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1 Abstract 

Heat shock proteins (HSPs), play an essential role in housekeeping functions in the body. When these are mis-
used, HSPs are thought to play a significant role in the mechanisms leading to cancer cell development, a main 
aspect of this being metastasis. Metastasis is the spread of cancer cells to other areas of the body, and is often 
linked to a poor prognosis for diagnosed patients. This makes metastasis a very important issue to understand, 
and control. The blocking of metastasis, resulting in the tumour to stay in one tissue, provides better scope for 
treatment, especially in the case of surgery. One such HSP of interest,  Heat shock protein 90 (HSP90) is found 
in all tissues of the body, with its cumulative expression level under non-stress conditions being very high. A 
target to reduce of halt metastasis needs to be identified, this could also be used as a biochemical marker for 
cancer prognosis. The aims of this study are to observe HSP90 output over time, analyse its role in cancer cell 
motility, assess for the use of HSP90 as a potential biomarker for cancer prognosis, and to analyse the synergy 
between HSP90 and TOR inhibitors, with the possibility of therapeutic use of dual drugging regimes. 

HSP90, plays a role in many cellular processes, such as signally pathways and cell survival. Due to this, HSP90 has 
been identified as a promising cancer drug target due to its critical role in stabilization and activation of several 
of the oncoproteins required for driving cancer cell progression, including being implicated in metastasis. In this 
investigation, wound assays were used to visualise cancer cell metastasis over time, with and without a drugging 
regime. Rapamycin and 17-allylamino-17-demethoxy-geldanamycin (17-AAG) were investigated as a drugging 
regime to analyse synergistic lethality as a dual treatment for cancer. Cancer cells were analysed using Western 
Blot to identify presence and concentration of HSP90 in the cells, to identify the effectiveness of the drugging 
regime. This resulted in the reduction of cancer cell metastasis using the optimum dosing concentration of 
0.5μM Rapamycin and 5.1μM 17-AAG. The use of western blots also resulted in images demonstrating  the ability 
of HSP90 to be used as a biomarker for cancer prognosis. These findings are significant when considering 
drugging regimes in human trails which look to reduce cancer cell metastasis, and which look to use biomarkers 
to personalise treatment in future. The major findings of this study were the confirmation that HSP90 is strongly 
involved in cancer cell metastasis, that its phosphorylated residues can be used as marker of cancer prognosis, 
and the identification of a successful drugging regime by combining Rapamycin and 17-AAG. 

 

 

 

 

 

 

 

 

 

 

 



 

 

2 Introduction 

2.1 Background of Heat Shock Proteins 

Heat shock proteins (HSPs) are classed as a large family of proteins which are involved in protein folding and 
maturation. They often act to inhibit denaturation of proteins. Due to their protective and physiological role in 
cells, and their interactions with other molecules, HSPs are also known as molecular chaperones, and play an 
essential role in housekeeping functions in the body. When mis-used, HSPs are thought to play a significant role 
in the mechanisms leading to cancer development, metastasis and cancer cell motility. These molecular 
chaperones are categorized according to their molecular weight in kilo Daltons (kDa). HSPs have been shown to 
participate in important cellular processes such as protein assembly and regulation of transcription factors 
(Lianos et al., 2015). HSPs are induced by different stress signals, such as heat shock, and promote cell survival 
in various conditions, making them a subject of interest in conditions where these proteins accumulate, such as 
in cancer (Lianos et al., 2015). The ability of cells to increase their HSP levels during the stress response is reliant 
on the activity of Heat Shock Factor 1 (HSF1), which binds to the 5’ promotor region of HSP genes, triggering the 
mass transcription of these stress protein genes (Cawthorn et al., 2012). The mechanisms behind this still aren’t 
clear, but it is thought to involve a number of post translational modifications, which convert HSF to an active 
form, allowing it to productively bind the promotor of HSP genes (Cawthorn et al., 2012). 

HSPs play a key role in carcinogenesis via their implications in the hallmarks of cancer, such as angiogenesis, 
migration and cancer cell metastasis, and their role in the mediation of apoptosis (Wu et al., 2017). The 
accumulation of HSPs participate in many of the traits seen in the malignant phenotype of cancer, meaning their 
investigation into their role in cancer is of interest (Calderwood and Gong, 2016). HSPs support cancer stem cell 
identity, such as the ability of cell renewal, invasion and metastasis, therefore targeting HSPs could make cancer 
easier to control by maintaining tumours in one tissue, meaning treatments such as surgery are easier to carry 
out (Calderwood and Gong 2016). They also have the potential in clinical use as biomarkers for cancer diagnosis 
and prognosis due to being overexpressed in cancer and having been altered by post translational modifications 
which can be detected during cancer (Yang et al., 2015). This correlates with the prognosis and aggressiveness 
of cancer. Having a marker to determine effectiveness of treatment would be beneficial to society, as it opens 
the prospect of tailoring therapies to be patient specific. HSPs have the potential to be used as therapeutic drug 
targets due to their abundance on the cell surface of tumours, examples of these including heat shock proteins 
90, 70, 60 and 27 (HSP90, HSP70, HSP60 and HSP27), making them ideal markers of disease (Cawthorn et al., 
2012). There is also good correlation between the expression of HSPs and cancer cells developing resistance to 
chemotherapy, making the inhibition of HSPs a novel strategy for targeting cancer (Yang et al., 2015). 

HSP90 is found in all tissues of the body, with its cumulative expression level under non-stress conditions being 
very high. HSP90 plays a role in many cellular processes, such as signalling pathways and cell survival. It has been 
identified as a promising cancer drug target due to the chaperone’s critical role in stabilization and activation of 
several of the oncoproteins required for driving cancer cell progression (Piper and Millson, 2012). This would 
suggest inhibition of HSP90 would be a promising cancer treatment as a drug target. In the cell, HSP90 is required 
for maintaining the stability and activity of a diverse group of client proteins, including transcription factors, 
protein kinases, and steroid hormone receptors involved in metastasis, cell signalling, proliferation, survival, 
oncogenesis, and cancer progression (Butler et al., 2015). The client proteins of HSP90 also include regulatory 
and checkpoint kinases, growth factors and their receptors, angiogenesis promoters, transcription factors, 
metalloproteinases, and telomerases such as are displayed in Figure 1 (Gewirth, 2016). Therefore, targeting 
HSP90 would disrupt the pathways leading to the production of many of the hallmarks displayed during cancer, 
and could destabilise tumours and their progression. Interruption of the client proteins affected by HSP90 could 
prove a possible target for cancer cell treatment from this. 



 

When growth is required, normal cells receive instruction for proliferation from growth factors, which bind to 
high affinity receptor proteins extracellularly, and intracellularly, which is affected by HSP90, see Figure 2 
(Calderwood and Gong, 2016). Receptors accept the growth signal and transmit it on, these signals pass through 
a series of relay proteins which amplify the message, ultimately leading to cell proliferation (Momeny et al., 
2015). Signalling and cellular deregulation at any point can become oncogenic due to unscheduled proliferation, 
and the unregulated division of cancer cells (Momeny et al., 2015). Most of the receptors and enzymes in the 
cascade described in Figure 2 are oncogenic when elevated, with many of these proteins being clients of HSP90, 
therefore amplification of HSP90 is related to unrestrained proliferation (Calderwood and Gong, 2016). 
Henceforth, the HSP90 chaperone complexes preserve and stabilise the signalling cascades that underlie the 
ability of cancers to sustain independent growth (Agorreta et al., 2014). 

 

Figure 1: Demonstrating the roles that molecular chaperones have in various cellular processes and how they interact with 
client proteins, featuring newly synthesized client proteins. A) Synthesised proteins associated with chaperones and co-
chaperones displaying ant-aggregation. B) Clients assisting with trafficking and translocation of proteins across membranes in 
the cells, such as the endoplasmic reticulum. C) Chaperones maintaining proteins in an active or stable state via ligand 
binding, phosphorylation or other signalling complexes. D) chaperone targeting protein to degrade via the ubiquitin-
proteasome pathway in the absence of appropriate stimuli (Faridi and Ghahghaei, 2018), 



 

 

 

 

 

 

 

 

One protein which drives the effect of  HSP90  in cancer is p53,  a protein involved in mediating growth arrest 
and apoptosis in response to DNA damage (Calderwood and Gong, 2016) Expression of HSP90 is extremely high 
in tumours with p53, meaning that HSP90 could perform  a role in stabilizing the mutated form of p53 (Hientz 
et al., 2017). p53 is also able to trigger cellular responses such as survival or induced cell death, and regulates 
downstream genes that are involved in DNA repair, cell cycle arrest and apoptosis (Hientz et al., 2017). As HSP90 
stabilises p53, the inhibition of HSP90 could have a downstream effect on the destabilisation of p53, allowing 
p53 to contribute to act with oncogenic properties such as cancer cell survival and evasion of apoptosis through 
downstream regulation of genes. 

HSP90 also contributes to limitless proliferation and the avoidance of senescence (Calderwood and Gong, 2016). 
Senescence is the durable cell-cycle arrest that serves to prevent cancer in mammals, and the cells undergoing 
senescence display numerous characteristics, as displayed in Figure 3 (He and Sharpless, 2017). Normal cells 
resist transformation due to the restricted amount of allowed divisions, in accordance to the lack of replication 
at the telomeres at the end of the chromosomes (Calderwood and Gong, 2016). This leads to the shortening of 
telomeres and stops further division and cell senescence (He and Sharpless, 2017). 

 

 

 

 

 

 

Cellular senescence is best known as a cell-intrinsic mechanism to prevent neoplastic transformation, during 
cancer this is affected by HSPs (He and Sharpless, 2017). Cancer cells evade senescence by releasing telomerase, 
which replaces the shortening ends of telomeres, allowing for the avoidance (Calderwood and Gong, 2016). 
HSP90  has been reported to bind o telomerase, so is required for effective function and therefore may assist in 

Figure 2: HSP90 enhances the Heregulin-HER3 Signalling Cascade. Heregulin binds to the receptor and activates growth-promoting signalling 
through various branches (ERK, src and Akt). Numerous high-affinity partners for HSP90 (white circles) are featured along these pathways, 
showing the implication of HSP90 in various points of cancer cells growth. This makes blocking these pathways at any point an excellent 
target for HSP90, to disrupt the HSP90 chaperone system. (Calderwood and Gong, 2016). 

 

Figure 3: The features of cellular senescence. Many of these factors are affected by HSPs, such as growth factors which can be upregulated 
during cancer, so their pathways are affected by HSPs. 



the avoidance of senescence in cancer cells by chaperoning telomerase and overcoming the erosion of telomeres 
over time when overexpressed (Calderwood and Gong, 2016). 

 

2.2 Structure of HSP90, its isoform variations and the heat shock cascade 

HSP90 makes up about 1-3% of all soluble cellular protein (Barrott and Haystead, 2013). HSP90 is comprised of 
three domains: i) an N-terminal domain, containing nucleotide, co-chaperone and drug binding sites; ii) a middle 
(M) domain, which provides binding sites for client proteins and other co-chaperones; and iii) a C-terminal 
domain containing a dimerization motif and co-chaperone binding sites (Figure 4; Prodromou, 2017). 

 

 

 

 

 

 

 

 

HSP90 has an essential role in many cellular processes, such as cell cycle control, cell survival, and signalling 
pathways (Biebl and Buchner, 2019). It is also important for the cell’s response to stress, and is involved in 
maintaining cellular homeostasis (Biebl and Buchner, 2019). HSP90 plays a role in fostering metabolic pathways 
which are essential in tumorigenesis due to its role as a molecular chaperone, meaning that multiple oncogenic 
factors in the membrane and cytoplasm are thus protected from degradation and destruction (Calderwood and 
Neckers, 2016). 

Figure 4: The structure of HSP90. Yellow regions show the N-terminal domains (N) where ATP binding occurs. Blue shows the middle 
domains which houses the binding sites for client proteins and co-chaperones. Red/purple shows the C-terminal domain, containing the 
dimerization motif and co-chaperone binding sites (C). (Prodromou, 2017). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/metabolic-pathways


 

 

 

 

 

 

 

 

 

 

 

In mammalian cells, HSP90 has five organelle-specific isoforms, including cytoplasmic HSP90α and HSP90β, 
endoplasmic reticulum localized glucose-regulated protein 94 (GRP94), mitochondrial tumour necrosis factor 
receptor-associated protein 1 (TRAP1), and membrane-associated HSP90 (Faridi and Ghahghaei, 2018). Stress-
induced HSP90α and constitutively expressed HSP90β, are present both during cancer (Wong and Jay, 2016). 
The other non-cytosolic expressed variants are found in the endoplasmic reticulum (ER), mitochondria, and 
chloroplasts, see Figure 5. (Hoter et al., 2018). The main classes of HSP90 are HSP90AA, HSP90AB, HSP90B, and 
TRAP which contain genes 7, 6, 3, and 1  respectively (Chen et al., 2005) (Table 1). 

 

 

 

 

 

 

 

 

 

Figure 5: The locations of the variations of the HSP90 family. HSP90α (inducible form) and HSP90β (constitutive form) are found in the 
cytoplasm. GRP94 is in the endoplasmic reticulum, and Trap1 is localized in the mitochondrial matrix. eHSP90 is secreted from cytoplasmic 
HSP90α and resides outside the cells (Berwal et al., 2018). 

 



Table 1: The families of HSP90, their location in the cell, subfamilies, genes and resulting proteins. HSP90AA genes mapped onto 
chromosomes 1, 3, 4, and 11; HSP90AB genes mapped onto 3, 4, 6, 13 and 15; HSP90B genes mapped onto 1, 12, and 15; and the TRAP1 
gene mapped onto 16 (Chen et al., 2005). 

 

 

 

During breast cancer, HSP90α and HSP90β are expressed extracellularly in the cytosol, and targeting these have 
been beneficial in inhibiting tumour cell motility and metastasis (Gewirth, 2016). HSP90β is critical to the survival 
of tumour and normal cells, and tumour cells constitutively secrete HSP90α to prevent tumour cell death under 
hypoxic conditions, and to promote tumour cell invasion and metastasis (Lincoln et al., 2019). This opens up 
avenues of investigation of the roles of these specific isoforms in cancer cell metastasis alongside HSP90 as a 
whole. 

