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ABSTRACT 
Fibronectin (FN), an extracellular matrix protein, is secreted as a soluble dimer which is 

assembled into an insoluble extracellular matrix. The dynamics of FN matrix assembly and 

degradation play a large role in cell migration and invasion thereby contributing to the 

metastatic potential of cancer cells. Previous studies have shown the direct binding of Heat 

Shock Protein 90 kDa (Hsp90) and FN in vitro, and that inhibition of Hsp90 with novobiocin 

(NOV) caused internalisation of the FN matrix. Low density lipoprotein receptor-related 

protein 1 (LRP1) is a ubiquitous receptor known to bind both Hsp90 and FN. Using an LRP1 

expressing Hs578T breast cancer cell line and an isogenic mouse embryonic fibroblast (MEF) 

model system of differential LRP1 expression we demonstrate that LRP1 is involved in 

turnover of FN in response to C-terminal Hsp90 inhibition. The first objective of this study was 

to identify the mechanism of NOV-induced LRP1-mediated FN turnover. Our data show that 

NOV-mediated FN turnover via LRP1 did not require the activity of matrix metalloproteinases 

(MMPs), which play an important role in processing and degradation of the extracellular 

matrix and FN. In addition, the levels of the main FN receptor responsible for its extracellular 

assembly, β1-integrin, did not change in response to NOV. LRP1 is known to undergo 

regulated intramembrane proteolysis (RIP) which generates smaller fragments that may 

translocate to the nucleus and modulate gene transcription. Using inhibitors of LRP1 cleavage 

and nuclear fractionation we determined that LRP1 processing was not required for the NOV-

induced FN response suggesting that a mechanism unrelated to LRP1 RIP is involved. A 

possible mechanism may be in altered Hsp90-LRP1 cell signalling as we observed disruption 

of the FN-Hsp90-LRP1 complex at the cell surface in NOV treated cells. How this affects 

downstream eHsp90-LRP1 signalling is still to be determined but may be related to a 

significant increase in phospho-AKT and loss of phospho-ERK upon NOV-treatment; two key 

signalling proteins involved in FN matrix regulation and which are downstream of LRP1 

signalling. The second objective of this study was to determine the physiological 

consequences associated with FN turnover in response to NOV treatment. Using migration 

assays we demonstrated that levels of insoluble matrix-associated FN and FN concentration 

are not solely responsible for migratory capacity of cells on decellularized extracellular 

matrices, but rather that structural composition and integrity of the matrix plays a bigger role. 

Using confocal and scanning electron microscopy, we identified NOV treated matrices to be 

flatter, less mature and contain thicker, rope-like FN fibrils to which cells adhered better but 

were generally less proliferative. Comparatively, cells adhered less to the more mature and 

3-dimensional untreated matrices but exhibited increased spreading and cell growth, which 

may in part be due to the thinner fibrils and web-like matrix. In summary, this study 

substantiates the role of LRP1 in NOV-mediated FN turnover, and provides new insights into 

the possible mechanisms of the Hsp90-LRP1 mediated loss of FN matrix. This is the first study 

to demonstrate some of the functional consequences related to FN turnover by NOV at the 

ECM level. 
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 LITERATURE REVIEW 

1.1 Molecular chaperones and Heat shock proteins (Hsps)  

Molecular chaperones are ubiquitous proteins involved in maintaining proteostasis by 

functionally assisting nascent peptide folding or refolding of denatured or misfolded proteins 

(Hendrick & Hartl, 1993). Chaperones act at the level of protein folding to maintain correctly 

folded and active states of intracellular proteins, assembly of complexes and protein 

transport (Kim et al., 2013). The same is true for proteins requiring export from the cell, 

including cytokines, extracellular matrix (ECM) proteins and receptors. Of the molecular 

chaperones, the heat shock protein (Hsp) family is the largest and most extensively studied, 

comprising several subfamilies (Hsp100, Hsp70, Hsp90, Hsp60, Hsp40 and small Hsps [Hsp10, 

Hsp27]), which have traditionally been classified according to their approximate molecular 

size (Hartl & Hayer-Hartl, 2002). Hsps are ubiquitous, highly conserved proteins which play 

similar roles in both eukaryotes and prokaryotes. Hsps are constitutively expressed in cells or 

accumulate when subjected to stresses such as heat, hypoxia, nutrient deprivation and 

carcinogens (Chaudhuri & Paul, 2006; Hartl & Hayer-Hartl, 2002). Hsps are also responsible 

for stabilising misfolded and/or aggregated proteins extracellularly due to the high degree of 

stress, and interactions of extracellular proteins which might occur in the extracellular 

environment (Hartl et al., 2011; Röhl, Rohrberg, & Buchner, 2013). Most Hsps require the free 

energy of ATP to assist in protein folding, whilst some, such as the smaller Hsps, have the 

ability to function independently of ATP (Chaudhuri & Paul, 2006; Jakob et al., 1993; 

Obermann et al., 1998). Hsps were first identified in the early 1970s in Drosophila cells upon 

exposure to heat, which caused the overexpression of this group of proteins (Ritossa, 1962; 

Tissières, Mitchell, & Tracy, 1974). It is now appreciated that when cells are exposed to stress 

conditions, members of the heat shock transcription factors (HSFs) are activated which 

induces a heat shock response (HSR) consequently triggering heat shock proteins (Hsps) to 

become overexpressed (Akerfelt, Morimoto, & Sistonen, 2010; Fulda, Gorman, Hori, & Samali, 

2010). HSF-1 is one of the main regulators of this HSR (Anckar & Sistonen, 2011; Ruckova, 

Muller, & Nenutil, 2012).  
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1.2 Hsp90 

Hsp90 is a one of the most abundant molecular chaperones in eukaryotes that facilitates 

client protein maturation, stabilization of aggregation-prone proteins, quality control of 

misfolded proteins and maintenance of proteins in their active conformations. Hsp90 is also 

responsible for the proteolytic turnover of over 300 intracellular proteins termed ‘clients’, 

many of which are involved in various signal transduction pathways (Khalil et al., 2011). In 

general, Hsps are part of the wider cellular proteostasis network that functions in normal and 

disease states to maintain protein homeostasis. Hsp90 is constitutively and abundantly 

expressed in eukaryotic cells under normal conditions, constituting 1-2% of total cellular 

protein, and functions in facilitating the later stages of protein folding and maintaining clients 

in easily activated states (Garrido, Gurbuxani, Ravagnan, & Kroemer, 2001). However, upon 

exposure to stress, cells begin to overexpress Hsp90 to levels comprising 4-6% of total cellular 

protein (Li, Sahu, & Tsen, 2011; Solit & Chiosis, 2008). A comprehensive and frequently 

updated list of bona fide Hsp90 interacting proteins can be found on the Picard laboratory 

web page (http://www.picard.ch/downloads/Hsp90interactors). Hsp90 exists as a 

homodimer with each monomer having three highly conserved domains; a 25 kDa ATP 

binding N-terminus which is connected via a charged linker region to the 35 kDa middle 

domain, and the 12 kDa C-terminal dimerization domain which has an alternative ATP binding 

site (Figure 1) (Nemoto & Sato, 1998). There is also an extension at the extreme end of the C-

terminus containing a conserved MEEVD amino acid motif to which co-chaperones containing 

the tetratricopeptide (TPR) repeat (such as Hop, CHIP and DNAJC7) bind (Hartl et al., 2011).  

 

Two cytosolic Hsp90 isoforms have been identified; the inducible Hsp90α and constitutive 

Hsp90β, which are encoded for by separate genes and have high sequence similarity (Pepin, 

Momose, Ishida, & Nagata, 2000; Sreedhar & Csermely, 2004). In knockout studies, Hsp90β, 

but not Hsp90α was shown to be essential for placental development in mice and is 

embryonic lethal (Grad et al., 2010; Voss, Thomas, & Gruss, 2000). Hsp90 isoforms have also 

been found in the endoplasmic reticulum termed glucose regulated protein 94 (Grp94 or 

Gp96) and in the mitochondrial matrix termed tumour necrosis factor receptor-associated 

protein 1 (TRAP1 or Hsp75). TRAP1 is unique in its LxCxE motif, which binds the SV40 T-antigen 

binding domain of retinoblastoma protein (Chen et al., 1996), and absence of the highly 

charged linker region (Felts et al., 2000). A fifth isoform still under debate is Hsp90N, which 
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has been proposed to be distinct from cytosolic Hsp90 by having a unique 30 amino acid 

hydrophobic sequence at the N-terminus (which replaces the 25 kDa ATP binding site) 

(Grammatikakis et al., 2002). It has been suggested that this form of Hsp90 is found on the 

plasma membrane of cancer cells (Sreedhar & Csermely, 2004). Since the Hsp90N lacks the 

highly conserved N-terminal ATP binding pocket (which is necessary for most chaperone 

functions) it suggests then that Hsp90N would in fact be non-functional from the traditional 

perspective of Hsp90 chaperone activity (Schweinfest et al., 1998). However, studies by 

Grammatikakis et al (2002) have shown that Hsp90N can carry out functions previously 

thought to be solely dependent on the N-terminus, such as binding and activating oncogenes 

independently of co-chaperones. Conversely, it has been argued that Hsp90N is in fact not an 

additional Hsp90 isoform but rather a chromosomal rearrangement which occurred in a single 

cell line (Zurawska, Urbanski, & Bieganowski, 2008). Thus, there is still controversy as to 

whether Hsp90N should be classified as a distinct gene or whether the isoform arises from 

processing of one of the other Hsp90 transcripts only in specific contexts. 

 

Hsp90 is a central component of the network of molecular chaperones in the cell which 

cooperate with Hsp70 and other co-chaperones and cofactors to regulate the folding, activity 

and stability of client proteins (Mayer & Bukau, 2005; Pratt, 1998; Taipale et al., 2012). This 

multi-chaperone complex was reported in the late 1970s for the canonical client protein 

group of steroid hormone receptors (Chang, Nathan, & Lindquist, 1997). More than 20 co-

chaperones have been identified to regulate the function of Hsp90, (Li & Buchner, 2013) the 

protein Hop (Hsp70-Hsp90 organising protein, also known as stress induced phosphoprotein 

1/STIP1) being one of the central co-chaperones in the Hsp90 cycle (Chang et al., 1997). Two 

monomers of Hsp90 associate in an open, inactive form with the C-termini constitutively 

dimerized and the N-termini separate (Csermely et al., 1998; Wandinger, Richter, & Buchner, 

2008). Hsp70 binds the client protein in an ATP-dependent manner assisted by the chaperone 

activity of Hsp40 co-chaperones. This complex then delivers the client protein to Hsp90 via 

Hop which stabilizes the Hsp90 dimer and inhibits the ATPase activity (Chang et al., 1997; 

Wegele, Müller, & Buchner, 2004). The Hsp70-Hop complex consequently dissociates and is 

replaced by p23 and immunophilins to generate a closed complex, whereby the N-termini of 

Hsp90 dimerises and clamps the client protein (Pratt, 1998). Upon ATP hydrolysis which can 

be stimulated by the co-chaperone Aha1  (Mayer, Nikolay, & Bukau, 2002; Panaretou et al., 
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2002), the client protein is released and the Hsp90 dimer adopts an open conformation again 

to accept another substrate (Hendrick & Hartl, 1993; Richter & Buchner, 2011). 

 

1.3 Extracellular Hsp90 (eHsp90) 

Numerous studies have focused on identifying the roles of intracellular Hsp90, but much less 

is known about the extracellular pool of Hsp90 (eHsp90). In 1986, Ullrich and colleagues 

identified Hsp90 on the surface of mouse cells (Ullrich et al., 1986). Since then Hsp90 has been 

detected by several groups in the extracellular space and on the surface of various cell types 

including fibrosarcoma, neuronal and breast cancer cells (Eustace et al., 2004; Hunter et al., 

2014; Sidera, Samiotaki, Yfanti, Panayotou, & Patsavoudi, 2004; Sims, McCready, & Jay, 2011) 

. The term ‘extracellular’ is often used interchangeably to describe both membrane-bound 

and extracellular soluble forms of Hsp90. It is not known by what mechanism Hsp90 localizes 

to the extracellular space, but since these proteins lack a secretory signal sequence it must 

follow an alternative pathway to that of the canonical Golgi transport secretory pathway 

(McCready, Sims, Chan, & Jay, 2010). Thus, McCready and colleagues (2010) suggested that 

extracellular Hsp90 (eHsp90) is secreted via exosomes or more recently that Hsp90 binds to 

and disrupts plasma membranes followed by fusion with multivesicular bodies and exosomal 

release (Lauwers et al., 2018). Alternatively, cell lysis or proteolytic cleavage from the cell 

surface may release soluble Hsp90 into the extracellular space (Althoff et al., 2001; 

Calderwood et al., 2006). eHsp90 is thought to derive from the cytosolic Hsp90α and Hsp90β 

isoforms (Eustace et al., 2004). Some groups have reported the presence of both isoforms in 

the extracellular space (Hegmans et al., 2004; Hunter et al., 2014) whilst others have 

suggested that only Hsp90α, and not Hsp90β, exists on the cell surface (Li et al., 2007; Wang 

et al., 2009). In a study by Eustace et al. (2004) it was found that Hsp90α, but not Hsp90β, 

was secreted to the extracellular space and was able to degrade the matrix by activation of 

MMP2 (which digests components of the ECM allowing for access to the vasculature system 

and metastasis). They also showed that Hsp90 inhibition resulted in decreased MMP2 activity 

which resulted in a loss of cancer invasiveness. Song and colleagues also reported that eHsp90 

activates MMP2 and also serves as a substrate for proteolytic cleavage by MMP2 (Song et al., 

2010). The predominant function of eHsp90 is suggested to be in the promotion of cell 

motility and tissue repair, as in the case of wound healing. eHsp90 is thought to chaperone a 

small group of extracellular client proteins relative to intracellular Hsp90 (McCready et al., 
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2010; Hunter et al., 2014) (Table 1). Sidera and colleagues reported eHsp90 binding of HER-2 

to increase cell invasion and migration (Sidera et al., 2008). eHsp90 is also known to bind low 

density lipoprotein receptor-related protein-1 (LRP1) (Basu et al., 2001; Gopal et al., 2011) on 

subdomain II of LRP1. Several groups reported that eHsp90α was able to induce cell migration 

via its interaction with LRP1 (Chen et al., 2010a; Cheng et al., 2008). It was reported that these 

pro-motility effects were induced by the binding of a 115 amino acid fragment (termed F-5) 

located at the boundary between the middle domain and linker region on eHsp90 to LRP1 to 

activate the various downstream signalling pathways required to initiate cell motility, rather 

than via a chaperone-based mechanism (Cheng et al., 2008; Chen et al., 2010a; Li & Reynolds, 

2012). A novel eHsp90 cross-membrane signalling pathway involving the extracellular and 

intracellular domains of LRP1 has been established to activate Akt kinases stimulating cell 

migration (Tsen et al., 2013). Some authors have argued that eHsp90 functions in a cytokine-

like fashion via receptor-mediated induction of signalling pathways, distinct from the 

chaperoning function of intracellular Hsp90 (Hance et al., 2014). Although mechanistic 

reports of eHsp90 functions are scarce and not yet fully elucidated, eHsp90 has been of much 

interest due to its role in cancer invasiveness. Patsavoudi and colleagues have showed that a 

cell-impermeable monoclonal antibody, 4C5, was able to reduce breast cancer cell invasion 

in vitro and in vivo by selectively binding eHsp90 at the surface of tumour cells (Sidera et al., 

2011). Furthermore, the presence of eHsp90 is not specific to tumours since Hsp90α and 

Hsp90β isoforms have been shown to be localized on the cell surface of neural cells (Sidera et 

al., 2004) and in the conditioned medium of human dermal fibroblasts (Li et al., 2007). 

Additional roles for eHsp90 have also been demonstrated in the pathogenicity of viral and 

bacterial infections (Zügel & Kaufmann, 1999; Triantafilou & Triantafilou, 2004). This 

highlights important functional roles for eHsp90 in both normal and diseased states (Eustace 

& Jay, 2004). However, considering certain tumour cells constitutively express eHsp90 to 

achieve cell invasion, targeting eHsp90 could prove to be a potential therapeutic strategy for 

cancer (McCready et al., 2010; Li et al., 2011). 
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Table 1: Examples of Intracellular and Extracellular Hsp90 interacting proteins 

 

Protein Location Function Reference 

Annexin 

Extracellular 

Indirectly increases plasmin activity in diabetic patients 
(Lei et al., 2004; McCready 

et al., 2010) 

MMP9 

Stability of MMPs; promotes matrix catabolism and invasion 
of cancer cells 

(Stellas et al., 2010) 

MMP2 
(Eustace et al., 2004; Tukaj 

et al., 2015) 

MMP3 (Correia et al, 2013) 

Hsp70 
Creates receptor complex for Dengue virus entry in 

monocytes/macrophages 

(Calderwood et al., 2016; 

Reyes-del Valle et al., 

2005)  

HER2-Erb2 Promotes cancer cell invasion (Sidera et al., 2008) 

LAP Inactivation of TGF-β1 signaling pathway in cancer (Suzuki & Kulkarni, 2010) 

tPA Promotes cancer cell motility (McCready et al., 2010) 

Cdc37 
Responsible for kinase stability and maturation by Hsp90 

chaperone complex 

(El Hamidieh et al., 2012)  
 

LRP1 
Promotes invasion of glioblastoma cells via Akt-EphA2 

signaling 
(Gopal et al., 2011) 

FN Stabilisation of the ECM (Hunter et al., 2014) 

LOXL2 Regulates cell polarity and cancer cell metastasis (McCready et al., 2014) 

HSF1 

Intracellular 

Activates the RalGTP signal transduction pathway to regulate 

transcription of heat shock genes 

(Hu & Mivechi, 2003; 

Kijima et al., 2018)  

Stat3 
Stabilizes STAT3 and promotes interleukin-6 (IL-6)- mediated 

signaling 

(Sato et al., 2003; Setati et 

al., 2010)  

Akt 
Maintains Akt kinase activity through preventing 

dephosphorylation by PP2A 

(Sato, Fujita, & Tsuruo, 

2000) 

HER2 Modulates the stability and trafficking of nascent ErbB2 (Xu et al., 2002) 

Hop 
TPR co-chaperone mediates transfer of clients from Hsp70 to 

Hsp90 complex 

(Li et al., 2012; Perdew & 

Whitelaw, 1991) 

EphA1 Responsible for EphA2 receptor stability and signaling (Annamalai et al., 2009) 

p53 Stabilizes the mutated p53 conformation 
(Blagosklonny et al., 1996; 

Li et al., 2012)  
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1.4 Inhibition of Hsp90 

Due to the role of Hsp90 as a chaperone of oncogenes and/or tumour suppressors (Table 1), 

Hsp90 has become an attractive drug target which has fueled the development of numerous 

Hsp90 inhibitors for cancer treatment. Hsp90 is in an activated complexed form upon binding 

of co-chaperones and client proteins. Kamal and colleagues showed that Hsp90 in tumours 

consists largely of this activated form and that Hsp90 inhibitors selectively accumulate in 

tumours at least in part due to the high affinity, activated form of Hsp90 in tumour cells versus 

low affinity, inactive forms in normal cells (Kamal et al., 2003). Inhibition of Hsp90 also renders 

tumour cells susceptible to treatment by chemotherapy and radiation. The motivation behind 

targeting Hsp90 inhibition for cancer therapy thus lies in its advantage in both depleting 

oncogenic proteins and interrupting multiple oncogenic pathways, and the increased ATPase 

activity in cancer cells (Piper & Millson, 2011; Trepel, Mollapour, Giaccone, & Neckers, 2010). 

The development of selective anti-cancer drug targets, such as trastuzumab, has had 

significant success, although the need to target multiple oncogenic proteins and pathways 

has led to the increased research into Hsp90 inhibitor drugs, since Hsp90 is considered a 

central node in signalling pathways. Consequently, Hsp90 inhibitors are being tested for their 

anti-cancer efficacy in combination with these other treatments to achieve better outcomes 

(Sidera & Patsavoudi, 2014). A novel mechanism of tumour regulation has been proposed 

which involves targeting of a modified chaperome network, termed the ‘epichaperome’, 

which consists of a highly integrated network of co-chaperones, isomerases and scaffold 

proteins with Hsp90 and Hsp70 (Rodina et al., 2016). This chaperome complex is present in 

over half of all tumours and was demonstrated to be more sensitive to inhibitors and thus a 

better chemotherapeutic target (Rodina et al., 2016). 

 

1.4.1 N-terminal Hsp90 inhibition 

There are effectively two groups of Hsp90 inhibitors which target either the C-terminus or N-

terminus of Hsp90 (Figure 1). Hsp90 N-terminal inhibitors impair Hsp90 molecular chaperone 

function by competing with ATP at the ATPase domain on the N-terminus (Prodromou et al., 

1997). Geldanamycin (GA) is a benzoquinone ansamycin antibiotic isolated from the 

fermentation broth of Streptomyces hygroscopicus and one of the first natural Hsp90 

inhibitors discovered in 1970 (Deboer et al., 1970). GA functions by mimicking ATP structure 
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and preventing ATP binding at the N-terminus resulting in client degradation (Grammatikakis 

et al., 2002; Grenert et al., 1997; Prodromou et al., 1997). Since then, various synthetic GA 

derivatives have been developed, including radicicol, 17-(Allylamino)-17-

demethoxygeldanamycin (17-AAG), which was the first Hsp90 inhibitor to enter into clinical 

trials, 17-(Dimethylaminoethylamino)-17-demethoxygeldanamycin (17-DMAG), IPI-504 and 

retaspamycin (Chiosis et al., 2002). Radicicol, another natural product Hsp90 inhibitor, was 

found to compete with GA for the Hsp90 ATP binding site (Roe et al., 1999). Utilizing 

knowledge of the natural product inhibitors’ scaffold and interactions with the Hsp90 ATP 

binding pocket resulted in the development of second generation inhibitors of Hsp90 through 

chemical synthesis which exhibit increased potency and reduced toxicity. These second 

generation Hsp90 inhibitor compounds were designed to mimic the folded structure adopted 

by GA and radicicol when bound to Hsp90 and are divided into three major classes according 

to their core structures: purine, resorcinol, and benzamide. One of the first inhibitors created 

in the purine class was PU3 (Chiosis et al., 2001, 2002). A modified version of this, PU-H71, 

showed increased activity in tumours and better Hsp90 inhibitory activity (Caldas-lopes et al., 

2009). Other purine-based inhibitors include BIIB02 (Lundgren et al., 2009) and CUDC-305 

(Bao et al., 2009) as well as CNF2024/BIIB021 and Debio 0932 both of which are in clinical 

trials (Binder & Srivastava, 2018). The resorcinol class of inhibitors include AT13387 (formerly 

known as onalespib) (Woodhead et al., 2010), ganetespib (formerly known as STA-9090) 

(Shimamura et al., 2012), and NVP-AUY922 (Eccles et al., 2008). The third class are the 

benzamide-based scaffolds which include TAS-116 (Ohkubo et al., 2015), XL888 (Bussenius et 

al., 2012), and SNX-5422 (Infante et al., 2014).  

 

One of the major problems associated with Hsp90 inhibition has been in the generation of a 

HSR brought about by specific binding to the N-terminal ATP-binding site of Hsp90 (Haggerty 

et al., 2014; Whitesell & Lindquist, 2005). Additionally, many of the N-terminal inhibitors have 

poor solubility, hepatotoxicity and/or lack of activity in animal studies. All clinical trial drugs 

of this group of Hsp90 inhibitors have been unsuccessful, which has been proposed to be in 

part due to their reported non-specificity for proteins other than Hsp90 thereby producing 

off-target effects (Wang, Koay, & McAlpine, 2017).  
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Figure 1: Domain structure of Hsp90 and the target domains of the main classes of Hsp90 
inhibitors  

Hsp90 consists of the 25 kDa N-terminal ATPase domain responsible for the ATP-dependent clamping 
mechanism associated with substrate binding, the 35 kDa middle (M) domain responsible for binding 
Hsp90 client proteins and the 12 kDa C-terminal domain responsible for Hsp90 dimerization and co-
chaperone interactions via the conserved MEEVD motif.  
 

