently, of all approaches 

tested, the activation of NF-κB by NGF in RN22 cells showed the most promise. 

Although several reports show NGF-mediated activation of c-Jun can result in apoptosis 

(Yoon et al., 1998), this was observed not observed in RN22 cells where NGF was able 

to activate c-Jun. Reproducibility of the findings has been the major limitation in 

developing a p75 biological assay.  
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5 Chapter 5: Results 

HSPB1 attenuates ER-stress induced apoptosis via 

degradation of the BH3-only protein, BIM 
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5.1 Introduction 

Cellular stress can perturb the ER homeostasis resulting in ER stress. This results in the 

accumulation of misfolded proteins or unfolding of the newly synthesized proteins in the 

ER (Samali et al., 2001). HSPs are family of proteins that are induced in response to a 

wide range of stressors (Parsell et al., 1993). HSPB1 is one such member in the family 

that mediates cytoprotective effect in response to cytotoxic stimuli (Samali et al., 2001). 

They mediate their cytoprotective effects through various mechanisms such as acting as a 

molecular chaperone, by interacting with key components of the apoptotic pathway, by 

directly binding to caspases and inhibiting its activity, by modulating and maintaining the 

redox potential within cells, or by stabilizing F-actin microfilaments during stress 

(Concannon et al., 2003).  

My work  is based on a previous study in the lab which has shown that thermal 

preconditioning was able to protect Hela cells and PC12 cells from ER stress induced 

apoptosis through the regulation of BIM (Kennedy et al., 2014). The aim of my study is 

to delineate the role of overexpression of HSPB1 in protection against ER stress-induced 

apoptosis and to examine the mechanisms by which HSPB1 can regulate the expression 

of BIM in PC12 cells following ER stress. BIM is the BH3 only protein of the BCL-2 

family that has been shown to be crucial in ER stress- mediated apoptosis across various 

cell types, and the depletion of which reduces ER stress-induced apoptosis (Szegezdi et 

al., 2008, Puthalakath et al., 2007). 

It is well known that BIM can be regulated via transcriptional, post-transcriptional and 

post-translational mechanisms (See section 1.14.3.1.1), my contribution in this study was 

towards investigating the post-translational modification; i.e., phosphorylation of BIM 

regulated by HSPB1.  

BIM gets phosphorylated by various stress kinases such as ERK1/2, JNK1/2. BIM is 

phosphorylated by ERK1/2 signaling at Ser-55, Ser-65 and Ser-73 (Hubner et al., 2008). 

Reports show that phosphorylation of BIM at Ser-65 (in rodents) and Ser-69 (in humans) 

by ERK1/2 was necessary and sufficient to bring about the degradation of BIM via the 

proteasome pathway resulting in the protection of K562 cells when compared to BIM 

phospho- mutant (S69G) which cannot be phosphorylated by ERK1/2 (Luciano et al., 

2003). Interestingly, activated JNK1/2 can induce the expression of BIM and also 

phosphorylate BIM at Ser-65 resulting in the induction of apoptosis (Putcha et al., 2003). 
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Phosphorylation of BIM by JNK results in the expression and stabilization of the induced 

BIM resulting in apoptosis (Geissler et al., 2013). How phosphorylation of BIM at Ser-65 

by ERK signaling can confer a pro-survival effect whereas phosphorylation at the same 

site by activated JNK can induce apoptosis is still not clear. It has been reported that one 

could phosphorylate in the absence of other but ERK has higher potential of 

phosphorylating BIM than JNK (Ley et al., 2005). Other sites on BIM that are 

phosphorylated by JNK 1/2 are Ser-100, Ser-112 and Ser-114 and the phosphorylation on 

these sites lead to stabilization of BIM (Geissler et al., 2013).   

Interestingly, mutations in HSPB1 have been reported to be a cause of peripheral 

neuropathies such as Charcot-Marie-Tooth disease 2F (CMT2F) and distal hereditary 

motor neuropathy (dHMN) (Carra et al., 2012) . CMT is one of the most commonly 

inherited neurological disorders leading to a progressive degeneration of peripheral 

nerves (d'Ydewalle et al., 2012). HSPB1 mutants (S135F, R127W, R136W and T151L)  

have been reported to form intracellular aggregates, disrupting the neuro-filament 

network, inhibiting cell division and decreasing cell viability, ultimately leading to 

neuronal cell death (Evgrafov et al., 2004). No studies so far have shown the effect of 

mutations in HSPB1 on cellular responses to ER stress.  

This study delineates the role of HSPB1 in ER stress-mediated cell death by (a) 

determining the effect of HSPB1 on the regulation of BIM, (b) identifying proteins 

interacting with HSPB1 to mediate the regulation of BIM expression and (c) determining 

the effect of mutations in the HSPB1 gene on ER stress-induced cell death with focus on 

the regulation of BIM by HSPB1 mutants.  
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5.2 Results 

5.2.1 HSPB1 overexpression protects cells from ER stress- induced cell death  

To determine the role of HSPB1 in ER stress-induced apoptosis, stable clones of PC12 

cells expressing human HSPB1 or empty vector (EV) pcDNA3.1 were generated. 

Overexpression of HSPB1 was confirmed by Western blot for anti-HSPB1 (Fig. 5.1 A). 

EV-transfected or HSPB1-overexpressing cells (EV or HSPB1 cells) were treated with 

the indicated doses of tunicamycin [TM], an inhibitor of N-linked glycosylation of 

luminal ER proteins (Zou et al., 2009) for 24 h and 48 h to induce ER stress. HSPB1 

protected cells against ER stress compared to EV (Fig. 5.1 B) This was further confirmed 

by observing the cell morphology, where the cells were treated with 2 µg/ml TM for 48 h 

and stained with hematoxylin and eosin stain. EV cells treated with TM showed 

characteristics of apoptosis including cell shrinkage, while this was attenuated in HSPB1 

cells (Fig. 5.1 C). Cell lysates were obtained from EV and HSPB1 cells treated with 2 

µg/ml TM for 24 h and 48 h. Western blot for cleaved caspase-3 was carried out using 

anti-cleaved caspase-3 antibody.  HSPB1 cells showed reduced cleavage of caspase -3 

compared to the EV cells (Fig. 5.1 D). Similar experiments were carried out on parental 

PC12 cells transiently transfected with pcDNA3.1 or construct containing full length 

human HSPB1 (HSPB1). Following transfection, cells were treated with 2 µg/ml TM for 

24 h. A mild reduction in the levels of cleaved caspase-3 was observed on Western blot 

in HSPB1 cells compared to EV cells (Fig. 5.1 E). The effect of overexpression of 

HSPB1 was tested in response to another ER stress inducer, thapsigargin (TG), an 

inhibitor of the ER Ca
2+

-ATPase (Zou et al., 2009). HSPB1 protected PC12 cells from 

TG-induced cell death. As the level of protection conferred by HSPB1 in response to TG-

induced cell death was more pronounced compared to the EV, the mechanism of HSPB1-

mediated protection was investigated in response to TG-induced cell death (Fig. 5.1 F).  
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Fig. 5.1: HSPB1 overexpression protects cells from ER stress- induced apoptosis: (A) Protein 

extracts from empty vector (EV) and HSPB1 PC12 cells were analyzed by Western blotting using 

antibody against HSPB1. Actin was used as a loading control. (B) EV and HSPB1 PC12 cells 

were treated with 1, 2 and 4 μg/ml TM for 24 h or 48 h followed by MTT assessment of cell 

viability. (C) The morphology of the EV and HSPB1 cells untreated or treated with 2 µg/ml TM 

for 48 h was examined by haematoxylin and eosin staining. The arrows point to shrunken cells 

indicating apoptosis. (D) EV and HSPB1 cells were treated with 2 µg/ml TM for 24 h and 48 h. 