The ability of HSP90 to act during cancer is regulated by the adenosine triphosphate (ATP) binding site, allowing 
for the ATPase activity seen during cancer and hydrolysis, which further provides directionality to the HSP90 
cycle (Pearl, 2016). During this, a large number of co-chaperones interact with HSP90 and regulate the 
ATPase-associated conformational changes of the HSP90 dimer that occur during the processing of clients 
(Schopf, et al., 2017). Upon ATP hydrolysis, the confirmation of HSP90 alters, releasing those cochaperones that 
associate with its ATP-bound state and recruiting those cochaperones that prefer to associate with HSP90 (Isaacs 
et al., 2003; Figure 6). 
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Figure 6: Representation of the ATP regulatory cycle of HSP90. The open and closed confirmations of HSP90 are shown, along with the 
how ATP is required to close the binding site, and how ADP and Pi are released upon opening (Hoter et al., 2018). 



ATP binding and hydrolysis are part of the slow conformational cycle in which the HSP90 dimer progresses from 
an N-terminally open state to a closed state (Luengo et al., 2018). In the apo state, the N-terminal adopts an 
open V-shaped conformation, binding of ATP triggers repositioning of a lid segment leading to the first 
intermediate state, which is then subjected to concomitant structural changes inducing the closed state (Li et 
al., 2012). The conformational changes from the open to the N-terminally closed state are rate limiting and 
precede ATP hydrolysis (Hessling et al., 2009). HSP90 bound to ATP also has a higher affinity for its client 
proteins, this makes the N-terminal region a prime target for cancer drugs, as blocking the N-terminal or ATP 
binding site would block the heat shock cascade and cause degradation of HSP90. 

The processing of clients by cytosolic HSP90 is assisted by a cohort of cochaperones that affect client 
recruitment, HSP90 ATPase function or conformational rearrangements (Biebl and Buchner, 2019). Direct 
regulation of the HSP90 protein involves post translational modifications (PTMs), as well as an ability to directly 
sense heat stress and by direct control through co-chaperone action and its client proteins, which are themselves 
subject to various regulatory processes (Table 2, Prodromou, 2017). The use of PTMs in this way allows for 
tailoring of the HSP90 function to suit a specific cell type or environmental condition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2: The various post translational modifications of HSP90, some of their role and functions, the regulating enzymes and specific 
examples relating to their effects, modified from Backe et al., 2020. 

The Post Translational Modifications (PTMs) of HSP90  
PTMS Role/Function PTM regulating enzyme/s Specific Examples of PTM 

effects 
Phosphorylation 
Serine/threonine 

Chaperoning of its target 
proteins 
cell cycle, growth, 
apoptosis and signal 
transduction pathways. 
 
Residue examples on 
alpha/beta isoforms 
respectively: S72/S67, 
S231/S226, T624/T616. 

kinases and phosphatases Phosphorylation of 
Hsp90a-T90 by protein 
kinase A (PKA) 
also alters the complement 
of co-chaperones bound to 
Hsp90 
and decreases Hsp90 
affinity for ATP 

Acetylation Promotes tumour invasion 
and metastasis. Oncogenic 
kinase chaperoning. 
Steroid hormone. Cell 
migration and invasion. 

adding to protein – 
acetyltransferases 
 
enzymes that remove it - 
deacetylases 

Hsp90 acetylation–
dependent GR signalling 
has been implicated in 
stress resilience 

S-nitrosylation Promotes the inhibition of  
ATPase and endothelial 
nitric oxide synthase 
regulatory activities 

S-nitrosylases and 
denitrosylases 

S-nitrosylation results from 
chemical modification of 
cysteine residues. Nitrous 
oxide induces reversible S-
nitrosylation by forming 
stable thionitrite groups on 
cysteine residues 

Ubiquitination Involved in degradation 
signals 

E1, E2, and E3 enzymes HECT domain E3 ubiquitin 
protein ligase (Hectd1) 
participates in the 
ubiquitination and 
degradation of Hsp90 
(190). Functionally, Hectd1 
mutation increased 
Hsp90a secretion and 
Hsp90-dependent 
migration of cranial 
mesenchyme cells 

SUMOylation Affects cellular localization 
or function of a protein 
regulate protein 
subcellular localization, 
protein–DNA binding, 
protein–protein 
interactions, 
transcriptional regulation, 
DNA repair and genome 
organization 

E1, E2 (Ubc9), and E3 
enzyme 

SUMOylated Hsp90 was 
enriched in cells that had 
undergone 
malignant transformation, 
providing one potential 
explanation 
for the preferential 
accumulation of Hsp90 
inhibitors in cancer 
cells 

Glycosylation Effects on protein folding, 
conformation, distribution, 
stability and activity 

glycosyltransferases O-GlcNAcylation of Hsp90 
has been reported at 
several sites 
in both Hsp90a and b, 
decreasing the ability of 
Hsp90 to support 
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The most frequently occurring PTM is phosphorylation, which can be seen on Western Blots at various serine 
residues. This can lead on to associations with factors upregulated during cancer (Li et al., 2012). PTMs can also 
regulate the chaperone cycle at an epigenetic level which can then tailor HSP90 function to suit a specific cell 
type or environmental condition (Woodford et al., 2016).   

Phosphorylation of HSP90 and its chaperones can regulate HSP90 activity by directly interacting with HSP90 or 
by interfering with co-chaperones, nucleotides or client protein (Muller et al., 2013). This interference can 
degrade proteins present during cancer, so targeting HSP90 is a possible treatment for cancer. Phosphorylation 
of HSP90 chaperones have an impact on its function, for example, serine phosphorylation of Cdc37  - mediated 
by casein kinase 2 (CK2) - is necessary for it to chaperone numerous kinase clients, therefore Cdc37 
phosphorylation status is likely to affect cellular sensitivity to HSP90 inhibition (Mollapour and Neckers, 2012). 
Numerous HSP90 phosphorylations are catalysed by kinase clients of the chaperone, suggesting that client-
mediated phosphorylation may regulate HSP90 chaperone activity (Mollapour and Neckers, 2012).  This is 
supported by substrate binding to HSP90 driving conformational changes in the chaperone (Mollapour and 
Neckers, 2012). In this study, the phosphorylation sites serine 121 (S121), serine 326 (S326), serine 307 (S307) 
and serine 320 (S320). 

HSP90 is involved in the heat shock element cascade. Heat shock factor 1 (HSF1) is the regulator of the heat 
shock response, and is a HSP90 dependent client protein (Prodromou, 2017). The HSP90 cycle is triggered by 
HSF1 being released during stress, such as heat shock, which then homotrimerizes, gaining DNA binding activity 
and is targeted to heat-shock-factor elements (Prodromou, 2017). Phosphorylations of HSF1 are also known to 
be involved in the integration of signals from other pathways, for example, phosphorylation at Ser 326 promotes 
association with Daxx, which is a mediator of HSF1 activation (Anckar and Sistonen, 2011). Numerous 
chaperones and promoters are involved in the heat shock cascade, as shown in Figure 7. 

developmental 
competence. This 
phenotype was reversed 
by 
17-AAG treatment, 

Methylation Effects hydrophobicity of 
the protein and can 
neutralize a negative 
amino acid charge when 
bound to carboxylic acids 

methyltransferases, and S-
adenosyl methionine 
(SAM) 

SMYD2 is also reported to 
interact 
with p23 and HOP co-
chaperones, suggesting 
varied roles for 
methylation in the 
regulation of Hsp90 
function 



 

 

 

 

 

 

 

 

 

 

 

 

 

The activation and control of the heat shock cascade by HSF1 includes many steps. First, when cells are stressed, 
misfolded proteins prevent HSP70, HSP90 and possibly other chaperones from binding to HSF1 monomers, 
alleviating the repression of HSF1 by chaperones, and allowing it to be transformed from a monomer to DNA 
binding-competent trimers (Li et al., 2017). Then, HSF1 translocates to the nucleus to promote transcriptions, 
which is regulated by MEK and AMPK, two protein kinases which promote or inhibit the nuclear translocation of 
HSF1 (Tang et al., 2015). 

The ability of HSF1 to bind to DNA is impaired by the acetylation of its DNA-binding domain, caused by the acetyl 
transferase p300/CBP, leading to regulation of the heat shock cascade (Li et al., 2017). SIRT1, HDAC7, and 
HDAC9, deacetylases involved in the heat shock cascade, enhance the response by increasing the contact time 
of HSF1 on DNA (Zelin and Freeman, 2015). Coactivators and repressors such as PGC-1α  promote or suppress 
HSF1 transcriptional activity at its target promoters (Minsky and Roeder, 2015). Ligases FBXW7 and NEDD4 
target HSF1 for degradation by the ubiquitin proteasome system, with FBXW7-mediated degradation being 
promoted by phosphorylation of HSF1 by the ERK, GSK3β, and CK2α′ kinases (Kourtis et al., 2015). This leads to 
the increased production of heat shock elements which can be detected during cancer on western blots by the 
use of specific antibodies to bind to the heat shock elements, and by the analysis of band breakdown. 

HSP90 is involved in this cascade by regulating the activity of sequence-specific transcription factors such as 
nuclear receptors and HSF1 (Neckers and Workman, 2012). HSP90 also works downstream of HSP70 to improve 
folding and to optimise the maturation of key regulatory proteins, by taking over the client from HSP70 in an 
ATP-dependent manner (Luengo et al., 2018). HSP90 also stabilises steroid hormone receptors by binding to the 
apo state of the ligand-binding domain and maintaining them in a nearly completely folded conformation, 

Figure 7: Regulation of HSF1 and the heat shock cascade. When stressed, misfolded proteins dissociate chaperones from HSF1, which allows 
it to form DNA binding-competent trimers. MEK promotes the nuclear translocation of HSF1, and its transcriptional activity, via 
phosphorylation at Ser326. Whereas AMPK inhibits the nuclear translocation of HSF1 through phosphorylation at Ser121. Repressors such 
as PGC-1αand coactivators regulate the transcriptional activity of HSF1 at its target promoters. Acetylation of HSF1 at its DNA binding site 
regulates the heat shock cascade, and its controlled by p300/CBP. The histone deacetylases SIRT1, HDAC7, and HDAC9 prevent this 
acetylation and stabilize HSF1 DNA binding. The E3 ligases FBXW7 and NEDD4 target HSF1 for degradation through the ubiquitin proteasome 
system, with FBXW7-mediated degradation being promoted by phosphorylation of HSF1 by GSK3β, ERK, and CK2α′ kinases (Li et al., 2017). 
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competent for ligand binding (Luengo et al., 2018). HSP90 assists in stabilising or promoting oncogenes, and as 
the level of oncogenes increase, the heat shock response activation increases and HSP expression is more 
progressively activated (Calderwood and Gong, 2016). 

 

2.3 HSP90 in Cancer 

Cancer is defined as “a large group of diseases characterized by the growth of abnormal cells beyond their usual 
boundaries that can then invade adjoining parts of the body and/or spread to other organs” (World Health 
Organisation, 2019). HSP90 plays an essential role in maintaining cellular protein homeostasis by acting as a 
molecular chaperone to aid in folding as well as in intracellular trafficking of its protein clients (Barrott and 
Haystead, 2013). Due to dependency on continued oncogenic signals, cancer cells are especially susceptible to 
proteotoxic stresses, making HSPs highly involved in their pathophysiology (Taipale et al., 2010). HSP90 is 
essential for the conformational maturation, activation and maintenance of many of the hallmarks of cancer, 
such as metastasis, angiogenesis, insensitivity to antigrowth signals, impaired apoptosis, immortalization and 
autocrine growth (Neckers and Workman, 2012; Figure 8). 

 

 

 

 

 

 

 

 

 

 

The hallmarks of cancer cells survival such as those seen in Figure 8, improve the cancer cells ability to establish 
itself and survive in the body, therefore targeting one of more of these hallmarks improves the targeting of 
cancer cells in drug development (Fouad and Aanei, 2017). Disruption of the pathways leading to these hallmarks 
can also lead to better drug development for treating cancer. 

HSP90s has critical role as a molecular chaperone integral for stabilization and activation of numerous 
oncoproteins that drive cancer progression,  making it a promising cancer drug target, see Figure 9 (Piper and 
Millson, 2012). Inhibition of HSP90 alters the HSP90-client protein complex, leading to reduced activity, 
misfolding, ubiquitination, and, ultimately, proteasomal degradation of client proteins (Butler et al., 2015). 
Inhibition of HSP90 results in the degradation of many substrates, including newly made proteins and mature 
clients, this occurs due to blocking of the regulatory action and failure of HSP90 to further support the substrate 

Figure 8: Six of the most common hallmarks of cancer, and the proteins/chaperones that are affected by HSP90. All of these hallmarks are 
affected by HSP90, making HSP90 a very important target for cancer drugging. Figure made based on information presented by Neckers 
and Workman, 2012. 



in the premature state (Luengo et al., 2018). This could cause disruption of the targets of HSP90 which are 
involved in cancer cell metastasis. 

 

 

 

 

 

 

 

 

 

2.4 The effect of HSP90 and drugging on cell motility 

One such hallmark which is affected by the impairment of HSP90 is cancer cell metastasis, the movement of 
cancer cells through the blood or lymphatic system to other areas of the body. If tumours and cancer cells are 
restricted to one tissue, they are easier to treat, therefore drug development in this area is vital to improve 
cancer treatment and patient prognosis. 

Cell motility is a highly complex process, with changes in expression of several genes required for cells to become 
fully motile. Many oncogenes and tumour suppressors with signal transduction functions have effects on cell 
motility in addition to controlling proliferation and survival, including c-Met, epidermal growth factor and Ras 
proteins (Sahai, 2005). Metastasis begins with the invasion of tumour cells into the stroma and migration toward 
the blood stream, these can then pass into the lymphatic system, and spread around the body (Figure ten) (Clark 
and Vignjevic, 2015). In vivo, motile tumour cells have been observed to migrate individually as single cells, as 
loosely-attached cell streams and as well-organized, adherent collectives (Clark and Vignjevic, 2015). 