1.4.2 C-terminal Hsp90 inhibition 

C-terminal Hsp90 inhibitors, in contrast to N-terminal inhibitors, do not induce the HSR 

(Burlison, Neckers, Smith, Maxwell, & Blagg, 2006; Eskew et al., 2011) and are increasingly 

being pursued due to their better solubility and decreased hepatotoxicity in clinical trials. This 

type of inhibitor functions by an alternative mechanism, that is, by disrupting the dimerisation 

of Hsp90, as well as interfering with Hsp90 interaction with co-chaperones and some clients 

that bind the C-terminus such as HER2, p53 and Raf-1 (Trepel et al., 2010). The coumarin-

containing antibiotic, novobiocin (NOV), was found to bind at a second ATP binding site at the 

C-terminus of Hsp90 (Marcu, Schulte, & Neckers, 2000). This C-terminal nucleotide pocket 

does not interact with GA or radicicol. NOV was originally used to treat bacterial infections by 

inhibiting bacterial DNA gyrase B (Burlison et al., 2006) and also inhibits mammalian DNA 

polymerase α and topoisomerases I and II (Edenberg, 1980; Hussy, Maass, Tummler, Grosse, 

& Schomburg, 1986). NOV was initially hypothesized to bind the N-terminal domain (NTD) of 

Hsp90 due to similarities with ATP, but was later shown to bind within the C-terminal domain 

(CTD) localized to residues 538-728 (Allan et al., 2006; Kamal et al., 2003). NOV is composed 

of three distinct parts upon which modifications can be made: the benzamide side chain, the 
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coumarin core and the noviose sugar. Utilizing the coumarin-ring structure of NOV, several 

analogues have since been developed to improve upon its’ poor Hsp90 inhibitory activity 

including compound A4, DHN1 and DHN2 (Burlison et al., 2008). While no co-crystal structure 

of a C-terminal inhibitor such as NOV bound to Hsp90 exists, significant advances have been 

made toward elucidation of structure-activity relationships for NOV. One of the more potent 

novobiocin analogs created is KU-174 by the Blagg group (Donnelly et al., 2008). 

Coumermycin A1 is a coumarin antibiotic similar to NOV which functions to inhibit Hsp90 by 

disrupting the formation of the Hsp90 dimer which subsequently prevents binding between 

Hsp90 and several C-terminal co-chaperones (Allan et al., 2006; McConnell, Alexander, & 

Mcalpine, 2015). Another C-terminal inhibitor is the green tea extract, Epigallocatechin-3-

Gallate (EGCG); this compound has reported anti-cancer activity and was found to interact 

within the same region of Hsp90 as NOV (Yin, Henry, & Gasiewicz, 2009). Other less-specific 

C-terminal inhibitors include the platinum-containing chemotherapeutic agent, cisplatin, and 

the microtubule stabilizer, Taxol (Donnelly & Blagg, 2008). One C-terminal inhibitor, RTA901 

based on the novobiocin analog KU-32 (Reata Pharmaceuticals) is currently in a phase 1 

clinical trial (Neckers et al., 2018). 

   

1.4.3 Inhibition of Hsp90/co-chaperone interactions 

Hsp90 requires a series of co-chaperones to assemble a chaperone complex in order to exert 

its functions. By targeting different Hsp90/co-chaperone interactions the chaperone cycle can 

be arrested and similar consequences to that of the direct inhibition of Hsp90 can be achieved 

(Sidera & Patsavoudi, 2014). Some of the co-chaperones targeted for disruption are Aha-1, 

Cdc37, Hop and p23 (Edkins, 2016). KU-135 and KU-174 are novobiocin-based C-terminal 

Hsp90 inhibitors containing a biaryl side chain that effectively disrupted the Hsp90α/Aha1 

complex (Ghosh et al., 2015). Cdc37 acts as an adaptor, responsible for loading kinase clients 

onto the Hsp90 complex and facilitating kinase maturation (Pearl, 2005; Silverstein et al., 

1998). Celastrol is a natural quinone methide triterpene isolated from the bark of 

Tripterygium species (Zhang et al., 2008). The action of this compound is predicted to occur 

by blocking the interaction site between Hsp90 and Cdc37 and preventing Hsp90 ATPase 

activity without inhibiting ATP binding (Zhang et al., 2009). Recently it has been shown that 

celastrol reacts with cysteine residues of Cdc37 (Sreeramulu et al., 2009) and directly interacts 



11 
 

with the co-chaperone p23 (Chadli et al., 2010). Another inhibitor of the interaction of Hsp90 

with both Cdc37 and p23 is the natural compound Curcurbitacin D. Whilst this compound 

shares some structural similarity with celastrol, unlike celastrol it does not induce a HSR (Hall 

et al., 2015). Gedunin, another structurally similar natural compound directly binds p23 and 

induces degradation of Hsp90 client proteins (Patwardhan et al., 2013). Hop, is a major TPR 

containing co-chaperone responsible for client transfer from Hsp70 to the Hsp90 chaperone 

complex. Horibe and colleagues designed a TPR hybrid peptide based on the binding interface 

of the TPR2A domain to block the main interaction site between Hop and Hsp90 (Horibe et 

al., 2011). According to Horibe, this peptide has selective cytotoxic activity which allows it to 

discriminate between cancer and normal cell lines (Horibe et al., 2011). Pimienta and 

colleagues reported a small molecule, which they termed C9, to bind the TPR2A domain of 

Hop and thereby disrupt the Hsp90/Hop interaction (Pimienta, Herbert, & Regan, 2011). 

Another class of inhibitors which disrupt the binding of co-chaperones to Hsp90 include the 

Sansalvamide A compounds (a natural product isolated from a marine fungus) (Belofsky, 

Jensen, & Fenical, 1999). In contrast to the compounds described by Horibe and Pimienta 

which bind directly to Hop (Horibe et al., 2011; Pimienta et al., 2011), the Salsalvamide A 

compounds are allosteric inhibitors that bind to the middle domain of Hsp90 and disrupt the 

binding of co-chaperones to the C-terminus of Hsp90 such as that of FKBP38, FKBP52 and Hop 

(Alexander et al., 2009; Vasko et al., 2010). Several sansalvamide A derivatives including 

SM122, SM145 and SM253 (Koay et al., 2014) have demonstrated the ability to block binding 

of TPR containing co-chaperones at the Hsp90 C-terminus. These SM derivatives from the 

McAlpine group are significantly more potent inhibitors compared to novobiocin or other 

coumarin derivatives and have demonstrated improved solubility and cytotoxicity (McConnell 

et al., 2015). In particular, the SM compounds have demonstrated rapid induction of 

apoptosis, and do not induce the HSR. In contrast, compounds that target the N-terminus of 

Hsp90, specifically 17-AAG, do not induce apoptosis immediately, but rather trigger a rescue 

mechanism by producing large quantities of Hsp70, Hsp27 and HSF1 (McConnell et al., 2015; 

Wang & McAlpine, 2015). 
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1.4.4 Other forms of Hsp90 inhibition 

Targeted inhibition of Hsp90-client interactions have also been developed although lack of 

knowledge regarding the molecular basis of these interactions has halted further 

development of these types of inhibitors. Altieri and colleagues disclosed a series of 

compounds that inhibit Hsp90 interactions with various Inhibitors of Apoptosis (IAPs), 

including survivin, XIAP, cIAPI/2 (Altieri, 2006). An example of such an inhibitor is shepherdin 

which is a peptidomimetic compound that inhibits Hsp90 interaction with survivin (Altieri, 

2006). Several cell-impermeable Hsp90 inhibitors have been described which target 

extracellular Hsp90 including DMAG-N-oxide (Tsutsumi et al., 2008), non-cell permeable 

monoclonal antibody, 4C5 (Sidera et al., 2004), STA-12-7191 a biotinylated analogue of 

ganetespib (McCready et al., 2014), and fluorophore-tethered HS-27 and HS-131 (Barrott et 

al., 2013; Crowe et al., 2017). Issues surrounding the use of DMAG-N-oxide has been in that 

it generates metabolic byproducts which cause retinal damage, whilst the large size of the 

4C5 monoclonal antibody may limit its ability to penetrate tumours (Kummar et al., 2011; 

McCready et al., 2014). More recently, the targeted inhibition of Hsp90α and Hsp90β specific 

isoforms has been explored. However, Hsp90α and Hsp90β share ~95% identity in their N-

terminal ATP binding site (only two amino acids differ between these isoforms), making the 

development of Hsp90α- or Hsp90β-selective inhibitors extremely challenging. Wei Li’s group 

have developed a monoclonal antibody, 1G6-D7, which binds to the F-5 region within the 

linker region and middle domain of Hsp90α and neutralizes the function of secreted Hsp90α 

(Zou et al., 2016). Data from the Blagg group have demonstrated the first N-terminal isoform 

selective inhibitor of Hsp90β, KUNB31. This compound exhibits 50-fold selectivity for Hsp90β, 

and selective activity towards cancer cells. Importantly, KUNB31 induced the degradation of 

selected Hsp90β-dependent clients without concomitant induction of Hsp90 levels 

(Khandelwal et al., 2018). A total of 17 small molecule inhibitors of Hsp90 have entered clinical 

trials since 1999 and although some Hsp90 inhibitors have shown clinical activity, none have 

been approved for clinical application in cancer treatments (Khandelwal et al., 2018; Wong & 

Jay, 2016). The research in the field of effective Hsp90 inhibition is still ongoing and hopes of 

Hsp90 inhibitors as part of a combinatorial therapy approach are largely being investigated 

(Sidera & Patsavoudi, 2014). 
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1.5 The Extracellular Matrix 

The extracellular matrix (ECM) is a three-dimensional non-cellular component of tissues and 

organs, which exists to provide essential physical and biochemical cues for the cell. The ECM 

plays important roles in structural support and cell signalling, and contains proteins involved 

in regulating cell proliferation, migration, polarity and survival (Lin & Bissell, 1993; Hynes, 

2009). The interaction of cells with the ECM is equally important for regulating these 

processes. Furthermore, the bidirectional communication between the ECM and the actin 

cytoskeleton, mediated largely by transmembrane integrin receptors, is important for cell 

adhesion and migratory functions (Bridgewater et al., 2012; Frantz et al., 2010). The 

importance of the ECM is made evident by the large array of diseases that may arise from 

abnormalities in the ECM including autoimmune and inflammatory diseases, cancer, fibrosis 

and atherosclerosis (Bonnans, Chou, & Werb, 2014; Cox & Erler, 2011). The ECM is composed 

of approximately 300 proteins, encompassing structural proteins, glycoproteins, growth 

factors and matricellular proteins (a partial list is presented in Table 2). The matricellular 

proteins are non-structural modulators of extracellular signals and are presumed to assist in 

providing a linkage between the ECM and cell surface receptors. These include 

thrombospondins, SPARC (Secreted Protein Acidic and Rich in Cysteine), osteopontins and 

tenascin-C (Bornstein & Sage, 2002). The ECM molecules are divided into two subgroups: the 

basement membrane (BM) which underlies epithelial cells and interstitial/stromal ECM which 

constitutes the intercellular spaces. The BM is composed largely of laminins, type IV collagen 

and proteoglycans (Frantz et al., 2010), whilst the stromal ECM includes collagens type I, II 

and III, fibronectin (FN), vitronectin (VN) and elastin (Huang & Greenspan, 2012). Each tissue 

in animals has a specific type of ECM; the ECM of bone tissue is comprised of collagen fibres 

and bone minerals, whilst blood plasma constitutes the ECM of blood. Fibroblasts are the 

major cells responsible for synthesising and maintaining the ECM in connective tissue, whilst 

chondrocytes and osteoblasts are responsible for cartilage and bone ECM formation, 

respectively (Huang & Greenspan, 2012). Many of these ECM proteins contain multiple 

domains with specific binding sites for macromolecules or receptors (Hynes, 2009). The ECM 

is highly dynamic and is constantly being remodelled to accommodate its variety of functions. 

ECM remodelling occurs in both physiological and pathological cases (Bonnans et al., 2014; 

Daley et al., 2008). Tissue homeostasis requires a balance between ECM synthesis and 

degradation. Perturbing homeostasis by loss of function mutations or modifications of ECM 
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molecules, and excessive deposition or removal of ECM components, results in progression 

of various disease states including fibrosis, cancer and other developmental abnormalities 

(Frantz et al., 2010; Lu et al., 2011a). The recognised importance of the ECM in mediating 

disease has increased targeted therapies of the ECM (Theocharis et al., 2015). ECM proteins 

contain secretory signal peptides and enter the secretory pathway co-translationally via the 

translocon of the rough endoplasmic reticulum (rER). Within the ER lumen, protein folding 

proceeds with the assistance of chaperones (Hellewell & Adams, 2015). Because a major role 

of ECM proteins is to form extracellular structural networks and fibrils, an important aspect 

of transit through the secretory pathway is the shielding of matrix assembly sites that would 

otherwise promote intermolecular interactions. For other ECM proteins, associated ER-

resident chaperones may contribute to blockade of matrix assembly sites (Hellewell & Adams, 

2015).  

 

1.5.1 ECM and cancer  

Cancer metastases are defined by the movement of tumour cells from the primary location 

to distant sites in the body where secondary tumours form (Steeg, 2006). This process 

requires several steps including degradation of the ECM, tumour cell detachment from 

primary tumour and migration of cells in the blood stream, adhesion to tissues at a distant 

site and growth of secondary tumours (Lu, Weaver, & Werb, 2012; Steeg, 2006). Although 

matrix degradation is required for cancer cell metastasis, controlled matrix degradation is also 

required for normal cellular processes including cell adhesion, differentiation and 

proliferation where there is a continuous turnover of matrix molecules (Sottile & Chandler, 

2005). ECM remodelling can occur either through extracellular proteases, including serine 

proteases, urokinase plasminogen activator (uPA), tissue-type plasminogen activator (tPA), 

and matrix metalloproteinases (MMPs), or by endocytosis and intracellular degradation 

(Sottile & Chandler, 2005). However, it is thought that these two mechanisms are not 

mutually exclusive. Loss of the matrix has been implicated in metastasis of tumours, in 

particular, the abnormal removal of ECM proteins has been shown to contribute to the onset 

or development of diseases including cancer (Galante & Schwarzbauer, 2007; Lu et al., 2012; 

Shi & Sottile, 2008). Tissue ECM homeostasis is mediated by the secretion of MMPs, uPA and 

tPA which in turn are regulated by their corresponding inhibitor proteins, tissue inhibitors of 
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metalloproteinases (TIMPs) and plasminogen activator inhibitors (Egeblad & Werb, 2002; 

Zhang et al., 2013). Similarly, focal adhesions are the point of cell-ECM matrix interaction and 

are comprised of integrins that cluster together and bind the ECM, thus triggering 

downstream pathways mediated through Focal Adhesion Kinase (FAK). These downstream 

signaling pathways are able to modulate MMP and TIMP levels to adjust ECM synthesis and 

degradation (Caccavari et al., 2010).  
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Table 2: Some molecules constituting the extracellular matrix (ECM) 

ECM protein Function Link with disease References 

Fibronectin 
Structural glycoprotein. Roles in cell migration, 

growth, differentiation. 
Fibrosis, tumour progression. 

(Fonović & Turk, 2014; Schwarzbauer & 

DeSimone, 2011; Theocharis et al., 2015) 

Collagen 

Structural glycoprotein. Cell-ECM links, tissue rigidity 

and strength. Several types exist with distinct 

functions. 

Fibrosis, tumour progression, 

cardiovascular disease 

(Egeblad, Rasch, & Weaver, 2010; Fonović & 

Turk, 2014; Frantz et al., 2010; Lu et al., 2011; 

Mouw, Ou, & Weaver, 2014)  

Laminin 
Structural glycoprotein. Cell adhesion, migration, 

differentiation. 
Fibrosis, tumour progression 

(Domogatskaya et al., 2012; Fonović & Turk, 

2014) 

Vitronectin 

Glycoprotein associated with loose connective tissue 

and involved in wound healing and blood 

coagulation 

Fibrosis, tumour progression. 
(Leavesley et al., 2013; Zhu, Xiong, Trinkle, & Xu, 

2014; Preissner & Reuning, 2011) 

Elastin 
Provides structural integrity mainly in connective 

tissues and arteries 
Cardiovascular disease, cancer. (Halper & Kjaer, 2014; Theocharis et al., 2015)  

Dentin Matrix Protein 1 Regulates nucleation of hydroxyapatite in bone ECM Osteoporosis (Bellahcène et al., 2008; Narayanan et al., 2003) 

SPARC/ osteonectin 
Non-structural. Mediates cell-matrix interactions 

and collagen biosynthesis 

Arthritis, cancer, diabetes, 

osteoporosis 

(Bradshaw, 2012; Brekken & Sage, 2000; 

Chlenski et al., 2011) 

Thrombospondin Non Structural. Cell-matrix interactions Angiogenesis (Adams & Lawler, 2011; Halper & Kjaer, 2014)  

Osteopontin 
Non-structural. Ca-binding glycoprotein involved in 

attachment of cells in mineralized bone matrix 
Osteoporosis (Bellahcène et al., 2008; Sodek et al., 2000) 

Tenascin 
Non-structural. Mediates inflammatory processes 

mainly in connective tissues. 
Tumour progression, inflammation (Halper & Kjaer, 2014; Oskarsson et al., 2011) 
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Matrix degradation is important for the spread of cancer cells through the body; this 

degradation event is thought to promote invasion by triggering the activation and recruitment 

of certain proteases (MMPs, serine proteases, plasmin and cathepsin), all of which degrade 

the ECM and allow for cancer cells to migrate easily into the bloodstream and colonize tissue 

at distant sites (Stellas et al., 2010; Zhang et al., 2013). Certain growth factors are also 

liberated by cells during ECM degradation which further aids in the survival of these tumour 

cells (Steeg, 2006). The tumour stroma has been shown to exhibit some of the characteristics 

of a wound such as stiffening induced by ECM deposition and remodelling by fibroblasts 

(Pickup, Mouw, & Weaver, 2014). The ECM plays dynamic and opposing roles in regulating 

cell migration. A dense fibrillar network has been shown to serve as a barrier to migrating 

cells, and that degradation of the ECM is required to allow for paths in which cells can freely 

migrate (Condeelis & Segall, 2003; Egeblad et al., 2010; Friedl & Gilmour, 2009). Others 

demonstrate that the ECM network provides a scaffold on which cells can attach and 

subsequently migrate and that removal of this network renders cells more immobile (Lu et 

al., 2011; McCarthy & Furcht, 1984; Rozario & DeSimone, 2010). 

 

1.6 Fibronectin structure 

Of the proteins that constitute the ECM, fibronectin (FN) is one of the most abundant ECM 

proteins along with collagen. FN is a dimeric glycoprotein consisting of two subunits of 

between 200-250 kDa held together by disulphide bonds. This glycoprotein plays important 

roles in cell adhesion, motility, proliferation, differentiation, cytoskeletal organisation and 

oncogenic transformation amongst others (Schwarzbauer, 1991; To & Midwood, 2011). FN 

can be categorized as either plasma FN or cellular FN. Although there is only one gene in 

humans for FN, this can give rise to 20 potential FN isoforms through alternative splicing 

(Kumazaki et al., 1999). The different isoforms generated by alternative splicing are indicated 

as A, B and V in Figure 2. Plasma FN is produced by hepatocytes to circulate in the bloodstream 

as soluble FN, and cellular FN is produced by fibroblasts, endothelial cells, and many others 

(Lemmon, Ohashi, & Erickson, 2011). Due to its conformational flexibility in both plasma and 

fibrillar forms, FN is a mechanoregulator of the ECM. FN is made up of tandem repeats of 

three domain modules: Types I, II, and III. FN is versatile in its functions because it has co-

existing binding sites present at its N-terminal domain for various molecules including 

heparin, actin, DNA and collagen, as well as cell surface proteins (Gutman, Yamada, & 
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Kornblihtt, 1986). The RGD (Arg-Gly-Asp) sequence is a ubiquitous cell binding region as it is 

recognized by a wide range of integrins and is also found in other proteins such as vitronectin, 

laminin, and thrombospondin (Wang, Seo, Fischbach, & Gourdon, 2016). Another important 

region on FN essential to mechanoregulation is the domain type III12–14 sequence, which binds 

various growth factors important in cell signalling. Cysteines (indicated by “-S” in Figure 2) 

present in the C-terminal domain are responsible for joining FN monomers via disulphide 

bonds (Schwarzbauer, 1991). The 70 kDa N-terminal domain is essential for fibril formation; 

FN lacking this domain is incapable of assembly (Lemmon et al., 2011; Schwarzbauer, 1991). 

In particular, the domain type I1-5 repeats is considered crucial for FN matrix assembly 

(Lemmon et al., 2011). 

 

 

 

 

 

 

 

 

 

Figure 2: Domain structure of fibronectin (FN) 

FN consists of 12 type I (rectangles), 2 type II (triangles) and 17 type III (ovals) repeats. Sets of repeats 
constitute binding domains for fibrin, FN, collagen and heparin, as indicated. The three alternatively 
spliced regions, EIIIA, EIIIB and V are in orange. The assembly domain and FN-binding sites are in grey. 
The FN glycoprotein is organised into functional domains: 70 kDa N-terminal domain, 120 kDa central 
binding domain (CBD) and 40 kDa heparin binding domain, as indicated. Two FN monomers bind by 
disulphide bonds, S-S, at the C-terminus to form a dimer. (Adapted from Wierzbicka-Patynowski & 
Schwarzbauer, 2003). 

 

1.7 Fibronectin turnover 

1.7.1 FN synthesis 

The exact mechanism of fibronectin fibril formation is still unknown, but it is thought that 

fibronectin is produced as a soluble protein which is polymerized into insoluble fibrillar 

structures that form the bulk of the ECM and that this process may take as little as 20 minutes 

(To & Midwood, 2011). The process of fibrillogenesis is initiated by the binding of 70 kDa FN 
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domain to integrins, including α5β1, α3β1, and α4β1 (KcKeown-Longo & Mosher, 1985; 

Takada, Ye, & Simon, 2007). Integrins are the principal transmembrane protein receptors 

which provide a linkage between the ECM outside the cell and the cytoskeleton inside (To & 

Midwood, 2011). The binding of FN to integrins induces conformational changes in the actin 

cytoskeleton which causes receptor clustering. Binding of the RGD and synergy motifs on FN 

to α5β1 integrin transmits tension to the fibronectin molecules and stretches them, thereby 

exposing other FN-association binding sites in the molecule (Mosher, Fogerty, Chernousov, & 

Barry, 1991; Theocharis et al., 2015). This allows for nascent deoxycholate-soluble FN 

molecules to bind directly to one another, and recruit additional FN molecules to form 

ultrathin fibrils which polymerize upon addition of FN dimers to form mature, thick 

deoxycholate-insoluble FN fibrils and a complex network (Erickson, 2002). The exact process 

of conversion from soluble to insoluble FN and the proteins involved in crosslinking of FN 

fibrils is still under investigation (Ohashi & Erickson, 2009; Wierzbicka-Patynowski & 

Schwarzbauer, 2003). FN networks may also be initiated via self-assembly. FN contains 

conformational-dependent binding sites for itself located on domain types I1–5, III1–2, III4–5, and 

III12–14 (Wang et al., 2016). Multiple conformations of FN exist in the matrix (and in individual 

fibrils) however during ECM the conformation evolves from a compact form in early fibrils to 

an extended/unfolded form in mature fibrils and matrices (Wang et al., 2016). The deposition 

of ECM molecules including collagen and thrombospondin have been shown to be dependent 

upon the presence of fibronectin fibrils (Sottile & Hocking, 2002). Actin cytoskeleton 

rearrangements have also been shown to play a role in FN assembly (Daley et al., 2008). 

Activation of Rho GTPases induces changes in actin organisation and enhances FN assembly 

whilst the inhibition of actin organisation has been shown to promote endocytosis of FN and 

its subsequent degradation (Wierzbicka-Patynowski & Schwarzbauer, 2003).  

 

1.7.2 FN degradation 

Treatment of cells with a polyclonal antibody to fibronectin inhibited polymerization of 

fibronectin into matrix, and FN was found to be endocytosed and localized with lysosomes 

(McKeown-Longo & Mosher, 1985; Sottile & Hocking, 2002; Villiger et al., 1981). Since FN 

binds integrins, particularly the α5β1 integrin, during fibril formation, it is possible that FN 
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becomes internalised with the constitutive endocytosis-recycling pathway of integrins 

(Bretscher, 1989; Shi & Sottile, 2008; Sottile & Chandler, 2005).  

 

Since ECM FN consists of large fibrils of high molecular weight multimers, these require initial 

proteolysis into smaller sized FN fragments (120 kDa, 70 kDa and 40 kDa) before endocytosis 

(Kenny et al., 2008; To & Midwood, 2011). Studies by Salicioni et al., (2002) have shown that 

FN accumulates in the extracellular space in low density lipoprotein receptor-related protein 

1 (LRP1)-deficient Chinese Hamster Ovary (CHO) cells. Thus, an alternative or additional 

pathway to the integrin-mediated pathway which regulates FN internalisation, may involve 

LRP1. Also, LRP1 mediates catabolism of FN and thus LRP1 serves as a potential regulator of 

FN turnover (Salicioni et al., 2002). However, LRP1 may not be the only receptor for FN 

uptake, as Gaultier et al., (2010) showed that, in LRP1-deficient fibroblasts, the increased 

remodelling of FN was dependent on presence of uPA and the urokinase type plasminogen 

activator receptor (uPAR).  

1.7.3 Regulation of the FN matrix by Hsp90 

Regulation of the ECM by Hsps occurs at various levels within the cell both intracellularly and 

extracellularly (Figure 3). Various Hsps as well as co-chaperones such as Hop and p23 have 

been found on the plasma membrane and in the extracellular space (Eustace & Jay, 2004; 

Hegmans et al., 2004; Shin et al., 2003). An array of Hsps and some additional molecular 

chaperones involved in ECM regulation at various stages are listed in Table 3. FN has been 

reported as a novel interacting protein of extracellular Hsp90 and a direct role for Hsp90 in 

FN matrix stability and remodelling has been suggested (Figure 3) (Hunter et al., 2014). 