The lysates were immunoblotted for anti-cleaved caspase-3. Anti-actin was used as a loading 

control. (E) Parental wild type PC12 cells were transfected with pcDNA3.1 or human HSPB1 

overexpressing construct and 24 h post-transfection, cells were treated with 2 µg/ml TM for 24 h.  
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Cell lysates were then immunoblotted for anti-cleaved caspase-3. Anti-actin was used as a loading 

control. (F) EV and HSPB1 PC12 cells were treated with 1, 2 and 4 μg/ml TM for 24 h or 48 h 

followed by MTT assessment of cell viability. Data are representative of at least three independent 

repeats. One-Way ANOVA followed by Tukey’s post-hoc test was carried out, *p<0.05, 

**p<0.01.  

5.2.2 HSPB1 overexpression- mediated protection is regulated through BIMEL 

A previous study in the lab has shown that thermal pre-conditioning was able to reduce 

the expression of BIM in response to ER stress (Kennedy et al., 2014). In order to address 

the question if HSPB1 overexpression mediated protection against ER stress induced -

apoptosis through regulation of BIM, EV and HSPB1 cells were treated with  2 µg/ml 

TM for 24 h and 48 h. This showed a reduction in the levels of BIM in HSPB1 cells (Fig. 

5.2 A). Similar results were obtained when PC12 cells were transiently transfected with 

pcDNA3.1 or HSPB1 and treated with 2 µg/ml TM for 24 h (Fig. 5.2 B). In order to 

determine if the HSPB1-mediated protection in response to ER stress was dependent on 

BIM, experiments with knockdown of BIM were designed. Fig. 5.2 C shows knockdown 

of BIM using siRNA at 24 h and 48 h in EV and HSPB1 cells. EV and HSPB1 cells were 

transfected with 20 nM BIM siRNA or non-coding siRNA (ctr) and treated with TG for 

48 h. HSPB1 cells transfected with non-coding siRNA and treated with TG for 24 h 

showed reduced induction of BIM compared to the EV cells transfected and treated at 

that time point (Fig. 5.2 C). Assessment of caspase-3/7 activity showed that HSPB1 cells 

transfected with non-coding siRNA were more protected than EV cells transfected with 

non-coding siRNA.  BIM siRNA treatment significantly reduced TG-induced caspase-3/7 

activity demonstrating the functionality of the knockdown and underpinning the critical 

role of BIM in ER stress-induced apoptosis. No significant difference in caspase-3/7 

activity was observed between TG-treated EV and HSPB1 cells in the presence of BIM 

siRNA, indicating that the mechanism of HSPB1-mediated protection in HSPB1 cells 

was indeed regulated through the downregulation of BIM (Fig. 5.2 D).  
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Fig. 5.2: HSPB1 overexpression- protection is dependent on BIM: (A) EV and HSPB1 cells 

were treated with 2 µg/ml TM for 24 h and 48 h. The lysates were immunoblotted for BIM. Anti-

actin was used as a loading control. (B) Parental wild type PC12 cells were transfected with 

pcDNA3.1 or human HSPB1 overexpressing construct and 24 h post-transfection, cells were 

treated with 2 µg/ml TM for 24 h.  Cell lysates were then immunoblotted for anti-BIM. Anti-actin 

was used as a loading control. (C) EV and HSPB1 cells were treated with 20 nM BIM siRNA or a 

non-targeting control siRNA (ctr). 24 h later cells were treated with a DMSO vehicle control or 

with 0.25 μM TG for 24 h or 48 h. To test for efficiency of BIM knockdown, cells were harvested 

and protein was analyzed by Western blotting using a specific anti-BIM antibody. Actin was used 

as a loading control. (D) EV and HSPB1 cells treated with either non-targeting control (ctr) 

siRNA or BIM siRNA following treatment with 0.25 μM TG for 24 or 36 h. Caspase activity was 

analyzed by DEVD-MCA hydrolysis. Data are representative of at least three independent repeats. 

Values shown are representative of at least three independent repeats. Two-Way ANOVA 

followed by Bonferroni’s post-hoc test was carried out. * P <0.05, ** P<0.01, *** P< 0.001. 
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5.2.3 Post-translational regulation of BIM is dependent on MEK-ERK signaling 

in HSPB1 cells 

Previous studies in the lab have ruled out the transcriptional and post-transcriptional 

regulation of BIM in HSPB1-mediated cytoprotection in response to ER stress-induced 

cell death. In addition to these findings, parallel studies in the lab also observed that the 

reduced induction of BIM in HSPB1 cells was due to the targeting of BIM for 

proteasomal degradation (Kennedy, PhD thesis 2013). Several reports in the literature 

show that BIM can be phosphorylated at Ser-65 by phospho-ERK 1/2, which then targets 

BIM for proteasomal degradation (Luciano et al., 2003). Hence, the levels of activated 

ERK 1/2 were investigated in HSPB1 cells. The basal levels of phospho-ERK 1/2 were 

higher in HSPB1 cell compared to EV cells as shown in Fig. 5.3 A. This could suggest 

that phospho-ERK 1/2 is stabilized in HSPB1 cells. The levels of BIM phosphorylated at 

Ser-65 after TG treatment was also determined; the levels of phosphorylated BIM at Ser-

65 in HSPB1 cells were at comparable levels to EV cells, however, when taking into 

account the much reduced induction of total BIM in HSPB1 cells, the ratio of 

phosphorylated BIM (Ser-65) was much higher in HSPB1 cells (Fig. 5.3 A).  

Next, the importance of MEK-ERK signaling in HSPB1-mediated protection in response 

to ER stress-induced cell death was determined. Upon chemical inhibition of MEK 

signaling using UO126, a highly selective inhibitor of both MEK1 and MEK2, or using 

genetic knockdown of MEK by MEK siRNA, the importance of MEK signaling was 

assessed. As shown in Fig. 5.3.A and C, UO126 or MEK siRNA were able to efficiently 

inhibit the activation of ERK 1/2, and this inhibition of MEK signaling was associated 

with an accumulation of total BIM in the HSPB1 cells upon TG treatments at 48 h, 

corresponding to reduced phosphorylation of BIM at Ser-65 at that time point. 

Interestingly, the levels of HSPB1 expression in HSPB1 cells were reduced under MEK 

inhibitory conditions (Fig. 5.3 C).  Inhibition of MEK signaling was able to reverse the 

protection conferred by HSPB1 under active MEK-ERK signaling conditions in response 

to ER stress-induced apoptosis. As shown in Fig. 5.3 C and D, HSPB1 cells showed 

reduced caspase-3/7 activity compared to EV cells in response to TG-induced ER stress, 

whereas,  under MEK inhibitory conditions, there was no difference in the caspase-3/7 

activity between EV and HSPB1 cells treated with TG. Taking all these data together, it 

is evident that inhibiting MEK-ERK signaling was sufficient to reverse the protective 
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effect of HSPB1 in response to ER stress. The data confirm that HSPB1 mediated 

protection is highly dependent on ERK signaling. 