 

Figure 9: The co-chaperones that modulate HSP90 chaperone activity. These can have serious implications in cancer, and are involved in 
the hallmarks of cancer (Trepel et al., 2010). 



 

 

 

 

 

 

 

 

 

HSP90 is implicated in cancer cell motility by affecting factors and chaperones involved in many aspects of 
metastasis, therefore blocking the cancer cells HSP90 addiction, which leads to the inhibition of  tumour cell 
proliferation, metastatic development and progression (Ory et al., 2016). For example, activation of receptor 
tyrosine kinases is often the initiating event in mesenchymal motility, and oncogenic Ras proteins can also 
initiate the events leading to cell motility (Sahai, 2005). HSP90 affects cell motility by the activation of its client 
proteins which are involved in cancer cell motility, therefore blocking the ATP binding site on HSP90 disrupts the 
association of client proteins with HSP90, leading to proteasome-mediated client protein degradation (Tsutsumi 
et al., 2009). Some HSP90 clients are known tumour-driver proteins, for example Ras, so therefore tumours 
addicted to these clients would be most likely to shown clinical response to HSP90 inhibitors (Neckers and 
Workman, 2012). 

Cancer cells are able to metastasise through the body due to their interactions with extracellular matrix proteins, 
and cell-cell adhesion proteins. Cells adhering to extracellular matrix proteins modulates metastasis through a 
variety of signals, such as the focal-adhesion kinase (FAK) tyrosine kinase (Di Martino et al., 2018). HSP90 
inhibitors stimulates the proteasome-mediated degradation of FAK, and inhibits the FAK-dependent events such 
as cell migration and cell invasion, displaying that HSP90 is an important modulator of the signalling pathways 
required for integrin-mediated cell adhesion involved in cancer cell motility (Tsutsumi et al., 2009). FAK is 
important for promoting vital signalling pathways for cell adhesion, survival, proliferation, migration and 
invasion (Gkretsi and Stylianopoulos, 2018). 

Receptor tyrosine kinases (RTK) are the major group of HSP90 client proteins involved in cell motility (Kryeziu et 
al., 2019). In the presence of chemo-attractants, RTKs are activated and complex with intracellular signalling 
molecules, stimulating cell motility via classical signal transduction pathways (Kryeziu et al., 2019). Signalling 
molecules downstream of RTKs are also regulated by HSP90, such as c-Src, therefore inhibition of HSP90 disrupts 
these pathways which lead to cancer cell motility (Tsutsumi et al., 2009). Especially in breast cancer, Human 
epidermal growth factor receptor 2 (HER2) is one such RTK oncogene where expression levels correlate with 
increased metastatic activity and poor prognosis, it is also very sensitive to HSP90 inhibition as it interacts with 
HSP90 through the HER2 kinase domain (Tsutsumi et al., 2009).  HSP90 inhibitors could possibly degrade this 
complex. 

Figure 10:  Tumour progression and cancer cell invasion. In carcinomas (tumours originating from the epithelium), hypertrophic cell growth 
causes the epithelial layer to thicken with layers of cells. Upon advancement, the carcinoma cells will become disorganised due to reduction 
in cellular contact and the reorganization of the cytoskeleton, leading to basal membrane degradation. Due to cross talk between the tumour 
cells and stromal cells the stroma becomes reactive, with an increased presence of immune cells and fibroblasts, leading to the 
reorganisation of the stromal network. Upon becoming invasive, cancer cells perforate the basal membrane, allowing for tumour invasion. 
Stromal cells also enter the tumour, allowing the cell types to mix and tissues to become disorganised (Clark and Vignjevic, 2015). 

 



 

A significant hallmark of cancer is neoangiogenesis, the ability of tumours to conduct their own blood supply. 
HSP90 activation plays a role in this by impacting vascular endothelial growth factor (VEGF) gene receptors. VEGF 
stimulates angiogenesis by increasing vascular permeability, and by acting as a mitogen on endothelial cells 
(Banys-Paluchowski et al., 2018). It has also been used as a biochemical marker for poor prognosis in metastatic 
breast cancer (Banys-Paluchowski et al., 2018). VEGF ligand regulates the activity of VEGF and is produced by 
cancer cells, this then stimulates endothelial cell proliferation and migration, leading to increased 
neoangiogenesis required my metastatic cancer cells to survive (Tsutsumi et al., 2009). HSP90 is also implicated 
in regulating the hypoxia-induced factor (HIF-1α) which in turn promotes angiogenesis via VEGF expression (Liu 
et al., 2017). HSP90 inhibitors inhibit VEGF secretion and VEGF expressions, subsequently impeding endothelial 
cell proliferation and migration, and consequently inducing endothelial cell apoptosis (Kryeziu et al., 2019). 

HSP90 is also found in the extracellular space. Increased levels of HSP90 on the surface of cells is present in 
cancer, and correlates with metastatic activity, tumour growth, drug resistance and immune response (Azmi et 
al., 2013). It has also been shown that compounds which lock the HSP90 dimer in a closed state inhibits 
membrane deformation, and subsequently promotes exosome release (Lauwers et al., 2018). Subsequent 
studies using HSP90 inhibitors have shown decreased metastatic activity in breast, bladder and prostate cancer, 
with a focus on reduced target-related toxicity, and the use of extracellular HSP90 as a biomarker for invasive 
cancer (Wong and Jay, 2016). 

 

2.5 mTOR as a target 

In trying to find a molecular marker for the heat shock response by targeting HSP90, we are inhibiting mTOR 
(molecular target of Rapamycin), which then inhibits the heat shock response. mTOR is frequently activated and 
its regulation bypassed in cancer, with mTOR controlling cell growth and metabolism, as well as rewiring cancer 
cell metabolism to sustain mTOR signalling and tumorigenicity as shown in Figure 11 (Mossmann, et al., 2018). 
mTOR also plays a crucial role in coordinating the balance between cell growth and cell death, dependants on 
cellular conditions and requirements, making it a key modulator of autophagy (Paquette et al., 2018). At a 
molecular level, autophagy regulates several survival or death signalling pathways that may decide the fate of 
cancer cells, making mTOR an ideal target for cancer cell drugs (Paquette et al., 2018). mTOR plays an essential 
role in metabolism, and strongly promotes messenger RNA (mRNA) translation and cell growth during an 
abundance of nutrients, and inhibiting macroautophagy during this (Chou et al., 2012). mTOR activity and S326 
phosphorylation are required for the heat induced activation of the hsp70.1 promoter, which leads to activation 
of HSP70 (Chou et al., 2012). This is a key molecule which increases tumour growth and metastatic potential, 
participate in oncogenesis and in resistance to chemotherapy (Boudesco et al., 2018). 

 



 

 

 

 

 

 

 

 

 

 

 

HSP90 inhibition targets multiple components of mTOR signalling, which is dependent on growth factors, 
interrupting the heat shock factor cascade (Giulino-Roth et al., 2017). Ras signalling can also activate mTOR 
signalling, which is also affected by HSP90, meaning that inhibition of HSP90 can cause an interruption of this 
mTOR signalling (Mossmann et al., 2018). To gain transcriptional activity, a series of phosphorylation’s are 
required to lead to the rapid upregulation of HSP90, in this mTOR phosphorylates heat shock factor on S326, 
which activates the heat shock response, stimulating the release of more HSP90 which feeds the cancer cells 
addiction to HSP90  (Prodromou, 2017). If the heat shock response is turned off by inhibiting mTOR then HSP90 
will be turned off too. Phosphorylation of HSP90 is caused by inhibition of mTOR, so if mTOR promotes activation 
of HSF, then HSF cannot activate HSP90 , effecting client binding (Mossmann et al., 2018). 

 

2.6 Multi drugging of Cancer 

Multi-drugging has been tested during cancer treatment due to drug resistance, so different combinations of 
drugs have been trialled to overcome this.  This development of therapeutic resistance and metastasis is 
particularly a challenge in breast cancer therapy, with more evidence stating that a subpopulation of cancer 
stem cells contribute to the therapeutic resistance found in cancer, leading to recurring disease and death in 
patients (Bai et al., 2018). 

Figure 11: The PI3K/AKT/mTOR pathway, molecular targets for anticancer therapy and most common locations for gain-of-function 
aberrations (green) or loss-of function aberrations (red). This signalling regulates cell proliferation, differentiation, cellular metabolism, and 
cytoskeletal reorganization leading to apoptosis and cancer cell survival. Activation of the PI3K/AKT/mTOR signalling promotes tumour 
development as well as resistance to anticancer therapies. The PI3K/AKT/mTOR pathway can be activated by transmembrane tyrosine kinase 
growth factor receptors, such as ErbB family receptors, fibroblast growth factor receptors (FGFR) and insulin-like growth factor 1 receptor 
(IGF-1R). Functional PI3K is translocated to the plasma membrane, ultimately leading to phosphorylation of phosphatidylinositol 4,5-
bisphosphate (PIP2) to phosphatidylinositol 3,4,5-triphosphate (PIP3), which activates AKT. Phosphorylated AKT activates TSC1/TSC2. 
TSC1/TSC2 complex causes GTP hydrolysis by RHEB, which converts this protein from its active GTP-binding form to its inactive GDP-binding 
state. Following PI3K pathway activation, the upstream kinase AKT phosphorylates TSC2, which inhibits the TSC1/TSC2 complex and enables 
mTOR activation by RHEB, thus allowing signal propagation. Activation of mTORC1 leads to increased protein synthesis (Polivka and Janku, 
2014). 

 



Targeting HSP90 would play a role in the case of controlling cancer cell metastasis, making cancer easier to treat. 
Clinical experience including the discoveries of drug resistance in cancer chemotherapy has disclosed that single 
targeting might not always produce the desired biological effect, even if the target is inactivated or inhibited, 
this poses a strong case for multi-drugging of cancer cells (Raghavendra et al., 2018). HSP90 is an ideal target for 
multi-drugging in cancer due to the amount of client proteins it interacts with and the pathways in which it is 
implicated in. Disruption of the pathways that HSP90 acts as a chaperone in could lead to a reduction of the 
hallmarks of cancer, as previously discussed. 

One such method of multi-drugging HSP90 would be to drug HSP90 to reduce cellular metastasis, in combination 
with a drug t to kill the cancer cells. Rapamycin targets mTOR, which affects cancer cell motility, reducing cancer 
cells ability to move into further tissues (Jin et al., 2018). 17‐allylamino‐17‐demethoxy‐geldanamycin (17-AAG) 
is a potent HSP90 inhibitor that binds to HSP90 and inhibits its chaperoning function, which results in the 
degradation of HSP90's client proteins (Talaei et al., 2019). Even though 17‐AAG has suitable pharmacological 
potency, its low water solubility and high hepatotoxicity could significantly restrict its clinical use, making it ideal 
to use in combination with another cancer drug (Talaei et al., 2019). Multi-drugging of cancer cells would also 
be beneficial to reduce the dose of drug required, which could also decrease negative side effects (Raghavendra 
et al., 2018). 

 

2.7 Model Systems 

A large number of model systems, from mouse to yeast, have been employed to study HSP90 and its role in 
cancer. The ability of HSP90 to chaperone proteostasis has been examined using plant models to test 
transcriptional and post-transcriptional processes to establish and maintain proper period and phase over a wide 
range of environmental conditions in Circadian systems (Kim, J. and Somers, D.E., 2017). Streptomyces 
hygroscopicus has also been used a model system for HSP90, due to it using HSP90 as an antibiotic target (Piper 
and Millson, 2012). The same study found that radicicol (RAD), a non-ansamycin fungal-derived antibiotic that 
had previously also been found to revert the transformed phenotype of v-src-expressing fibroblasts, was found 
to bind within this same ADP/ATP-binding site on HSP90, serving purpose as a HSP90 inhibitor (Piper and Millson, 
2012). The ATPase activity of HSP90 has also been explored in flies, and was found to bind to the chaperone 
LdMAPK1 in the Phlebotomus and Lutzomyia genus of sand flies (Kaur et al., 2017). The acetylation of HSP90 
during cancer has also been observed in fish models, with the epigenetics involved in this also being discussed 
(Audia and Campbell, 2016). 

HSP90 isoforms HSP90α, HSP90β and Trap1 have been investigated using mouse models, and it was found that 
HSP90α was significantly increased in breast cancer tumours (Vartholomaiou et al., 2017). HSP90α was also 
found to be involved in lung cancer metastasis with an increase in metastatic nodules. This was confirmed by 
human statistics of reduced time of overall and relapse-free survival for patients with higher HSP90α mRNA 
(Vartholomaiou et al., 2017). In other studies, the anti-proliferative mechanisms of HSP90 inhibitors has been 
tested in vitro using tissue cell culture, with cell lines such as MCF7s being used. Here,  the disruption of the 
function of  HSP90  with ATP when  HSP90 was blocked was tested using fluorescence binding experiments in 
which the effective binding of HSP90 was displayed (Gümus et al., 2016). HeLa cells have also been used to 
assess the impact of HSP90 on cell motility, allowing for the impact of HSP90 to be analysed on different cancer 
cells (Geller et al., 2018). A variety of cell lines have been used as models for cancer cell motility and the 
involvement of HSP90, which have been summarised in table 3. 
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Table 3: Description of cell lines and the heat shock response related to them. These cells were investigated in relation to HSP90 when 
testing different cells lines before deciding on a model for thorough investigation. 

 

 

Various methods have been used to analyse cell motility in cancer cells. Using cell culture, migration assays have 
been used as models for cancer cell metastasis in vivo. During this, lines are scratched down a wound plate of 
cells, and the closure measured over time (de la Mare et al., 2017). This has been shown to be a good way of 

Cell Line Description Heat Shock Response 
HeLa Taken from Henrietta Lacks, HeLa 

is a human cervical 
adenocarcinoma that has been 
used in numerous scientific trials 
(Korch and Varella-Garcia, 2018). 

Heat shock protein expression 
analysis of HeLa cell may identify 
any differences between cell 
lines. Transcription factors 
activated at higher temperatures 
(Sahai, 2005). 

MCF7 MCF7 cells are derived from a 
breast cancer. They are used 
widely to better understand the 
onset and progression of ER-
positive breast malignancies 
(Annamaneni et al., 2019). 