Surface associated Hsp90 and extracellular soluble Hsp90β were identified in breast cancer 

cell lines including Hs578T, MDA-231 and MCF-7 cells, and a complex containing Hsp90 and 

FN was identified by immunoprecipitation and tandem mass spectrometry. The direct binding 

of FN and Hsp90 in vitro and colocalisation of these proteins in breast cancer cell lines has 

been demonstrated (Hunter et al., 2014). Addition of exogenous Hsp90β in Hs578T cells 

increased the formation of extracellular FN matrix, while knockdown of Hsp90α or Hsp90β 

decreased the proportion of extracellular FN matrix, suggesting a role for extracellular Hsp90 

in FN fibril formation. Upon inhibition of Hsp90 by novobiocin, the FN matrix was observed to 
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become unstable and degraded by a receptor-mediated endocytic mechanism (Figure 3) 

(Hunter et al., 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Proposed role of integrins, LRP1 and Hsp90 in FN turnover 

Schematic illustration of intracellular and extracellular regulation of the ECM by Hsp90. Soluble FN 
molecules are modified and processed in the ER by ER molecular chaperones and enzymes and 
subsequently transported to the cell surface presumably bound to chaperones for secretion. Integrins 
bind the RGD motifs on FN and together with actin filaments cause the stretching of fibronectin which 
exposes its self-association sites to allow for addition of FN dimers to form an insoluble matrix. 
Extracellularly, ECM molecules assemble into polymeric complexes to form a structural scaffold or 
associate with the ECM assisted in part by extracellular Hsps or LRP1 which may serve as receptors to 
mediate this cell-ECM association. Proteases (MMP2 and uPA amongst others) activated by Hsps 
cleave the FN matrix into smaller fragments (120, 70, 40 kDa) in response to normal tissue turnover 
or wound healing. Misfolded and/or aggregated matrix molecules are bound by extracellular Hsps for 
clearance from the ECM and subsequent intracellular degradation. Upon binding LRP1, FN is 
internalised and delivered to lysosomes for degradation (Adapted from Boel & Edkins, 2018). 

 

The exact mechanism by which Hsp90 influenced the FN matrix is presently unknown. It is not 

clear whether extracellular Hsp90 acts as a chaperone, cytokine or receptor for FN during 

internalisation, or whether this Hsp90-mediated turnover of FN requires an additional 
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receptor. A putative extracellular complex that exists between FN, Hsp90 and low density 

lipoprotein receptor related protein 1 (LRP1) on the surface of Hs578T cells has been shown 

(Boel, Hunter, & Edkins, 2018) and that internalisation of FN upon inhibition of Hsp90 by NOV 

requires the presence of LRP1. Given that both FN and Hsp90 interact with LRP1, it may be 

that NOV mediated its effects on FN either by modulating the Hsp90-FN-LRP1 complex to 

promote LRP1-mediated endocytic clearance of extracellular FN, or by activation of a 

signalling pathway due to a change in the Hsp90-LRP1 interaction or indeed a combination of 

both mechanisms. Armstrong and colleagues have also demonstrated a role for Hsp90 in FN 

regulation by showing that an N-terminal Hsp90 inhibitor, AUY922, increased expression of 

total FN and FN in the cytosol of prostate cancer cell lines and reduce secretion of FN which 

caused a marked reduction in cell invasion (Armstrong et al., 2018). 
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Table 3: Overview of some chaperones involved in ECM regulation  

Chaperone Location Function in ECM Reference 

Hsp90 

 

Intra- and 

Extracellular 
Regulates turnover of FN (Hunter et al., 2014) 

Intra- and 

Extracellular 

Regulation of proteases (MMP) for degradation of 

ECM 
(Sims et al., 2011) 

Grp94 ER, extracellular 

Regulates processing of integrins 

Mediates cell signalling at the cell surface to 

promote cell motility 

(Arap et al., 2004; Liu et 

al., 2003) 

Hop, Hsp70, 

p23 

Intra- and 

Extracellular 

Forms a complex with Hsp90 to assist in activation 

of proteases 
(Sims et al., 2011) 

Hsp70 
Intra- and 

Extracellular 

Activates cytokines contributing to accumulation 

of ECM proteins 

(González-Ramos et al., 

2013) 

Hsp47 ER, extracellular 
Procollagen maturation and collagen fibril 

processing in ECM 

(Nagai et al., 2000; 

Taguchi & Razzaque, 

2007; Jieqing Zhu et al., 

2015) 

Grp78/Bip ER, extracellular 

Endocytoses DMP1 in bone matrix. 

Binds cell surface receptors mediating ECM 

degradation. 

Regulates transport of ECM proteins in ER 

(Lee et al., 2014; Li et al., 

2013; Ravindran et al., 

2011) 

Hsp25/Hsp27 Cytoplasm, ER 
Trafficking of mature, active aggrecan to the cell 

surface 

(Zheng, Luo, & Tanzer, 

1998) 

MRJ/DNAJB6 Cytoplasm Regulates uPAR-dependent cell adhesion to VN 
(de Bock et al., 2010; Lin 

et al., 2014) 

Clusterin Extracellular 
Clearing aggregates associated with protein 

deposition disorders 

(Bartl et al., 2001; Zlokovic 

et al., 1996) 

SPARC Extracellular 

Stabilizes procollagen 

Binds various ECM proteins 

Regulates levels of matrix metalloproteinases 

(Lane & Sage, 1994; 

Martinek, Shahab, Sodek, 

& Ringuette, 2007) 
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Hsp90 has also been shown to regulate the function of FN-binding integrins in the ECM. 

Inhibition of cell surface Hsp90, with the small molecule, cell-impermeable N-terminal 

inhibitor DMAG-N-oxide, suppressed β1 integrin-mediated cell invasion in Matrigel invasion 

assays in T24 human bladder cancer, PC3M prostate cancer and B16 murine melanoma cancer 

cell lines (Tsutsumi et al., 2008). FN induces the association of integrins and c-Src at focal 

adhesion points, a key component in the cell migration process (Wozniak, Modzelewska, 

Kwong, & Keely, 2004). Tsutsumi and colleagues analysed focal adhesion assembly by 

immunoprecipitation of β1-integrin on FN coated and uncoated surfaces to determine that 

DMAG-N-oxide reduced c-Src binding to integrins. Disrupting the FN-stimulated interaction 

of β1-integrin with c-Src by the extracellular Hsp90 inhibitor reduced cell adhesion to the ECM 

and decreased cell motility (Tsutsumi et al., 2008). Again, the mechanism by which Hsp90 

reduced integrin – c-Src binding remains undefined.  

Extracellular Hsp90 appears also to participate in the remodelling of the extracellular matrix 

(ECM) through its interaction with MMPs. MMP2 and MMP9 are central players in cell 

migration and invasion due to their ability to digest ECM components and cleave cell adhesive 

contacts (Haas, 2005) and in the invasion of surrounding tissues and metastasis by tumour 

cells (Hance et al., 2012). Binding of Hsp90 appears to activate the pro-forms of these 

enzymes through their proteolytic cleavage, release active MMPs and thus permit ECM 

remodelling and enhanced invasion (Sims et al., 2011; Song et al., 2010). 

Co-immunoprecipitation revealed a complex of Hsp90 and co-chaperones including Hsp70, 

Hsp40, Hop and p23, which assisted Hsp90α in activating MMP2 extracellularly in MDA-MB-

231 breast cancer cells (Sims et al., 2011). Using zymography, the authors showed that in the 

presence of this complex, MMP2 activation was enhanced by 33 % in an ATP-independent 

manner, and was able to promote cell migration (Eustace et al., 2004; Sims et al., 2011). 

However, the mechanism of activation by this extracellular complex is still unclear and it is 

unknown whether extracellular Hsp90α acts as a chaperone or cytokine in its role in activating 

MMP2. In HT-1080 fibrosarcoma cells, plasmin activation assays demonstrated the ability of 

extracellular Hsp90α to activate a second extracellular protease, plasmin, by converting it 

from its precursor, plasminogen, to the active plasmin in much the same way as that of MMP2 

(McCready et al., 2010). In the presence of DMAG-N-oxide, there was a 32% decrease in 

activated plasmin. Using transwell migration assays, inhibition of extracellular Hsp90α 
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decreased tumour cell migration compared to control treated cells. Cell migration is 

dependent in part on proteolysis of the ECM and these data suggest that plasmin may be 

contributing to cell migration via remodelling of the ECM and highlights the important 

regulatory role for Hsp90 in this process (McCready et al., 2010). McCready and colleagues 

identified a cohort of extracellular Hsp90α interacting proteins by mass spectrometry, most 

of which were in their inactive, precursor forms, and which they propose are activated by 

extracellular Hsp90α. They suggest that the potential role for extracellular Hsp90α may be 

through the appropriate activation of these proteins which then contribute to cell migration 

and invasion by enhancing remodelling of the ECM (Figure 3) (McCready et al., 2010). 

However, the mechanism by which Hsp90 activates these extracellular proteases remains 

undefined, although McCready and colleagues speculate that it may involve the proteolytic 

processing of inactive, precursor forms of these pro-invasive proteins (McCready et al., 2014; 

Sims et al., 2011). 

 

1.8 Fibronectin in disease 

FN plays important roles in tumour cell biology (Akiyama, Olden, & Yamada, 1995; Labat-

Robert, 2002) and in the progression of fibrosis (Rukosuev, Nanaev, & Milovanov, 1990), 

synovial related diseases (Kimura et al., 2014) and Alzheimer’s disease (Lemańska-Perek et 

al., 2009). Fibrosis is characterized by an excessive deposition of connective tissue that leads 

to the impairment of organ structure or function and is considered a chronic inflammatory 

tissue-repair response. In fibrosis and inflammation related diseases, the increased 

deposition of ECM components including FN is known to be a causative factor in the 

development of pathological conditions such as cirrhosis of the liver and Crohn’s disease 

(Altrock et al., 2014). Rheumatoid arthritis (RA) is an autoimmune disease characterized by 

the chronic inflammation of synovial tissue, resulting in bone and joint erosion. The presence 

of cellular FN in rheumatoid synovial tissues has implicated FN in the pathogenesis of RA 

(Kimura et al., 2014). Alzheimer’s disease is a neurodegenerative disease characterized by 

progressive loss in memory caused by the accumulation of amyloid plaques and tau 

aggregation in some regions of the brain. These amyloid plaques were shown to be correlated 

with high expression levels of FN, and that plasma FN could serve as a diagnostic biomarker 

for Alzheimer’s dementia risk (Lemańska-Perek et al., 2009; Lepelletier et al, 2017). Several 

studies have shown that synthesis of extracellular matrix protein components such as 
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fibronectin is upregulated in patients with diabetes, and that these changes are associated 

with the development of basement membrane thickening, which is common in diabetic 

retinopathy and nephropathy (Das et al., 2014; Kim et al., 2007; Zhang et al., 2013). 

Angiogenesis, the growth of new blood vessels in the vicinity of the tumour tissue is necessary 

for metastasis. Interestingly, FN has been reported to both promote and inhibit angiogenesis 

(Lochter & Bissell, 1995). The presence of FN has also been correlated with an enhanced 

ability of tumour cells to adhere and migrate (Lochter & Bissell, 1995). Increased turnover of 

the extracellular FN matrix in particular, has been correlated with enhanced metastatic 

capacity of tumour cells (Akiyama et al., 1995; Labat-Robert, 2002; To & Midwood, 2011). 

High FN levels are associated with increased invasion and metastatic capability in cancers such 

as lung and hepatic cancers (Akiyama et al., 1995; Ioachim et al., 2002; Zheng, Ritzenthaler, 

Roman, & Han, 2007) however in some cancer types, high levels of FN expression have been 

found to correlate with reduced cell proliferation, migratory capacity, and associated with a 

more favorable prognosis in breast cancer patients (Bae et al., 2013; Lochter & Bissell, 1995; 

Swiatoniowski et al., 2005). Studies have shown that FN also promotes cell invasion and 

migration via upregulating MMP2 and MMP9 levels in cancer (Egeblad & Werb, 2002; Lu et 

al., 2011). Also, FN fragments generated from MMP cleavage have been shown to have pro-

migratory functions and stimulate FN matrix remodelling by activating the p38 MAPK pathway 

(Bourdoulous et al., 1998; Forsyth, Pulai, & Loeser, 2002). 

 

1.9 Low density lipoprotein receptor-related protein 1 (LRP1) 

The low density lipoprotein receptor-related protein 1 (LRP1), also termed CD91, is a member 

of the LDL receptor family. The LDL receptor was one of the first members to be identified as 

part of this receptor family and is responsible for cholesterol homeostasis (Brown, 1986). 

Other members of the LDL receptor family have more diverse functions. LRP1 is one such 

example, with roles in lipoprotein metabolism, signal transduction, entry of viruses and 

toxins, homeostasis of proteinases and their inhibitors, and in pathology of Alzheimer’s 

disease (Kounnas et al., 1995; Rozanov, Hahn-Dantona, Strickland, & Strongin, 2004; 

Strickland et al., 1990). LRP1 is one of the largest endocytic receptors and is considered a 

scavenger receptor due to the large array of ligands (>30) which it binds. How LRP1 recognises 

so many structurally different and distinct molecules has raised questions regarding the 
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mechanisms by which ligands interact with this receptor. Targeted disruption of the LRP1 

gene in mice  results in embryonic lethality due to extensive hemorrhaging caused by failure 

to recruit and maintain cells in the vasculature thereby suggesting a biologically important 

role for this receptor in early development (Au, Arai, Fondrie, Muratoglu, & Strickland, 2018; 

Herz, Goldstein, Stricklandn, & Brown, 1991; Nakajima et al., 2014). Furthermore, selective 

LRP1 deletion in neurons, macrophages, smooth muscle cells and hepatocytes all lead to 

significant phenotypic changes suggesting key roles for LRP1 in various physiological 

processes (Basford, Moore, Zhou, Herz, & Hui, 2010; Ding, Xian, Holland, Tsai, & Herz, 2016; 

May et al., 2004).   

1.9.1 LRP1 structure 

LRP1 is synthesized as a 600 kDa transmembrane protein which is subsequently cleaved in 

the Golgi Apparatus by furin within the β-propeller domain producing a 515 kDa α-chain and 

85 kDa β-chain. These two subunits associate non-covalently during transport to the cell 

surface and internalisation (Herz et al., 1991). The LRP1 structure illustrated in Figure 4 

displays its five composing units. The N-terminal 515 kDa α-subunit contains the four ligand 

binding domains (I-IV) and is completely extracellular. The C-terminal 85 kDa β-subunit 

contains an extracellular part, a transmembrane spanning domain and a cytoplasmic 

intracellular domain containing 1 to 3 NPxY motifs that serve as endocytosis signals which 

target the receptor to clathrin coated pits (Strickland et al., 1995). Ligand binding is regulated, 

primarily during export of LRP1 to the cell surface, by the receptor-associated protein (RAP) 

which has a high binding affinity (Kd = 1-10 nM) for LRP1 (Iadonato et al., 1993; Bu & Marzolo, 

2001). RAP was identified when co-purified with LRP1 in human placenta (Herz et al., 1991). 

The major function of RAP is to serve as a chaperone by transiently binding newly synthesized 

LRP1 to assist in its transport from the ER to the Golgi without interference from other ligands, 

thereby enabling LRP1 to be successfully delivered to the plasma membrane (Lillis et al., 

2008). Tissue transglutaminase (tTG) interacts directly with LRP1 and promotes association 

with β1 integrins and the ECM (Zemskov, Mikhailenko, Strickland, & Belkin, 2007).  

The extracellular α-chain of LRP1 contains four ligand-binding domains (clusters I-IV on Figure 

4). Most ligands bind clusters II and IV, which are flanked by epidermal growth factor 

homology domains (Figure 4) (Obermoeller-McCormick et al., 2000). Interestingly, the 
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cytoplasmic β-chain has been shown to bind adaptor and scaffold proteins via its NPxY motifs 

and serine/tyrosine residues which links the receptor to other membrane proteins or initiates 

signalling cascades within the cell (Boucher & Herz, 2011; Guttman et al., 2009). 

Phosphorylation of the serine and/or tyrosine residues, in particular Tyr4507, allows for 

interaction of the cytoplasmic domain with adaptor proteins such as FE65 for cell signalling 

(van der Geer, 1999; Li & Bu, 2001). Thus, LRP1 is implicated in two major physiological 

processes, namely endocytosis and regulation of signalling pathways. 

 

 

 

 

 

 

 

 

 

Figure 4: Structure of the 600 kDa low density lipoprotein receptor related protein (LRP1). 

Cysteine rich ligand-binding type repeats (white circles) are arranged in four clusters (I-IV) along the 
extracellular 515 kDa domain to which distinct ligands bind as indicated. Each cluster is followed by 1-
4 EGF homology domains (white rectangle and black circles) and an YWTD repeat (grey half-moon). 
The transmembrane domain spans the membrane bilayer and is followed by the 85 kDa intracellular 
domain containing the NPxY motifs (striped triangles). [Adapted from Herz & Strickland, 2001]. 

 

1.9.2 Regulated intramembrane proteolysis (RIP) of LRP1 

LRP1 cell-surface levels are regulated by a process known as RIP (regulated intramembrane 

proteolysis) involving shedding, and proteolytic cleavage that releases the extracellular 

ectodomain (Quinn et al., 1999). Quinn and colleagues were one of the first to demonstrate 

that LRP1 can be shed by cleavage of the receptor at the membrane proximal region of the β-

chain in human BeWo trophoblast cells. A number of other transmembrane receptors are 
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known to undergo regulated intramembrane proteolysis (RIP) including Notch, APP, ErbB4, 

CD44 and syndecan-3 amongst others (Liu et al., 2007). In addition to LRP1, other members 

of the LDL receptor family including LRP1B, LRP2 and LRP8 have been shown to undergo RIP 

(May, Reddy, & Herz, 2002). 

The general mechanism of RIP is illustrated in Figure 5 whereby various proteinases act on 

LRP1 to cleave this receptor into smaller fragments. Following LRP1 cleavage by furin in the 

trans-Golgi, the mature form of LRP1 consists of two non-covalently associated subunits    

(Cam, Zerbinatti, Li, & Bu, 2005). The fate of the shed LRP1 515 kDa fragment of the 

ectodomain is not known but is thought to be able to still bind ligands, thereby reducing their 

interaction with the cell and regulating their endocytosis (Gaultier et al., 2008; Gorovoy, 

Gaultier, Campana, & Firestein, 2010). Cleavage of the 85 kDa membrane bound receptor 

fragment close to the membrane is facilitated by various MMPs including β-amyloid precursor 

protein-cleaving enzyme (BACE), MT1-MMP, and ADAMs 10/12/17 (a disintegrin and 

metalloproteinase) (Liu, Ranganathan, Robinson, & Strickland, 2007; Von Arnim et al., 2005) 

to release the extracellular receptor portion (Figure 5). Subsequent cleavage of the remaining 

transmembrane β-chain by the presenilin (PS)/ -secretase complex yields additional smaller 

fragments termed the LRP1 intracellular domain (LRP1-ICD) (Spuch, Ortolano, & Navarro, 

2012). The shed LRP1-ICD has been shown to translocate to the nucleus where it interacts 

with various proteins and transcriptional modulators to regulate cell signalling and gene 

transcription (Kinoshita, Shah, Tangredi, Strickland, & Hyman, 2003; Zurhove et al., 2008). In 

the case of Notch, RIP is initiated upon ligand binding, and the released ICD acts as a 

transcription co-activator (Hu et al., 2003) whilst that of APP acts as a transcription co-

repressor (Cao & Sudhof, 2001). In other RIP cases, ICD translocated fragments may serve to 

promote the degradation of transcription factors or modulate cell-cell interaction complexes 

(Marambaud et al., 2002, 2003). RIP of LRP1 currently has 2 major consequences, the first 

being the ability of the LRP1-ICD to translocate to the nucleus and suppress inflammation by 

reducing the transcription of lipopolysaccharide inducible genes by promoting the nuclear 

export of interferon regulatory factor 3 (Zurhove et al., 2008). The second is the ability of LRP1 

to regulate hypoxia mediated angiogenesis by interacting with PARP1 and activating Cdk2 

(Mao et al., 2015). Interestingly, LRP1 shedding has been shown to be increased in malignant 

cells (Selvais et al., 2011). 
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Figure 5: Regulated Intramembrane Proteolysis (RIP) of LRP1  

After furin cleavage in the trans-Golgi, mature LRP1 consists of two non-covalently associated α and β 
subunits of 515 kDa and 85 kDa in size respectively. The 85 kDa membrane spanning subunit is cleaved 
by 1) BACE-1 and various MMPs at a region close to the membrane to yield fragments (55 kDa and 25 
kDa). 2) The remaining 25 kDa fragment is further cleaved by gamma secretases to release the LRP1-
ICD which is able to translocate to the nucleus. Inhibitors at each of the steps are indicated. 

1.9.3 LRP1-Hsp90 cell signalling 

Tsen and colleagues reported a role for eHsp90-LRP1 cross-membrane signalling, whereby 

binding of eHsp90 to LRP1 induced the activation of downstream signalling pathways 

involving Akt and mTOR to promote migration (Tsen et al., 2013). Several other groups have 

also suggested a role for eHsp90 in LRP1-mediated signalling by activation of various 

pathways including ERK1/2 and MMP2/9 (Hance et al., 2014; Sims et al., 2011; Song, Li, Lee, 

Schwartz, & Bu, 2009) some of which are essential to wound healing (Cheng et al., 2008; Tsen 

et al., 2013). The eHsp90-LRP1 interaction takes place on the extracellular subdomain II of the 

LRP1 α-chain (Figure 4) (Tsen et al., 2013). Cytoplasmic Hsp90β has been shown to stabilize 

the intracellular LRP1 β-chain (Jayaprakash et al., 2015). eHsp90 has also been shown to 

interact with other cell surface proteins including HER-2 which activates downstream pro-

growth ERK and pro-survival PI3K pathways mediating increased cell invasion in breast cancer 
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(Calderwood et al., 2006). eHsp90-LRP1 interaction may also promote EMT (endothelial-

mesenchymal transition) as has been shown in colorectal cancer cells via the activation the 

NFkB pathway (Nagaraju et al., 2014). In studies by Salicioni et al., (2002), FN was shown to 

be endocytosed by LRP1 highlighting a potential role for LRP1 as a catabolic receptor for FN. 

However, to date FN has not been demonstrated to directly bind LRP1, unlike eHsp90 (Basu 

et al., 2001). Given this, and the multiple eHsp90-LRP1 induced downstream targets, it seems 

plausible that several of these signalling pathways might converge to regulate FN matrix 

dynamics. Chen and colleagues reported that the activation of NFkB pathway by eHsp90-LRP1 

signalling induces FN expression (Chen et al., 2013) and that activation of the Akt pathway is 

also important for the expression of FN (Qin, Zhang, Xu, & Wang, 2015). Somanath and 

colleagues showed that Akt was involved in regulating integrin activation and FN matrix 

assembly (Somanath, Kandel, Hay, & Byzova, 2007). It is possible then that anything which 

might disrupt eHsp90 binding to LRP1, or deactivation of Akt and NFkB pathways might lead 

to reduced FN expression or deregulated FN matrix remodelling which will have impacts on 

cell migration and metastasis. 

1.10 Hypothesis 

The NOV-induced turnover of FN is regulated by LRP1 and has physiological consequences on 

the FN extracellular matrix 

 

1.11 Objectives 

1. Investigate the mechanisms involved in NOV-induced turnover of FN in LRP1-

expressing cells 

2. To analyse the biological consequences associated with NOV-induced FN turnover 
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 MATERIALS & METHODS 

2.1 Materials 

All general reagents were purchased from Sigma-Aldrich (USA) and Merck Millipore (USA) . 

Tissue culture media and reagents, including fetal bovine serum [FBS], Dulbecco’s Modified 

Eagle Medium [DMEM] with GlutaMAX™-I, 10 X Trypsin- Ethylenediaminetetraacetic acid 

(EDTA) and Penicillin/Streptomycin/Amphotericin [PSA] were from Thermo Fisher Scientific 

(USA) and Biowhittaker (Switzerland). Insulin was from Novorapid. Tissue Culture plasticware 

was from Corning Incorporated (USA) or Nest Biotechnology (China). Hybond nitrocellulose 

membrane, western blotting power pack and Chemidoc™ XRS were from Bio-Rad (USA). 