 

Fig. 5.3: Phosphorylation of BIM at Ser-65 is dependent on the MEK-ERK pathway: EV and 

HSPB1 PC12 cells were pre-treated with 10 µM UO126 or DMSO control for 2 h followed by 

treatment with TG for the indicated times. (A) Western blot analysis to determine the expression 

of phospho-ERK 1/2, total ERK 1/2 , total-BIM,  phosphorylated BIM (Ser- 65). Actin was used 

as a loading control. (B) DEVDase assay to determine the activity of caspase-3/7 following 

treatment with TG and/or UO126. (C)  EV and HSPB1 cells were treated with 40 nM MEK 

siRNA or a non-targeting control siRNA (ctr). 24 h later cells were treated with a DMSO vehicle 

control or with TG for 24 h or 48 h. To test for efficiency of MEK knockdown cells were 

harvested and protein was analyzed by Western blotting using a specific anti- phospho- ERK 1/2 

antibody. Expression of phospho-ERK 1/2, total ERK 1/2, total-BIM, phosphorylated BIM (Ser- 

65) and anti-HSPB1 were determined on Western blot analysis. Actin was used as a loading 

control. (D) EV and HSPB1 cells treated with either non-targeting control (ctr) siRNA or MEK 

siRNA following treatment with TG for 36 h. Caspase activity was analyzed by DEVD-MCA 

hydrolysis. Data are representative of at least three independent repeats. Values shown are 
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representative of at least three independent repeats. Two-Way ANOVA followed by Bonferroni’s 

post-hoc test was carried out, * P <0.05, ** P<0.01. 

5.2.4 HSPB1 interacts with phospho-ERK 1/2 and BIM 

HSPB1 has been described as a E4 factor, that acts as a scaffolding molecule which aids 

in the phosphorylation and subsequent ubiquitination of target proteins (Lanneau et al., 

2010). It was hypothesized that HSPB1 acts as a scaffolding molecule that stabilizes 

phospho-ERK1/2 and brings it in close proximity to BIM and thus facilitates 

phosphorylation of BIM by active ERK 1/2 signaling. This phosphorylated BIM is then 

targeted for proteasomal degradation. To address the hypothesis, we immunoprecipitated 

HSPB1 from HSPB1 cells subjected to ER stress (TG) and probed for BIM and phospho-

ERK 1/2. An interaction between HSPB1 and phospho-ERK 1/2 and BIM under both 

basal and TG-treated conditions was observed (Fig. 5.4 A). Similarly, a reciprocal 

immuno-precipitation (IP) with phospho-ERK 1/2 was also performed and was found that 

phospho-ERK 1/2 interacts with HSPB1 and BIM under both basal and treated 

conditions. However, the interaction of HSPB1 on reciprocal IP with phospho-ERK 1/2 

was not as high under basal conditions as observed in immuno-precipitation of 

HSPB1.Together these data show an interaction between HSPB1, BIM and phospho-

ERK 1/2 (Fig. 5.4 B).  
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Fig. 5.4: HSPB1 interacts with phospho-ERK 1/2 and BIM: (A) HSPB1 PC12 cells were 

treated with 0.25 µM TG for the indicated time. Immuno-precipitation (IP) of HSPB1 with 2 

µg/ml anti-HSPB1 antibody was carried out and immunoblotted for expression of BIM and 

phospho-ERK 1/2. (B) Immuno-precipitation was carried out with 2 µg/ml anti-phospho- ERK 1/2 

antibody followed by immunoblotting for expression of BIM and HSPB1. The three lanes on (A) 

and (B) indicate, Input lanes which are cell lysates obtained before IP, the IP lanes and IgG was 

used as a negative control for the IP.  
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5.2.5 Inhibition of phosphorylation of HSPB1 decreased cell viability of HSPB1 

cells in response to ER stress  

HSPB1 is phosphorylated in response to ER stress (Ito et al., 2005). Phosphorylation of 

HSPB1 results in dissociation of large HSPB1 oligomers into smaller tetramers (Lavoie 

et al., 1995). Phosphorylation of HSPB1 mediates cytoprotection in response to stress 

such as oxidative stress (Huot et al., 1996). HSPB1 is phosphorylated by various stress 

kinases including MAPKAPK2/3 (Xu et al., 2006), PKC (Shin et al., 2005) , cGMP-

dependent protein kinase (Butt et al., 2001). The effect of inhibiting the phosphorylation 

of HSPB1 in response to ER stress-induced cell death was investigated. To test this, 

KRIBB3, an inhibitor that directly binds to HSPB1 and inhibits its phosphorylation at Ser 

78 was used (Shin et al., 2005). Cells were pre-treated for 2 h with 5 μM KRIBB3 

followed by treatment with TG for 24 h. KRIBB3 did not have a significant effect on 

viability of EV cells undergoing ER stress which suggests a lack of off-target effects of 

the inhibitor.  Inhibition of phosphorylation of HSPB1 in HSPB1 cells decreased 

protection significantly at 24 h (Fig. 5.5 A). The efficiency of inhibition by KRIBB3 of 

phosphorylation of HSPB1 at Ser-78 was confirmed as shown in Fig 5.5 B. As shown in 

Fig. 5.5 B, phospho-HSPB1 is induced in response to ER stress and in the presence of 

KRIBB3, a reduction in phospho-HSPB1 was observed at both 12 h and 24 h. The data so 

far suggest that HSPB1 could be protecting cells from ER stress-induced cell death 

through activation of ERK signaling. HSPB1 has been reported to undergo ERK-

dependent phosphorylation (Robitaille et al., 2010). In addition, it was noted that HSPB1 

cells have higher levels of ERK (Fig. 5.3 A) that could positively modulate HSPB1. 

Therefore, the effect of inhibition of phosphorylation of HSPB1 on phospho-ERK 1/2 

levels was investigated. There was a reduction in phospho-ERK 1/2 levels in HSPB1 

cells treated with KRIBB3 and TG at 0, 12 and 24 h. There was also a drop in phospho-

ERK 1/2 levels in the presence of KRIBB3 alone in EV cells (Fig. 5.5 B). Together these 

data show that inhibition of HSPB1 phosphorylation can reverse the protective effect of 

phosphorylated HSPB1 in HSPB1 cells.  
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Fig. 5.5: Inhibition of phosphorylation of HSPB1 decreased cell viability of HSPB1 cells in 

response to ER stress: EV and HSPB1 PC12 cells were pre-treated with 5 µM KRIBB3 for 2 h 

followed by treatment with TG for 24 h and 48 h. (A) The cell viability was measured using MTT 

assay. Data are representative of three independent repeats. Values shown are representative of at 

least three independent repeats One-Way ANOVA was carried out with Tukey’s multiple 

comparison post-hoc test *p<0.05, **p<0.01, ***p<0.001. (B) Western blotting was carried out to 

determine the levels of phospho-HSPB1 (Ser -78), phospho-ERK 1/2 and total ERK 1/2 using 

anti-phospho-HSPB1 (Ser -78), anti-phospho-ERK 1/2 and anti- total ERK 1/2 antibodies. These 

data are from a single experiment. This is an assembled gel with both parts of the blot arising from 

the same gel.   
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5.2.6 Cells expressing mutant variants of HSPB1 are not protected against ER 

stress (TG) induced apoptosis and express high levels of BIM 

Mutations in the α-crystallin domain region of HSPB1 (S135F, R127W, R136W, T151L) 

has been reported to be associated with CMT and distal HMN (Evgrafov et al., 2004). 