MCF7 cells contain a fraction of 
stem cells that promote clonal 
variability and their karyotypic 
differences that may reflect 
changes in the selective pressures 
of culture conditions, such as heat 
shock response (Annamaneni et 
al., 2019). Shows significant 
changes in cell survival, 
proliferation and apoptosis post-
hypo and hyper thermic exposure 
(Annamaneni et al., 2019). 

Human Embryonic Kidney (HEK) 
293 

HEK293 were found to have at 
transcriptome comparative with 
that of human kidney, adrenal, 
pituitary and central nervous 
tissue (Mymrikov et al., 2017). 
These cells have displayed 
tumorigenic activity, and have 
shown chromosomal instability 
(Mymrikov et al., 2017). 

 

Their chromosomal instability and 
tumorigenic activity may prove 
interesting to study in relation to 
heat shock protein response 
within cancer cells. Has been 
shown that small heat shock 
proteins suppress aggregation of 
cytosolic proteins of HEK 293 cells 
(Mymrikov et al., 2017). 

Mouse embryo fibroblasts (MEF) MEF cells have been invaluable in 
cancer research as they have 
facilitated the identification of the 
genetic changes that allow cells to 
overcome senescence and 
proliferate indefinitely in culture, 
and allowed for use in 
biochemical assays (Durkin et al., 
2013). 

Under heat shock, MEF cells were 
found to induce nuclear 
alterations. Further analysis of 
heat shock protein expression 
within MEF cells may highlight the 
different mechanisms between 
cytosolic and nuclear proteins 
during the heat shock response 
(Durkin et al., 2013).  

U20S U20S cells are human bone 
osteosarcoma epithelial cells 
derived from a moderately 
differentiated sarcoma of the 
tibia (Shapiro, 2015). Their 
chromosomal instability has 
allowed for proteomic analysis in 
knockout experimentations 
(Shapiro, 2015). 

Heat shock of U20S releases Heat 
Shock Factor 2 (HSF2), this could 
lead to low intracellular HSF2 
levels, enabling an invasive 
organoid development, low HSF2 
levels in tumours correlate with 
poor survival when relating to 
cancer patients (Henriksson et al., 
2018). 



measuring cancer cell motility. In more advanced methods, tumour spheres having been used for anchorage-
independent assays, to test cell motility when in a tumour (de la Mare et al., 2017). Biochemical markers have 
been used to test for cancer cell motility in the body. Invading cells often display characteristic Epithelial to 
Mesenchymal Transition (EMT) markers, such as downregulation of E-cadherin and upregulation of Vimentin 
(Clark and Vignjevic, 2015). Biochemical markers can be stained for detection, such as using β-catenin antibody 
as a marker for cell motility during colon cancer (Clark and Vignjevic, 2015). Collective migration, amoeboid 
migration and mesenchymal migration have been studied using 3D models, using a 3D reconstruction of the 
cancer–host interface and tumour buds (Bronsert et al., 2014). This is a realistic method of evaluating cancer 
cell motility in life like models. 

It is the aim of this research to identify a cell line in which to observe HSP90 as a marker of cancer prognosis. 
Through this, cell metastasis using wound assays will be observed, to allow for imaging of wound closure over 
time, both with and without drugs. Cells will be drugged at different concentrations, both singularly and dually, 
for differing amounts of time, to analyse the role of HSP90 in cancer cell metastasis. The objective of this study 
is to identify a drugging regime which could possibly be used in duality to reduce the metastasis of cancer cells 
if used in humans. Using western blot, the presence of HSP90 will be analysed, as well as the presence of post 
translational modifications, particularly in the form of phosphorylation’s, which could also be used as a 
biomarker of disease progression. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 Materials and Methods 
 
Materials supplier by Fisher Scientific unless otherwise stated. 
 

3.1 Separation of proteins by sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
(SDS-PAGE) 

 

3.1.1 Preparation of SDS-PAGE gels 
 
Proteins and their subunits can be separated by size using a discontinuous electrophoresis system (Laemmli et 
al., 1970). Slab gels were cast in the Bio-Rad Mini-Protean-3 system (Bio-Rad Laboratories Ltd.). 
 
The Laemmli system consists of gels that are comprised of two phases: the resolving gel (lower) and the stacking 
gel (upper). The percentage of acrylamide used in the resolving gel (ranging from 7-15% acrylamide) is governed 
by the size of the proteins to be resolved (see Table 4). The percentage of acrylamide used in the stacking gel is 
always 4%. 
 
 
Table 4: Efficient range of protein separation when using SDS-PAGE gels with differing acrylamide concentration (Maniatis et al., 1989). 

% of acrylamide Efficient range of protein separation (kDa) 
6 250-75 
10 150-25 
12 100-15 
15 50-10 

 
After assembly of 1.0 mm glass plates in the mounting apparatus, the resolving gel was cast using the 
appropriate volume of 30% acrylamide: bis-acrylamide (29.2% (w/v) acrylamide; 0.8% (w/v) bis-acrylamide) 
(Geneflow Ltd., Staffordshire, UK) to make up the resolving gel stock solution (500 mM Tris-HCl, pH 8.8; 0.1% 
(w/v) SDS) (Geneflow Ltd.) and polymerised upon addition of 0.1% (v/v) TEMED (Sigma-Aldrich Company Ltd.) 
and 1% (v/v) APS (10% (w/v) ammonium persulfate), and the plates were filled to about ¾ of the way up. Once 
the resolving gel had set it was overlaid with 4% acrylamide: bis-acrylamide stacking gel stock solution (125 mM 
Tris-HCl, pH 6.8; 0.1% (w/v) SDS) (Geneflow Ltd.), which had polymerisation initiated by addition of 0.1% (v/v) 
TEMED and 1% (v/v) APS, and 1.0m 10 well gel combs were inserted. After the stacking gel had set the completed 
gel was fitted into the Bio-Rad Mini-Protean-3 electrophoresis tank as described in the manufacturer’s 
instructions and the tank was filled with 1x SDS-PAGE running buffer (25 mM Tris; 250 mM glycine; 0.1% (w/v) 
SDS). The comb was then removed and the wells created were carefully rinsed with running buffer.  
 

3.1.2 Preparation of protein samples 
 
Samples to be used for SDS page were sonicated in a water bath for 10 minutes. 30μl of SDS loading buffer (0.063 
M Tris-HCl, pH 6.8; 10% (v/v) glycerol; 0.5% (v/v) β-mercaptoethanol; 0.2% (w/v) SDS; 0.025% (w/v) 
bromophenol blue) and 100μl of sample were used per 0.5ml Eppendorf tube. Prior to loading, protein samples 
were denatured at 95°C for 10 minutes, and were allowed to cool. 20μl of sample was loaded per well, and 
electrophoresis proceeded at a constant current of 40 mA until the appropriate level of protein separation had 
occurred. 8μl SeeBlue® Plus2 pre-stained standard (Invitrogen Ltd.) was run beside the samples to indicate 
protein size. 
 
 



3.2  Western analysis of proteins after SDS-PAGE 

3.2.1 Transfer of gel onto nitrocellulose membrane 
From SDS-PAGE, the gel was taken from its encasing and placed facing down onto a pre-wetted nitrocellulose 
transfer membrane (Protran® BA 85, Camlab Ltd.), and sandwiched between 2 fibre pads (Bio-Rad Laboratories 
Ltd.), and 2 pieces of 3 mm Whatman® filter paper (Camlab Ltd., Cambridgeshire, UK) cut to the size of the fibre 
pad. The “sandwich” is compressed to remove air bubbles. All these components were saturated in chilled 
transfer buffer (25 mM Tris; 150 mM glycine, pH 8.3; 40% (v/v) methanol) prior to assembly. The completed 
“sandwich” was immersed within a transfer buffer-filled Bio-Rad Mini Trans-blot electrophoretic transfer 
system (Bio-Rad Laboratories Ltd.), with the gel facing towards the cathode and membrane towards the anode. 
The tank contained an ice-pack or ice dam to keep the apparatus cool. A constant current of 200 mA was applied 
for 120 minutes for 2 gels, or 90 minutes for 1 gel in order to transfer the proteins from gel to membrane. 
Efficiency of protein transfer was verified by staining the membrane with Ponceau-S (Sigma-Aldrich Company 
Ltd.) for 1 minute. The transient stain was water-soluble and did not affect further analysis of blotted proteins. 
By running pre-stained protein marker during SDS-PAGE, both the efficiency of transfer and molecular weight of 
sample proteins could be identified. 
 
 

3.2.2 Western Blot 
Phosphate buffered saline + Tween20 (PBST) was made using 500ml distilled water and 5 PBS tablets (Melford), 
which were dissolved using a magnetic stirrer, then 500μl of Tween 20 was added (Melford). Blocking buffer was 
made by dissolving u2.5g of bovine albumin action V (BSA) powder (Melford) and 50ml of PBST. The membrane 
to be analysed is cut to the desired sized and put in an appropriate container, i.e. a falcon or sterilin tube. 
Membrane is ensured to be facing inwards. 5ml of blocking buffer is added to each tube. Left on a roller for 30-
60 minutes. 
 
Primary antibodies were prepared in dilutions according to manufacturer’s guidelines, see table 5 for more 
information. Blocking buffer was removed and the primary antibody added to each tube. These were put on 
roller for 60 minutes or left on the roller at 4°c overnight. Tubes were washed out with PBST, then washed 5 
times with 15ml PBST and put on a roller for 5 minutes each time. PBST was removed from the tubes. Secondary 
antibody was created in an appropriate dilution for each tube and put on roller for 40-60 minutes. Tubes were 
washed out with PBST, then had 5 washes with 15ml PBST, being put on a roller for 5 minutes each time. 
 
For imaging,  chemiluminescence was used.  Equal parts of enhancer solution and peroxide solution are used 
(LI-COR). Membranes were incubated on a zip lock plastic bag cut to size. For half a membrane 200μl is used, for 
a full membrane 300μl is used. The membrane is placed face down onto them and left for 1 minute. Membranes 
were imaged using the gel doc imager. 
 
 
 
Table 5: Antibodies used in western blot analysis. 

Antibody Used Description 

HSP90 Antibody for the detection of HSP90, a molecular 
chaperone that promotes many of the hallmarks of 
cancer (Prodromou et al., 2000) 

HSP90α Antibody for the detection of HSP90α, an isoform of 
HSP90 (Millson et al., 2010) 

HSP90β Antibody for the detection of HSP90β, an isoform of 
HSP90 (Lincoln et al., 2019) 

HSF HSF1 phosphorylation antibodies will be listed below 

S121 Phosphorylation at this site has been shown to be 
essential for Mcl-1 ubiquitination and degradation 
induced by Hsp90 inhibitors (Wang et al., 2006) 



S326 Phosphorylation on Ser-326 plays an important role 
in heat activation of HSF1 transcriptional activity (Yih 
et al., 2012) 

S307 Phosphorylation on Ser-307 derepresses activation 
on heat-stress (Matsuoka et al., 2007) 

S320 HSF1 binds avidly to the catalytic subunit of PKA, 
(PKAcα) and becomes phosphorylated on serine 320 
(Wang et al., 2003) 

 
 

3.3 Tissue culture 

3.3.1 Establishment of MCF7 and HeLa cell lines cell culture procedure 
MCF-7 (ATCC HTB-22) and HeLa (ATCC CCL-2) were resurrected from liquid nitrogen and placed into  T25 flasks 
containing 5ml of Dulbecco’s Modified Eagle’s Medium and Phenol Red (Gibco, Thermofisher). This  was made 
by adding 50ml 10% Foetal calf serum (FCS) (Gibco, Thermofisher), 5ml glutamine and 5ml 1% 
Penicillin/Streptomycin (Gibco, Thermofisher). 

Flasks were checked using a microscope, and depending on whether the cells had reached 80-100% confluency, 
the medium was removed and replaced every 48 hours by the process of aspiration. Once the cells had reached 
this level of confluency, they were re-seeded in a 1:3 dilution into 10cm tissue culture dishes. The surface of the 
cells were washed with 5ml of phosphate-buffered saline (PBS) which was then removed, then washed in 1ml 
of Trypsin media (Sigma-Aldrich) to lift the cells, allowing them to detach from the plate and become free in the 
medium, this was also removed by aspiration. The cells then had 15ml of supplemented medium added to the 
flask, which was then split into three T25 flasks including the original. If the media just needed replacing, then 
the cells were washed in 5ml PBS and then had 5ml of media added. Confluency for MCF-7 and HeLa cells were 
recorded to have reached confluency within 3-5 days, and was checked for using a microscope. 

3.3.2 Seeding plates 
Wound assays were conducted using 12 well or 6 well plates. When seeding plates, the cells were washed in 
Phosphate-buffered saline (PBS), and trypsinized as normal. For 6 well plates, 12ml of Dulbecco's Modified Eagle 
Medium (DMEM) supplemented media was added to the flask, and then 2ml added to each well. For 12 well 
plates, 12ml of DMEM supplemented media was added to the flask then 1ml added to each well. These were 
then left to grow to 80-100% confluence in a 37°c, 5% CO2 incubator. 

3.3.3 Cryostorage of MCF7 cell lines 
All media was aspirated from each T25 flask and washed with 5ml PBS, cells were washed once prior to freezing 
to remove trypsin then 1ml of freezing media per flask to be frozen was added to each flask and split into 1.5ml 
cryotubes. Tubes were encased in bubble wrap to ensure a gradual decrease of temperature (1oC a minute), and 
stored at -80°C. 

3.3.4 Resurrection of cell lines following cryostorage 
Cryotubes containing each cell line were defrosted in a 37°C water bath for approximately 5 minutes until cells 
had reached an optimum temperature. 10ml of supplemented DMEM was added to each T25 flasks so dilution 
would reduce the toxic effects of dimethyl sulfoxide DMSO. 1ml of defrosted cells were pipetted delicately into 
each flask and rocked to ensure full distribution across the flask surface. Cells were recorded to adhere and 
proliferate at 2 days incubation. 

 

3.4 Wound assays 

3.4.1 Creation of wound 
Wound assays were conducted by taking a 12 well or 6 well plate that had been seeded with MCF7 or HeLa cells 
which had been allowed to grow to 80-100% confluency. A 1ml pipette tip was used to mark a line down the 
middle of each well to create a “wound”. The media was then removed, and the wells were washed in 1ml of 
PBS to remove the loose cells. 1ml of DMEM supplemented media per well was added for 12 well plates and 2ml 
of media was added per well for 6 well plates. 