Chemical inhibitors were purchased from Sigma-Aldrich unless otherwise stated. 3,3’-

dithiobis[sulfosuccinimidyl] propionate [DTSSP] (cat no.: 21578) were from Thermo Fisher 

Scientific (USA). MagReSyn™ Protein A and MagReSyn™ NTA were from ReSyn Biosciences 

(South Africa). Suppliers of other specialized reagents are referenced in text. Alexa Fluor-647 

conjugated mouse anti-LAMP1 (E-5) antibody (sc-17768) and purified human fibronectin (sc-

29011) was from Santa Cruz (USA). Human recombinant endotoxin free Hsp90β full length 

protein (SPR-102) was from StressMarq Biosciences (Canada). HRP conjugated donkey anti-

rabbit secondary antibody (ab16284) (dilution 1:10 000), HRP conjugated goat anti-mouse 

secondary antibody (ab97110) (dilution 1:5000) and Alexa Fluor-488 conjugated donkey anti-

rabbit antibody (ab150073) were from Abcam (UK). Alexa Fluor-488 conjugated donkey anti-

mouse antibody (cat no.: A21202), Alexa Fluor-546 conjugated donkey anti-rabbit antibody 

(cat no.: A10040) were from Invitrogen (USA) used at a dilution of 1:1000. Details of primary 

antibodies used are listed in Table 4. 
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Table 4: Details of primary antibodies used in this research project 

Primary antibody Species 
Dilution used in western 

blotting 

Catalogue 

number 
Vendor 

Hsp90α/β 

Mouse 

1:1000 sc-13119 Santa Cruz 

FN 

1:1000 

1:100 (Immunofluorescence) 

F3648 Sigma 

Tubulin 1:5000 ab7291 Abcam 

GAPDH 1:5000 G8795 Sigma 

β1 integrin 1:1000 610467 BD Biosciences 

FN 

Rabbit 

1:1000 

1: 100 

(Immunofluorescence) 

F0916 Sigma 

Actin 1:1000 A2103 Sigma 

LRP1 

1:10 000 

1:100 (Immunofluorescence) 

1:100 (Immunoprecipitation) 

ab92544 Abcam 

Histone H3 1:10 000 ab1791 Abcam 

Phospho-Akt (Ser473) 1:2000 CST4060 

Cell Signalling 

Technologies P44/P42 MAPK 

(Phospho-Erk1/2) 
1:2000 CST4695 

Collagen 1 

1:1000 

1:100 (Immunofluorescence) 

NB600-408 Novus Biologicals 
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2.2 Methods 

2.2.1 Routine maintenance of cell lines   

Hs578T (ATCC: HTB-126) breast cancer cell line and mouse embryonic fibroblasts (MEF) (i.e. 

LRP1 wild type MEF-1 [ATCC: CRL-2214], LRP1 deficient PEA-13 [ATCC: CRL-2216]) were 

purchased from the American Type Culture Collection (ATCC). Hs578T breast cancer cells 

were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% 

[v/v] fetal calf serum (FCS), 2 mM GlutaMAX™, 100 U/ml 

Penicillin/Streptomycin/Amphotericin (PSA) and 2 mM insulin (Novorapid, Canada). MEF lines 

were maintained in DMEM supplemented with 10% [v/v] FCS, 2 mM GlutaMAX™ and 100 

U/ml PSA. All cell lines were maintained at 37 °C in a humidified atmosphere with 9% CO2. 

2.2.2 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)  

Proteins were separated by discontinuous SDS-PAGE according to the standard modifications 

of the established method (Laemmli, 1970). Proteins were resolved using a 4% [v/v] stacking 

gel (0.5 M Tris-Cl, pH 6.8) and 10% [v/v] resolving gel (1.5 M Tris-Cl, pH 8.8) at 120 V for 90 

minutes in SDS-PAGE running buffer (0.25 mM Tris, 192 mM glycine, 1% [w/v] SDS). Samples 

were mixed with 5x SDS sample buffer (0.05 M Tris-Cl, 10% [v/v] glycerol, 2% SDS, 1% [w/v] 

bromophenol blue, 5% [v/v] β-mercaptoethanol) and boiled for 5 minutes before being 

loaded onto the gel. Blue prestained protein standard (New England BioLabs) or prestained 

protein marker (Thermo Scientific) were used for estimating molecular weights of proteins.  

2.2.3 Immunoblotting and chemiluminescence-based detection   

Resolved proteins were transferred on to nitrocellulose membrane in transfer buffer (25 mM 

Tris-Cl, 192 mM glycine, 20% [v/v] methanol) using a semi-dry blotting system (SD20 Semi Dry 

Blotter Maxi) for 50 minutes at 0.4 A. Transfer efficiency and protein levels were observed on 

the nitrocellulose membrane using Ponceau S stain (0.5% [w/v] Ponceau S, 1% [v/v] glacial 

acetic acid). Membranes were blocked for at least 1 hour at room temperature in 5% BLOTTO 

(5% [w/v] non-fat milk powder in Tris buffered saline [TBS: 50 mM Tris, 150 mM NaCl pH 7.5]). 

Membranes were incubated with primary antibody in 1% [w/v] BLOTTO at the recommended 

dilution overnight at 4˚C with gentle shaking. Membranes were washed thrice in TBST (TBS 

with 0.1% [v/v] Tween-20) for 5 minutes each time. Species matched secondary antibody 

conjugated to HRP was incubated with the membrane in 1% [w/v] BLOTTO for 45 minutes at 
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room temperature. Membranes were washed in TBST four times for 5 minutes each time. 

Detection of proteins was carried out using ECL Advanced western blotting detection kit in 

the Chemidoc™ XRS system (BioRad) 

2.2.4 Cell cytotoxicity assay for Hsp90 inhibitors  

The toxicity of Hsp90 inhibitors was assessed in Hs578T, MEF-1 and PEA-13 cell lines using 

methylthiazolyldiphenyl-tetrazolium bromide (MTT) (Sigma). MTT is a yellowish solution and 

is converted to water-insoluble MTT formazan of dark blue color by mitochondrial 

dehydrogenases of living cells. Cells of equal density (2 x 103 cells/well) were seeded in a 96 

well plate and treated the following day with a range of Hsp90 inhibitor concentrations. After 

3 days, all liquid was removed from wells and 50 μl of a 5 mg/ml MTT reagent was added to 

each of the wells and incubated for 4 hours at 37 °C. Solubilisation solution (10 % SDS in 0.01 

M HCl) was added to the cells overnight at 37 °C and the following day, absorbances were 

read at 550 nm. This viability assay was carried out quintuplicate and the dose response and 

half maximal effective concentrations (EC50) determined using GraphPad Prism 4. In all 

instances, the term EC50 refers to cell toxicity. 

2.2.5 Gelatin zymography assay  

Equal cell numbers (6 x 105 cells/well) were allowed to adhere overnight in a 6 well plate and 

left untreated or treated with various inhibitors as described in figure legends for 16 hours in 

serum-free DMEM. Supernatants were harvested and centrifuged at 400 xg for 5 min at 4 ˚C 

to remove cell debris. Samples were resolved on a 10% (v/v) SDS-PAGE gel containing 0.1% 

(w/v) gelatin and run at 125 V for 90 minutes in chilled SDS running buffer. Gels were 

incubated 2x 30 min in 100 ml renaturing buffer (2.5% Triton-X-100 in dH2O) at room 

temperature with gentle shaking. Gels were incubated in 100 ml developing buffer (50 mM 

Tris-Cl pH 7.4, 10 mM CaCl2, 0.02% NaN3) in a closed tray for 16 hours at 37 ˚C. Gels were 

incubated in Coomassie stain (0.5 % [w/v] Coomassie Brilliant Blue R250 in destain Solution) 

for 1 hour and destained with destain Solution (40 % [v/v] methanol, 10 % [w/v] glacial acetic 

acid) until bands of clearance were observed. White bands of clearance against dark blue 

background indicated enzymatic activity. Parallel SDS-PAGE gels lacking gelatin which had not 

been renatured or developed were incubated directly in Coomassie stain to serve as a protein 

loading control.  
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2.2.6 Biochemical fractionation of insoluble and soluble fibronectin using a 

deoxycholate (DOC) assay  

This assay was adapted from that published by Brenner and colleagues (Brenner, Corbett, & 

Schwarzbauer, 2000). MEF-1, PEA-13 and Hs578T cells were seeded in a 6-well plate (6 x 105 

cells/well) and allowed to adhere overnight. Cells were treated as indicated in figure legends 

for 16 hours and scraped into DOC buffer (2% [w/v] deoxycholate, 20 mM Tris-HCl, pH 8.8, 2 

mM phenylmethanesulfonylflouride [PMSF], 2 mM EDTA and 0.05% [v/v] protease inhibitor 

cocktail). Samples were vortexed for 2 minutes and centrifuged at 13000 rpm in a microfuge 

for 20 minutes at 4 ˚C. A volume of 200 μl of the supernatant containing soluble fibronectin 

was mixed with 80 μl of SDS sample buffer and the pellet containing insoluble fibronectin was 

resuspended in 80 μl SDS sample buffer. Samples were boiled and resolved by SDS-PAGE 

and/or immunoblotting.  

2.2.7 Nuclear and cytosolic fractionation (REAP assay) 

Equal cell numbers were allowed to adhere overnight in a 100 mm culture dish. The following 

day, cells were left untreated or treated with varying concentrations of NOV as indicated in 

figure legends for 16 hours prior to REAP subcellular fractionation using an adapted protocol 

from Suzuki and colleagues (Suzuki et al., 2010). The cell monolayer was washed twice with 

ice-cold PBS and cells were scraped with PBS using a plastic cell scraper. Cells were briefly 

centrifuged (400 xg, 10 seconds at room temperature) to collect cells and the cell pellet was 

triturated 5 times with ice-cold 0.1% (v/v) NP40-PBS. An aliquot was reserved for the whole 

cell lysate (WCL) and the remaining suspension briefly centrifuged (as done previously) to 

separate the supernatant containing cytosolic fraction (C). The remaining pellet was 

resuspended in cold 0.1% (v/v) NP40-PBS and centrifuged again as before. The resulting pellet 

containing the nuclear fraction (N), as well as the whole cell lysate (WCL) and cytosolic 

fractions, were mixed in a 1:1 (v/v) ratio with SDS sample buffer and sonicated at level 2 twice 

for 5 sec each time. Samples were boiled and stored at -20 ˚C until further analysis. 

2.2.8 DTSSP cell surface crosslinking 

Adherent cells from a T-75 cell culture flask were left untreated or treated as indicated in 

figure legends. Cells were washed twice in PBS and incubated with DTSSP (3 mg/ml) at 4˚C for 

2 hours to allow for crosslinking of protein interactions. The DTSSP crosslinker contains NHS 
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moeities on both ends which are able to interact with lysine residues on proteins that are 

within interacting range (12Å) (Thermo Scientific). DTSSP was quenched with 1 M Tris-Cl (pH 

7.5) at 4˚C for 15 minutes. 

2.2.9 Immunoprecipitation of crosslinked complexes 

Cells were washed with PBS before 1 ml of CellLytic M Cell Lysis Reagent (containing 0.05% 

[v/v] protease inhibitor cocktail) was added to the cells, incubated for 15 min with shaking 

and lysed with a cell scraper. Cell lysates were either centrifuged at 13000 rpm in a microfuge 

tube for 20 minutes at 4 ˚C and the supernatants harvested to generate cleared lysates (CL) 

or remained uncentrifuged as whole cell lysates (WCL). For Hsp90 IPs: WCL and CL were 

quantified by absorbance at 280 nm using the NanoDrop 2000 spectrophotometer 

(ThermoScientific, USA) and 500 µg of cell lysate was added to 5 µg of mouse anti-Hsp90 

antibody (Catalog number: SMC-107) or isotype-control antibody overnight at 4 °C with end-

over-end mixing. The next day, 20 µl of Protein A/G Plus Agarose beads (cat no: sc2003) was 

added to the lysate for 4 hours at 4 °C with end-over-end mixing. Beads were centrifuged at 

3000 rpm for 1 min in a microfuge and the supernatant discarded. Beads were washed in PBS 

and centrifuged as before. Supernatants were again discarded, and beads washed an 

additional two times. After the final wash, beads were resuspended in 60 µl of 5x SDS-PAGE 

sample buffer (containing β-mercaptoethanol to cleave DTSSP bound proteins) and boiled for 

5 min. Samples were centrifuged at 3000 rpm for 1 min and the supernatants retained for 

SDS-PAGE analysis and immunoblotting as described previously. 

For LRP1 IPs, WCL and CL samples were split in half and incubated overnight at 4 °C with a 

volume of 10 μl of magnetic MagReSyn™ Protein A, which had been pre-equilibrated 

according to manufacturer’s instructions and bound to 5 µg rabbit LRP1 or isotype control 

capture antibodies. Beads in suspension were collected using a magnet and washed three 

times in wash buffer (50 mM Tris, pH 7, 150 mM NaCl, 1% [v/v] Tween 20) followed by a final 

wash in dH2O. LRP1 complexes were eluted from the beads by boiling in 5x SDS-PAGE sample 

buffer containing β-mercaptoethanol. Samples were resolved by SDS-PAGE and analysed by 

SDS-PAGE and immunoblotting as described previously. 
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2.2.10 4-well migration chamber assay 

Hs578T cells were seeded (1 x 105 cells/ml) into an ibidi 4-well micro-Insert (Cat number: 

80409) (10 µl/well) and allowed to reach confluency. Inserts were left untreated or treated 

with NOV for 16 hours at 37 °C. Inserts were removed and cell monolayers were rinsed in 

spent media. Images of cells were taken before (t=0 hrs) and after migration (t=20 hours) 

using the Zeiss Primovert Inverted light microscope with the 4x and 20x objectives. Migration 

was assessed by the degree of cell migration outward from the cell monolayer.  

 

2.2.11 Scratch Assay to measure cell migration 

Hs578T, MEF-1 and PEA-13 cells were seeded into wells of a 24-well culture dish and grown 

overnight or until confluent. To create wounds, a scratch was made down the centre of the 

well using a toothpick. Wells were washed with spent media and returned to incubate at 37 

˚C in fresh media containing either NOV, GA or eHsp90β as indicated in the figure legends for 

12 hours. Photographs were taken immediately after wound initiation (t=0 hrs) and after cell 

migration (t= 12 hours) using a Zeiss Primovert inverted light microscope. For migration on 

FN, wells of a 24 well were coated with increasing concentrations of purified FN (Catalog 

number: sc-29011) by incubation at RT for 1 hour. FN was removed, and wells washed once 

with dH2O. Cells were seeded into coated wells and migration measured as described. Marks 

were made on the bottom surface of wells to ensure identical fields of view were captured 

each time. For each image, distances between the two opposing lead edges were measured 

at least three times at different points across the length of the wound. Distances migrated 

were calculated by subtracting the distance measured at 12 hrs from the distance at 0 hrs. 

2.2.12 Cell-derived matrix production  

ECM production and harvesting protocols were adapted from published protocols (Castelló-

Cros et al., 2009). Ethanol sterilized coverslips in a 6-well plate were incubated with 0.2% 

[w/v] sterile gelatin for 1 hour at 37 °C. Gelatin was crosslinked with 1% [v/v] sterile 

glutaraldehyde in PBS for 30 minutes at room temperature. Wells were washed thrice with 

PBS, 5 minutes each time. Crosslinker was quenched with 1 M sterile ethanolamine for 30 

minutes at room temperature. Wells were washed thrice with PBS, 5 minutes each time. Cells 

were seeded into prepared 6-well plates (at a density of 6 x 105 cells/well or such that the 
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next day 100% confluency was observed). If coverslips were not used, then the above 

crosslinking and quenching steps were omitted, and cells seeded directly into wells. Upon 

confluency, the media was replaced with 50 µg/ml ascorbic acid containing media and was 

changed every second day thereafter. After 6 days of culture, wells were treated for 24 hours 

with NOV or Hsp90β as described in figure legends. The following day, cells were washed with 

PBS and incubated with 50 mM EDTA for 10 minutes at 37 °C. Cells were washed twice with 

PBS and then incubated with 37 °C preheated extraction buffer (20 mM NH4OH, 0.5% [v/v] 

Triton-X in PBS) until complete cell lysis (as observed by assessing whether all cells had lifted 

using an inverted light microscope). This usually happened virtually instantaneously upon 

addition of extraction buffer. Without removing extraction buffer, PBS was added to each of 

the wells and placed at 4 °C overnight to improve the stability of the newly extracted matrices. 

To prevent any unwanted DNA, wells were incubated with 10 µg/ml DNAseI (Roche) for 30 

minutes at 37 °C. Wells were washed three times with PBS. Cell-derived matrices were used 

immediately or stored in PBS containing PSA for up to 1 month at 4 °C covered in parafilm. 

2.2.13 Indirect Immunofluorescence and Fluorescence microscopy  

Coverslips to be visualized were flash-treated (<1 min) with ice-cold methanol and blocked 

with 1 % [w/v] BSA/TBS for 45 minutes at room temperature. Coverslips were incubated with 

appropriate primary antibodies in 1 % [w/v] BSA/TBS for 2 hours at room temperature and 

washed twice with PBS before incubating with the appropriate species-specific fluorophore 

conjugated secondary antibodies at room temperature for 1 hour in the dark. Coverslips were 

washed twice with PBS and rinsed briefly with Hoechst-33342 dye (Invitrogen) (1 μg/ml in 

distilled water) to stain nuclei blue. Coverslips were mounted onto glass slides using DAKO 

mounting medium. Immunofluorescence was detected using the Zeiss LSM780 Meta laser 

scanning confocal microscope and images analysed using Zen Blue Software and ImageJ. In 

cases where CDMs were processed for immunofluorescence of 3D projections, coverslips 

were fixed in 4% (v/v) formaldehyde for 15 min at RT and washed twice with 1x PBS. 

Coverslips were processed as described above but mounted using VECTASHIELD Antifade 

Mounting Medium which is glycerol based and does not solidify therefore allowing for 

accurate 3D quantifications of CDMs. 
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2.2.14 Scanning electron microscopy 

The cell derived matrices harvested as described above were fixed in cold buffered fixative 

solution (2.5% [v/v] glutaraldehyde in 0.1 M sodium phosphate buffer) overnight at 4 °C. 

Coverslips were washed with cold 0.1 M sodium phosphate buffer twice 10 min each time. 

The CDM was dehydrated through a graded series of 30% [v/v] ethanol to 100% ethanol and 

subjected to critical point drying (Polaron Critical Point Drier) in liquid CO2. Coverslips were 

attached to aluminium stubs via double sided carbon sticky tabs and coated with gold using 

a Quorum Q150RS coater. Stubs were viewed, and digital images captured on a Tescan VEGA 

TS 5136LM Scanning Electron Microscope operating at 1 kV. 

2.2.15 Measuring ECM fibre thickness and orientation 

To quantify the effects of various treatments on fibronectin topography we quantified the 

average thickness of ECM and fibronectin fibres observed in immunofluorescence or SEM 

images using the BoneJ plugin for ImageJ (Doube et al., 2010). Binary images of CDMs were 

run through the plugin using the thickness command which calculates the thickness and 

spacing of and between fibres generating numerical values assigned to average thickness and 

a colour coded image where white/yellow regions are thicker than purple/blue regions (see 

heat map scale bar in Figures). Pseudo-coloured spheres are fitted along fibres to represent 

intensity of thickness along fibres. Values obtained from triplicate images were analysed in 

GraphPad Prism 4. 

To estimate the local orientation of the ECM and fibronectin fibres from immunofluorescence 

or SEM images, we used the ImageJ OrientationJ plugin, which evaluates the local orientation 

and isotropic properties (coherency and energy) of every pixel in an image (Rezakhaniha et 

al., 2012). Monochromatic SEM images or fibronectin channel confocal microscopy images 

were analyzed (http://bigwww.epfl.ch/demo/orientation/) as described in (Franco-Barraza et 

al., 2017). The plugin generated an HSB (hue-saturation-brightness) color coded image 

overlaid onto the original image. Graphical gaussian distribution curves represent the 

orientation distributions of fibres in an image. 
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2.2.16 Cell adhesion on CDMs 

Cells seeded (5 x 104 cells/ml) into wells of a 24-well plate containing CDMs were allowed to 

adhere and spread over 4 hours under tissue culture conditions. After 4 hours, liquid was 

removed from wells and washed three times with PBS to remove any non-adherent cells. Cells 

were then fixed in 4% (v/v) formaldehyde for 15 min at RT. Fixative was removed and wells 

were rinsed with dH20 and blotted dry. Cells were stained by incubating with 10% (w/v) crystal 

violet for 20 min at RT. Crystal violet stain was discarded and wells washed three times with 

dH20 and blotted dry until stained cells could be visualised at the bottom of wells. Images of 

cells were taken using the Zeiss Primovert inverted light microscope. In ImageJ, the overall 

shape of cells was determined using a cell axial ratio defined by the ratio of the "length" (long 

axis) divided by the "breath" (short axis) of the cell; round objects present a ratio close to 1 

while spindle-shaped morphologies have a ratio > 1. Crystal violet stain was solubilized in 

methanol for 10 min at RT with shaking and the absorbance measured at 570 nm. 

2.2.17 Cell proliferation on CDMs 

Cells were seeded (5 x 104 cells/ml) into wells of a 24 well plate containing prepared CDMs 

and incubated under tissue culture conditions for 48, 72 and 96 hours. At each time point, the 

plate was processed for cell growth using the MTT assay as described previously.  

2.2.18 Hanging drop spheroid cell migration assay 

Cells were suspended in complete medium (15 x 105 cells/ml) and 10 µl drops suspended on 

the underside of a sterile 100 mm cell culture dish to fit as many drops as was comfortably 

possible without touching. The bottom of the culture dish was filled with 5 ml PBS and the lid 

was inverted to close the dish so that cells were held in suspension in complete medium in 

the hanging drops. Drops were incubated under tissue culture conditions for 2-3 days allowing 

gravity in the pipetted droplets to concentrate cells at the liquid-air interface to generate 

spheroids. On the day of the assay, drops containing spheroid aggregates were gently sucked 

up using a 20 µl pipette tip and placed into media filled experimental wells and placed back 

into the incubator. Generally, two drops were placed per well of a 24 well. After spheroids 

had visibly adhered (~ 4 hours) images were taken using the Zeiss Primovert inverted light 

microscope. The time at which images were taken was recorded as t= 0 hours. Cells were 

allowed to migrate, and images were taken again after 20 hours. Migration was measured 
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using the ImageJ Analyse spheroid cell invasion 3D matrix macro plugin. The distance 

migrated was calculated by the formula: Distance migrated = area measured after migration 

(i.e. t= 20 hours) – area measured at start (i.e. t= 0 hours).  

2.2.19 Solid-phase binding assay 

CDMs were prepared in a 6-well cell culture plate as described previously. Solubilisation 

buffer (5 M guanidine with 10 mM dithiothreitol) was added to each of the CDM-containing 

wells (300 µl/well) for 5 min on ice. Dishes were scraped with a cell scraper and solubilised 

protein mixtures placed into microfuge tubes. An additional 200 µl of solubilisation buffer was 

added to each tube and mixed by end-over-end rotation at 4°C for 1 hour. Samples were 

centrifuged at 12000 xg for 15 min at 4°C. The supernatant was transferred to a new 

microfuge tube and protein concentrations were measured using absorbance at 280 nm on 

the NanoDrop2000 spectrophotometer. Solubilised protein mixtures were precoated onto 

the surfaces (50 μl/well) of a high binding 96-well ELISA plate for 5 hours at 22 °C. Liquid was 

removed and non-specific binding sites were blocked with 300 μl 3% (w/v) BSA in buffer A (20 

mM Tris-HCl, 150 mM NaCl, 5 mM CaCl2 [pH 7.4], 0.05 % [v/v] Tween-20) for 1 hour at 22°C. 

Wells were washed three times with 1% (w/v) BSA in buffer A and incubated with primary 

antibodies (as indicated in figure legends) in buffer A overnight at 4 °C. Wells were washed 

three times with 1% (w/v) BSA in buffer A and incubated with species specific HRP-conjugated 

secondary antibodies in buffer A for 1 hour at 22 °C. Wells were washed again three times 

with 1% (w/v) BSA in buffer A. To each well, 100 μl of HRP buffer substrate (25.7 mM citric 

acid, 48.6 mM Na2HPO4, 1 mg/mL 3,3’5,5’- Tetramethylbenzidine (TMB), 0.015 % (v/v) H2O2) 

was added for 20 minutes at RT. The reaction was stopped upon addition of 1 M sulfuric acid. 

Absorbances were measured at 450 nm. 

2.2.20 Statistical Analyses 

All assays were performed as independent experiments at least three times unless otherwise 

stated. Statistical significance was performed using either a one-way or two-way ANOVA with 

Bonferroni’s Multiple Comparison Tests or unpaired two-tailed Students t-tests unless 

otherwise stated. Significant p-values in all figures were denoted by asterisks as follows: 

***p<0.001, **p< 0.01, *p<0.5. All graphs were generated using GraphPad Prism Version 4 

software for Windows (GraphPad Software, USA).  
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 TOWARDS THE MECHANISM OF 

NOV-INDUCED FN TURNOVER VIA LRP1  

 
3.1 Introduction  

We previously identified FN as a client of Hsp90 as it interacts directly with Hsp90 and is 

dependent on Hsp90 for stability and conformational regulation (Hunter et al., 2014). 