Given the protection conferred by HSPB1 overexpression against ER stress-induced cell 

death, the effect of mutant HSPB1 overexpression involved in CMT and distal HMN 

phenotype on the cellular response to ER stress was investigated. To test this, stable cell 

lines overexpressing EV (pcDNA3.1) control plasmid, wild type HSPB1 (WT HSPB1), 

and HSPB1 mutants (S135F, R127W, R136W and T151L) in PC12 cell lines were 

generated.   Cell lines were validated for expression of HSPB1 through immunoblot for 

human anti-HSPB1. EV showed no expression of HSPB1, while the levels of expression 

HSPB1 was similar in WT HSPB1 and in cell lines expressing HSPB1 mutants (Fig. 5.6 

A). 

                   

Fig. 5.6: Cells expressing mutant variants of HSPB1 fail to protect against ER stress induced 

apoptosis and express high levels of BIM: Parental PC12 cells were stably transfected with 
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pcDNA3.1 (EV) or WT HSPB1 or mutant HSPB1 constructs (R127W, S135F, R136W and 

T151L). (A) Western blotting was carried out to determine the expression of HSPB1 across stably 

transfected PC12 cell lines using anti-HSPB1 antibody. Actin was used as a loading control. EV, 

WT HSPB1 and HSPB1 mutants (S135F, R127W, R136W and T151L) were treated with TG for 

24 h and 48 h and harvested for (B) Western blotting to determine the expression of BIM, cleaved 

caspase-3, phospho-ERK 1/2, total-ERK 1/2, phospho-JNK 1/2 and total JNK 1/2 using respective 

antibodies and actin was used as a loading control. The blots showing phospho-ERK 1/2 , total 

ERK 1/2, phospho-JNK 1/2 and total JNK 1/2 are representative of n=1.   

Since HSPB1 overexpressing cells mediate a cytoprotective effect by regulating the 

expression of BIM, next, the expression levels of BIM in the HSPB1 mutant cell lines in 

response to ER stress was investigated. The induction of BIM in response to ER stress in 

all the four HSPB1 mutant cell lines was much higher compared to WT HSPB1 cell line 

(Fig. 5.6.B). This could suggest that BIM is not targeted for degradation in HSPB1 

mutant cells. The levels of cleaved caspase-3 in the mutant HSPB1 cells were higher than 

the level of cleaved caspase-3 observed in WT HSPB1 cell line, indicating that the 

HSPB1 mutants cannot protect cells from ER stress-induced cell death (Fig. 5.6 B). From 

the data shown thus far on WT HSPB1 cells, activated ERK 1/2 regulates 

phosphorylation of BIM which gets targeted for proteasomal degradation. Therefore, the 

levels of phospho-ERK 1/2 across the HSPB1 mutant cell lines were investigated. The 

levels of expression of phospho-ERK 1/2 were very high in the untreated mutants 

followed by a large reduction in their levels upon treatment with TG. Intriguingly, the 

levels of phospho-ERK 1/2 were not high in WT HSPB1 cells compared to EV cells as 

shown previously in Fig. 5.3.A. Several factors such as age of cells in culture, or 

temperature changes in the incubator lead to fluctuation in the levels of phospho-ERK 

1/2. The phospho-ERK 1/2 blot showed in Fig 5.6 is one such example. More repeats are 

needed to conclude the effect of ER stress on the expression and regulation of activated 

ERK 1/2 in HSPB1 mutant cell lines. We also investigated the levels of phospho-JNK 1/2 

across these cell lines in response to ER stress. Only R127W showed increased phospho-

JNK 1/2 in response to ER stress at 48 h while the levels of phospho-JNK 1/2 in all other 

HSPB1 mutant cell lines were comparable (Fig. 5.6 B). Taking together all the data on 

HSPB1 mutant cell lines, mutations in HSPB1 result in the inability of HSPB1 to protect 

cells in response to ER stress induced cell death.  
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5.2.7 Cells expressing mutant variants of HSPB1 are not protected against ER 

stress (TM) induced apoptosis and express high levels of BIM 

The expression profile of BIM and cleaved capase-3 after TM–induced ER stress was 

determined across HSPB1 mutants. An increase in the expression of BIM was observed 

in S135F and R136W compared to the WT HSPB1, whereas R127W did not show an 

increase. Similarly, S135F and R136W expressed high levels of cleaved caspase-3 

compared to WT HSPB1, whereas R127W did not show increase in cleaved caspase-3 

activity. Although there is a difference in the protein expression pattern in R127W 

HSPB1 mutant, data on S135F and R136W suggest the inability of HSPB1 to protect 

cells in response to ER stress and their inability to target BIM for proteasomal 

degradation (Fig. 5.7 A). 

       

 Fig. 5.7: Cells expressing mutant variants of HSPB1 fail to protect against TM-induced 

apoptosis and express high levels of BIM: EV, WT HSPB1 and HSPB1 mutants (S135F, 

R127W, R136W and T151L) were treated with 2 µg/ml TM for 24 h and 48 h. (A) Cells lysates 

were immunoblotted for BIM, and cleaved caspase-3 using anti-BIM and anti-cleaved caspase-3 

antibodies. Actin was used as a loading control.  
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5.3 Discussion 

This chapter highlights the importance and role of HSPB1 in mediating protection against 

ER stress-induced cell death through regulation of the BH3-only protein, BIM. This study 

demonstrates that ERK 1/2 was required for HSPB1-mediated cytoprotective effect in 

response to ER stress through phosphorylation of BIM, thereby targeting BIM for 

proteasomal degradation. This study also shows that cells expressing HSPB1 mutants do 

not protect against ER stress-induced cell death and fail to regulate BIM.   

The functional relevance of HSPB1 and its role in ER-stress induced cell death has not 

yet been delineated. It is well known that ER stress-mediated cell death depends on the 

intrinsic apoptotic pathway, which is regulated by the BCL-2 family of proteins (Hetz, 

2012). Out of all the BH3 only proteins, BIM has been reported to be a potent pro-

apoptotic protein that is induced in response to ER stress (Puthalakath et al., 2007, 

Szegezdi et al., 2008). HSPB1 has been shown to mediate a cytoprotective effect through 

various mechanisms which include inhibition at several stages of the apoptotic pathway 

(Concannon et al., 2003). The cytoprotective effect has been shown to be downstream of 

mitochondria through direct binding of HSPB1 to cytochrome c (Bruey et al., 2000) or 

through its direct binding to the effector caspase-3 (Pandey et al., 2000). Parallel studies 

in the lab shows that HSPB1 can act upstream of MOMP by preventing the release of 

cytochrome c to protect cells against activation of caspase cascade in response to various 

ER stressors. Several studies have reported that HSPB1 could mediate cytoprotective 

effect upstream of MOMP. Reports have shown that HSPB1 in response to agents that 

damage the cytoskeleton of the mitochondria negatively regulates the re-distribution of 

BID to the mitochondria, thereby preventing the release of cytochrome c and subsequent 

activation of the intrinsic apoptotic pathway (Paul et al., 2002). The ability of HSPB1 to 

bind to F-actin and stabilize the cytoskeleton has been attributed to the cytoprotection. 

The stabilization of the cytoskeleton could only partially explain the protection conferred 

by HSPB1 upstream of mitochondria because in the presence of F-actin stabilizer, 

Phalloidin, HSPB1 was still able to enhance cell survival (Paul et al., 2002). This 

indicates a possibility for other mechanisms that might be involved in HSPB1- mediated 

protection upstream of mitochondria. As mentioned earlier that ER stress-induced cell 

death involves the intrinsic apoptotic pathway, the work focused on investigating the 

members of the BCL-2 family.  