3.4.2 Imaging 
Wounded plates were imaged using an inverted microscope. All wells were imaged on a 10x magnification. 
Where the plates were imaged, the plate was marked to ensure the same area was imaged after a difference in 
time. The plates were imaged at the same time to accurately measure wound closure. 

3.4.3 Drugging of plates 
Plates were drugged with Rapamycin or 17-AAG, or both. 17-AAG was diluted in 200μl of stock DMSO solutions, 
stored at -20°C. On occasion, these drugs were diluted 1:10, where 10μl of the drug was diluted in 90μl of 
supplemented DMEM media. The plates were drugged with the drug being pipetted into the media in each well, 
with a fresh tip being used each time. The plates were imaged as soon as the drug was added for the 0 hours 
measurement. 

3.4.4 Calculation of wound closure 
Images of the wounds were aligned vertically and the wound gap measured horizontally across the wound, 
enabling precise measurement of the wound gap on a standardised image. Wounds were measured in mm, and 
were measured at 9 points down the wound, dead cells were not counted as the edge of the wound. The 
percentage wound closure was calculated using Excel, and graphs created from this. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4 Results 
As outlined in the aims of this research project, a cell line for use in wound assays needed to be selected. Care 
was taken to select a line from a particularly metastatic cancer, which could be easily observed and grown over 
time. 

4.1 Analysis of HSP90 in differing cell lines 
As HSP90 is an essential protein required for cellular functions, it is present in all tissues, including breast, colon 
and brain (Jacobson et al., 2016). Numerous cells lines were analysed to compare the HSP90 presence and 
degradation in different tissues. HeLa, MCF7, HEK293, Mouse Embryonic Fibroblast (MEF) and U20S lysates were 
standardised by dilution and determined by NanoDrop2000 to a total protein concentration ranging 7-12ng/µl. 

The first cell lines to be tested were either incubated at 36°c for basal cells or incubated at 42°c for 30 minutes 
before lysis to heat shock the cells. They had their protein concentration quantified using a Nanodrop 2000, then 
diluted with ddH20 to obtain protein concentration to a similar level in all lysate samples (Table 6). 

 

Table 6: Collation of lysate samples from HEK 293, MEF and U2OS cell lines. Protein content was measured using a NanoDrop2000, and 
was diluted to roughly the same concentration. 

Lysate Sample Protein Content (mg/ml) 
HEK 293 Heat Shock 11.8 
HEK 293 Non Heat Shock 9.6 
MEF Heat Shock 8 
MEF Non Heat Shock 7.1 
U2OS Heat Shock 8.9 
U2OS Non Heat shock 10.7 

 

Identifying levels of expression between each cell line under basal (-) and heat shock (+) conditions may highlight 
varying functions within them. These cells were analysed via western blot using pan HSP90 antibody. HeLa and 
MCF7 cells were also analysed under basal and heat shock conditions and analysed using western blot. 

 

  

 

 

In Figure 12, all cells showed similar strong output after being heat shocked. HeLa cells show some degradation 
underneath the primary band in both the heat shocked and normal sample. In this case it appeared that heat 
shocking the cells for 30 minutes did not make a great difference. 

After assessing various shocked and non-heat shocked cells lines, drugging was analysed with HeLa and MCF7 
cell lines to compare for output. These cell lines were used due to ease of growth, and possibility of degradation. 
They were drugged with Rapamycin or 17-AAG for 24 hours, and analysed with pan HSP90, to compare the 
presence of HSP90 in these two cell lines. Levels of drugging were based on the reported IC50 of Rapamycin and 
17-AAG (Tengku et al., 2015, Zeynali-Moghaddam et al., 2019, Mehta et al., 2012). 

 

 

 

    HEK293           MEF                 U2OS             MCF7             HeLa 

+          -          +          -          +         -             +        -           +       - 

Figure 12: Heat shocked (+ and non-heat shocked (-) cell line samples. Heat shocking consisted of incubating for 30 minutes at 42°C before 
lysis. All analysed using pan HSP90 antibody. 



 

 

 

 

 

 

 

 

Figure 13: Western blot analysis of pan HSP90 levels at 24 hour drugged time point for HeLa cells drugged with increasing levels of Rapamycin 
or 17-AAG. 

 

In Figure 13, the bands with Rapamycin drugged HeLa cells did not appear with as strong definition as those 
from the 17-AAG drugged cells. Some light degradation of protein can be seen under the 17-AAG drugged bands. 
The lysate sample in the last column is also very faint. The MCF7 cells analysed produced a strong output when 
analysed, giving clear bands, and showing degradation of protein. It is also possible to see a light band shift 
above the main bands, suggesting protein breakdown, and possibly ubiquitination. 

Western analysis of each cell line enabled a collation of data for comparison, based on the presence of 
degradation, and the bands to be imaged and quantified. The model cell line was then selected from this. Further 
comparison of the cells after 24-hour drugging was then carried out to select the cell line to see how cells 
performed after drugging over time. 

 

4.2 Analysis of HeLa and MCF7s as the model cell lines 
After narrowing down the cell line to be used to HeLa or MCF7s, further analysis needed to be conducted to 
choose between them. One such analysis was the quality of band output after increasing the drugged incubation 
time. Both cells were analysed with Rapamycin, after being incubated for 24 hours. More defined western blot 
bands would be beneficial in analysis of HSP90 presence, and degradation would also show clearer. 

 

 

 

 

After 24 hours of drugging, using the same concentration of Rapamycin, MCF7 cells produced sharper, more 
defined bands than those of HeLa cells, with an increase in band strength over time with HSP90 (figure 14). Due 
to this and the presence of degradation and fragmentation as displayed in figure 13, MCF7 cells were chosen as 
the model cell line for further analysis. 

 

4.3 Quantification of samples 
Prior to selecting the model cell line, differing amounts of HeLa cell lysate used during SDS page were analysed 
to decide how much sample was required to produce bands, and possible phosphorylation, to be used on the 
model cell line (Figure 15). 
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17-AAG (μM)                0         4.7       39       78   HeLa lysate            0                39               78 
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Figure 14: Western blot analysis of pan HSP90 levels at 24 hour drugged time point for Hela and MCF7 cells drugged with increasing levels 
of Rapamycin. 



 

 

 

 

 

 

 

 

 

 

In figure 15, some breakdown of HSP90 can be observed with use of the pan HSP90 antibody and some under 
the main band of the 20μl sample analysed with HSP90β, and all samples produced defined bands. Using this 
western blot, it was decided that 20μl of sample be used in future SDS pages, to fully ensure band production, 
and to encourage visualisation of degradation. Using the same amount of sample per well in each western would 
also ensure standardisation of results. 

 

4.4 Length of time and concentration of drugging 
During drugging for different levels of time, these were evaluated for variations and effective results. Molecular 
signalling could be down to minutes, so cells were drugged for 1 hour in comparison to 24 hours, to see how 
quickly the phosphorylation of HSP90 could be visualised, see figure 16. This gave the base for the rest of the 
timed drugged experiments. MCF7 cells were drugged with increasing levels of Rapamycin and incubated at 36°C 
for 1 hour, or 24 hours, after which they were scraped in Radioimmunoprecipitation assay buffer (RIPA) for 
collection and analysed by western blot to observe phosphorylation bands. 

 

 

 

 

 

In figure 16, it can be observed that the presence of phosphorylation bands is more prominent when the cells 
were drugged for at least 24 hours, with further degradation of HSP90 products seen further down the blot. 
From this analysis it was decided that cells would be drugged for a minimum of 24 hours, to ensure presence of 
phosphorylation bands, and to be able to image cell motility via microscopic techniques. 

Cells were drugged at multiple time points, up to a maximum of 7 days, to see the effect of long-term drugging 
in patients, however, an increase in drugging time lead to unclear imaging of wounded cells (figures 17 and 18), 
causing issues with measuring wound closure. 

Rapamycin (μM)                  0       1        2        4        8         16                              0        1       2        4        8      16 
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20               4 

Figure 15: HeLa lysate sample using 20μl or 4μl of sample during SDS-PAGE analysis. Western blot analysis was carried out with the 
antibodies pan HSP90, HSP90α and HSP90β. 

Figure 16: Western blot analysis of HSP90 levels at 1 hour and 24 hour drugged time point for MCF7 cells drugged with increasing levels of 
Rapamycin. 

HeLa Lysate 



 

 

 

 

As observed in figures 17 and 18, under longer time periods of drugging cells were dying and the proteins were 
degrading beyond the point of being able to be analysed by western blot. Even in the case of Figure 18, well 2C, 
the cells were sloughing off the plate, making imaging incredibly difficult. This can be expected when cells are 

0 hours                                    168 hours 

Rapamycin (μM)            0                                                                                 1                                                                                 2.5 

0 hours                                    168 hours 

17-AAG (μM)                  0                                                                                10                                                                                              40 

Figure 17: Wound closure in MCF7 cells after 0 and 168 hours of drugging with Rapamycin. After 7 days there was a build-up of dead cells, 
which made imaging and measuring wound closure difficult. 

Figure 18: Wound closure in MCF7 cells after 0 and 168 hours of drugging with 17-AAG. After 7 days there was a build-up of dead cells, 
which made imaging and measuring wound closure difficult. 



treated with an anti-cancer drug like 17-AAG. From this cell imaging analysis, to be able to observe visually the 
inhibition of cancer cell metastasis when drugged, it was decided that cells would be drugged up to 72 hours, to 
ensure of clear imaging and clear western blot images. As seen in figure 19, 72 hours gave enough time for 
wound closure to be observed without an excessive accumulation of dead cells. 

 

As well as the time of drugging, the concentration of drugging was also varied for optimisation of drugging 
effects. Higher concentrations of drugging were analysed at 72 hours (figures 19 and 20).  
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Figure 19: 72 hour Rapamycin drugged MCF7 cells. Drugging conducted at a higher level than we went for to analyse different 
levels of drugging. 



 

 

In figures 19 and 20, it appeared that Rapamycin was stopping the cells from moving, whereas 17-AAG killed the 
cells. There was also still a build up of dead cells. Due to this, lower concentrations of drugs were used to fully 
investigate the effect of Rapamycin and 17-AAG on cell motility, by diluting the drugs by 10 times. 
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Figure 20: 72 hour 17-AAG drugged MCF7 cells. Drugged at a higher level to observe effect of high dosage over time 



Using lower levels of drugs,  cells were drugged for 24, 48 and 72 hours. The cells were imaged and the wound 
closure measured (figures 21, 22, 23). This was to observe the effect of drugging over time at lower 
concentrations, to see what the optimum dosing was, and to observe how wound closure was effected. It also 
allowed for the effect of dual drugging to be analysed, as smaller doses of drugs in therapeutic regimes are less 
likely to give negative side effects, whilst still maintaining efficacy. This is also linked with observing the 
synergistic lethality of Rapamycin and 17-AAG in combination. 
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Figure 21: 0, 24, 48 and 72 hour 17-AAG drugged MCF7 cells. Cells with 0 drug added showed cell motility to almost full wound closure. 
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Figure 22: 0, 24, 48 and 72 hour Rapamycin drugged MCF7 cells. Cells with 0 drug added showed cell motility to almost full wound closure. 



 

The lower level of drugging made wound closure visualisation clearer, and identification of wound closure easier. 
As observed in figures 19 and 20, wound closure was greater after 24 and 48 hours in all cases, and there was a 
presence of dead cells after 72 hours, but not as great as after 7 days. Graphs were then made of the percentage 
wound closure. Cell motility could be seen inhibited via the imaging in the afore mentioned figures imaging, 
where wounds with no drug added had a higher percentage wound closure, and wounds incubated with higher 
levels of drug had a lower percentage closure.  This is indicative that higher concentration of drugging restricts 
cell motility. 

From the cell motility data accumulated in figures 21-23, the levels of drug and time of drugging were 
determined. Crucial to deciding this was the presence of dead cells with higher levels of drug and longer periods 
of drugging. In figures 19 and 20, rounded cells were observed, as depicted cells losing their usual spread out, 
almost “tricorne” shape, and instead becoming more rounded. This shows lack of cell adhesion, and the death 
of the cells. After 7 days the build-up of dead cells contributed to a significant loss of cell visibility, with the cells 
sloughing off the well to the point where imaging became difficult. Thus, 72 hours was used as the maximum 
time of drugging, and this information further contributed to the reason for using lower levels of drug. 

Level of drugging was also analysed using western blot. MCF7 cells were drugged with 17-AAG or Rapamycin for 
24 hours to analyse the strength of band output. Drugging was carried out based on the IC50 of Rapamycin and 
17-AAG to analyse the wound closure and cell motility, as well as look for possible phosphorylation alongside 
HSP90 output. From the protein presence shown on the blot, the level of drugging was decided. The blot in 
figure 24 also displays a correlation of an increase in HSP90 with an increase in Rapamycin drugging. 
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Figure 23: 0, 24, 48 and 72 hours dual drugged MCF7 cells with Rapamycin (R), and 17-AAG (17). Cells with 0 drug added showed cell 
motility to almost full wound closure. 



 

 

 

 

 

 

 

 

 

 

 

 

In the blot of HSP90 levels in figure 24, there is a correlation of an increase in HSP90 with an increase in 
Rapamycin concentration during drugging, as with figure 25. However, there is no increase in HSP90 when 
drugged at increasing levels with 17-AAG. This demonstrates how HSP90 is affected by Rapamycin, the mTOR 
inhibitor, by the levels of HSP90 increasing with increased concentrations of drugging, but is not affected by 17-
AAG, the HSP90 inhibitor, with no difference in levels. In figure 25, strong bands and degradation were shown 
with the level of drugging, though the level of 17-AAG could be reduced due to the similar levels of degradation 
and HSP90 presence at all drug concentrations. This is also echoed in the wound closure assays, where similar 
wound closure can be seen in figure 21  with similar concentrations of 17-AAG . 