Inhibition of Hsp90 with NOV led to a destabilisation of the FN matrix resulting in FN 

internalisation via a receptor mediated process. LRP1 is a ubiquitous receptor responsible for 

the internalisation of numerous ligands and is known to function as a receptor for 

extracellular Hsp90 (Basu et al., 2001). It has also previously been reported that LRP1 is able 

to mediate FN internalisation and degradation (Salicioni et al., 2002). Together with our 

previous studies showing that NOV causes instability of the FN matrix and its subsequent 

internalisation (Hunter et al., 2014), we further showed that this internalisation was 

dependent on LRP1 by showing that loss of LRP1 renders cells less sensitive to FN turnover 

and degradation in response to NOV (Boel et al., 2018). In this study, we made use of the 

Hs578T breast cancer cell line, as well as an isogenic mouse embryonic fibroblast (MEF) model 

system of differential LRP1 expression. The MEF-1 cell line is derived from wild type mice, 

while the PEA-13 cell line are isogenic lines from LRP1 knockout mice. All of these cell lines 

express high levels of FN making this an ideal system to test the FN response to Hsp90 

inhibition in both a normal and cancer cell model. We investigated the mechanism of NOV-

induced FN turnover and proposed a role for LRP1 in mediating this process. We hypothesized 

that NOV-induced FN turnover may involve one or more of the following mechanisms: 

1. Direct FN clearance by increased activity of MMPs and/or decreased levels of 

integrins; 

2. Proteolytic processing of LRP1 to generate fragments which might affect FN turnover; 

3. Changes in cell surface protein complexes by NOV treatment which may 

activate/deactivate downstream signalling cascades.  
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3.1.1 C-terminal Hsp90 inhibitors induce FN turnover in LRP1 expressing cells  

We previously tested the effects of C-terminal Hsp90 inhibition on FN using novobiocin (NOV) 

(Boel et al., 2018). We subsequently sought to determine whether the effects observed with 

treatment of NOV was characteristic of C-terminal Hsp90 inhibition, or whether the same 

effect could be observed for N-terminal Hsp90 inhibition using geldanamycin (GA). In contrast 

to NOV, GA binds the amino-terminal nucleotide binding pocket of Hsp90 and disrupts its 

chaperoning function (Grenert et al., 1997). Although both NOV and GA can bind to the ATP 

binding site on the C-terminus of Hsp90, GA is unable to disrupt client interactions (Marcu et 

al., 2000). Using an MTT assay (which produced similar results to a WST1 assay) we compared 

the cytotoxicity of various C- and N-terminal inhibitors and determined working 

concentrations of these inhibitors in each of the Hs578T breast cancer, MEF-1 [LRP1+/+] and 

PEA-13 [LRP1-/-] cell lines (Table 5). The half maximal effective concentrations (EC50) was 

determined using a non-linear regression equation in GraphPad Prism 4. An interesting 

observation which emerged from this comparative analysis was that Hsp90 inhibitors such as 

17-DMAG and Coumermycin A1 had enhanced toxicities relative to GA and NOV respectively. 

Another observation was that each of the inhibitors tested here (with the exception of 17-

DMAG) were significantly more toxic to MEF-1 cells compared to Hs578T cells. Whether this 

response is due to a normal versus cancer cell type effect is unclear. On the other hand, LRP1-

deficient MEFs (PEA-13) (Table 5) had an EC50 of 11.61 nM to GA, which was three-fold more 

sensitive than its wild-type LRP1-expressing counterpart (MEF-1 EC50: 34.92 nM). Conversely, 

LRP1-deficient PEA-13 cells appeared less sensitive to NOV (EC50: 130.4 µM) and SM253 

(EC50: 10.87 µM) in comparison to the wild type cells (EC50: 45.63 µM and EC50: 6.56 µM 

respectively). It is unclear as to what caused this difference in sensitivity response of these 

Hsp90 inhibitors, but it may be related, to some extent, to C-and N-terminal alternate 

mechanisms of action. The SM253 inhibitor (Koay et al., 2014) appeared to have lower EC50 

values in cell lines compared to NOV and GA, highlighting the improved cytotoxicity of these 

compounds. Considering both NOV and SM253 induced significant turnover of FN in MEF-1 

cells it is possible that this is what is responsible for the lower EC50 values and increased 

sensitivity of this cell line. 
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MEF-1, PEA-13 and Hs578T cells were treated with increasing concentrations of GA and NOV 

for 16 hours, and the levels of FN compared (Figure 6). NOV initially increased levels of FN in 

MEF-1 cells followed by a dose dependent decrease (Figure 6A) whilst levels of FN in PEA-13 

cells were unperturbed by NOV treatment (Figure 6B). GA treatment did not produce any 

significant changes in levels of FN in either MEF-1 or PEA-13 cell lines. The Hs578T breast 

cancer cell line, appeared to mimic the response observed in the MEF-1 cell line, that is, GA 

caused no change in FN levels whilst NOV caused a significant increase in FN followed by a 

dose dependent loss (Figure 6C). The differential response of FN to NOV between the LRP1-

containing (Figure 6A,C) and LRP1-deficient (Figure 6B) cells supported a role for LRP1 in FN 

turnover, and suggested that N-terminal Hsp90 inhibition does not have the same effect on 

FN as C-terminal Hsp90 inhibition in MEFs. 

It is unclear whether the effects observed on FN in response to NOV are as a result of Hsp90 

inhibition or another effect related to treatment with NOV. To further investigate this, we 

compared the FN response using an alternative C-terminal Hsp90 inhibitor, coumermycin 

(CA1), as well as an alternative N-terminal inhibitor, 7-dimethylamino-ethylamino-17-

demethoxydeldanamycin (17-DMAG), which are derivatives of NOV and GA, respectively. 

EC50 values for these compounds were determined in LRP1-containing cell lines (Table 5). 

Increasing CA1 treatment in MEF-1 cells caused a significant increase in FN at low 

concentrations followed by a dose dependent loss, whilst 17-DMAG showed no significant 

change in FN (Figure 7A). These results were similar to the FN response observed for NOV and 

GA treatments, respectively, in this cell line.  In Hs578T cells, CA1 did not cause an increase in 

FN levels but there was a noticeable dose dependent loss which was not observed in 17-

DMAG treatments (Figure 7B). 

Furthermore, we obtained an allosteric C-terminal Hsp90 inhibitor (SM253) from Shelli 

McAlpine (University of New South Wales, AU) to test the effects on FN turnover by this 

alternative C-terminal Hsp90 inhibitor. SM253 binds Hsp90 at the N-middle domain and 

impacts the conformation of Hsp90 such that TPR containing cochaperones can no longer 

bind the C-terminus (Koay et al., 2014; Wang & McAlpine, 2015). Following an MTT assay to 

determine the cytotoxicity of this compound (Table 5), we treated cell lines with increasing 

concentrations of the inhibitor and probed for levels of FN (Figure 8). SM253 treatment 

caused significant dose dependent losses of FN in both LRP1-expressing cell lines but not in 
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LRP1-deficient cells (Figure 8A and B). Taken together, these data demonstrate that the effect 

of NOV is specific to LRP1-expressing cells and could be recapitulated by another C-terminal 

inhibitor, CA1, and an allosteric C-terminal inhibitor, SM253, but not by N-terminal inhibitors 

GA, or 17-DMAG.  
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Table 5: The cytotoxicity of Hsp90 inhibitors in murine embryonic fibroblasts and Hs578T cells measured using an MTT assay represented as 
the half maximal effective concentration (EC50) 
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Figure 6: C-terminal Hsp90 inhibitors are more effective at reducing levels of the client protein, FN, in LRP1-expressing cells 

Adherent cells were treated with increasing concentrations of the Hsp90 inhibitors, GA or NOV, for 16 hours at 37˚C, 9% CO2 before being lysed and protein 
expression analysed by Western blot. A) MEF-1, B), PEA-13 C) and Hs578T cell lysates were probed for levels of FN using rabbit anti-FN primary antibodies. 
Actin or Histone H3 (H3) was used as the loading control. The densitometry represented alongside each of the immunoblots A)-C) was determined using 
ImageJ and statistical significance was determined using a one-way ANOVA and Bonferroni’s post-tests in GraphPad Prism 4 (*= p<0.05, **= p<0.01, 
***=p<0.001, ns= not significant). Images are representative or averages (±SD) of triplicate independent experiments.  
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Figure 7: Alternative C- and N- terminal Hsp90 inhibitors produce similar FN responses to NOV and GA  

Adherent A) MEF-1 and B) Hs578T cells were treated with increasing concentrations of the Hsp90 inhibitor coumermycin (CA1) or 7-dimethylamino-
ethylamino-17-demethoxydeldanamycin (17-DMAG) for 16 hours at 37˚C, 9% CO2 before being lysed and protein expression analysed by Western blot. Cell 
lysates were probed for levels of FN using rabbit anti-FN primary antibodies. Histone H3 was used as a loading control for CA1 treatments and the Ponceau 
stained membrane was used as a loading control for 17-DMAG treatments. The densitometry represented alongside was determined using ImageJ. Images 
are representative of triplicate experiments. Statistical significance was determined using a one-way ANOVA and Bonferroni’s post-tests in GraphPad Prism 
4 (*= p<0.05, **= p<0.01, ns= not significant). Images are representative or averages (±SD) of triplicate independent experiments.   
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Figure 8: FN levels decrease in response to an allosteric C-terminal Hsp90 inhibitor in LRP1-expressing cells 

Adherent cells were treated with increasing concentrations of SM253 for 16 hours at 37˚C, 9% CO2 before being lysed and protein expression analysed by 
Western blot. A) MEF-1, PEA-13 and B) Hs578T cell lysates were probed for levels of FN using rabbit anti-FN primary antibodies. Histone H3 was used as a 
loading control. Densitometry was determined using ImageJ and statistical significance was determined using a one-way ANOVA in GraphPad Prism 4 (*= 
p<0.05, **= p<0.01, ***=p<0.001, ns= not significant). Images are representative or averages (±SD) of triplicate independent experiments.
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3.1.2 Analysis of the effect of NOV on β1 integrin levels 

At the cell surface, integrins bind and mediate the assembly of soluble FN (derived from 

intracellular FN) which induces the formation of short detergent soluble fibrils. These fibrils 

propagate to form a dense matrix of detergent insoluble fibrils, which are largely extracellular 

(Schwarzbauer & Sechler, 1999). An alternative way to induce FN turnover is to block 

assembly of FN. The main receptor responsible for FN synthesis and assembly are β1 integrins, 

in particular the α5β1 isoform (Schwarzbauer & Sechler, 1999). Here we investigated whether 

NOV was affecting the levels of the β1 integrin subunit, part of the main FN receptor 

responsible for its synthesis and fibrillogenesis. Immunoblotting for β1 integrin levels showed 

no significant differences in either of the NOV treated cell lines (Figure 9). PEA-13 cells showed 

significantly lower β1 integrin levels at the highest concentration of NOV but this is likely due 

to reduced levels of protein in this treatment as is evidenced by the loading control. However, 

even if this loss in β1 levels was true, it would still indicate that this was not the mechanism, 

as PEA-13 cells did not show NOV turnover in response to NOV.  

 

3.1.3 NOV treatment causes internalisation of FN and LRP1  

Hsp90 and FN are both able to interact with LRP1 (Basu et al., 2001; Boel et al., 2018; Salicioni 

et al., 2002). We showed previously that NOV treatment causes internalisation of FN by a 

receptor-mediated process. Treatment of Hs578T cells with methyl-b-cyclodextrin, an 

inhibitor of receptor mediated endocytosis, led to a dose-dependent and statistically 

significant reversal of the FN matrix phenotype in the presence of NOV (Hunter et al., 2014). 

FN in NOV treated cells was internalised into vesicles that were positive for the presence of 

endocytic markers including Rab5 and LAMP-1 (Hunter et al., 2014). We further demonstrated 

that NOV treatment increased the intensity of intracellular LRP1 staining and colocalisation 

with the endocytic marker, LAMP-1, in both MEF-1 and Hs578T cell lines (Figure 10). The fact 

that NOV induces FN internalisation and colocalisation with lysosomes, and LRP1 

internalisation and colocalisation with lysosomes suggests that LRP1 may be mediating the 

internalisation and targeted degradation of FN in response to NOV treatment. Taken 

together, these data support a role for LRP1 in directly mediating the endocytosis of FN by 

NOV, which is consistent with previous reports of LRP1 as an endocytic receptor. 
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3.1.4 Analysis of MMPs in mediating FN turnover 

MMPs play a large role in the degradation of ECM proteins prior to their internalisation in the 

cell (Etique, Verzeaux, Dedieu, & Emonard, 2013; Hynes & Naba, 2012). It would seem likely 

then that increased FN turnover in response to NOV may be mediated by an increase in the 

presence and activity of MMPs. To test this, we employed gelatin zymography assays to 

determine the activity of MMPs in MEF-1, PEA-13 and Hs578T cell lines upon inhibitor 

treatment (Figure 11). We measured the degree of gelatin degradation as an indication of 

activity which is also associated with the invasive potential of cells (Waas, Lomme, DeGroot, 

Wobbes, & Hendriks, 2002). We observed a significant dose dependent loss in MMP activity 

(Figure 11A) in response to NOV in the MEF-1 cells, whilst MMP activity in GA treated cells 

was unchanged, mimicking the response to that observed for total FN levels (Figure 6A). NOV 

also decreased MMP activity in PEA-13 cells but to a lesser extent than the LRP1 expressing 

lines (Figure 11B), whilst GA treatment did not cause any significant change. Hs578T MMP 

levels decreased dose dependently with NOV and were unchanged in GA treatments. These 

data suggest that MMP activities are attenuated upon C-terminal Hsp90 inhibition in both 

LRP1 expressing and deficient cell lines, and although the loss of MMP and FN are correlated, 

it is not immediately clear how reductions in MMP activity would explain the NOV-induced 

loss in FN protein levels.  
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Figure 9: Levels of β1 integrin are not affected by NOV 

Adherent cells were treated with increasing doses of NOV for 16 hours at 37 °C. Cells were lysed and 
equal amounts of total protein (50 µg) were loaded and resolved on a 10% SDS gel. Levels of β1 
integrin were determined using rabbit anti-β1 integrin antibodies. Histone H3 was used as a loading 
control. Graphs alongside represent densitometry of immunoblots determined using ImageJ. 
Statistical significance was determined in GraphPad Prism 4 using a One-way ANOVA and Bonferroni’s 
post-tests (***p<0.001, ns= not significant). Images are representative or averages (±SD) of triplicate 
independent experiments. 
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Figure 10: NOV treatment increased LRP1 and LAMP1 colocalisation in MEF-1 and Hs578T 
cells  

Cells were treated with increasing concentrations of novobiocin (NOV) for 16 hours. Cells were fixed 
and incubated with rabbit anti-LRP1 (red) primary antibody followed by donkey anti-rabbit Alexa-
fluor-488 and mouse anti-LAMP1 conjugated Alexa Fluor-647 (green). Nuclei were stained with (1 
µg/ml) Hoechst-33342 (blue). Images were captured using the 63x objective on the Zeiss LSM 780 
Meta laser scanning confocal microscope and analyzed using Zen Blue soſtware (Zeiss, Germany). 
Scatter plots were generated using Intensity Correlation Analysis plugin in ImageJ. Data are 
representative of images obtained from triplicate independent experiments with similar results. Scale 
bars represent 20 µm. 
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Figure 11: Activity of MMPs in response to Hsp90 inhibition 

A) MEF-1, B) PEA-13 and C) Hs578T cells were treated with increasing concentrations of NOV or GA for 16 hours and the supernatants containing secreted 
MMPs were harvested and processed for gelatin zymography. Total protein in all cases is indicated by a Coomassie stained gel which serves as a loading 
control. Densitometry of MMP levels normalised to total protein is indicated alongside each of the zymograms. Statistical significance was determined in 
GraphPad Prism 4 using a One-way ANOVA and Bonferroni’s Multiple comparisons post-tests (*p<0.5, **p<0.01, ns = not significant). Data are representative 
or averages (±SD) of triplicate independent experiments.
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3.1.5 Investigating MMP-induced RIP of LRP1 in FN turnover  

LRP1 is known to undergo RIP involving cleavage of the 85 kDa transmembrane subunit by 

MMPs and gamma-secretase to yield smaller LRP1 fragments of ~55 kDa, ~25 kDa and ~12 

kDa (Derocq et al., 2012; May et al., 2002). Here, we observed no change on LRP1-85 levels 

in response to NOV however there was increase in an LRP1-58 fragment (Figure 12A). 

Evidence of LRP1 shedding and translocation of LRP1 fragments to the nucleus and other 

intracellular compartments where they may modulate transcriptional regulation has been 

demonstrated. The proteolytic processing of LRP1, in particular shedding of the LRP1-ICD (12 

kDa fragment) has been shown to translocate to the nucleus where it interacts with various 

transcription modulators (Kinoshita et al., 2003; Zurhove et al., 2008). Considering NOV 

induced a markable increase in the LRP1-58 kDa fragment (Figure 12A) we sought to 

determine whether the increased generation of this fragment might generate LRP1-ICD 

fragments capable of localizing to the nucleus to indirectly modulate FN turnover by 

interacting with genes or transcription regulators responsible for FN synthesis or degradation. 

For this, we performed a fractionation assay to isolate the nuclear and cytosolic 

compartments of NOV treated cells in order to assess whether the LRP1-ICD may be present 

in the nucleus. Western analysis revealed increased levels of FN at low NOV concentrations 

in the cytosolic fractions compared to those isolated from untreated MEF-1 cells (Figure 12B), 

which is consistent with our data showing FN internalization upon NOV treatment. 

Interestingly, FN was also detected in the nuclear fractions (N), where we observed increased 

smearing of the FN signal with increasing NOV concentrations in nuclear fractions up to 200 

µM NOV compared to the untreated nuclear fraction. This could indicate possible proteolysis 

of FN into several smaller bands in response to NOV, or it might be as a result of the insoluble 

nature of FN fractionating together with the insoluble nuclear fractions in this assay. Probing 

for LRP1 revealed that the LRP1-85 localised solely to the cytosolic fractions, with increased 

levels in the NOV treated samples up to 200 µM. These data also support the data in Figure 

10 showing internalization of FN and LRP1 upon NOV treatment. The LRP1-58 fragment was 

detected in the higher NOV treated cytosolic fractions (200 µM and 500 µM) (Figure 12B), 

which might support a role for NOV-induced proteolytic processing of LRP1. No smaller LRP1 

fragments, including the LRP1-ICD at 12 kDa, were observed in either of these treatments or 

fractions. Together, these data suggest that proteolytic processing of the ECM and RIP of LRP1 
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are not likely the only mechanisms involved in FN turnover, or that their involvement in this 

process is unclear. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Fractionation assay of NOV treated MEF-1 cells 

Adherent MEF-1 cells were treated with increasing concentrations of NOV for 16 hours and either A) 
lysed for western analysis and probed for LRP1 using anti-LRP1 antibodies or B) processed for REAP 
nuclear-cytosolic fractionation assay. Nuclear (N) and Cytosolic (C) fractions of each treatment were 
isolated and equal amounts of each fraction were loaded onto a 10% SDS gel. Cell lysates were probed 
for FN and LRP1 using rabbit anti-FN and rabbit anti-LRP1 antibodies respectively. Histone H3 was used 
as a loading control and fractionation marker for nuclear fractions and tubulin was used as a loading 
control and fractionation marker for cytosolic fractions. 
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Considering NOV induced the proteolytic processing of LRP1 evident by the generation of the 

LRP-58 kDa fragment (Figure 12A) we sought to determine whether this might be due to 

proteases responsible for LRP1 cleavage, which in turn might be responsible for degrading the 

ECM contributing to FN turnover. We used two specific inhibitors, Prinomastat and 3,5-

Difluorophenacetyl-L-alanyl-S-phenylglycine t-butyl ester (DAPT) which block the activity of 

specific enzymes along the LRP1 proteolytic pathway (Figure 5) to determine whether 

inhibiting these enzymes might prevent LRP1 cleavage, and thereby prevent or reduce FN 

turnover in the presence of NOV.  

Prinomastat, is a broad MMP inhibitor (Butler & Overall, 2007) with selectivity for MMPs 2, 3, 

9, 13 and 14 (Sigma-Aldrich). We treated adherent MEF-1 and PEA-13 cells with increasing 

concentrations of Prinomastat (0 - 100 nM) for 16 hours (Figure 13) and observed a dose-

dependent increase in levels of FN in MEF-1 cells, whilst LRP1 levels were unchanged (Figure 

13A). At first, this response would seem to support the notion that inhibition of LRP1 

processing early in the RIP pathway by MMPs prevents the ability of LRP1 to facilitate FN 

turnover, and thus we observe an accumulation of FN. However, since Prinomastat is a potent 

inhibitor of MMPs, and these are required for ECM turnover (Stellas et al., 2010; Zhang et al., 

2013), the effect we are observing upon treatment is possibly due to inhibition of FN 

degradation/clearance and as a result we observe cumulative levels of this protein. This 

however, does not correlate with our zymography data in which we observe loss of MMP 

activity and reduced FN levels in NOV-treated cells. We then combined treatment of 

Prinomastat and NOV to determine if Prinomastat could inhibit the effects of NOV (Figure 

13B). A working concentration of Prinomastat for effectively inhibiting MMP activity first 

needed to be determined. For this, we performed a zymography assay of Prinomastat and 

determined an effective concentration for MMP inhibition to be 1 nM (Supplementary Figure 

1). We treated cells for 2 hours with 1 nM Prinomastat followed by treatment with increasing 

NOV for 16 hours. Prinomastat treatment coupled with increasing NOV concentrations 

caused a drastic loss in total FN, whilst LRP1 levels were unchanged and the 58 kDa LRP1 band 

was not detected (Figure 13B). These data appeared to suggest that NOV somehow induces 

proteolytic processing of LRP1 (seen with NOV alone, Figure 12A) and that inclusion of 

Prinomastat blocks this proteolysis and therefore stabilizes LRP1 levels. Interestingly, both 

NOV and Prinomastat decrease MMP activity; therefore, alone, the effect of NOV and 
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Prinomastat on FN and LRP1 is opposing even though the effect on MMP activity is the same. 

However, when combined they appear to have a synergistic effect on FN turnover. Also, the 

stabilization of LRP1 levels by Prinomastat in the presence of NOV (Figure 13B) is seen in spite 

of the fact that there is more turnover of FN suggesting that LRP1 processing and FN turnover 

are not mutually exclusive. Increasing Prinomastat treatment in PEA-13 cells, showed no 

significant change in FN levels, which in part supports a role for LRP1 in the FN loss observed 

in the MEF-1 line (Figure 13C). 

DAPT, is an inhibitor of gamma secretase, which acts downstream of the RIP pathway (Figure 

5) and is responsible for generation of the LRP1-ICD. DAPT is frequently used at a 

concentration of 10 µM (Gaultier, Salicioni, Arandjelovic, & Gonias, 2006; Zurhove et al., 

2008). Increasing concentrations of DAPT in MEF-1 cells revealed an initial increase in FN 

followed by a loss (Figure 13D), similar to what was observed for FN levels in NOV treated 

cells, and was accompanied by a concomitant increase in LRP1 levels. The increased LRP1 

levels are likely due to accumulation of and prevention of LRP1 proteolysis. When combined 

with NOV treatment (Figure 13E), levels of FN appeared to decrease whilst LRP1 levels 

increased in a dose dependent manner, but were generally reduced compared to treatment 

with DAPT alone which perhaps suggests that DAPT may be blocking NOV-mediated loss of 

LRP1. In PEA-13 cells, increasing DAPT concentrations caused a dose dependent loss in FN, 

suggesting that the FN turnover observed in response to DAPT in MEF-1 cells is independent 

of LRP1 (Figure13F).  

These data do not convincingly demonstrate whether LRP1 processing is required for FN 

turnover, although taken together they suggest that inhibition of LRP1 and/or ECM degrading 

proteases is not sufficient to inhibit NOV-mediated FN turnover. Additional experiments, 

including combining treatments of DAPT and Prinomastat, would need to be done to explore 

this further. We may also need to take into consideration any other targets of these inhibitors 

which may be causing the observed effects.  
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Figure 13: Inhibition of proteases related to LRP1 processing does not affect FN turnover. 