 

137 
 

BIM, a pro-apoptotic member of the BCL-2 family has been reported to be induced in 

response to ER stress (Szegezdi et al., 2008, Puthalakath et al., 2007). Recently, it has 

been shown that thermal pre-conditioning of HeLa and PC12 cells protected them against 

ER stress-induced cell death by regulating the expression of BIM (Kennedy et al., 2014). 

It is well known that BIM can be regulated at multiple levels, i.e., transcriptional, post-

transcriptional and post-translational regulation. Transcriptional regulation of BIM in 

response to ER stress (Kurata et al., 2011, Puthalakath et al., 2007), and growth factor 

withdrawal (Gilley et al., 2003) has been widely reported. A post-transcriptional 

regulation of BIM by HSPB1 has also been reported recently (Davila et al., 2014). Their 

study has shown that HSPB1 can directly bind to BIM 3’UTR and repress its translation 

under conditions of oxidative stress. My data showed that in the absence of BIM, the 

level of protection seen in EV and HSPB1 cells in response to ER stress were 

comparable.  This confirms that HSPB1-mediated cytoprotection in response to ER stress 

was dependent on the regulation of BIM. This finding was supported by Annexin V 

staining of the cells to determine cell death (Kennedy, PhD thesis 2013). Previous 

findings in the lab ruled out the transcriptional and post-transcriptional regulation of BIM 

in HSPB1- mediated cytoprotection in response to ER stress (Kennedy, PhD thesis 2013).  

The findings from my study suggested possible HSPB1-mediated post-translational 

regulation of BIM. HSPB1 has been shown to enhance proteasome activity in response to 

cellular stress (Parcellier et al., 2003). Some of the proteins that are targeted for 

degradation by the activity of HSPB1 are p27 
KIP1

 and IκBα (Parcellier et al., 2003).  It 

has been shown that HSPB1 overexpression mediated proteasomal degradation of BIM 

(Kennedy, PhD thesis 2013)  

Protein regulation through post-translational modification is important in situations of 

stress when cells require rapid alteration in protein expression or function (Thomas and 

Lieberman, 2013). Activated ERK 1/2 has been reported to phosphorylate BIMEL at Ser-

65 (in rodents) which is then targeted rapidly for proteasomal degradation (Luciano et al., 

2003) . HSPB1- overexpressing cells had a higher percentage of the total BIM 

phosphorylated at Ser-65. Furthermore, HSPB1 overexpressing cells have higher basal 

levels of phospho-ERK 1/2. This could suggest that in HSPB1 cells, sufficiently high 

levels of phospho-ERK 1/2 are stabilized to cause phosphorylation of BIM at Ser-65 

targeting BIM for proteasomal degradation. Activated ERK 1/2 has been reported to 

phosphorylate and target BIM for ubiquitin mediated proteasomal degradation (Ley et al., 
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2003). This can be confirmed with the use of inducible BIM phospho-mutants to 

determine the role of phosphorylation of BIM in the regulation of its stability by HSPB1. 

Whether HSPB1-mediated targeting of BIM for proteasomal degradation is due to 

ubiquitination-dependent or ubiquitin- independent 20S proteasome mediated 

degradation of BIM is not known. HSPB1 has been reported to be phosphorylated by 

phospho-ERK 1/2 (Robitaille et al., 2010). Therefore, a positive feedback loop may be 

operating where higher levels of phospho-ERK 1/2 can in turn modulate HSPB1. 

Together with these observations, it is suggested that in HSPB1 cells, HSPB1 acts as a 

scaffolding factor by bringing phospho-ERK 1/2 and BIM in close proximity such that 

phospho-ERK 1/2 can readily phosphorylate BIM which is then targeted for proteasomal 

degradation. This explanation is supported by the observation that HSPB1, phospho-ERK 

1/2 and BIM interact with each other in a complex. To delineate the complex that 

mediates the degradation of BIM in HSPB1 cells, IP with HSPB1 and reciprocal IP with 

phospho-ERK 1/2 was carried out under untreated and TG treated conditions. Although 

an interaction between HSPB1, BIM and phospho-ERK 1/2 was observed, less HSPB1 

was found to interact with phospho-ERK 1/2 under basal conditions on reciprocal IP with 

phospho-ERK 1/2 (Fig. 5. 5E). This could suggest that not all the HSPB1 available in the 

cells complexes with phospho-ERK 1/2, but more of phospho-ERK 1/2 in the pool 

interacts with HSPB1 in cells treated with TG. Or this could possibly be due to the 

phosphorylation status of HSPB1. HSPB1 is mostly un-phosphorylated in basal 

conditions and it has been shown to be phosphorylated in response to ER stress (Ito et al., 

2005). The reason that less HSPB1 interacts with phospho-ERK 1/2 under untreated 

conditions in the reciprocal IP with phospho-ERK 1/2 could be that un-phosphorylated 

HSPB1 does not bind as efficiently to phospho-ERK 1/2. Whether the fraction of HSPB1 

bound to phospho-ERK 1/2 and BIM under TG treated conditions was phosphorylated 

was not determined. Consistent with the findings in the literature that HSPB1 can be 

phosphorylated during ER stress; a slight shift in the HSPB1 band was observed in TG 

treated conditions suggesting the post-translational modification of HSPB1. A better way 

of confirming the data would be to inhibit the phosphorylation of HSPB1 and determine 

the pattern of complex formation. Alternatively, non-phosphorylatable HSPB1 mutants 

could also be used to determine their interaction with phospho-ERK 1/2 and BIM. The 

effect of inhibition of phosphorylation of HSPB1 (Ser-78) in response to ER stress was 

determined using KRIBB3. KRIBB3 directly binds to HSPB1 and prevents its 

phosphorylation through PKC (Shin et al., 2005). Inhibiting the phosphorylation of 
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HSPB1 reversed the protection conferred by HSPB1 in HSPB1 cells in response to ER 

stress. It is reported that HSPB1 phosphorylation at Ser-78/82 is critical to Src-Akt/ERK 

activation, and reduction in the phosphorylation of HSPB1 by KRIBB3 can attenuate 

TRAIL-induced activation of AKT and ERK survival signaling through suppressing the 

phosphorylation of Src (Qi et al., 2014). As HSPB1 cells had higher levels of phospho-

ERK 1/2, the effect of inhibition of HSPB1 phosphorylation on the levels of activated 

ERK 1/2 was investigated. In HSPB1 cells, KRIBB3 was able to reduce the 

phosphorylation of HSPB1 (Ser-78) and also the levels of phospho-ERK 1/2 in response 

to ER stress. This could suggest a positive loop between the expressions of activated 

ERK 1/2 and phosphorylated HSPB1under conditions of ER stress. Why there was a 

reduction in phospho-ERK 1/2 in EV cells in the presence of KRIBB3 and TG at earlier 

time points (0 h and 12 h) is not clear, however KRIBB3 and TG did not have an effect 

on phospho-ERK 1/2 at 24 h, while there was a consistent reduction in the levels of 

phospho-ERK 1/2 across all time points in HSPB1 cells. Inhibition of phosphorylation of 

HSPB1 has been reported to sensitize cancer cells to death, where overexpression of 

HSPB1 is a common phenomenon (Shin et al., 2005).  