 

4.5 Analysis of wound closure 
Graphs were plotted based on the percentage wound closure from the cell motility measurements. This was 
used to compare the wound closure over time. Measurements were taken after three different times to analyse 
the effect of increasing concentrations of drugging over time. After 24 hours the cells were imaged, and the 
wells were scraped in RIPA buffer to be analysed for western blot. A second lot of cells were imaged at 24 and 
48 hours, and had the wells scraped at 48 hours. This was repeated for 72 hours. From this we had three sets of 
data that were imaged, and cells samples from all three time points to be analysed. The higher concentration of 
drugging for 72 hours was also analysed as a graph. Increasing concentrations of Rapamycin (R), 17-AAG (17) or 
both were used, which can be seen from the key at the bottom of each graph. 
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Figure 24: Western blot analysis of pan HSP90 levels at 24 hour drugged time point for MCF7 cells drugged with increasing levels of 
Rapamycin. 

Figure 25: Western blot analysis of HSP90 levels at 24 hour drugged time point for MCF7 cells drugged with increasing levels of Rapamycin 
or 17-AAG. 



Drugging over time was first analysed for 24 hours, using Rapamycin, 17-AAG or both drugs. 
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Figure 26: 24 hours drugged MCF7 cells, with Rapamycin (26 A), 17-AAG (26 B) or dual drugged (26 C). 



These graphs evidence the varying wound closure rates with different drugs over different periods of time. In 
figure 26 A, MCF7 cells were drugged for 24 hours with Rapamycin. After 24 hours the cells that weren’t drugged 
experienced the highest level of wound closure, with the cells with the highest level of wound closure having 
the lowest percentage of wound closure. This is expected as higher concentration of drug would be expected to 
affect more cells, and will inhibit cell motility more, leading to a lower percentage of wound closure. In figure 26 
B it was observed that with 24 hour 17-AAG drugged cells, and here there is less of a downward trend of 
percentage wound closure. This could be due to the ability of 17-AAG to kill cells rather than inhibit cell motility. 
Figure 26 C displays the wound closure of cells dual drugged for 24 hours, here there was a downwards trend in 
the percentage wound closure, with the cells drugged with a higher concentration of drug added having the 
lowest wound closure, with the lowest concentration of drug having the highest would closure. Overall, after 24 
hours it was observed that the cells that were dual drugged had the lowest percentage of wound closure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Wound closure over time was then measured over 48 hours with increasing drug concentration. 
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Figure 27: 48 hours drugged MCF7 cells, with Rapamycin (27 A), 17-AAG (27 B) or dual drugged (27 C). 



The data in figure 27 evidenced the effect of drugging MCF7 cells for 48 hours. Both figures 27 A and 27 C had 
the same downward trend of wound closure. In both graphs the percentage wound closure decreased the higher 
the concentration of drug. In figure 27 A, the percentage of wound closure between 24 and 48 hours with no 
drug added almost doubled, whereas the difference in the drugged samples was smaller. This suggests that 
drugging, no matter the concentration, slowed cell motility. In figure 27 B, although there was a general 
downward trend with the increase of drug concentration, after 48 hours the samples appeared to even out, with 
very little difference between the drugged samples, but a large difference between the 24 hour and 48 hour non 
drugged sample. 

To analyse for statistical significance, a student t-test was conducted in Excel 365 on the 48 hour data displayed 
in figure 27 (see table 7). 48 hours was chosen as the best time point for analysis as visible wound closure could 
be observed without excessive cell death. Single tail and unequal variance parameters chosen. 

 

Table 7: Student t-test results of significance of drugging at 48 hours. Results created from data in Figure 27. 

Rapamycin (μM) 0 0.25 0.5 1 
0 x <0.0001 <0.001 <0.001 
0.25 <0.0001 x 0.0003 0.0003 
0.5 <0.0001 0.0003 x 0.25 
1 <0.0001 0.0003 0.25 x 
17-AAG (μM) 0 2.5 5.1 10.2 
0 x <0.0001 <0.0001 <0.0001 
2.5 <0.0001 x 0.07 0.33 
5.1 <0.0001 0.07 x 0.22 
10.2 <0.0001 0.33 0.22 x 
Dual Drug (μM) 0 0.25 Rapamycin, 

2.5 17-AAG 
0.5 Rapamycin, 5.1 
17-AAG 

1 Rapamycin, 10.2 
17-AAG 

0 x <0.0001 <0.0001 <0.0001 
0.25 Rapamycin, 
2.5 17-AAG 

<0.0001 x 0.02 0.44 

0.5 Rapamycin, 5.1 
17-AAG 

<0.0001 0.02 x 0.02 

1 Rapamycin, 10.2 
17-AAG 

<0.0001 0.44 0.02 x 

 

These results show significance in most cases, with almost all results giving data below 0.05. It appears that the 
higher level of drugging shows less significance, which ties into the data shown in figure 27 and figures 21-23, 
where higher levels of drugging showed more cell death rather than an inhibition in cell motility. 

 

 

 

 

 

 

 

 

 

 



Increased concentrations of drugging over time was further tested for 72 hours. This was to observe the 
optimum concentration of drugging, with 72 hours being used as a cut off due to excess dead cells being 
observed in figures 17 and 18. 
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Figure 28: 72 hours drugged MCF7 cells, with Rapamycin (28 A), 17-AAG (28 B) or dual drugged (28 C). 



After 72 hours of drugging there was an increase in variance of the percentage wound closure. There seemed to 
be little difference after 24 hours in the non-drugged and first drugged sample. In figure 28 A, the sample with 
the highest concentration of drug had the lowest percentage wound closure at all time points. The other two 
drugged samples also stayed quite low, and they percentage wound closure only slightly increased in both 
samples at each time point. This, along with the increase in percentage wound closure in the non-drugged 
samples provides evidence of Rapamycin inhibiting cell motility and affecting wound closure. In figure 28 B, after 
48 hours the drugged samples decreased in percentage wound closure with the increase of drug concentration. 
This evidences the effect of 17-AAG on cell motility. The results were not as expected after 24 hours, this could 
be due to human error or an issue in the wounding of the cells. Figure 28 C showed little difference between the 
first two drugged samples, but after 72 hours there was more of a difference, with the sample drugged at a 
lower concentration having a larger percentage wound closure. This is suggestive that the difference in drug 
concentration may not be visible after 48 hours, but after 72 hours or longer could have a greater effect on cell 
motility. The sample with the highest concentration had the lowest percentage of wound closure, until 72 hours, 
where the cells were unable to be imaged due to cells sloughing off the well surfaces. As in figures 28 A and B 
the non-drugged sample had the greatest percentage of wound closure and had the biggest difference in closure 
after 72 hours. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



72 hours of drugging was also tested with higher concentrations of Rapamycin and 17-AAG. This was to observe 
the optimum concentration of drug dosing over the time selected. Higher concentrations were used in relation 
to the IC50 of both drugs. 

The data in figure 29 evidenced the effect of drugging MCF7 cells for 72 hours, incubating with a higher 
concentration of drug. Among the 17-AAG treated cells and the Rapamycin treated cells, both  had a lower 
percentage wound closure than the non-drugged cells, but there was variation in the trends. In figure 29 A the 
sample with the highest concentration of drug had the lowest percentage wound closure. In figure 29 B, the 
samples with the highest concentration of drug were unable to be imaged due to cells sloughing off. There was 
also little difference in wound closure in cells drugged with 4.9 or 10.2μM of 17-AAG, whereas the other cells 
drugged with the higher concentration of drugging  seemed to have error and deviation, possibly due to human 
error. 
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Figure 29: 72 hours drugged MCF7 cells, drugged with a higher concentration. Rapamycin (29 A) or 17-AAG (29 B). 



Figure 29 contains data from higher concentrations of drugs. This was used to find the optimum concentration 
for future test, especially in the case of dual drugging. In figure 29 A, after 48 hours it appeared that after 48 
hours the percentage wound closure stayed roughly the same even with the increase in drug concentration. Due 
to this, 0.5μM was selected as the optimum concentration of drugging with Rapamycin. The same happened in 
figure 29 B, where after 48 hours the percentage wound closure stayed roughly the same. With 4.9μM being the 
lowest concentration of 17-AAG, the optimum concentration was adjusted slightly and 5.1μM was used. This 
can be demonstrated in the single drugging and dual drugging closure data in figure. 

 

4.6 Western blot analysis of HSP90 
It is possible that HSP90 can be used a biomarker for effective drugging of MCF7 cells. From the wound assays 
we know the optimum drug concentration (of 0.5μM Rapamycin and 5.1μM 17-AAG), so western blot analysis 
needed to be conducted to see the presences of HSP90 after drugging over time, and to see if this could be used 
as a biomarker. The different time points of drugged cells were then analysed via western blot, to observed 
HSP90 presence and degradation over time. The western blot technique was used to analyse the effect of 
drugging on MCF7 cells to provide confident analysis of HSP90, as we know from previous work where the band 
for HSP90 should appear on the blot (at 86 kDa). This allows for us to accurately identify the presence of post 
translational modifications, as observed by the breakdown of the expected bands. Western blot also allows for 
the use of different antibodies to be used, seeing how drugging affects other elements, such as Heat Shock 
Factor (HSF). For example, in figure 30, at the highest concentration of Rapamycin drugging after 24 hours a 
band can be seen above the HSP90 band, indicating a post translational modification. This could possibly be the 
same PTM that is found in yeast at Serine 602 or T533 (Unpublished laboratory data; Soroka et al., 2012). 

First, HSP90 was analysed in 24 hour Rapamycin, 17-AAG or dual drugged cells, after being incubated with the 
drug for 24 hours. These cells were also analysed with the antibodies HSP90α, HSP90β and HSF1, to observe the 
different heat shock proteins/factors released when cells are drugged, after phosphorylation was noted with 
increasing concentrations of Rapamycin, and to see if there was an upregulation of HSP90 in its isoforms (figures 
30, 31 and 32). 

 

 

 

 

 

 

 

 

 

 

 

 

In figure 30, there is a correlation increase of increasing HSP90 with a greater concentration of Rapamycin, 
however this correlation is not present with 17-AAG. It is also worth noting that there is no increase when the 
cells were dual drugged, suggesting that the HSP90 inhibitory action of 17-AAG is particularly in force when 
matched with a mTOR inhibitor. The Rapamycin drugged cells showed some potential degradation at the highest 
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Figure 30: Western blot analysis of pan HSP90 levels at 24 hour drugged time point for MCF7 cells drugged with increasing levels of 
Rapamycin, 17-AAG, or both. 



concentration of drugging. All samples produced defined bands when imaged, showing presence of HSP90. 
Higher concentrations of drug gave stronger bands, indicative of higher levels of HSP90. 

 

 

 

 

  

 

 

 

 

 

 

Figure 31 also shows the same increase in HSP90α with Rapamycin, but no increase with 17-AAG or dual drugged. 
This suggests that the action of 17-AAG is the same on the different isoforms of HSP90. These blots were not as 
clear as the 24 hour HSP90 analysed blots in figure 30. The dual drugged samples gave a strong output, with an 
increase in band size with the higher concentration of drugs. The Rapamycin drugged cells also gave a stronger 
band output with the increase in drug concentration. All 17-AAG samples gave similar output. 
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Figure 31: Western blot analysis of HSP90α levels at 24 hour drugged time point for MCF7 cells drugged with increasing levels of 
Rapamycin, 17-AAG, or both. 

Figure 32: Western blot analysis of HSP90β levels at 24 hour drugged time point for MCF7 cells drugged with increasing levels of 
Rapamycin, 17-AAG, or both. 



 

 

 

 

 

 

 

 

Figures 32 and 33 did not show the same increase as was visible in figures 31 and 32. This suggests that 17-AAG 
and Rapamycin do not have the similar effect on HSP90β and HSF 1as they do on HSP90α isoform. In figure 31 
the Rapamycin and 17-AAG drugged samples were not at defined as the dual drugged samples. They did give 
quite a strong output, suggesting presence of HSP90β. The dual drugged samples also gave some output, though 
not as strong. In figure 33, the Rapamycin drugged samples gave more defined bands than the 17-AAG samples, 
with the samples with the highest concentration of sample giving the strongest output in both drugged samples. 

Cells drugged for 48 hours with Rapamycin, 17-AAG or both were also analysed using HSP90, HSP90α, HSP90β 
and HSF1. This was done to see if there were any changes in the bands produced after a longer period of drug 
incubation. This includes the observation of possible degradation and other PTMs. After upregulation of HSP90 
was seen after 24 hours, and some phosphorylation, increased time periods allowed to see if there were any 
changes in this over time. 
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Figure 33: Western blot analysis of HSF1 levels at 24 hour drugged time point for MCF7 cells drugged with increasing levels of Rapamycin 
or 17-AAG. 

Figure 34: Western blot analysis of pan HSP90 levels at 48 hour drugged time point for MCF7 cells drugged with increasing levels of 
Rapamycin, 17-AAG, or both. 48 hours drugged MCF7 cells. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After 48 hours there was still an increase of levels of HSP90 with increased drugging with Rapamycin. In all other 
blots with different antibodies there was less obvious an increase with Rapamycin. All figures showed no change 
in level of HSP90, HSP90α, HSP90β and HSF1 when drugged with 17-AAG or dual drugged. In figure 34, all 
samples gave clear bands, which are more prominent than those displayed after 24 hours in figure 30. In figure 
35, the dual drugged samples did not produce as defined bands as the Rapamycin and 17-AAG drugged samples. 
The Rapamycin and 17-AAG drugged samples gave a clear, strong output, indicating HSP90α isoform presence 
in these samples after 24 hours. The bands produced upon analysis with Rapamycin and 17-AAG also produced 
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Figure 35: Western blot analysis of HSP90α levels at 48 hour drugged time point for MCF7 cells drugged with increasing levels of 
Rapamycin, 17-AAG, or both. 

Figure 36: Western blot analysis of HSP9β levels at 48 hour drugged time point for MCF7 cells drugged with increasing levels of Rapamycin, 
17-AAG, or both. 