Adherent MEF-1 cells were treated with increasing concentrations of A) Prinomastat (Prino) or B) 1 
nM Prino for 2 hours following by varying concentrations of NOV for 16 hours. Cell lysates were probed 
for FN and LRP1 using rabbit anti-FN and rabbit anti-LRP1 antibodies respectively. C) PEA-13 cells were 
treated with increasing concentrations of Prino for 16 hours and lysates probed for FN. D) Adherent 
cells were treated with increasing concentrations of DAPT or E) 10 µM DAPT for 2 hours followed by 
increasing concentrations of NOV for 16 hours and probed for FN and LRP1 as described previously. F) 
PEA-13 cells were treated with increasing concentrations of DAPT and probed for FN. Histone H3 was 
used as a loading control in each of the treatments. Images are representative of triplicate 
experiments with similar results. 
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3.1.6 Analysis of signalling proteins downstream of the eHsp90-LRP1 interaction in 

NOV-mediated FN turnover response  

Extracellular Hsp90 is known to use LRP1 as a cross-membrane signalling molecule. To 

determine whether LRP1-related downstream signalling pathways may be induced in 

response to NOV treatment we probed for two key signalling proteins, phospho-AKT and 

phospho-ERK which have previously been shown to be downstream of eHsp90-LRP1 to induce 

cell proliferation and migration (Gopal et al., 2011; Hance et al., 2012). Western analysis 

revealed opposing responses of these two proteins to NOV treatment (Figure 14). Levels of 

p-AKT were increased only at the highest concentration of NOV (i.e. 1000 µM) in both MEF-1 

and PEA-13 cells, whereas p-AKT in Hs578T cells was increased at the lowest concentration of 

NOV (i.e. 50 µM) and thereafter dose-dependently decreased (Figure 14). Levels of p-ERK 

dose dependently decreased in MEF-1, PEA-13 and Hs578T cells. Also, of interest, levels of p-

ERK were significantly lower in PEA-13 cells compared to its LRP1-expressing counterparts. 

Due to the sensitivity of phosphorylated proteins in BLOTTO it was challenging to get good 

signals of housekeeping proteins and thus here we made use of Ponceau stains as a loading 

control where the lowest bands typically indicative of histone were used as a marker of equal 

total protein. Taken together, the responses to NOV were conserved in LRP1 expressing or 

null cells and therefore this does not indicate that differential signalling via Akt or ERK may 

account for the difference in response of FN to NOV via LRP1. 
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Figure 14: NOV has opposing effects on two key signalling proteins downstream of LRP1 

Adherent cells were treated with increasing doses of NOV for 16 hours at 37 °C. Cells were lysed and 

equal amounts of total protein (50 µg) were resolved on a 10% SDS gel and probed for levels of 

phospho-AKT (pAKT) and phospho-ERK (pERK1/2) using rabbit anti-pAKT and rabbit anti-pERK 

antibodies respectively. Ponceau stain was used as a loading control. Images are representative of 

triplicate experiments. 
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3.1.7 Analysis of Hsp90-LRP1-FN complexes in response to NOV treatment  

To determine whether extracellular Hsp90 was present in a complex with LRP1 and FN, cell 

surface proteins of Hs578T cells were crosslinked using the cell-impermeable, cleavable 

crosslinker DTSSP and probed for levels of Hsp90α/β, LRP1 and FN (Figure 15). We showed 

that treatment of cells with DTSSP led to the presence of higher molecular weight species 

(+190 kDa) of Hsp90 compared to the uncrosslinked cell lysate (-DTSSP). Levels of these high 

molecular weight FN complexes were decreased in NOV treated cell lysates. Cell lysates 

treated with the reducing agent, β-mercaptoethanol (βMer) lost these higher molecular 

weight complexes at 190+ kDa and produced increased levels of the reduced 135 kDa FN form. 

Uncomplexed FN was still present in each of the samples at ~135 kDa.  

Hsp90 was also detected in higher molecular weight complexes at +190 kDa which upon 

cleavage were reduced to the 90 kDa form. Hsp90 complexes were reduced in NOV treated 

lysates compared to untreated lysates. LRP1 was also observed to be present in high 

molecular weight at +190 kDa in DTSSP treated cell lysates. Interestingly, LRP1 complexes 

appeared slightly increased in crosslinked NOV-treated cell lysates. As a control, trypsin, 

which should digest most extracellular protein complexes showed significantly reduced levels 

of all proteins (Figure 15), suggesting we were observing cell surface complexes. 

We developed an immunoprecipitation technique to isolate the above crosslinked complexes. 

We have showed previously that cleared lysate Hsp90 IP fractions contained a common 

complex of FN, LRP1 and Hsp90 in both MEF-1 and Hs578T cells which was unperturbed by 

NOV treatment (Boel et al., 2018). Here we modified this immunoprecipitation protocol to 

isolate fractions which would represent soluble and insoluble fractions of these crosslinked 

complexes. Insoluble complexes may represent matrix or membrane associated complexes. 

Hs578T crosslinked whole cell lysates (WCL) or cleared lysates (CL) were immunoprecipitated 

with either Hsp90 (IP: Hsp90) (Figure 16A and B) or LRP1 antibodies (IP: LRP1) (Figure 16C and 

D). We assume the (WCL) immunoprecipitated fractions to be representative of an entire 

population of both soluble and insoluble crosslinked complexes, whilst (CL) fractions are first 

centrifuged at 13200 xg to remove insoluble material and should therefore theoretically only 

contain soluble Hsp90-containing complexes. In all cases, WCL fractions serve as a loading 

control and represent equal levels of proteins confirming that changes observed in IP fractions 

are not as a result of different starting concentrations of proteins in the samples (Figure 16). 
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We successfully isolated Hsp90-LRP1-FN complexes in an immunoprecipitation (IP) with 

either Hsp90α/β (Figure 16A) or LRP1 antibodies (Figure 16C) which were enriched compared 

to immunoprecipitations with an IgG isotype control antibody. In Hsp90 IPs, we isolated 

similar levels of FN and LRP1 in the soluble (CL) fractions of both untreated (U) and NOV 

treated (N) fractions. This is in agreement with LRP1 IPs performed in both MEF-1 and Hs578T 

cells (Boel et al., 2018). In WCL fractions, however, reduced levels of FN and LRP1 were 

observed in NOV treated samples compared to untreated samples in Hsp90 IPs (Figure 16B). 

We performed this IP using an LRP1 antibody, and similar to that for the Hsp90 IP, we 

observed unchanged levels of FN and Hsp90 in CL fractions of both untreated and NOV 

treated IPs (Figure 16D). However, in the WCL IPs, we observed increased levels of FN in NOV 

treated IP fractions compared to untreated fractions whilst levels of Hsp90 decreased. These 

data tentatively suggest that NOV treatment alters the complexes of LRP1, Hsp90 and FN in 

matrix or membrane fractions.  
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Figure 15: DTSSP crosslinking reveals Hsp90, LRP1 and FN in extracellular complexes 

Adherent Hs578T cells were left untreated (UNT) or treated for 16 hours with 50 µM NOV. Surface 
proteins of Hs578T cells were chemically crosslinked with the thiol-cleavable DTSSP reagent either 
alone, or with the reducing agent β-mercaptoethanol (βMer) or trypsin. Equal amounts of protein 
samples were resolved on a 10% SDS gel and probed for FN, Hsp90α/β and LRP1 using rabbit anti-FN, 
mouse anti-Hsp90α/β and rabbit anti-LRP1 primary antibodies respectively. Arrows show proteins at 
higher molecular weights indicative of crosslinked species. The data shown are representative of a 
study performed in duplicate with similar results.   
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Figure 16: Immunoprecipitation of Hsp90 and LRP1 containing complexes from Hs578T 
cells  

Adherent Hs578T cells were treated with or without NOV at 200 μM for 16 hours. Extracellular 
proteins were crosslinked with the cell-impermeable crosslinker, DTSSP (3 mg/ml), for 2 hours at 4 ˚C. 
The reaction was terminated by quenching in 1 M Tris-Cl (pH 7.5). Cells were scraped in lysis buffer 
and A) immunoprecipitated (IP) with either Hsp90 or isotype control IgG antibody coupled agarose 
beads. IP fractions were probed for FN, LRP1 and Hsp90. B) Cleared cell lysates (CL) which had been 
centrifuged at 13 200 xg for 20 min at 4°C or whole cell lysates (WCL) were immunoprecipitated (IP) 
with Hsp90 coupled agarose beads. Elution fractions were resolved and probed (WB) for FN, LRP1 and 
Hsp90. WCL fractions are shown below IP blots demonstrating equal levels of starting protein in each 
sample. Data shown are representative of triplicate experiments with similar results. C) Crosslinked 
Hs578T cell lysates were immunoprecipitated by MagReSyn™ Protein A coupled to either LRP1 or 
isotype control IgG antibodies. IP samples were probed for FN, Hsp90 and LRP1. D) Cleared cell lysates 
(CL) or whole cell lysates (WCL) were immunoprecipitated (IP) with LRP1 and elution fractions resolved 
and probed (WB) for FN, LRP1 and Hsp90. WCL fractions are shown below IP blots demonstrating 
equal levels of starting protein in each sample. Data shown are representative of triplicate 
experiments with similar results 
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3.2 Discussion  

Studies within our group have shown the presence of Hsp90 in the extracellular space and 

identified FN as a client of Hsp90 as it directly binds to and is dependent on Hsp90 for stability 

and conformational regulation (Hunter et al., 2014). In Hs578T cells, inhibition of Hsp90 with 

NOV led to destabilisation of the FN matrix resulting in FN internalisation via a receptor 

mediated process (Hunter et al., 2014). We showed that the LRP1 receptor is required for the 

NOV-mediated turnover of extracellular FN (Boel et al., 2018). Here we demonstrate that FN 

turnover is specific to C-terminal Hsp90 inhibition and that this does not appear to involve 

significant changes in MMPs or FN assembly via integrins, but is more likely related to 

turnover and internalisation which may be the result of changes in complex formation 

between Hsp90, LRP1 and FN.  

3.2.1 Loss of FN is specific to C-terminal Hsp90 inhibition 

We showed here that turnover of FN was specific to C-terminal Hsp90 inhibition by 

demonstrating that NOV and CA1 (both C-terminal Hsp90 inhibitors) as well as an allosteric 

C-terminal inhibitor, SM253, caused a dose-dependent loss of FN. In each case, the loss of FN 

was specific to LRP1-expressing cells. In stark contrast, N-terminal inhibitors, GA and 17-

DMAG showed no significant change in FN levels. One possible explanation as to why the 

effects of NOV on FN are different to those of GA, might be because NOV (and the other C-

terminal Hsp90 inhibitors) do not induce a stress response (Butler et al., 2016; Eskew et al., 

2011; Shelton et al., 2009). GA is known to induce a HSR (Bagatell et al., 2000; Sittler et al., 

2001) and whilst it may also cause some FN turnover, this is likely to be masked by the 

induction of FN expression. To support this, studies in our group have showed that GA 

increased total FN mRNA levels in an HSF-1 dependent manner, whilst NOV treatment had no 

significant effect on FN mRNA (Dhanani, Samson, & Edkins, 2017; Boel MSc Thesis, 2016) 

confirming that expression of FN is not altered by NOV. Another possible explanation for the 

differences observed may be related to the significantly lower levels of ATP in the extracellular 

space. Since N-terminal Hsp90 inhibitors function by blocking the ATP binding site, it is 

possible that eHsp90 can function independently of ATP in this space and thus inhibitors 

targeting the ATPase domain of Hsp90 are less effective than ones which function by 

inhibiting Hsp90 dimerisation (Calderwood, 2017; Wong & Jay, 2016). In this study we also 

showed that NOV induced a dose dependent loss of MMP activity. Considering FN and MMP-
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2 are extracellular clients of Hsp90 (Eustace et al., 2004; Hunter et al., 2014) and we observe 

a loss of both these proteins it is possible that the response we observe upon C-terminal 

Hps90 inhibition is specific to extracellular clients. To the best of our knowledge, no evidence 

for the degradation of extracellular clients by C-terminal specific Hsp90 inhibition has been 

previously reported. 

3.2.2  NOV-induced LRP1-mediated FN loss is more likely due to increased turnover 

rather than FN assembly defects  

Coupled to the loss of total FN protein levels, NOV treatment increased the colocalisation of 

LRP1 and FN intracellularly (Boel et al., 2018). We showed previously that blocking LRP1 using 

a commercial monoclonal LRP1 blocking antibody caused a loss in FN matrix similar to that 

observed for NOV treatment (Boel et al., 2018). This indicates that NOV may inhibit LRP1 

function and might suggest a possible role for LRP1 in FN fibrillogenesis and/or stabilization 

of FN fibril assembly, in addition to the previously described role for LRP1 in FN endocytosis 

and catabolism (Boel et al., 2018; Salicioni et al., 2002). FN matrix polymerization regulates 

the stability of FN matrix fibrils, and inhibitors of FN polymerization have been shown to 

diminish the amount of FN accumulating in the extracellular matrix (Altrock et al., 2014). 

Therefore, events that slow polymerization of FN into fibrils (such as reduced integrins, a 

reduced source of FN, or increased proteolysis) will increase FN endocytosis (Singh, Carraher, 

& Schwarzbauer, 2010). The α5β1 integrins, are the main integrins responsible for matrix 

assembly, and have also been shown to be involved in FN endocytosis (Shi & Sottile, 2008; 

Sottile & Chandler, 2005). We might then expect that increased FN internalisation might be 

directly related to levels of these integrins, however our data did not show a change in the 

levels of β1 integrin subunit upon NOV treatment. It is possible that other FN binding integrins 

(e.g. αVβ3, αVβ1, α4β1) not tested for here may be responsible for the internalisation of FN 

(Huttenlocher & Horwitz, 2011). Whilst the total amount of integrin was unchanged it is still 

possible that surface expression levels of integrin might change. We would need to perform 

flow cytometry analysis to determine whether cell surface levels of β1 integrin were altered 

in response to NOV as described by Shi & Sottile (2011). Studies have shown that LRP1 

regulates cell surface levels of β1 integrin whereby LRP1 expression promotes maturation of 

β1 integrin precursor and was associated with an increase in β1 integrin at the cell surface 

(Salicioni et al., 2004), therefore, since LRP1 levels were unchanged by NOV this would 
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suggests that cell surface β1 integrin levels in our study were not altered. It is also possible 

that a change in the activation state of these integrins might contribute to the observed FN 

response. A very recent study exploited a FRET analysis to determine the extent of activation 

of α5β1 integrin dimers expressed on the surface of leukocytes by measuring the 

conformational changes from an inactive bent state to an active extended state (Sambrano 

et al., 2018). An alternative option would be to use the SNA KA51 antibody, which recognises 

the active form of α5 integrin (Clark et al., 2012). Finally, we did not observe a reduction in 

the source of FN by demonstrating that FN mRNA levels were unchanged in response to NOV 

(Dhanani et al., 2017). It is possible that a reduction in the polymerization of FN into an 

insoluble matrix might be responsible for the observed FN response, thus, treatment of cells 

with the peptide, pUR4 which binds to and blocks polymerization of FN (Tomasini-Johansson 

et al., 2001) would allow for us to address the possibility of reduced FN polymerization in 

response to NOV as a contribution to the reduced total FN protein levels. Whilst our data do 

not support a role for reduced FN synthesis and export from cells as has been shown in 

prostate cancer explants for the Hsp90 inhibitor AUY922, another important consideration 

may be to investigate an integrin-independent mechanism of FN secretion (Armstrong et al., 

2018). Most of the literature focuses on integrin-mediated binding of soluble FN and 

clustering of integrins at the cell surface to mediate FN polymerization, however, evidence of 

FN in exosomes (Sung et al., 2015; Welton et al., 2016) suggests that perhaps an alternative 

mechanism of cellular release of FN and other matrix-related factors by exocytic vesicles may 

play a bigger role than previously thought. Considering extracellular Hsp90 are thought to 

arise by release from exosomes (McCready et al., 2010) it is possible that Hsp90 may associate 

with soluble FN intracellularly and assist in its export from the cell. To test this, we would 

need to determine whether LRP1, FN and Hsp90 colocalised in exosomes and whether NOV 

perturbed this interaction and/or release of these exosomes from cells.  

Extracellular degradation by MMPs, plasmin and other proteases are one of the principal 

molecular mechanisms believed to be involved in the turnover of matrix proteins. FN is a 

substrate for many proteases, including MMPs (Kenny et al., 2008; Stellas et al., 2010). Given 

this, we might then expect that loss of FN be attributed to increased processing and be 

directly linked to increased MMP activity. However, we showed that MMPs are not required 

for LRP1-mediated FN turnover in response to NOV as we did not observe an increase in MMP 
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activity, in fact, activity of MMPs were dose dependently decreased in response to NOV. This 

might be explained by the fact that MMP2, MMP3 and MMP9 are also clients of extracellular 

Hsp90 (Correia et al., 2013; Eustace et al., 2004; Stellas et al., 2010), or, together with our 

data on the FN response, might suggest that C-terminal Hsp90 inhibition is more effective at 

inhibiting extracellular clients. To confirm this, we would need to test whether a cell-

impermeable N-terminal inhibitor, such as DMAG-N-oxide, was able to induce the same 

response observed here. Additionally, NOV alone caused turnover of FN, and the MMP 

inhibitor Prinomastat failed to recapitulate the NOV response, and Prinomastat failed to 

recover FN following NOV treatment, which taken together further suggest that MMP 

inhibition is not a requirement. However, the possible synergism between Prinomastat and 

NOV is interesting and could be explored further.  

In support of our data, a role for Hsp90 inhibition in regulating ECM components was also 

demonstrated by Armstrong and colleagues. Using RNA-seq analysis, a second generation N-

terminal Hsp90 inhibitor, AUY922, was shown to selectively alter cellular pathways involved 

in the actin cytoskeleton and extracellular matrix in patient derived explants (PDE) from 

prostate cancer (PCa) (Armstrong et al., 2018). They showed increased expression of total FN 

and FN in the cytosol of AUY922 treated PCa cell lines and that FN secretion was markedly 

reduced by AUY922, the consequences of which were a marked reduction in cell invasion. 

Comparatively, in our study, we showed no significant change in FN levels with either GA or 

17-DMAG. AUY922 binds Hsp90α and Hsp90β with affinities of 4.5 and 3.2 nmol/l respectively 

whilst 17-DMAG binds Hsp90α and Hsp90β with affinities of 5.8 nmol/l and 4.8 nmol/l 

respectively. Since the binding affinities of these two inhibitors are very similar it is unlikely 

that this would contribute to the differences in FN response. Instead, a more likely 

explanation for differences are due to the toxicity and specificity of the different inhibitors or 

the duration of treatment with AUY922, together with the differences in the biological 

systems. Each of these N-terminal inhibitors are known to induce the HSR, and AUY922 

treatments demonstrated increased Hsp70 levels so it could be that AUY922 produces a 

greater HSR which is why they were able to see a marked induction of FN compared to GA or 

17-DMAG treatments, although we would need to verify this by testing for the induction of 

Hsps in our study. Furthermore, the observation that AUY922 altered signalling pathways 

involved in the cytoskeleton and ECM was performed on tumour PDE tissues (Armstrong et 
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al., 2018). This is a very different, complex model system compared to the cell lines we used 

in our study but it might still be interesting to address whether NOV reduces FN secretion by 

altered intracellular trafficking of FN containing vesicles along microtubules. These data may 

in fact support an alternative mechanism for NOV. 

3.2.3 RIP of LRP1 does not directly affect FN turnover  

An alternative mechanism of FN regulation might be by altering levels of LRP1 itself. Since 

roles for LRP1 in endocytosis and catabolism of FN have been described (Boel et al., 2018; 

Salicioni et al., 2002), with the possibility of an extended role in fibrillogenesis proposed by 

us, it is possible that loss of LRP1 levels may directly affect FN turnover. We showed that LRP1 

levels were unchanged in response to NOV but that there was a concomitant increase in a 

smaller LRP1 fragment (LRP1-58). LRP1 is one of the several membrane spanning proteins 

known to undergo regulated intramembrane proteolysis (RIP), a process in which sequential 

proteolysis of a transmembrane protein ultimately leads to release of its intracellular domain 

(ICD). This process allows for cells to respond to extracellular signals or regulate their surface 

levels. During RIP, LRP1 is cleaved by various enzymes into smaller fragments of different size 

(Figure 3). Several studies have demonstrated a role for these shed LRP1 fragments to 

modulate cell signalling by translocation to the nucleus where it interacts with various 

transcription modulators (Kinoshita et al., 2003; May et al., 2002; Polavarapu et al., 2008; 

Zurhove et al., 2008). An example of such a study by Zurhove and colleagues demonstrated 

that LRP-ICD interacts with and represses a subset of LPS-inducible genes (p65, NFkB and IRF-

3) by facilitating their export from the nucleus thereby limiting the inflammatory response 

(Zurhove et al., 2008). We speculated that perhaps NOV induced RIP of LRP1 (as supported 

by the increased LRP1-58 fragments isolated in cytosolic fractions) might result in 

translocation of LRP1-ICD fragments to the nucleus where it could regulate genes involved in 

FN turnover. However, we did not observe the presence of ICD fragments in the nuclei 

isolated from NOV-treated MEF-1 cells. An interesting observation from this study however 

was the presence of increased levels of FN in NOV treated nuclear fractions. Considering that 

ECM proteins contain secretory signal peptides, how ECM proteins end up in the cytoplasm 

or nucleus is still unclear, but it is suspected to occur either by escape from the 

endo/lysosomal degradation pathway or by alternative splicing of mRNA that results in 

omission of the secretory signal peptide (Hellewell & Adams, 2015). An example of such an 
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ECM protein is the adipocyte enhancer binding protein 1 which due to alternative splicing, 

exists both in the nucleus where it acts as a transcription repressor, and in the ECM (Hellewell 

& Adams, 2015). Several ECM proteins have been shown to localise to the nucleus by 

possessing a nuclear localisation sequence (NLS) (Liang et al., 1997; Rucci et al., 2009). Some 

examples of such ECM proteins include biglycan and prolargin of the small leucine rich 

proteoglycan (SLRP) family, decorin and osteopontin (Hellewell & Adams, 2015). No NLSs 

were predicted in FN using a variety of online NLS mapper platforms. We also have not 

observed the nuclear localisation of FN in any of our confocal analyses with NOV treated cells, 

so we suspect that the presence of FN in the nucleus here may be a technicality of its insoluble 

nature being fractionated in nuclear fractions. Interestingly, increased FN in nuclear fractions 

upon treatment with the Hsp90 inhibitor, AUY922, was proposed in a similar nuclear 

fractionation assay (Armstrong et al., 2018). Whether this was also due to technical issues 

was not addressed by the authors. To confirm these results, we would need to perform an 

alternative nuclear/cytoplasmic fractionation assay which relies on factors other than 

insolubility to isolate these fractions. Increased cytosolic FN fractions in response to NOV is 

not unexpected. Considering NOV causes internalisation of extracellular FN matrix, we might 

anticipate an increase in intracellular levels of FN as supported by the internalisation of FN by 

NOV previously. 

Whilst the presence of LRP1-ICD was not detected, the increased proteolytic processing of 

LRP1 into its 58 kDa fragment might still contribute to the observed FN turnover. We 

hypothesized that LRP1 cleavage by MMP activity at the plasma membrane would show less 

LRP1 shedding in the presence of the MMP inhibitor, Prinomastat. Indeed, LRP1 cleavage into 

its 58 kDa fragment was prevented in the presence of Prinomastat. However, the fact that 

NOV results in LRP1 processing even though MMP activity is reduced in these treatments 

suggests that MMPs are not essential for RIP. Considering MMPs process FN and inhibition of 

MMPs lead to accumulation of FN, an important consideration is the many interactions and 

perturbations observed in the case of a broad spectrum MMP inhibitor like Prinomastat 

(Butler & Overall, 2007) which render it difficult to definitively ascribe the FN induced effects 

to the altered processing of any one substrate, in this case; LRP1. Further downstream of the 

LRP1 proteolytic pathway is γ-secretase which cleaves the 25 kDa fragment into the ICD. 

Inhibition of γ-secretase by DAPT was used to examine whether γ-secretase-dependent 
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processing of LRP1 plays a role in regulating FN turnover. DAPT has been shown to cause an 

accumulation of the LRP1 25 kDa fragment and significantly inhibit LRP1-ICD (12 kDa) 

production (Derocq et al., 2012; May et al., 2002). In our study, we could not detect the 25 

kDa and 12 kDa LRP1 fragments, which might be because the recognition site of the LRP1 

antibody used here does not bind to the regions generated by cleavage of these enzymes or 

that levels generated by these enzymes are too low for detection. DAPT alone increased FN 

levels initially followed by a loss, whilst co-treatment with NOV attenuated FN levels. γ-

secretase is a protease complex of four integral membrane proteins, with presenilin-1 (PS1) 

as the apparent catalytic component. By demonstrating an accumulation of FN in PS1 

deficient cells and a corresponding loss of FN upon reintroduction of PS1 into these cells, PS1 

has been shown to regulate fibronectin levels in endothelial cells by modulating the 

constitutive turnover of the fibronectin matrix (Gasperi, Sosa, & Elder, 2012). Therefore, we 

might expect that inhibition of PS1 by the inhibitory activity of DAPT might cause an 

accumulation of FN, which is what we observed in our study upon DAPT treatment, although 

this was not as significant as the FN accumulation in Prino treatments. The fact that we are 

seeing similar responses with two different inhibitors of LRP1 processing, and that neither of 

these are able to block the NOV phenotype suggests that RIP of LRP1 is not necessary for FN 

turnover. It might also suggest that γ-secretase may play a previously unrecognised role in FN 

degradation albeit to a lesser extent than MMPs. To better demonstrate the possibility of a 

regulatory mechanism via LRP1 fragments we designed various truncations of LRP1 (LRP1-58, 

LRP1-25 and LRP1-ICD) to determine whether overexpression of either fragments would be 

able to induce FN responses similar to NOV (data not shown). Transfections of these various 

construct however were unsuccessful and require further optimization. In addition to this, 

introduction of a non-cleavable LRP1 mutant into the PEA-13 line would also be another 

interesting addition to these sets of experiments to determine whether cleavage of LRP1 is 

necessary for the observed FN response. 