The importance of ERK signaling in HSPB1-mediated regulation of BIM was 

demonstrated using chemical and genetic inhibition of MEK-ERK signaling pathway. 

Disruption of MEK-ERK signaling pathway led to a comparable level of BIM expression 

in EV and HSPB1 cells and reversed the HSPB1-mediated protection in response to ER 

stress. This was also confirmed upon staining cells for Annexin V to determine cell death 

(Kennedy, 2013).  The functional relevance of ERK in the complex formed between 

HSPB1, BIM and phospho-ERK 1/2 can further be delineated by the use of MEK 

inhibitor, UO126. Its effect on the formation of the complex can be investigated. 

Twenty different mutations in HSPB1 have been identified with diverse biochemical 

functions. R127W, R136W and S135F have increased monomerization and preferentially 

interact with tubulin to induce hyper-phosphorylation of neurofilaments (NFs) and reduce 

anterograde transport of NFs (Almeida-Souza et al., 2010). Increased monomerization of 

mutant HSPB1 has been reported to lead to protein hyperactivity in CMT (Almeida-

Souza et al., 2010). In order to determine the effect of mutations in HSPB1 in response to 

ER stress stable clones of cell lines expressing mutations in HSPB1 (R127W, R136W, 

S135F and T151L) were generated. No studies so far have shown the effect of HSPB1 

mutations under ER stressed conditions. This study shows that these mutant forms of 
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HSPB1 fail to regulate BIM and they no longer protect cells from ER stress- induced cell 

death. The levels of phospho-ERK 1/2 were also determined in the system. Although the 

clones expressing HSPB1 mutations show high expression of basal phospho-ERK 1/2, 

these levels drop rapidly in response to ER stress. It has been reported that when cells are 

heat shocked, ERK is activated through two mechanisms; by activation of MEK 1/2 

signaling and by inhibition of ERK dephosphorylation. ERK dephosphorylation is 

brought about by ERK phosphatases such as MKP-3 (Yaglom et al., 2003). It is possible 

that the drop in the levels of phospho-ERK 1/2 could be due to the activation of ERK 

phosphatases resulting in the dephosphorylation of ERK 1/2. It is also possible that upon 

ER stress, HSPB1 cells can act as a scaffold protein stabilizing phospho-ERK 1/2 and 

bringing BIM into close interaction with phospho-ERK 1/2, whereas in contrast, in cells 

that express mutated forms of HSPB1, this scaffold activity of HSPB1 is lost, resulting in 

the inability of HSPB1 mutants to stabilize phospho-ERK 1/2 to form a complex with 

BIM. The rapid de-phosphorylation of phospho-ERK 1/2 results in its inability to 

phosphorylate BIM and to target it for proteasomal degradation in HSPB1 mutant cells. 

The effect of destabilized phospho-ERK 1/2 is the accumulation of total BIM that results 

in failure of HSPB1 to protect cells in response to ER stress. Alternatively, mutations in 

HSPB1 may alter its interaction with certain client proteins, leading to a consequent 

reduction in interaction with other clients required for survival of cells in response to ER 

stress. For example mutation in HSPB1 could alter the interaction of phospho-ERK 1/2 

with HSPB1 and recruit other pro-apoptotic proteins that would stabilize BIM and 

mediate a pro-apoptotic effect. Future direction of the project could focus on delineating 

the differences in the regulation of BIM by investigating the proteins that would interact 

with wild type HSPB1 and HSPB1 mutants. It has been reported that activated-JNK 1/2 

can phosphorylate BIM at Ser-65 and other sites such as Ser-100, Ser-112 and Ser-114 

resulting in stabilization of BIM and thereby inducing apoptosis (Putcha et al., 2003, 

Geissler et al., 2013). The involvement of activated-JNK 1/2 in the stabilization of BIM 

in HSPB1 mutant cells can be determined by IP with phospho-JNK 1/2 and investigating 

any interaction between BIM and HSPB1. 

Overall, the findings from this study can be extended towards various stressors involved 

in inducing cell death. This is of particular interest because HSPB1 undergoes dynamic 

structural changes in its phosphorylation and oligomerization in order to interact with 

client proteins to mount protective effect in response to different cellular stress (Gibert et 



 

141 
 

al., 2013). These modifications could result in activation of various other signaling 

pathways contributing to the cytoprotective mechanism. Also, the findings from our 

studies that contrast to (Davila et al., 2014) imply that the regulation of BIM by HSPB1 

may depend on the type of cellular stress that induces BIM.  

A cytoprotective effect mediated by overexpression of HSPB1 is advantageous for cancer 

cells and in this context; knockdown of HSPB1 has been shown to sensitize cancer cells 

to drug- induced apoptosis (Shin et al., 2005). In contrast, cytoprotection conferred by 

overexpression of HSPB1 is beneficial in pathological conditions of cellular 

degeneration, where apoptosis can be inhibited (Gibert et al., 2011).  A few examples 

have been reported in the literature describing peptide aptamers that can modulate 

interaction of HSPB1 with its client proteins (Gibert et al., 2013). Peptide aptamers PA11 

(sequence: QLSGWVGRCL) and PA50 (YLLRRLCC) have been shown to interact with 

small oligomers of HSPB1 to counteract HSPB1 anti-apoptotic properties (Gibert et al., 

2011). Importantly, these peptide aptamers were more potent in causing reduction of 

tumor growth in SQ20B cell xenografts than HSPB1 depletion using siRNA (Gibert et 

al., 2011). In contrast, PA23 (YILRRASR) has been shown to potentiate HSPB1-

mediated cell resistance to staurosporine and oxidative stress. PA23 was able to attenuate 

stress-induced sensitivity of HeLa cells mediated by R120G mutant of HSPB5 

(associated with myopathy) by disrupting mutant interaction with HSPB1(Gibert et al., 

2013). By understanding how BIM and phospho-ERK 1/2 interact with HSPB1, a 

structure-based therapeutic approach could be used to potentiate or disturb complex 

formation.  

Induction of BIM leads to apoptosis in Huntington’s disease where overexpression of 

mutant Huntingtin protein leads to increased expression of BIMEL (Leon et al., 2010). 

Similarly, phosphorylation of JNK due to overexpression of p75
NTR

 results in the 

phosphorylation of BIMEL at Ser-65 in primary cerebellar granule neurons resulting in 

neuronal apoptosis (Becker et al., 2004). In such conditions, HSPB1-mediated targeting 

of BIM for proteasomal degradation can be therapeutically relevant. Whereas for 

instance, in multiple myeloma cells, INFα- induced apoptosis was dependent on BIM 

(Gomez-Benito et al., 2007), in solid tumors BIM- mediated c-MYC induced apoptosis 

(Muthalagu et al., 2014), induction of apoptosis in lymphoma cells by BH3 mimetic, 

ABT-737 was due to the expression of BIM (Deng et al., 2007). In these conditions, BH3 

mimetics have been shown to sensitize cancer cells to drug induced cell death and prove 
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to be of a high therapeutic relevance. The findings from this study can be extended to 

investigate whether solid tumors can survive ER stress through HSPB1-mediated 

regulation of BIM. 
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6 General discussion, future perspectives and conclusions 

Dysregulated growth factor signaling is one of the hallmarks of cancer (Hanahan and 

Weinberg, 2011). Cancer cells make use of this aberrant extracellular growth factor 

signaling to sustain their proliferation, induce angiogenesis, and activate invasion and 

metastasis of primary tumors, and resist cell death (Hanahan and Weinberg, 2000). 