Figure 37: Western blot analysis of HSF1 levels at 48 hour drugged time point for MCF7 cells drugged with increasing levels of Rapamycin 
and 17-AAG. 



larger bands than the bands seen after 24 hours in figure 31. In figure 36, some presence of HSP90β was seen in 
all samples, with more defined bands with a greater output observed in comparison to after 48 hours drugging 
with Rapamycin or 17-AAG as shown in figure 33. In figure 37, although the blot is not as clear or defined as 
desired, it does display presence of Heat Shock Factor in all samples. 

 

Following on from this, cells were drugged for 72 hours with Rapamycin, 17-AAG or both and were analysed 
using HSP90, HSP90α and HSP90β. After 72 hours it was more expected to see breakdown products of HSP90, 
through production of extra bands, caused by post translational modifications such as phosphorylation and 
ubiquitination. This can be observed especially clearly in figure 38, with the highest concentration of Rapamycin, 
where there is a presence of three breakdown products of HSP90 displayed above the main band. 
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Figure 38: Western blot analysis of pan HSP90 levels at 72 hour drugged time point for MCF7 cells drugged with increasing levels of 
Rapamycin, 17-AAG, or both. 

Figure 39: Western blot analysis of HSP90α levels at 72 hour drugged time point for MCF7 cells drugged with increasing levels of 
Rapamycin, 17-AAG, or both. 



 

 

 

 

 

 

 

 

 

 

In figure 38, phosphorylation and breakdown products of HSP90 can be seen, especially in the sample with the 
highest concentration of Rapamycin, and the sample free of 17-AAG. All samples produced defined bands with 
a strong output, increasing in strength correlating with an increase in drug concentration. In figure 39, 
phosphorylation and breakdown products can be seen above the samples with 0μM and the lowest 
concentrations of Rapamycin and 17-AAG samples. All samples produced strong, defined bands, indicating 
presence of HSP90α in all samples. As displayed in figure 40, all samples gave strong, defined bands, suggesting 
presence of HSP90β. There is presence of phosphorylation in the 17-AAG drugged samples in all samples as 
shown in breakdown products below the main bands. It is also possible to see an increase in band width along 
with an increased in Rapamycin concentration 

 

After drugging for 72 hours, there was an increased  level of HSP90 when drugged with increasing levels of 
Rapamycin. This was also the same for increased levels of dual drugging with HSP90. This could be due to the 
longer period of incubation with the drug, causing and upregulation of HSP90 presence  in the cells. After 72 
hours there was more degradation of protein, caused by the longer incubation period. This is shown by the 
presence of extra bands on the blot above the expected band, as seen in figures 40 with the highest 
concentration of Rapamycin, and in all samples in figure 40 when incubated with 17-AAG. There is also possible 
ubiquitination after 72 hours on some blots, displayed by the presence of extra bands under the expected bands. 

After seeing upregulation in 24, 48 and 72 hour samples, other antibodies were also tested on 48 hour drugged 
samples. This was done to see detect the specific phosphorylations  present with HSP90 drugging. This allowed 
for observation of other elements affected by the drugging of cancer cells over time, which could possibly be 
involved in metastasis. Serine antibodies 121, 326, 307 and 320 were used as they recognise only serine 
phosphorylated residues, giving indication of where HSP90 has been phosphorylated by drugging. This can be 
compared with the strong output that was observed in figure 34, when HSP90 was analysed after 48 hours of 
drugging in MCF7 cells. 

 

Rapamycin (μM) 

HSP90β 

 

17-AAG (μM) 

HSP90β 

 

Dual drugged (μM) 

HSP90β 

     0                 0.25                0.5                    1 

     0                  0.25                 0.5                  1       Rapamycin 

0                  2.5                 5.1                 10.2 

0                   2.5                  5.1               10.2    17-AAG 

MCF7 (72hr) 

Figure 40: Western blot analysis of HSP90β levels at 72 hour drugged time point for MCF7 cells drugged with increasing levels of 
Rapamycin, 17-AAG, or both. 



 

 

 

 

 

 

 

 

In this, several different antibodies were used as phosphorylation levels increase on specific residues heat-shock 
and enhance HSF1 transactivation activity.  Phosphorylation on S307 de-represses activation on heat-stress and 
appears to be involved in recovery after heat-stress (Abcam.com, 2020). S121 was also investigated, as 
phosphorylation on S121 inhibits transactivation and promotes HSP90 binding (Abcam.com, 2020). 
Phosphorylation on S326 is involved in the activation of HSF1 transcriptional activity (Abcam.com, 2020). In 
figure 42, when drugged with the HSP90 inhibitor 17-AAG and when dual drugged, the level of S326 is reduced, 
showing the implication of HSP90 in the heat shock response. 

Cells incubated with drug for 72 hours were analysed with the antibody S326. HSF1 is present in an inactive state 
in the cytoplasm in unstressed cells and translocates to the nucleus when activated by stress, where it acts as a 
DNA-bound transcription factor, the phosphorylation of HSF1 can then be analysed on S326 as a good marker 
of activation (Pastorek et al., 2018). Having seen upregulation of HSF after 24 and 48 hours of drugging, S326 
presence was analysed to see if HSF1 was phosphorylated over an increased time period of drugging, and as a 
prospect maker of activation. The presence of S326 can be observed in figure 42. 

 

 

 

 

 

 

 

 

 

In figure 42, the level of S326 is decreasing with the increasing concentration of Rapamycin. S326 is 
phosphorylated by Tor, which is involved in the heat shock response. The decrease with increase of Rapamycin 
concentration is due to the inhibition of Tor by Rapamycin, as it phosphorylates on S326. S326 presence can also 
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Figure 41: Western blot analysis of S121, S326, S307 or S320 levels at 48  hour drugged time point for MCF7 cells drugged with increasing 
levels of Rapamycin, 17-AAG, or both. Phosphorylation can be seen in most samples with Rapamycin drugging, and in the S121 and S307 
samples for 17-AAG. 

 

Figure 42: Western blot analysis of S326 levels at 72 hour drugged time point for MCF7 cells drugged with increasing levels of Rapamycin, 
17-AAG, or both. The dual drugged samples only showed a band at 0 concentration of drugging. There are multiple bands of 
phosphorylation, ubiquitination and breakdown when the cells were drugged with Rapamycin and 17-AAG, showing presence of S326. 



be observed in figure 42 when cells were incubated with 17-AAG, with the strongest output given for the lowest 
concentration of drugs. Presence of S326 can also be seen when the cells were incubated with both drugs, 
though not as clearly. 

Western blots were also conducted on cells drugged for 72 hours using a higher concentration of Rapamycin or 
17-AAG. This was the explore the effect of higher concentrations of drugging over an incubation period of 72 
hours, to observe any possible PTMs. Analysis of higher concentrations of drugging was also tested, to see if 
higher concentrations made much difference to HSP90 upregulation, as minimal difference would allow for 
lower concentrations of drugs to be used, leading to fewer negative side effects when used in patients, and also 
reducing costs. These samples were analysed with a range of antibodies, to observe the effect on any other 
elements. After analysis these blots did not produce as clear, sharp bands as the cells drugged at a lower 
concentration. Especially in the case of 17-AAG, the blots were not as clear, possibly due to the build-up of dead 
proteins which can be expected when using an anti-cancer agent such as 17-AAG. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In figure 43, all samples produced similar bands when analysed with pan HSP90, HSP90α and HSP90β when 
incubated with higher concentrations of Rapamycin. The bands produced when samples were incubated with 
lower concentrations of Rapamycin in figures 40, 41 and 42 were more defined, and phosphorylation was 
present. This could be due to cell dying when incubated with higher concentrations of drug, and not being 
present to produce defined bands in western blot analysis. In figure 44, the samples analysed with HSP90 and 
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HSP90 

 

HSP90α 

 

HSP90β 
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Figure 43: Western blot analysis of pan HSP90, HSP90α and HSP90β levels at 72 hour drugged time point for MCF7 cells drugged with 
increasing levels of Rapamycin. 

Figure 44: Western blot analysis of pan HSP90, HSP90α, HSP90β, HSF1 or S307 levels at 72 hour drugged time point for MCF7 cells 
drugged with increasing levels of 17-AAG. 



HSP90β gave the strongest output of bands. The sample analysed with S307 showed phosphorylation under the 
main bands. Again, these bands are not as defined in most cases as the 17-AAG incubated samples in figures 40-
42. This indicates that incubation of cells at 72 hours should be done with a lower concentration of drug to allow 
for phosphorylation and breakdown of proteins to be observed. This is particularly important to note when clear, 
defined blots and bands are required for finding a biomarker for cancer cell metastasis, as HSP90 needs to be 
observed clearly, and the PTMs need to be defined to be seen. 

Overall, from the western blots conducted, post translational modifications can be observed after incubating 
with the drugs for 72 hours, especially in the case of HSP90 isoforms. After 24 hours there was an increase in 
HSP90 correlating with the increase of drug concentration (figure 30). After 48 hours there was still an increase 
of levels of HSP90 with increased drugging with Rapamycin (figure 34). The level of HSP90, HSP90α, HSP90β and 
HSF when drugged with 17-AAG or dual drugged stayed similar with the varying concentrations (figures 35-37). 
After 72 hours there was a correlation of an increase of HSP90 with an increase of Rapamycin concentration, 
which was echoed in dual drugging with HSP90. This could be due to the longer period of incubation with the 
drug/s, causing a greater upregulation of HSP90 presence  in the cells. It is also possible to see the effect of 
higher concentrations of drugging with the less defined western blots (figure 43 and 44), this adds more weight 
to the case of lower drugging regimes, which would also assist in overcoming issues with hepatoxic doses, and 
alleviating patient side effects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 Discussion 
HSP90 inhibitors have been under clinical trials for over a decade, even though positive clinical outcomes have 
been reported, there are none which have passed the phase 3 clinical trial stage of evaluation, mostly due to 
poor drugging regimes and trail design. Dual drugging, and using HSP90 as a novel biomarker for cancer cell 
metastasis could improve this.  

Mammalian cell culture is commonly used as one of the first experimental methods for testing drug efficacy, 
especially in the case of cell motility, as the effect of the drug can be directly seen over time on the cells, and 
movement in the form of wound assays can be readily imaged. Selecting the correct cell line for purposes of 
research is essential for evaluating the effect of the intended drug on the cancer of choice. In this case, I originally 
wanted to test cervical and breast cancer, then through experimental development, chose breast cancer as the 
model. MCF7 cells were selected as the model cell line due to their robust nature and due to being reported as 
a good model cell line to understand breast cancer pathogenesis (COMŞA et al., 2015). The incidence of breast 
cancer also contributed to their selection, as breast cancer is the most common cancer in the UK, with 
predictions of increased rates of diagnosis (Smittenaar et al., 2016). As displayed in figures 21-23 , cell motility 
can be observed after just 24 hours, meaning that positive results could be collected in a short time period. 
Drugging this cell line also produced strong bands and phosphorylation detected by western blot after 24 hours, 
this can be surveyed in figure 13, where phosphorylation can be seen during this time period. Having a cell line 
which can produce results in a short time period is beneficial, as it is easier to observe biomarker production 
and cell motility after different time periods. 

It has been widely reported that HSP90 inhibitors effect cell motility, lowering the levels of metastasis, therefore 
we used wound closure as a model assay to investigate if inhibiting HSP90 reduces cell motility (Workman et al., 
2007). The success of HSP90 inhibitors has also been suggested to lie in treating cancers that are addicted to 
certain driver oncogene products, such as HER2 which is found in breast cancer, which are sensitive to HSP90, 
giving more reason to study HSP90 inhibitors in breast cancer (Neckers and Workman, 2012). 

Scratch wound assays have long been shown as a good method of assessing cell motility, as they are easy to 
perform, cells move in a defined direction by closing the wound, the cells can be easily imaged with the 
morphology and movement of the cells able to be observed visually in real time (Hulkower and Herber, 2011). 
There have been many successful experiments using scratch wound assays for evaluating cell motility and 
invasion in breast cancer, this was echoed in the successful visualisation of cell motility seen in figures 21-23 
(Götte et al., 2010). Using wound closure allowed for the motility of cells to be measured directly in comparison 
to drugged cells, and gives an indication of the effect of HSP90 on metastasis in the body. When HSP90 was 
inhibited, the cells showed characteristics of lower levels of metastasis, by showing a decline in cell motility. This 
was especially apparent in the dual drugged cells. Over time, the percentage wound closure displayed in cells 
without drug increased over the 72 hours that cells were analysed for, whereas cells that were drugged had a 
reduction in motility, and had a lower percentage of wound closure. It can be observed in figure 23 that this 
reduction is even smaller in cells that were dual drugged. 

A number of studies have reported advantages of dual drugging over single drug treatment regimes to overcome 
the issues that arise when treating cancer with a single drug. Treatment of breast cancer using a single drug 
option often delivers a high failure rate. This is due to a variety of obstacles, such as the heterogeneity of drug 
response within individuals, nonspecific target action, drug toxicity, and/or development of resistance (Hasan et 
al., 2018). Dual drugging may help overcome some of these obstacles, due to the smaller chance of resistance 
developing, being more selective in targeting, and by acting at multiple drug targets rather than one (Hasan et 
al., 2018). Combination drugs have displayed success in previous studies, for example, doxorubicin and paclitaxel 
in combination have been shown to reduce mortality and improve safety compared to their administration as 
single drugs (Miles et al., 2002). In this study, with doxorubicin and paclitaxel in delivered in combination rather 
than sequentially gave a  response rate of 46.0% and 8 months until disease progression, higher than delivering 
doxorubicin then paclitaxel or paclitaxel then doxorubicin (34%/6.2 months and 33%/5.9 months respectively) 
(Miles et al., 2002). 

This study stated that the ideal combination therapy should consist of the following: 

• Each drug should have single-agent activity without resistance 

• Treatment should show preclinical evidence of drug synergy 



• Both drugs should have safety profiles which don’t overlap 

From this, many dual drugging criteria are very rarely met, due to the single drugs being administered at sub 
optimal doses due to dose-limiting toxicities (Miles et al., 2002). This was a consideration in the experimentation 
with drug dosing in my wound closure experiments. By using varying levels of drug,it was assessed that the dose 
which had the lowest percentage wound closure and lowest does. It can be observed in figure 28 that after 48 
hours all the drugged cells had roughly the same percentage wound closure, consequently, 0.5μM was selected 
as the optimum concentration of drugging with Rapamycin and 5.1μM the optimum concentration of 17-AAG. 