3.2.4 eHsp90-LRP1 downstream signalling pathways and complex formation may 

regulate FN turnover   

Roles for eHsp90-LRP1 cross-membrane signalling have previously been reported, whereby 

binding of extracellular Hsp90 to LRP1 induced the activation of downstream signalling 

pathways (Gopal et al., 2011). Some of these downstream eHsp90-LRP1 pathways directly 
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regulate cell migration, such as the activation of mTOR, ERK and Akt phosphorylation which 

have been shown to promote EMT and cell migration (Hance et al., 2014; Tsen et al., 2013). 

Some of these downstream targets also play a role in regulating FN matrix dynamics. The 

activation of NFkB and Akt pathways by eHsp90-LRP1 was shown to induce FN expression 

(Chen et al., 2013; Qin et al., 2015; You et al., 2017). In LRP1-expressing and deficient cells, 

we observed a significant NOV-induced increase in the levels of phosphorylated Akt 

suggesting an activation of this pathway, however this did not translate into an induction of 

FN expression, at either the protein or mRNA level. Levels of phosphorylated ERK were 

reduced in NOV-treatments. Interestingly, these responses were conserved in both LRP1 -

expressing and -deficient cells suggesting that the difference in activation of these signalling 

proteins is not via LRP1 or an eHsp90-LRP1 induced signalling cascade. A study by Dong and 

coworkers demonstrated that inhibition of eHsp90α with the monoclonal antibody 1G6-D7 

attenuated FN synthesis and deposition in lung fibrosis through inhibition of ERK signalling. 

They showed that inhibition of eHsp90α caused significant downregulation of pERK but not 

pAkt and that this was mediated by disrupted eHsp90-LRP1 signalling (Dong et al., 2018). In 

another study, Loureirin B used to inhibit scar formation, down regulated pERK which was 

associated with a reduction in COL1 and FN (He et al., 2015). This highlights an important role 

for the activation of the ERK pathway in regulating FN synthesis and deposition. Binding of 

extracellular FN to integrins and induction of ADAMs at the cell surface led to an activation of 

ERK, p38 and Akt (Matsuo et al., 2006). Therefore, whilst this does not explain the different 

responses of pERK and pAkt levels in our study, it does suggest that perhaps NOV-induced 

loss of extracellular FN might cause inactivation of some of these pathways (which we do see 

for pERK). Perhaps then, a role for FN in regulating levels of pAkt and pERK rather than the 

other way around should be considered.  

Impaired interaction of FN and Hsp90 with the LRP1 receptor upon NOV treatment might be 

an alternative mechanism of FN regulation. In Hsp90 IPs, we demonstrated an association of 

LRP1 and FN with extracellular Hsp90 which was disrupted upon NOV treatment. We isolated 

extracellular matrix and/or membrane associated fractions from NOV treated lysates which 

contained reduced FN levels. Studies from Wei Li’s group have provided direct evidence of 

cross-membrane signalling by eHsp90 via interaction with LRP1. They showed that eHsp90α 

promotes skin cell migration and accelerates wound closure by binding to subdomain II of the 
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LRP1 ectodomain and activating the NPVY motif in the LRP1 cytoplasmic tail to activate 

downstream Akt kinases (Tsen et al., 2013). Interestingly, their data also showed that none of 

the NPXY motifs was involved in eHsp90α signaling to activate the ERK1/2 pathway. It might 

be worthwhile determining whether NOV induces phosphorylation of the NPVY and NPXY 

motifs on LRP1 ICD. Loss of FN in response to treatment with mLRPab (Boel et al., 2018) might 

also support a role for complex formation at the cell surface in that mLRPab binding to LRP1 

receptor might block FN and Hsp90 interaction with LRP1. LRP1 IPs of the same fractions 

revealed reduced Hsp90 and increased FN levels. It is unclear why these two IPs may be 

isolating different levels of FN but it may be due in part to isolation of different complexes in 

the different IPs. Either way, our data demonstrate that NOV is perturbing the interaction of 

these proteins at the cell surface and isolating different pools of FN which might explain the 

observed FN response upon NOV treatments. To validate the changes in the Hsp90-LRP1-FN 

complexes upon NOV treatment, we could perform a bimolecular fluorescence 

complementation (BiFC) assay as described by Shyu and coworkers. This is based on FRET and 

would involve fusing an LRP1-containing plasmid to half of a Venus YFP fluorophore and the 

other half to FN to determine whether a FRET signal is obtained to an Hsp90 fused YFP plasmid 

(Shyu et al., 2006).  

Another experiment would be to identify the specific interaction site of FN on LRP1. Using 

various recombinant LRP1 constructs (Mikhailenko et al., 2001). We plan as part of future 

studies to perform solid phase binding assays to determine the interaction sites between 

these proteins. Using surface plasmon resonance (SPR) studies we will further be able to 

identify how stable the interactions are in the presence of NOV by acquiring detailed 

information on the kinetics of this interaction and whether these proteins compete for 

binding on LRP1.  

From this study, we were unable to identify the underlying mechanism of LRP1 mediated FN 

turnover. Given that we observed no significant impact of integrins, MMPs or LRP1 processing 

on FN turnover and considering the changes in cell surface Hsp90-LRP1-FN protein complexes 

and phosphorylated protein levels of key downstream signalling pathways it is likely that an 

altered eHsp90-LRP1 signalling cascade is responsible for the NOV-induced FN turnover and 

will be the focus of future studies.  
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 ANALYSIS OF THE BIOLOGICAL 

CONSEQUENCES ASSOCIATED WITH NOV-

INDUCED FN TURNOVER 

 

4.1 Introduction 

Cell-derived matrices (CDMs) are three-dimensional structures generated by cells grown at 

high density in vitro for extended periods of time. The resulting matrix scaffolds represent a 

physiologically relevant in vivo-like matrix environment which provides a useful system to 

study matrix composition and organisation (Castello-Cros & Cukierman, 2009). In addition to 

the biochemical, structural and mechanical features of the ECM, the matrix is also a major 

storage compartment for growth factors, cytokines and various extracellular proteins that 

may affect behaviour of surrounding cells such as influencing cell adhesiveness and migratory 

abilities. Here we generated CDMs from Hs578T breast cancer cells using a protocol adapted 

from Castello-Cros & Cukierman (2009). We generated CDMs using Hs578T cells as these 

produce high levels of endogenous FN ECM and are an amenable in vitro model to study 

matrix deposition by a cancer cell line. It is postulated that cells are directly affected by the 

composition, three-dimensionality and rigidity of their substratum and that the matrix 

microenvironment may induce differentiation of certain cell types which can lead to diseased 

states (Amatangelo et al.,  2005). This study contributes to the understanding of how Hsp90 

inhibition may alter tumour derived matrices and the consequences which this has on 

neighbouring cell behaviour. This will have an impact not only on tumour progression but also 

in wound healing, inflammation and fibrosis. The in vitro systems such as those described in 

this study could facilitate the possibility of conducting more examinations of events that could 

assist in developing stroma targeted therapeutic drugs in the future. In particular, the aims of 

this study were: 

 

1. To determine the morphological changes in thickness, composition and organisation of 

matrices from untreated and treated (NOV and eHsp90β) CDMs.  
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2. To determine some of the functional consequences such as changes in proliferative, 

adhesive and migratory abilities of cells replated onto various treated CDMs. 

 

4.1.1 Adhesive, migratory and proliferative abilities of cells on CDMs is affected by 

NOV 

We wanted to assess whether replating either normal or cancer cells onto extracted CDMs 

would have physiological effects on the cells’ ability to adhere, grow or migrate. We 

performed a crystal violet adhesion assay to assess the morphological changes in cell shape 

upon adhering to the various matrices. Cells were seeded into wells of a 24 well plate 

containing prepared CDMs (or no CDM) and allowed to adhere and spread over 4 hours. Cells 

were fixed and stained for crystal violet and images taken using an inverted light microscope. 

Figure 17 shows panels for CDMs alone (CDM), replating of Hs578T (+ Hs578T) and MEF-1 

(+MEF-1) cells. We observed that the crystal violet stain which typically binds DNA, also 

stained the matrices (Figure 17). Therefore, to quantify the number of cells attached to the 

CDMs we subtracted the staining of the CDM alone from the staining of the CDM + cells CDMs 

(Figure 18A). We observed significantly more MEF-1 and Hs578T cells adhered to NOV treated 

CDMs (at 50 µM and 500 µM NOV) compared to untreated CDMs (Figure 18A). Additionally, 

we looked at changes in the cell shape and morphology of the adhered cells determined by 

using a cell-index function by dividing the cell length by the cell width across multiple cells per 

image (Figure 18B). Cell index (CI) values closer to 1 represent round cells, while values greater 

than 1 represent more elongated cells. MEF-1 cells had significantly higher cell index values 

on 500 µM NOV treated CDMs (CI= 2.9) compared to UNT CDMs (CI = 1.9) and compared to 

cells adhered to no CDM (CI = 1.9) (Figure 18B). This increase in cell index suggests MEF-1 cells 

on these NOV-treated matrices are more elliptical and less spread compared to MEF-1 cells 

on UNT matrices which are rounder and more spread. Similarly, we observed higher cell 

indexes of Hs578T cells on 500 µM NOV treated CDMs (CI = 2.1) versus UNT CDMs (CI = 1.2). 

No significant differences were observed in cell adhesiveness between the different Hsp90β 

treated matrices. 

Together, these data suggest that cells are more adherent to NOV treated CDMs and 

exhibited more elongated cell shapes on these matrices. We also noted that MEF-1 cells were 
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generally more elongated than Hs578T cells as was evident by the almost two-fold greater 

cell indexes. 

 

Changes in matrix stiffness as well as transition between 2D and 3D matrix contacts influence 

cell proliferation profoundly. Thus, tumour progression involves not only genetic alterations 

of cancer cells but also changes in the tumour microenvironment. To investigate this, we 

compared the ability of CDMs generated from cancer cells to influence cancer cell and normal 

cell proliferation. Here, we replated MEF-1 and Hs578T cells onto Hs578T-derived CDMs and 

allowed them to grow for 48, 72 and 96 hours. At each of these time points, an MTT assay 

was performed to determine the number of active, proliferating cells on each of the matrices 

(Figure 19). There did not appear to be any difference in the proliferation of Hs578T cells 

seeded onto any of the matrices (Figure 19A), however we did observe changes in 

proliferation of the MEF-1 cells. In general, these cells appeared to have a reduced ability to 

grow on each of the treated Hs578T CDMs when compared to the untreated CDMs (red line) 

(Figure 19B). Specifically, we found both 200 µM NOV and 5 ng/ml Hsp90β treated matrices 

to significantly reduce the proliferation of MEF-1 cells on these CDMs (Figure 19B).  
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Figure 17: Adhesion of MEF-1 and Hs578T cells as determined by a crystal violet stain 

Hs578T and MEF-1 cells were seeded into wells of a 24-well plate containing previously prepared 
CDMs, or no CDM, and allowed to adhere for 4 hours before fixing and staining with crystal violet as 
described in Methods. The first panel shows CDMs lacking replated cells stained by crystal violet. The 
middle and last panel shows Hs578T and MEF-1 cells adhered to CDMs respectively. Images were 
captured using the Zeiss Inverted light microscope with the 20x objective. Images are representative 
of triplicate independent experiments. 
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Figure 18: Quantification of adhesion and cell morphology on CDMs in response to NOV 
and Hsp90β 

MEF-1 and Hs578T cells were seeded on to Hs578T CDMs as described previously and after 4 hours A) 
adhesion was measured by solubilizing crystal violet stain and reading absorbance at 590 nm. 
Measurements were quantified in ImageJ and statistical significance determined using a two-way 
ANOVA and Bonferroni’s Multiple comparison post-tests (*p<0.5; ***p<0.001). B) Cell index 
measurements were quantified using ImageJ and statistical significance was determined in GraphPad 
Prism 4 with a two-way ANOVA and Bonferroni’s Multiple comparison post-tests (**p<0.01; 
***p<0.001). Data are averages (±SD) of triplicate independent experiments.  
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Figure 19: MEF-1 cells are significantly less proliferative on treated CDMs versus untreated CDMs 

MTT assays were performed to compare A) Hs578T and B) MEF-1 cell proliferation (as measured by absorbance at 450 nm) on untreated (UNT) and treated 
CDMs (NOV and Hsp90β). Equal numbers of cells were seeded (in triplicate per time point) into wells of a 24-well plate containing CDMs and processed for 
MTT assay at 48, 72 and 96 hours. One-way ANOVA and Bonferroni’s Multiple comparison post-tests were performed to determine statistical significance 
(*p<0.5). Significance of MEF-1 cell proliferation is shown in the graph to the right in B.
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To assess the migratory capacity of cells on untreated and treated CDMs, we employed a 

technique that would maintain the composition and integrity of the CDMs. Here, we used a 

spheroid cell migration assay. For this, we generated spheroids of MEF-1 and Hs578T cells and 

after allowing drops to adhere to the CDM (~4 hours), images were taken of the adhered 

spheroids (t= 0 hours) and again after migration (t= 20 hours) (Figure 20). To determine the 

extent of migration outward from the spheroid, we used the Analyse spheroid cell migration 

plugin in ImageJ (Baecker, 2017). Representative images of MEF-1 cell migration on plastic 

(no CDM) and CDMs are shown in Figure 20A. The last panel shows the output image 

generated from the plugin, which measures the area in red of cells migrated outward from 

the spheroid. Quantification of the migratory capacity was determined by subtracting the 

area in red measured at (t= 20 hours) from the area in red at (t= 0 hours). Visual analysis of 

the images shows that MEF-1 cells are more migratory when no CDM is present (as is 

evidenced by the larger area in red) compared to the untreated and 200 µM NOV treated 

CDMs (smaller area in red) (Figure 20A). This was consistent for Hs578T cells. We showed that 

migration of MEF-1 cells was significantly reduced on 50 µM NOV treated CDMs but increased 

on 500 µM NOV treated CDMs compared to untreated CDMs (Figure 20B). Comparatively, 

migration of Hs578T cells was unaffected by treated CDMs (Figure 20C). These data 

collectively demonstrate that MEF-1 cells generate a more noticeable and significant 

physiological response compared to the Hs578T cells suggesting an ability of normal cells to 

be more greatly affected in terms of their growth and migration on a cancer cell line derived 

matrix. Lastly, these data also show that inhibition of Hsp90 produces matrices which affect 

the ability of cells to adhere (Figure 18), grow (Figure 19) and migrate (Figure 20).  

 

To investigate different modes of migration and possible changes in cell morphologies upon 

NOV treatment, we performed a migration assay using 4-well chamber inserts into which cells 

were seeded to create a confluent monolayer. Cells were left untreated or treated with NOV 

for 16 hours before removal of the chamber inserts (t=0) and replacement of media lacking 

any inhibitors. Cells were allowed to migrate outward and imaged after 12 hours (t=12) to 

determine their migratory capacity away from the monolayer following pre-treatment of the 

Hsp90 inhibitor (Figure 21A). We observed NOV-treated cells to migrate collectively as a 

group of cells from the original cell mass whilst untreated cells, which appeared to migrate as 

individual cells, broke away from the cell monolayer (Figure 21A). Magnified images of NOV-
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treated cells at the border of the cell mass show the presence of interconnected cells via long 

projections which maintain their connection to the cell mass of the insert chamber. 

Comparatively, untreated cells appear more detached from the surrounding cells and cell 

mass (Figure 21B). Quantification of this migration was determined by measuring the distance 

from the right hand side border of the cell monolayer to the furthest migrated cells. 

Significant loss in migration was observed in cells that had been pre-treated with NOV. These 

data support the wound healing data at this concentration and also demonstrate that cells 

are still viable after NOV treatment and capable of migration, albeit at a reduced rate.  
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Figure 20: Migration of MEF-1 and Hs578T cells is reduced on CDMs 

A) Representative images were taken of MEF-1 spheroids adhered to untreated (UNT), 200 µM NOV 
treated CDMs, or no CDM, (t= 0 hours) and after migration (t= 20 hours) using a Zeiss Primovert 
inverted light microscope with the 4x objective lens. Scale bars are 100 µm. Panel on the far right is a 
graphical representation of the output image generated from the ImageJ plugin which quantifies the 
area migrated (in red) by the cells from the spheroid. Quantification of B) MEF-1 and C) Hs578T cell 
migration was determined using ImageJ by subtracting the area of cells migrated at t=20 hours from 
the area migrated at t=0 hours. Graphs shown represent the average migration distance from 
technical replicates in triplicate independent samples. Statistical significance was determined in 
GraphPad Prism 4 using an unpaired Student’s t-test. Statistics are indicated on the graphs as such: 
*p<0.5, **p<0.01, n.s not significant for comparison to untreated (UNT) CDMs. Data are 
representative or averages (±SD) of triplicate independent studies. 
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Figure 21: Pre-treatment with NOV hinders the ability of Hs578T cells to migrate 

A) Hs578T cells were seeded into a 4-well chamber and allowed to create a confluent monolayer. Cells 
were left untreated (UNT) or treated with novobiocin (NOV 200 µM) for 16 hours. Images were taken 
of the confluent cell monolayer upon removal of the chambers (t=0) and again after 12 hours 
migration using a Zeiss Primovert inverted light microscope with camera using the 5x objective. White 
dotted lines demarcate the edges of the insert chamber which contained the confluent cell mass taken 
at t=0 in each image. B) Magnified images of cells after migrating for 12 hours using the 20x objective. 
Images are representative of a triplicate study. C) Average distances migrated outward from the cell 
border at t=12 were measured using ImageJ. Statistical analysis was performed using unpaired two-
tailed t-tests in GraphPad Prism 4. Statistics are indicated on the graph as such: ***= p< 0.001. 
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One of the limitations of a wound healing assay is that creating wounds destroys the 

underlying matrix therefore, in this analysis we focus on the ability of cells to migrate into 

wounds independent of an underlying CDM. Therefore, this analysis identified changes at a 

cellular level compared to matrix-induced changes in migration. We performed wound 

healing assays in MEF-1, Hs578T and PEA-13 cells treated with Hsp90 inhibitors (GA and NOV) 

(Figure 22) and exogenous Hsp90β (Figure 23). Treatment with NOV at low concentrations 

(i.e. 50 µM) caused a significant increase in migration in both MEF-1 and Hs578T cells (Figure 

22A and B) followed by a dose-dependent decrease. This observation mimicked trends 

observed for total FN levels (Figure 6) and the presence of DOC-insoluble FN matrix levels in 

response to NOV (Boel et al., 2018). No increase in migration was observed in the PEA-13 

cells, although they did show a dose-dependent decrease in cell migration with increasing 

NOV concentration. This suggested that the reduced migration phenotype in response to NOV 

was not linked to LRP1 expression. Treatment with the N-terminal Hsp90 inhibitor, GA, caused 

only a dose-dependent loss in migration in both MEF-1 and PEA-13 cells (Figure 22C). In cases 

where cells are treated with Hsp90β we use a human recombinant endotoxin-free source of 

Hsp90β. Although we treated mouse cell lines with human Hsp90β, we confirmed using a 

protein BLAST that mouse Hsp90 has 99% sequence identity to the human isoform. We tested 

what effect exogenous Hsp90β (which has previously been shown to stabilize and enhance 

the extracellular FN matrix (Boel et al., 2018) would have on migration of cells. Addition of 

Hsp90β to MEF-1 cells appeared to cause an increase in migration (Figure 23A) whilst Hsp90β 

had no significant effect on migration of PEA-13 cells (Figure 23A).  

In order to assess whether enhanced migration could be linked to increased concentrations 

of FN we seeded cells onto pre-coated plates with increasing concentrations of purified FN (0 

– 1000 µg/ml) and monitored the migration response of these cells following wound 

denudation. Interestingly we observed an increase in migration in both MEF-1 and PEA-13 

cells with increasing FN concentration although the increase observed in the MEF-1 cells was 

much greater (Figure 23B). These data would suggest that FN concentration directly translates 

into an increased ability of cells to migrate (irrespective of LRP1 expression) and by extension 

would suggest that loss in FN matrix (as seen with NOV treatment) should reduce migration. 
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Figure 22: Effect of NOV and GA treatment on cell migration 

A) Representative image of linear wounds created in MEF-1 cells during the wound healing assay with 
NOV treatment. Black arrows indicate wound closure. Wounds were made in confluent MEF-1, PEA-
13 and Hs578T cell monolayers followed by treatment in media with B) NOV or C) GA at varying 
concentrations. The width of the wound was measured at each time point using ImageJ with the 
difference in the width at 0 and 12 hrs presented as the migration distance. Statistical analysis was 
performed using unpaired two-tailed t-tests in GraphPad Prism 4 and are indicated on the graph as 
such: *= p<0.05, **= p<0.01, ***= p< 0.001. Images are representative of averages (±SD) of triplicate 
independent experiments. 
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Figure 23: Effect of exogenous Hsp90β and fibronectin concentration on cell migration 

A) Linear wounds were created in confluent MEF-1, PEA-13 and Hs578T cell monolayers followed by 
treatment in media with exogenous Hsp90β at varying concentrations. Images were captured at time 
0 hrs and 12 hrs post treatment and analysed in ImageJ. Average distances migrated were measured 
using ImageJ. Statistical analysis was performed using unpaired two-tailed t-tests in GraphPad Prism 
4. B) MEF-1 (left) and PEA-13 (right) cells were seeded on to plates precoated with increasing 
concentrations of FN (0.1 – 1000 µg/ml) and distances migrated quantitated. Data are representative 
of triplicate independent experiments. Statistical analysis was performed using unpaired two-tailed t-
tests in GraphPad Prism 4. Statistics are indicated on the graph as such: *= p<0.05, **= p<0.01, ***= 
p< 0.001; n.s not significant. Images are representative or averages (±SD) of triplicate independent 
experiments. 
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4.1.2 Investigating whether cell migration responses are determined by matrix-

associated FN  

We compared levels of extracellular and intracellular FN using a DOC assay (Brenner et al., 

2000) to isolate the soluble and insoluble fractions of FN which putatively represents the 

intracellular and extracellular (matrix associated) pools of FN, respectively. We previously 

showed that NOV induced an increase in insoluble FN at low NOV concentrations (i.e. 50 µM) 

followed by a dose dependent loss, specific to LRP1-expressing cells (Boel et al., 2018). Here 

we showed that treatment with Hsp90β has different effects on extracellular FN in each of 

the cell lines tested (Figure 24). We first validated the study by demonstrating that our assay 

was fractionating insoluble and soluble fractions by showing an enrichment of the cytosolic 

marker, GAPDH in the soluble fractions but not the insoluble fractions (Figure 24A). The 

insoluble (matrix-associated) FN levels increased in Hs578T cells whilst soluble FN levels 

appeared to decrease. This was different for the LRP1 expressing MEF-1 cells where we 

observed reduced insoluble FN levels upon Hsp90β treatment with a concomitant increase in 

soluble FN levels (Figure 24B). This suggests that there is a relationship between insoluble and 

soluble FN levels, whereby decreased soluble FN levels translate into increased insoluble 

levels and vice versa. Interestingly, soluble FN levels were increased in PEA-13 cells upon 

Hsp90β treatment whilst insoluble FN appeared to be unchanged or slightly increased. 

Whether these differences could be due to a normal versus cancer response is not known but 

the data do suggest that Hsp90 may play a role in regulating the matrix formation.  