Altered signaling by neurotrophins such as NGF through its receptors has been 

implicated in the development and progression of several cancers and in the pathogenesis 

of other diseases like Alzheimer’s disease (AD), spinal cord injury and chronic pain 

(Kruttgen et al., 2006, McKelvey et al., 2013, Beattie et al., 2002, Lad et al., 2003). The 

knowledge of NGF signaling in disease or cancer models highlights its therapeutic 

potential.  

Current therapies available for the treatment of breast cancers are surgical intervention 

(mastectomy), radiation therapy, treatment with cytotoxic/genotoxic drugs and 

combination therapies (Lord et al., 2004). Most breast tumors become resistant to current 

therapies and the resistance has been attributed to pro-survival pathways mediated by the 

Er, Pr and Her-2 receptors expressed by breast cancer cells. In combination with 

conventional treatment strategies, adjuvants such as Tamoxifen (Er blocker), Herceptin 

(Her-2 antagonist) are being used in the clinic (Lord et al., 2004). However, there is 

basal-like subtype of breast cancer that do not express these markers (Perou et al., 2000). 

These are interchangeably called TNBCs. This subtype of breast cancers is therefore 

insensitive to conventional anti-hormone and anti-Her-2 treatments (Dolle et al., 2004). It 

is well documented that TNBCs express NGF and the NGF receptors, p75
NTR

 and TrkA, 

in contrast to the NBEC that express only the receptors for NGF (Descamps et al., 1998). 

Moreover, it has also been reported that NGF mediates its signaling effect only on breast 

cancer cells and not on NBEC, thereby increasing the possibility of anti-NGF as a 

therapy for breast cancers (Descamps et al., 1998). NGF mediates pro-survival signaling 

through p75
NTR

 (Descamps et al., 2001c). Targeting NGF/p75
NTR

 mediated pro-survival 

signaling in breast cancers could increase the effectiveness of cytotoxic/genotoxic drugs 

used as adjuvant therapies. By this strategy, low doses of adjuvants can be administered 

which otherwise has been reported to be associated with unwanted side effects. For 

example, doxorubicin has been shown to cause myelosuppression and cardiomyopathies 

(Jones et al., 2007).  
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An imbalance in the expression of neurotrophins, neurotrophin receptors or in the 

maturation of NGF has been implicated in the pathogenesis of several diseases or cancers 

(Roux and Barker, 2002). Targeting NGF can be achieved by (a) targeting NGF itself, (b) 

targeting TrkA or NGF/TrkA signaling and (c) targeting p75
NTR

 or NGF/p75
NTR 

signaling.  

Over expression of NGF has been shown to induce migration in metastatic melanoma cell 

lines (Truzzi et al., 2008), and increase perineural invasion associated with pancreatic 

cancers (Zhu et al., 2002). NGF can also in a paracrine or autocrine manner induce cancer 

cell invasion in vivo thereby contributing to the aggressiveness and poor prognosis of the 

disease (Zhu et al., 2002). NGF is overexpressed in all subtypes of breast cancer. By 

targeting NGF, its signaling through receptors can also be efficiently inhibited. In breast 

cancers, the use of anti-NGF has been shown to be of a high therapeutic potential. It has 

been shown that the use of NGF neutralizing antibodies led to significantly reduced 

tumor growth, tumor size and tumor volume in MDA-MB-231 xenografts in SCID mice 

(Adriaenssens et al., 2008). Anti-NGF antibodies have also been shown to reduce tumor 

cell migration by up to 40% in prostate cancer cell lines (Warrington and Lewis, 2011). 

High levels of NGF are associated with conditions of chronic pain (McKelvey et al., 

2013). Disrupting NGF/TrkA signaling is a promising target for pain management. 

Tanezumab, a monoclonal antibody developed by Pfizer, is currently in Phase II and III 

clinical trials for treatment of pain associated with conditions like osteoarthritis of the 

knee and pain associated with cancers of the bone (Brown et al., 2012, Lane et al., 2010). 

Tanezumab mediates tolerance to pain by binding with high affinity to NGF and blocking 

the interaction of NGF with its receptors (Abdiche et al., 2008). With the use of anti-NGF 

antibodies, development of tolerance to the drug is often an issue. In addition to drug 

tolerance, immunogenicity to the drug is also an issue. How the development of drug 

immunogenicity can be counteracted is an area that needs to be investigated. Therefore, 

in addition to the currently available anti-NGF antibody, newer approaches to target NGF 

and its signaling are needed.  

AD is caused by degeneration of basal BFCN expressing high levels of p75
NTR 

and low 

levels of TrkA and NGF (Scott et al., 1995). In the treatment of AD, NGF was artificially 

secreted from implanted fibroblasts engineered to express human NGF (Wahlberg et al., 

2012). The approach used in my study to express and investigate NGF/NGF variants 

signaling was similar and relevant to the therapeutically produced NGF in the treatment 
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of AD.  Use of NGF in the clinic has been limited due to various factors such as low 

stability, negligible oral bio-availability (Saltzman et al., 1999) or minimal blood brain 

barrier penetration ability (Poduslo and Curran, 1996). However, small molecules to 

inhibit the ligand or its interaction with receptor have been developed to overcome this 

problem (Longo and Massa, 2013).  

The second approach of targeting NGF is by targeting its receptors. In prostate cancer, 

p75
NTR

 acts as a tumor suppressor gene, where its expression in lost in malignant stages. 

In such conditions, the main strategy of treatment is to inhibit TrkA-mediated 

proliferative signaling. NGF-mediated signaling through TrkA has been shown to be 

mediated through MAPK signaling in many cancers such as breast, pancreatic and 

prostate cancers (Descamps et al., 2001c, Zhu et al., 2002, Arrighi et al., 2010). 

Therefore, targeting the activity of TrkA will prove beneficial across these cancers. For 

example, pharmacological inhibitors of TrkA signaling, such as derivatives of pan-Trk 

inhibitor K252a, have shown promise. For instance, CEP-701, has been reported to block 

the invasive capability of prostate cancer cells in vivo (Festuccia et al., 2007), CEP-751 

has been reported to induce apoptosis, decrease metastasis of malignant prostate cancer 

cells and enhance host survival in in vivo experimental models (Weeraratna et al., 2000). 

Recently, siRNA-mediated downregulation of TrkA has been shown to inhibit the 

proliferation of breast cancer cells, increase the chemosensitivity of breast cancer cells to 

paclitaxel and decreased the metastasis in vivo (Zhang et al., 2015). This finding indicates 

the potential use of TrkA inhibitors in breast cancer.  

TNBCs have been reported to express high levels of p75
NTR

 (Reis-Filho et al., 2006). A 

positive correlation has been shown to exist between the expression of NGF and p75
NTR

 

in patients with breast cancers (Jezequel et al., 2013). This part of my work shows that 

TNBCs can be sensitized to drug-induced cell death using small molecule inhibitors, 

particularly when they express high levels of p75
NTR

 as occurs when there are increased 

levels of secreted NGF.  The findings from this study can be related to other cancers 

where NGF/p75
NTR

 mediates resistance to cell death. Small molecule inhibitors of p75
NTR

 

such as peptide inhibitors or non-peptide inhibitors have also been produced. A peptide 

inhibitor of p75
NTR

 called Pep-5 has been synthesized and used in cell lines. Pep-5 is an 

11-amino acid peptide that binds to the death domain of p75
NTR

 and inhibits the 

downstream activation of p75
NTR 

(Yamashita and Tohyama, 2003b). To make this peptide 

cell permeable, it is made available as a TAT-fusion peptide. In addition to these, small 
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molecule such as Ro 08-2750, Y1036 and PD90780 that interact with NGF or 

NGF/BDNF and change their conformation such that the neurotrophin can no longer bind 

to p75
NTR

 are also available and these have proven useful in some experimental 

conditions tested (Niederhauser et al., 2000, Eibl et al., 2010, Colquhoun et al., 2004).  