One of the biggest failures currently for HSP90 drug trials is poorly designed trials, that have either drugging 
regimes inconsistent with the type of drug being administered or incompatibility of cancer type to drug regime. 
To increase the quality of clinical trial design and outcomes, there needs to be an increase in the amount of basic 
understanding from laboratory research, which can then be applied to bedside treatment - Personal 
communication with Prof. Medhi Mollapour. If trials pass to human stages, further issues with toxicity and side 
effects relating to dosing arise, therefore different dosing schedules can be used to assess frequency and severity 
of side effects (Shimomura et al., 2019). Often, HSP90 inhibitor clinical trials fail due to the high level, and toxicity 
of the drug given. 17-AAG is a HSP90 inhibitor which works by binding to the HSP90 ATP pocket, impairing ATP 
hydrolysis, and chaperoning activity causing unfolded or misfolded client proteins to become ubiquitinated and 
degraded by the proteasome pathway (Petersen et al., 2018). The band shift and degradation of client proteins 
with HSP90 can be observed in figure 25. 17-AAG has demonstrated in this study to decrease cancer cell motility, 
however, although it has suitable pharmacological potency, its low water solubility and high hepatotoxicity could 
significantly restrict its clinical use, due to the side effects observed in patients (Talaei et al., 2019). Side effects 
for the patient from this have previously included nausea, vomiting and diarrhoea (Talaei et al., 2019). By using 
dual drugging, smaller doses of 17-AAG can be used, therefore reducing the toxicity and possible side effects 
exhibited in patients treated with the drug. 

Rapamycin in an inhibitor of the mTOR pathway, which is regulated in and contributes to the initiation and 
progression of breast cancer (Gopalakrishnan et al., 2018). It is also a key activator of the heat shock response. 
This makes Rapamycin a potential synergistic drug to use in combination with HSP inhibition therapy. Rapamycin 
was chosen as a dual drug for this study due to its synergistic effect with 17-AAG, and its role in allowing reduced 
doses of 17-AAG to be used in cancer treatment. As Rapamycin inhibits mTOR, the heat shock pathway will be 
therefore inhibited, leading to a lower production of heat shock proteins, including HSP90. Consequently, a 
reduction in the presence of HSP90 allows for lower doses of 17-AAG to be used. Rapamycin has been used with 
17-AAG in previous studies looking at MCF7 and MDA‐MB‐231 breast cancer cells, as both 17‐AAG and 
rapamycin trigger apoptosis and cell cycle arrest, and can inhibit angiogenesis (Talaei et al., 2019). 

Another aspect to be considered is the synergistic lethality between Rapamycin and 17-AAG, and it’s 
effectiveness from this as a dual drugging regime. It is suggested that the combination of Rapamycin and 17-
AAG synergistically inhibits cancer cell proliferation, induces apoptosis and cell cycle arrest, whilst also inhibiting 
angiogenesis (Francis et al., 2006). 

There is the possibility that Rapamycin may be altering HSP90 phosphorylation, changing the way the 17-AAG 
binds to HSP90. It has been suggested that the HSP90 modification state affects cellular sensitivity to HSP90-
targeted therapeutics that specifically bind and inhibit its chaperone activity (Backe et al., 2020). PTM’s of HSP90 
is an example that has been investigated for HSP90 inhibitor sensitivity and selectivity, therefore if Rapamycin 
has an effect on the PTM’s of HSP90, making it more susceptible to the effects of 17-AAG, this would give a 
strong case for their use synergistically in a drugging regime (Backe et al., 2020). As observed in wound closure 
assays in figures 19 and 20, it appeared that Rapamycin was halting cell motility, whilst 17-AAG was destroying 
cancer cells. An increased binding to and enhanced cell sensitivity to HSP90 inhibitors would make regimes such 
as this more effective. The HSP90 phosphorylation observed in the experimentation of this study could also be 
used a biomarker for the efficacy of HSP90 inhibitor combination therapies, allowing for more weight to be 
added to the use of Rapamycin and 17-AAG in combination. Further study of the impact of Rapamycin on HSP90 
phosphorylation and how this affects 17-AAG binding to HSP90 is needed. 

One deterrent to the development of a clinically effective HSP90 inhibitor is that a very low percentage of clinical 
trials have codeveloped a predictive biomarker of the anticancer activity fundamental to this class of drugs (Yuno 
et al., 2018). Previously, HSF1 has been trialled as a biomarker for the efficacy of HSP90 inhibitors, as similar to 
HSP90, HSF1 transcriptionally regulates many of the pro-folding co-chaperones, therefore possibly identifying 
HSF1 as an indicative biomarker of the success of HSP90 inhibitors in breast cancer cell lines (Pastorek et al., 



2018). HSF1 is present in an inactive state in the cytoplasm in unstressed cells and translocates to the nucleus 
when activated by stress, where it acts as a DNA-bound transcription factor, the phosphorylation of HSF1 can 
then be analysed on S326 as a good marker of activation (Pastorek et al., 2018). In this study, HSF was analysed 
via western blot, with its presence being indicative of the success of HSP90 inhibitor 17-AAG, as well as the 
efficacy of Rapamycin and dual drugging. This can be observed in figures 33 and 37. Rapamycin also inhibits 
mTOR’s kinase function in phosphorylating HFS1 in Ser 326, therefore HSF1 can be identified via western blot. 

During this study’s experimentation, the effect of one activation pathway of mTOR was observed, which is 
implicit in the motility of cancer cells. Inhibition of mTOR also has other undesirable effects, such as reducing 
the immune response, increased viral and fungal infections including pneumonia, painful oral aphthous 
ulceration, hair loss, decreased insulin sensitivity, glucose intolerance, and an increased risk of new-onset 
diabetes (Lamming, 2016). The role of aberrant signalling mediated by mTOR can occur at a higher frequency in 
some cancers such as hepatocellular carcinoma further highlights the use of mTOR as a candidate for targeted 
therapy (Kaibori et al., 2016). 

It a reported published theory that phosphorylation of HSP90 could possibly be used as a biomarker for the 
success of cancer cell drugging, and halting cancer cell motility. HSP90 has displayed phosphorylation at different 
sites, including Serine 231 and Serine 263 (Calderon et al., 2019) Recently, it was shown that Wee1, a yeast 
tyrosine kinase, was able to phosphorylate yeast HSP90 at TY24, and human HSP90 at TY38 (Calderon et al., 
2019). In yeast, tyrosine phosphorylation of HSP90 in the nucleus appears to relocate it to the cytosol, triggering 
its degradation by ubiquitination (Calderon et al., 2019). The Millson lab has previously discovered that 
Rapamycin causes phosphorylation of HSP90 in yeast (Millson and Piper, 2014). In figure 38, a band can be seen 
above the site of HSP90 at 1µM of Rapamycin drugging, potentially the same phosphorylation of HSP90 at S602 
or T553 as exhibited in yeast. Phosphorylation of HSP90 has also been identified in this study using western 
blots, displaying phosphorylation at S326 and HSF (figures 33, 37 and 42). This potentially advocates for the use 
of HSP90 as a biomarker of effective drugging of cancer cells. 

Different isoforms of HSP90 were analysed in this study, namely HSP90α and HSP90β. Previously, many 
phosphorylated sites have been identified in HSP90α, including T36, Y38, T115, S399, T425, S505, T603, T725 
and S726, which showed sensitivity to HSP90 inhibitors (Calderon et al., 2019). Therefore, by experimenting with 
different isoforms of HSP90, it is possible to observe if there is a greater effect on a different isoform of HSP90 
with different drugs. Different isoforms of HSP90 have been observed to have differing levels of affinities for the 
inhibitor. For example, Millson et al found that significant levels of resistance to 17-AAG rise with a single point 
mutation in the native HSP90 of yeast (A107N), the human HSP90α (A121N) and the human HSP90β (A116N) 
(Millson et al., 2010). This further added to the need for dual drugging therapy to be considered. 

HSP90α and HSP90β have potentially different roles in the cell but also some overlapping functions. HSP90α has 
also been associated with acting as a chemo-attractant in wound healing, as it possesses unique properties to 
remain functional under the hostile wound environment that compromises conventional growth factors' 
effectiveness, possibly adding to its role in motility in cancer cells (Bhatia et al., 2016). 

Using a HSP90 inhibitor in this study, allowed for cell motility to be slowed when tested in vivo. This was shown 
through wound closure methods for 72 hours in figures 21-23. Here the wound closure over time can be seen 
to be greatly reduced when drugged with Rapamycin and 17-AAG both separately and dually in comparison to 
the cells free from drug. This indicates that these drugs inhibit cell motility. Therefore, it is possible that in 
humans these drugs can be used to reduce cell metastasis, allowing for the tumour to stay in one tissue, making 
treatment easier and giving better prognosis. In future, the study of HSP90 as a switch for cancer cell metastasis 
should be tested in humans using Rapamycin and 17-AAG, to assess the ability of HSP90 inhibition in reducing 
metastasis and assessing the impact of dual drugging at lower concentrations. Other biomarkers for cancer 
treatment success should also be considered , and tested at 24, 48 and 72 hours, such as UNC45, T36, T425, 
S505, T603, T725 and S726. Although wound assays were successful, wound assays using a buffer to create a 
cell free space in the well could be used in future to create a cleaner wound in vivo. There is also possibility of 
testing HSP90 inhibitors in other cancers with high metastatic rates such as colon, kidney and lung cancers. 

Throughout this research dual drugging has been identified as being an effective method of treatment for cancer 
cell metastasis. Through cell motility images, in figure 23, cell motility was observed as reduced when using a 
dual treatment, in comparison to a single drug in previous figures. Rapamycin was selected as a dual drug for 
this study due to its synergistic effect with 17-AAG, and its role in allowing reduced doses of 17-AAG to be used 
in cancer treatment. As Rapamycin inhibits mTOR, the heat shock pathway will be therefore inhibited, leading 



to a lower production of heat shock proteins, including HSP90. Consequently, a reduction in the presence of 
HSP90 allows for lower doses of 17-AAG to be used. This allows for the reduction of side effects seen by patients 
in previous studies. During drug incubation, the optimum dosing concentration was analysed in figures 26-28. It 
is possible that this can be put into clinical practice by testing patients for optimum dosing. This could also limit 
the side effects seen in patients during clinical trials of HSP inhibitor treatment. 

HSP90 has also shown potential as a PTM biomarker of effective drugging, especially as it has displayed 
phosphorylation at different sites, including S231 and S263. Using analysis of these serine residues as a marker 
of drugging, it could allow for the ability to personalize treatment to patients, giving better prognosis, and 
impacting on the societal impact of breast cancer. Phosphorylation of HSP90 has also been identified in this 
study using western blots, displaying phosphorylation at S326 and HSF (figures 33, 37 and 41). This potentially 
advocates for the use of HSP90 as a biomarker of effective drugging of cancer cells. Identifying the effectiveness 
of treatment during chemotherapy allows for regimes to be altered to produce a more effective treatment, 
possibly giving a better outcome to those undergoing treatment for breast cancer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 Conclusions and Future Directions 
The major findings of this study are that HSP90 is strongly involved in cancer cell metastasis. It can be visualised 
after just 24 hours of drugging, due to this its phosphorylated residues presence can be used as marker of 
prognosis in cancer patients, and allows for analysis of effective drugging. This opens up the possibility of 
developing case by case personalised drugging regimes for patients. After drugging for 7 days, it was found that 
cancer cells could not be imaged using wound assays, due to the accumulation of dead cells and cells sloughing 
off the wells. The optimum dosing of 17-AAG and Rapamycin, was analysed to be 0.5μM and 5.1μM respectively, 
and it was found that this regime was especially effective at reducing cell metastasis when used dually. This 
could possibly be used to advocate the use of this dual drugging regime in human trials. 

In future, the role of phosphorylation on S326 and the implications of this on HSP90 and the heat shock response 
should be further explored, assessing 24 and 48 hour drugged samples for S326 levels. All further studied 
antibodies (S121, S326, S307 or S320) should be analysed as 24 and 72 hours, to analyse the increase in these 
levels over time when cancer cells are drugged. In future studies, cell lines from other highly metastatic cancers 
such as lung cancer should also be analysed, to see if the role of HSP90 which has been analysed in breast cancer 
can also be seen in other metastatic cancers. The use of wound closure assays effectively demonstrate cancer 
cell motility, and can be directly related to the in situ scenario of cancer cell metastasis. Before advancing the 
drugging regime to human trials, studying the metastasis of cells using the more advanced methods of tumour 
spheres could be used to analyse cell motility when in a tumour. Mouse models could also be used to progress 
understanding. Further understanding of the use of HSP90 as a biochemical marker should also be explored, by 
experimenting with the presence of strength of band produced using western blot at a greater number of time 
points, possibly every 12 hours. 

Recent studies by Backe et al have suggested that understanding of the combinatorial array of the PTMs which 
target Hsp90 and modulate its chaperone activity is needed, known as the chaperone code (Backe et al., 2020). 
A large number of potential HSP90 modification sites have been identified but are yet to be validated, further 
study is necessary to increase understanding of the chaperone code, and further its application. For example, 
the following PTM sites in HSP90α have been identified to contribute to the chaperone code: S231, S263, T725 
and S623 (Backe et al., 2020). It would be interesting to see the presence and output of these PTM’s when 
drugged in cancer cells over time, especially dually with Rapamycin and 17-AAG, and is something to consider in 
further studies. However, it has been suggested that more specific methods are required to fully understand the 
chaperone code, such as developing and using phosphospecific antibodies (Backe et al., 2020). Understanding 
the chaperone code could potentially open up avenues for modified treatment with greater specificity, and could 
be of therapeutic benefit. Further studies confirming the synergistic role of Rapamycin and 17-AAG could 
potentially be analysed using DNA synthesis assays to observe an induced inhibitory effect on the proliferation 
of MCF7 cells to observe synergistic effects in pharmacologically achievable doses (Francis et al., 2006).  In 
summary, his study provides evidence of the use of HSP90 as a biomarker for disease, and for the dual use of 
Rapamycin and 17-AAG as a cancer cell drugging regime. 
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