It has been reported that NGF interacts with p75
NTR

 through two sites, the site I 

interaction involves amino acid positions 23-35 (loop I) and at positions 92-100 (loop IV) 

of the NGF, and the site II interaction involves the amino acid positions 11-21 of NGF 

(He and Garcia, 2004, Wiesmann et al., 1999). The interaction of NGF/p75
NTR

 at the two 

sites mediates different biological function of p75
NTR

. In addition to peptide inhibitors of 

p75
NTR

 that are commercially available, non-peptide p75
NTR

 ligands are also available. 

LM11A-24 (a non-peptide p75
NTR

 ligand), is a neurotrophin loop I mimetic that has been 

shown to bind to p75
NTR

 and block the proNGF and NGF-mediated cell death through 

p75
NTR

 (Pehar et al., 2006). Similarly, LM11A-31 is also a small molecule, non-peptide 

p75
NTR

 ligand that has structural and chemical features similar to NGF loop domain I 

(Simmons et al., 2014). In a model of Alzheimer's disease in which Aβ oligomers are 

added to cultured hippocampal neurons or slices, LM11A-31 and LM11A-24 inhibited 

Aβ-induced deleterious signaling (Yang et al., 2008). It has also been reported that in a 

transgenic mouse model of AD, LM11A-31, when administered orally inhibited 

degenerative signaling without toxic side-effects (Knowles et al., 2013). It was also 

shown to prevent deficits in novel object recognition and spatial working memory and 

reduced neuritic dystrophy with no effect on amyloid levels, proving to be a suitable in 

vivo  target for AD (Knowles et al., 2013). In an in-silico screen, these compounds 

(LM11A-24 and LM11A-31) shown to interact with loop 1 of NGF, interrupted the 

interaction of NGF with p75
NTR

. With a similar rationale to developing ligands that block 

activity of p75
NTR

 by inhibiting its interaction with NGF, previous work in the lab 

generated NGF variants using FoldX algorithm where residues involving interaction of 

NGF with p75
NTR

 and TrkA were identified and mutated. I31 is one such residue that was 

identified to be in the interaction site I, and this site has also been shown to interact 

directly with TrkA. The biological activity of NGF mutated at this residue (I31R) was 

tested. This I31R NGF variant did not bind to TrkA but it retained its binding affinity to 

p75NTR. Thus, this I31R NGF mutant also represents a feasible target for small molecule 

intervention for the treatment of pain and cancers.  
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So far, the role of growth factor (NGF), an extracellular ligand in mediating pro-survival 

signaling in the context of breast cancers and a neurodegenerative disease model; AD,  

has been discussed. The other part of my thesis showed the role of an intracellular small 

heat shock protein (HSPB1) in mediating pro-survival signaling in response to ER stress 

induced cell death. HSPB1-mediated cytoprotection has been observed in response to 

various stressors such as 6-hydroxydopamine, oxidative stress and heat shock (Gorman et 

al., 2005, Davila et al., 2014, Kennedy et al., 2014). The work from results chapter 5 

shows that HSPB1 mediates cytoprotection in response to ER-stress induced cell death 

through post-translational regulation of BIM. This novel regulation by HSPB1 of BIM 

relies on MEK-ERK signaling.  

Activation of ER stress pathway is a salient feature of neurodegenerative diseases (Doyle 

et al., 2011). BIM is one of the BH3-only proteins that is induced in response to ER stress 

(Szegezdi et al., 2008). Several reports highlight the role of BIM in neuronal cell death, 

for instance, in Amyotrophic Lateral Sclerosis (ALS) models (Soo et al., 2012). Reports 

have shown HSPB1-mediated protection in transgenic mouse models of mSOD ALS 

model, whether this is mediated through regulation of BIM is not known (Sharp et al., 

2008). Recent studies have demonstrated the role of BIM in mediating neuronal cell 

death induced by Aβ. These reports show BIM induction by Aβ (Kudo et al., 2012, 

Sanphui and Biswas, 2013). It has been shown that Aβ caused a reduction in AKT and 

other survival kinases, which regulate the transcription factor FoxO3a. The 

transcriptional activation of FoxO3a resulted in the induction of BIM leading to 

activation of intrinsic apoptotic pathway (Sanphui and Biswas, 2013). From the findings 

in chapter 5, there could be a potential role of BIM in the pathogenesis of CMT. 

Investigation into the regulation of BIM in conditions where HSPB1 is mutated would be 

an avenue of research. This would reveal the role of other HSPB1-interacting client 

proteins. My work mainly focused on HSPB1-ERK-BIM signaling, but there are reports 

that suggest BIM can be phosphorylated at Ser-65 residue by JNK 1/2 also. Other 

residues on BIM can also be phosphorylated by JNK and these have been shown to result 

in stabilization of BIM (Geissler et al., 2013). In agreement with my studies where BIM 

accumulates in cell lines which express HSPB1 mutants, a potential role of JNK signaling 

might exist. This is yet another area to be explored.  

 HSPB1 has been shown to be phosphorylated in response to ER stress (Ito et al., 2005). 

This phosphorylation of HSPB1 has been attributed in part to its cytoprotective effect 
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(Shin et al., 2005).  The findings from my study shows that HSPB1 can mediate 

protection against ER-stress induced cell death. Therefore, approaches by which HSPB1 

can be induced and other mechanisms by which HSPB1 interacts with other client 

proteins could be an area that can be investigated. This might be of potential therapeutic 

relevance in neurodegenerative diseases where ER stress plays a pathophysiological role.  

In addition to self-sufficient growth factor signaling as a hallmark of cancer, resistance to 

cell death is also another hallmark of cancer (Hanahan and Weinberg, 2000). Cancer cells 

can resist cell death by placing inhibitory effects on the cell death pathway at various 

levels. HSPB1 has been reported to be overexpressed in cancers including breast cancers 

(Shin et al., 2005). Inhibiting the expression of HSPB1 has been shown to sensitize cells 

to drug-induced cell death. As we know, HSPB1 mediates a cytoprotective effect in 

response to varied stimuli; it would be interesting to determine the link between HSPB1 

overexpression and its regulation of BIM or other members of BH3-only family of 

proteins in conditions of ER stress in solid tumors. 

In conclusion, this thesis highlighted the role of extracellular growth factor signaling- 

mediated and intracellular molecular chaperone- mediated pro-survival signaling in 

cancers, neurodegenerative diseases or in neuropathies. Although these pathways 

function at two different levels in the cells, they have a commonality in eliciting pro-

survival signal. Drug tolerance is always a hindrance in the treatment of diseases. 

Therefore, targeting multiple factors that contribute to disease pathogenesis may help in 

better treatment of diseases. For instance, targeting NGF signaling and also finding a way 

to induce HSPB1 that would regulate expression of BIM could potentially help rescue 

neuronal cell death in AD.  
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