Taken together with the migration data the fact that we observed increased migration of 

MEF-1 cells in exogenous Hsp90β treatments despite the loss in insoluble/matrix FN (Figure 

24B) suggests that FN concentration is not solely responsible for migration capacity and that 

other factors related to the matrix structure and/or composition must play a role. 
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Figure 24: Levels of matrix-associated insoluble FN are differentially affected by Hsp90β  

To test the effect of Hsp90β on soluble and insoluble levels of fibronectin, A) Hs578T cells were treated 
with increasing doses of purified endotoxin free human Hsp90β for 16 hours at 37˚C. Equivalent 
numbers of cells were harvested and the soluble and insoluble FN fractions separated using the DOC 
assay. Levels of FN and GAPDH were detected by immunoblotting with rabbit anti-human FN and 
mouse anti-GAPDH antibodies respectively. Ponceau indicates equal total protein loading in each 
treatment and GAPDH indicates enriched intracellular fractions isolated during DOC assay in soluble 
FN isolates versus insoluble FN. B) Hs578T, MEF-1 (wild type) and PEA-13 (LRP1-deficient) cells were 
treated as in A). Ponceau stains and densitometry values of the band intensities as determined in 
ImageJ are indicated below each lane. Densitometry values of the band intensities normalized to 
Ponceau stains as determined in ImageJ are indicated in bar graphs presented alongside. Statistical 
significance was determined compared to the untreated control by a two-tailed t-test in GraphPad 
Prism 4 (*p < 0.05, **p < 0.01, ***p < 0.001). Determining the maturation state of differentially treated 
CDMs  
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An increasing type I collagen (COL1) to FN ratio is indicative of a mature 3D matrix state in 

vitro (Amatangelo et al., 2005). The maturation state of matrices was determined by 

calculating the ratio of COL1 to FN in each of the CDMs. Here we harvested and solubilised 

CDMs and performed a western blot analysis to quantify levels of various proteins in each of 

the CDMs. Western analysis demonstrated that cells which remained undecellularized and 

thereby served as a control (C) were positive for the presence of intracellular proteins 

including Hsp90, LRP1 and GAPDH (Figure 25A). Decellularized matrices lacked the presence 

of these intracellular proteins confirming successful removal of cellular components from 

matrices. We compared total levels of FN and COL1 in each of the matrices after normalising 

the levels to the Ponceau stain (Figure 25A). Here we observed a significant increase in FN 

levels in 50 µM NOV and 5 ng/ml Hsp90β treated matrices. Relative to untreated matrices, 

COL1 levels were decreased at 500 µM NOV treated matrices and both Hsp90β treated 

matrices (Figure 25B).  

 

To quantify levels of FN and COL1 in these CDMs we performed a solid phase binding assay 

whereby solubilised CDMs were coated onto the wells of a high-binding 96 well ELISA plate 

and incubated with anti-FN and anti-COL1 antibodies. We observed FN levels to have a similar 

trend to that observed in western analysis. That is, FN levels increased in 50 µM NOV and 

both 5 and 500 ng/ml Hsp90β treated matrices (Figure 25C). Levels of FN were reduced in 500 

µM NOV matrices similar to observations in the western blot. Comparatively COL1 levels 

showed no statistically significant differences (Figure 25C) even though we observed changes 

at the protein level in the western analysis. We also tested for levels of Hsp90 and LRP1 in 

each of the CDMs and observed no significantly detectable levels of either of these proteins 

(data not shown) which further confirms successful removal of cellular components during 

generation of CDMs. 
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Figure 25: Quantification of levels of FN and COL1A in CDMs 

Hs578T cells were cultured for 6 days and treated with either NOV or Hsp90β or left untreated (UNT) 
for 24 hours prior to decellularization. A) CDMs were solubilized and equal total protein was resolved 
on a 10% SDS gel and probed for FN, LRP1, Hsp90 and GAPDH using rabbit anti-FN, rabbit anti-LRP1, 
mouse anti-Hsp90 and rabbit anti-GAPDH primary antibodies respectively. A control sample (C) which 
was undecellularized was included as a positive control to confirm the lack of intracellular markers in 
decellularized samples. Ponceau was used to demonstrate equal total protein loading. B) Equal total 
protein of CDMs was resolved on an 8% SDS gel and probed for FN and COL1A using mouse anti-FN 
and rabbit anti-COL1A primary antibodies respectively. Alongside is the densitometry normalized to 
the Ponceau stain. Statistical analysis was determined in GraphPad Prism 4 using a One-Way ANOVA 
with Bonferroni’s post-tests (*p<0.5, **p<0.01). C) Solid phase binding of CDMs adhered to high 
binding 96 well ELISA plates were used to quantify levels of FN and COL1. Statistical analysis was 
determined using a Two-way ANOVA with Bonferroni’s Multiple Comparison post-tests (*p<0.5, 
**p<0.01, ***p<0.001). Images are representative or averages (±SD) of triplicate independent 
experiments.  
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CDMs were prepared on glass coverslips, stained for FN and COL1 and analyzed by confocal 

microscopy (Figure 26). Coverslips were mounted using a non-hardening aqueous mounting 

medium to maintain the integrity and 3-dimensionality of the matrices. Colocalisation was 

measured in ImageJ using the Intensity Correlation Analysis (ICA) plugin (Li et al., 2004). The 

degree of colocalisation between the red and green channels representing COL1 and FN 

respectively is represented as a Pearson’s correlation coefficient (Rr) in merged images 

(Figure 26) where -1 values represents total exclusion, 0 represents random overlap and +1 

represents a perfect positive correlation (Morgan, Humphries, & Bass, 2007). We showed 

here that there was reduced colocalisation between FN and COL1 in 50 µM NOV (Rr = 0.52) 

and 500 µM NOV treated matrices (Rr = 0.46) compared to untreated matrices (Rr = 0.66) 

Interestingly, the highest colocalisation was observed in the 5 and 500 ng/ml Hsp90β treated 

CDMs with Rr values of 0. 81 and 0.71 respectively (Figure 26). 

Quantification of the staining intensities for each of the channels was determined using 

ImageJ. No change in FN intensities was observed in the CDMs whereas COL1 intensities 

appeared to be significantly decreased in NOV treated CDMs (Figure 27). We demonstrated 

that all the treated matrices, that is, both NOV and Hsp90β treated CDMs were significantly 

less mature than untreated matrices (Figure 27). Unextracted Hs578T matrices were prepared 

on glass coverslips and processed for immunofluorescent staining of FN and COL1 as was done 

for the extracted CDMs. Colocalisation of FN and COL1 in unextracted CDM cultures (Figure 

28) showed a similar degree of colocalisation in each of the different treatments suggesting 

that the decellularization process did not alter the colocalisation.  
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Figure 26: Colocalisation of FN and COL1A is reduced in NOV-treated CDMs  

Glass coverslips of Hs578T derived CDMs were fixed with 4% paraformaldehyde and incubated with 
mouse anti-FN (green) and rabbit anti-COL1A (red) primary antibodies followed by donkey anti-mouse 
Alexa Fluor-488 and donkey anti-rabbit Alexa Fluor-555 respectively. Coverslips were mounted onto 
glass slides using VectorShield non-hardening mounting medium. Images were captured using the 63x 
objective on the Zeiss LSM 780 laser scanning confocal microscope and analysed using ZenBlue 
software (Zeiss, Germany). Colocalisation analysis was determined using ImageJ and Pearson’s 
correlation coefficients (Rr) are indicated in white in the merged panels. Data are representative of 
triplicate independent studies. Scale bars represent 10 µm.
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Figure 27: NOV and Hsp90β treated cell derived matrices are less mature than untreated CDMs 

Graphs representing the quantification of intensity of FN fibres and COL1 fibres using ImageJ.  Matrix maturation ratio of CDMs was determined in by the 

ratio of COL1 and FN staining. Statistical significance was determined using GraphPad Prism 4 with a one-way ANOVA and Bonferroni’s Multiple Comparison 

post-tests (*p<0.5, **p<0.01, ***p<0.001, n.s. not significant). Graphs are averages (±SD) of triplicate independent experiments. 
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Figure 28: Colocalisation of FN and COL1 is similar in extracted and unextracted Hs578T 
CDMs   

Glass coverslips of unextracted Hs578T 3D cultures were fixed with 4% paraformaldehyde and 
incubated with mouse anti-FN (green) and rabbit anti-COL1A (red) primary antibodies followed by 
donkey anti-mouse Alexa Fluor-488 and donkey anti-rabbit Alexa Fluor-555 respectively. Nuclei were 
stained with Hoechst-33342 (blue). Coverslips were mounted onto glass slides using VectorShield non-
hardening mounting medium. Images were captured using the 63x objective on the Zeiss LSM 780 
laser scanning confocal microscope and analysed using ZenBlue software (Zeiss, Germany). 
Colocalisation analysis was determined using ImageJ and Pearson’s correlation coefficients (Rr) are 
indicated in white in the merged panels. Data are representative of triplicate studies. Scale bars 
represent 10 µm.
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4.1.3 NOV induces structural changes in thickness and three-dimensionality of ECM 

and FN 

We next compared the average thickness of matrices from unextracted (Figure 29) and 

extracted (Figure30) 3D cultures by capturing z-slices from the bottom to the top of surfaces 

in each sample using the z-function in ZenBlack software. Representative images of untreated 

(UNT) and 50 µM NOV treated CDMs are shown (Figure 29A). White lines through the image 

indicate the locations at which orthogonal views through the z-stack of CDMs are shown 

below (Figure 29B). Visual inspection of these views showed that untreated matrices are 

much thicker than NOV treated CDMs. Furthermore, the nuclei in NOV treated matrices 

appear flattened whilst nuclei in untreated CDMs are more 3-dimensional and interspersed 

within the matrix.  

Acquired z-slices were overlaid to create a 3D maximum intensity projection image of the z-

stacks (Figure 29C). Images shown contain both FN (green) and nuclei (blue) channels. 3D 

views of the untreated CDMs showed matrices that were thicker and more three-dimensional 

compared to the NOV treated matrices (Figure 29C). The FN channel alone was subjected to 

depth coding in the 3D projection viewer in ZenBlue to generate a colour coded heat map 

representing varying depths of the matrix. Again, untreated CDMs appeared denser, with a 

greater variation of colours in the matrix indicating increased depth and greater three-

dimensionality compared to the NOV treated sample (Figure 29D). 

The same analysis was performed on extracted 3D cultures (Figure 30A). Orthogonal views of 

slices through the z-stack of untreated CDMs demonstrate a thicker and more continuous 

pattern of FN staining compared to NOV treated CDMs (Figure 30B). 3D projections of the z-

stacks also showed similar trends in the thickness of matrices between untreated and NOV 

treated samples to those in the unextracted cultures. Treated matrices also have noticeable 

gaps where no FN is present whereas gaps in the untreated CDMs still appear to have 

underlying FN (e.g. position Y=63 in UNT). Even though the z-plane shows a scale of 14 µm for 

both CDM samples, the untreated CDMs are visually thicker than the NOV treated matrices. 

We also noted that extracted 3D cultures were thinner compared to the unextracted cultures 

which is likely as a result of some loss of the matrix during the cell extraction process or that 

some of the staining in the unextracted samples represent soluble and/or intracellular FN.  
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Figure 29: Untreated matrices are thicker and more three-dimensional compared to NOV 
treated matrices in unextracted CDM cultures 

A) Unextracted Hs578T 3D cultures were fixed with 4% paraformaldehyde and incubated with mouse 
anti-FN (green) primary antibodies followed by donkey anti-mouse Alexa Fluor-488. Nuclei were 
stained with Hoechst-33342 (blue). Coverslips were mounted onto glass slides using VectorShield non-
hardening mounting medium. Images were captured using the 40x objective on the Zeiss LSM 780 
laser scanning confocal microscope and analysed using ZenBlue software (Zeiss, Germany). Data are 
representative of images obtained from triplicate studies with similar results. B) Orthogonal views of 
the 3D matrix at different slices through the Y plane (as indicated by the white lines) to generate XZ 
projections of the z-stack. C) 3-dimensional z-stack of confocal images (FN in green and nuclei in blue) 
of CDMs. D) Depth coding of 3-dimensional z-stack projections. Scale bar shown below is colour coded 
to indicate depths of matrices in µm.
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Figure 30: Untreated matrices are thicker compared to NOV treated matrices in extracted 
CDM cultures 

A) Extracted Hs578T CDMs were fixed with 4% paraformaldehyde and incubated with mouse anti-FN 
(green) primary antibodies followed by donkey anti-mouse Alexa Fluor-488. Coverslips were mounted 
onto glass slides using VectorShield non-hardening mounting medium. Images were captured using 
the 40x objective on the Zeiss LSM 780 laser scanning confocal microscope and analysed using ZenBlue 
software (Zeiss, Germany). Data are representative of images obtained from triplicate studies with 
similar results. B) Orthogonal views of the 3D matrix through various slices of the Y plane (as indicated 
by the white lines) to generate XZ projections of the z-stack. C) Depth coding of 3-dimensional z-stack 
projections of CDMs. Scale bar shown below is colour coded to indicate depths of matrices in µm
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We next analysed the ECM structure using electron microscopy. Representative scanning 

electron microscopy (SEM) images demonstrate profound differences between untreated 

(UNT) and treated CDMs (Figure 31). The undecellularized image shows the presence of three 

cells (large white grey ovals) in images taken at x2.5K magnification (Figure 31) thus indicating 

that image frames represent a matrix isolated from approximately two to four cells. We 

quantified the visual differences by subjecting SEM images to the BoneJ plugin (Figure 31, 

lower panel) which computes thickness of individual fibres by aligning spheres of different 

coloured intensities along fibres (Doube et al., 2010). Here black indicates absence of fibrils 

and white indicates the highest degree of thickness. Since this analysis does not discriminate 

between constituents of the ECM, this represents a global observation of the phenotypic 

changes that occur in the ECM response to treatment. We observed thicker rope-like ECM 

structures present in NOV treatments whilst untreated CDMs were thinner and more mesh-

like. Hsp90β treatment appeared to produce more densely packed fibrils which were thicker 

than untreated CDMs but different to that of NOV-treated CDMs. Hs578T matrices grown on 

glass coverslips, which were left untreated (UNT) or treated with NOV (50 µM or 500 µM) or 

Hsp90β (5 ng/ml or 500 ng/ml) for 24 hours before cell extraction, were stained for FN (Figure 

32). Absence of nuclei in cell-derived matrices confirmed successful decellularization when 

compared to the control images of undecellularized matrices (undecell) (Figure 32A). 

Immunofluorescence staining for FN showed that CDMs following NOV treatment were less 

dense with more spaces between fibres compared to untreated CDMs. Furthermore, NOV 

treatments appeared to change the morphology of the FN matrix to form thicker, rope-like 

fibres, with a branching morphogenesis phenotype (Figure 32A). Treatment with Hsp90β also 

had a noticeable impact on the morphology of the FN matrix, creating thicker, but shorter 

and more condensed fibrils. Quantification of fibre thickness and spacing was determined 

using the BoneJ plugin for ImageJ as done for SEM images (Figure 32A, lower panel). 

Quantification of fibre thickness computed by the plugin revealed NOV and Hsp90β 

treatments produced thicker FN fibrils with NOV being the highest compared to untreated 

CDMs (Figure 32B). A similar trend was observed for spacing measurements whereby NOV 

and Hsp90β treatments had significantly more gaps between their fibres compared to 

untreated CDMs (Figure 32C). 
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Figure 31: Scanning electron microscopy reveals thicker ECM structures in NOV and Hsp90β treated matrices   

Hs578T cells were cultured on glass coverslips for 6 days and treated with varying concentrations of NOV or Hsp90β or left untreated (UNT) for 24 hours prior 
to decellularization. Coverslips were process for scanning electron microscopy (SEM) analysis as described in Methods. Images of undecellularized (Undecell) 
and decellularized matrices were taken at 2500x magnifications using the Vega Tescan SEM. Images are representative of triplicate independent experiments. 
Lower panel of SEM images represented through the BoneJ plugin to calculate fibre thickness where pseudocoloured spheres fit along fibres represent 
intensity maps of fibre thickness, with an intensity color bar scale (0-255 intensity tone values) shown below. 
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Figure 32: Confocal microscopy analysis of NOV and Hsp90β reveals altered extracellular FN matrix morphology in Hs578T cells 

Hs578T cells were cultured for 6 days and treated with either NOV or Hsp90β for 24 hours prior to decellularization. A) Confocal microscopy of decellularized 

matrices stained using mouse anti-FN (green) primary antibody followed by donkey anti-mouse Alexa Fluor-488. Nuclei were stained with Hoechst-33342 

(blue). Images were captured using the 40x oil objective of the Zeiss LSM 780 Meta laser scanning confocal microscope and analysed using Zen Blue software. 

Scale bars represent 20 µm. Images are representative of triplicate independent experiments. Lower panel of confocal images represented through the BoneJ 

plugin to calculate fibre thickness where pseudocoloured spheres fit along fibres represent intensity maps of fibre thickness, with an intensity color bar scale 

(0-255 intensity tone values) shown below. B) Quantification of fibre thickness represented as mean thickness and C) gaps between fibres represented as 

mean spacing taken from triplicate independent images. Statistical significance comparing to the untreated CDM was determined using GraphPad Prism 4 

with an unpaired Student’s t-test (*= p<0.5, **= p< 0.1, ***p= <0.001)
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SEM images taken at higher magnifications (x10K) (Figure 33A) showed more detailed 

changes in the morphology and organisation of these CDMs. To estimate the orientation of 

matrices we used OrientationJ, which is an ImageJ plugin which evaluates orientation and 

isotropic properties (coherency and energy) of pixels in an image to generate a hue-

saturation-brightness (HSB) colour coded map which shows the angles of the oriented 

structures in the image (Franco-Barraza et al., 2017; Rezakhaniha et al., 2012). Representative 

images of CDMs (Figure 33B) shows visual outputs from the OrientationJ software. 

OrientationJ also computes numerical outputs of the fibres to generate a Gaussian 

distribution curve representation of the orientation distributions (Figure 33C). The x-axis 

corresponds to degree angle distributions and the y-axis indicates the number of fibres 

distributed for each given angle/orientation. We observed similarly disordered ECM fibres in 

UNT, NOV and Hsp90β treated CDMs, although NOV and Hsp90β CDMs appeared oriented 

slightly skewed to the right of 0 ° (that is, containing more fibres oriented in the positive 

direction). Untreated CDMs had a mode angle of -30°, whilst NOV and Hsp90β CDM had mode 

angles of 4° and 8° respectively (Figure 33C). 

The morphological differences observed in CDM architecture generated by both NOV and 

Hsp90β treatments suggested differential patterning and arrangement of ECM proteins. 

Representative images of FN stained CDMs from confocal microscopy shows visual outputs 

from the OrientationJ software (Figure 34A). Gaussian distribution curves of the orientations 

of FN matrices showed untreated matrices to have a mode angle of about -18° whereas NOV 

and Hsp90β treated matrices had mode angles of -50° and -30° respectively (Figure 34B). The 

untreated matrices contained more similarly oriented fibres compared to the treated 

matrices which is evident by the predominantly green and cyan colour coded fibres (Figure 

34A) and orientation evenly distributed around 0°. Taken together, these data suggest 

changes in the ECM three-dimensionality, orientation distribution and fibre thickness upon 

treatment with NOV or Hsp90β. 
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Figure 33: Scanning electron microscopy of Hs578T-derived CDMs reveals disordered orientation of ECMs   

Hs578T extracted CDMs were prepared as described previously. A) SEM images taken at 10 000x magnification of the extracted and unextracted (undecell) 
Hs578T CDMs. B) Images of extracted CDMs were analyzed using the OrientationJ plugin in ImageJ to measure fibre angle distributions in each of the CDM 
images. The images were to create a binary image output that identifies individual fibres by presenting them as pseudo-colored objects (see Materials and 
Methods for details). Colour-coded scale bar to the left represents the angles revealed by the software. C) Histograms of orientations constitute numeral 
outputs from B where graphs display the orientation in degrees along the x-axis and distribution of fibres along the y-axis B). Data are representative of 
triplicate independent experiments. 
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Figure 34: NOV and Hsp90β treated FN matrices contain more disordered fibrils 

A) Images of extracted CDMs were analyzed using the OrientationJ plugin in ImageJ to measure fibre angle distributions in each of the CDM images. The 
plugin generates output images which identifies individual fibres by presenting them as pseudo-colored objects (see Materials and Methods for details). 
Coloured scale bars to the right represent the angles revealed by the software. (B) Histograms of fibre orientations constitute numeral outputs from A). Data 
are representative of triplicate independent experiments.



106 
 

4.2 Discussion 

We have evidence which demonstrates an increased ability of LRP1-expressing cells to 

migrate at certain concentrations of NOV (Boel MSc thesis, 2016), suggesting putative 

physiological consequences associated with FN remodelling due to Hsp90 inhibition. In this 

study we use cell derived matrices (CDMs), which cells naturally encounter in vivo (Tello et 

al., 2016) and consist of a heterogeneous mixture of proteins, proteoglycans and growth 

factors similar to the native stromal environment. This provides a more accurate in vitro 

model for studying cell-ECM interactions (Yamada & Cukierman, 2007). CDMs also provide a 

more complex, physiological alternative to purified 3D matrix protein scaffolds, such as 

polymerized type I collagen or fibrin gels or basement membrane extracts (BME or matrigels). 

CDMs are naturally produced extracellular matrices by cells cultured at a high density in vitro 

for a period of 4-12 days (Yamada & Cukierman, 2007). After removal of the cells that 

produced the matrix, an assembled 3D matrix scaffold is left behind which closely mimics a 

native stromal environment (Hakkinen et al., 2011). When used as a substrate for other cells, 

these matrices allow for the characterization of cell behaviour and function, which differs 

drastically from that observed on 2D substrate surfaces. Importantly, CDMs are able to mimic 

in vivo situations which regulates cell growth, migration and differentiation to name a few 

(Cukierman, 2002; Tello et al., 2016). Here we characterize CDMs harvested from human 

breast cancer epithelial cells (Hs578T) and observe the responses of normal fibroblasts (MEF-

1) and tumourigenic cells (Hs578T) on these CDMs. NOV treatments reduced the thickness 

and three-dimensionality of matrices and created thicker FN fibrils which allowed for 

increased migration on these matrices. NOV treated matrices contained more spaces 

between fibrils which allowed for enhanced adhesion but reduced spreading of cells. Both 

NOV and Hsp90β CDMs reduced proliferation of MEF-1 cells but not Hs578T cells. Untreated 

CDMs were more mature, generally thicker and more three-dimensional although individual 

fibrils were thin and mesh-like with fewer spaces in between which translated into an 

increased ability of cells to spread and proliferate on these matrices. The use of human 

cancer-derived cells as the source of CDMs is significant because it allows for the behavioral 

study of various cell types (both normal and tumorigenic origin) in the setting of a typical 

cancer matrix. Additional experiments will be important to consider whether the above cell 

responses are similar in CDMs derived from other cancer cell lines. 
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4.2.1 Increased cell adhesion but reduced cell spreading was observed on NOV-

treated CDMs 

Using simple geometric calculations to judge cell circularity we observed that most of the 

treated CDMs (with the exception of 500 µM NOV CDM) significantly pressured MEF-1 and 

Hs578T cells to form a more circular shape indicating increased cell spreading, rather than the 

elliptical shape conferred by cells on plastic (i.e. no CDM). This is inconsistent with data from 

Hakkinen and colleagues where they demonstrated that human fibroblasts were more spread 

on 2D matrices or glass substrates compared to 3D matrices (Hakkinen et al., 2011). It is 

possible that these differences may arise from the automated method used to calculate cell 

length, width and total cell spread area by Hakkinen and colleagues compared to the manual 

measurements used in our study. Between the treated CDMs, we found that a greater 

number of cells adhered to 500 µM NOV-treated CDMs compared to untreated CDMs. This 

was consistent in both MEF-1 and Hs578T cells. These cells also exhibited a more spindle-like 

morphology on these matrices. Cells can typically adhere to CDMs after as little as 10 minutes 

of seeding (Cukierman, 2002), therefore, since we observed changes in cell shape after 4 

hours it is likely that the cell morphologies observed in our study are representative of a more 

migratory phenotype. This might suggest then that cells cultured on CDMs which presented 

rounder, more spread morphologies were less migratory compared to the more spindle 

shaped cells which were more migratory (i.e. on 500 µM NOV CDMs). This would be consistent 

with the spindle shaped morphology and increased migration of MEF-1 cells observed on 500 

µM NOV CDMs. 

4.2.2 Cell migration was significantly altered on Hsp90 or NOV-treated CDMs 

Changes in cell morphology can induce drastic alterations in cells’ capabilities to proliferate 

and migrate, as has been reported previously (Pasqualato et al., 2013). Using a metabolism-

based MTT assay, we observed that proliferation of normal cells, but not tumourigenic cells 

was attenuated on some treated CDMs (200 µM NOV and 5 ng/ml Hsp90β CDMs being most 

significant). It is interestingly that we should observe similar responses on both Hsp90β (5 

ng/ml) and NOV (200 µM) CDMs because this would mean that both addition of Hsp90β and 

inhibition of Hsp90 may induce similar biological consequences. We and other authors have 

previously reported that levels of extracellular Hsp90 in breast, colon and brain cancer cell 

lines range from approximately 5 – 20 ng/ml per 106 cells (Gopal et al. 2011, de la Mare, 
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Jurgens et al. 2017). Therefore, the concentration of Hsp90 used here (5 ng/ml) at which 

reduced proliferation was observed represents a physiologically relevant concentration close 

to that which has been detected endogenously in cell lines. A study by Kaukonen and 

colleagues (2017) showed that cancer cell proliferation was reduced on a normal fibroblast 

matrix, and that this growth inhibition was maintained in these cells following detachment 

from the matrix and replating on plastic, suggesting that the CDM has the potential to revert 

malignant cell proliferation. They went on to do a whole-genome transcriptome analysis of 

cells harvested from CDMs and showed that exposure of cells to CDM induced changes in 

epigenetic modifiers, thereby suppressing cancer cell growth in a sustained manner 

(Kaukonen et al., 2017). Our study would benefit from a detailed microarray analysis to 

determine expression changes in genes of cells seeded onto different CDMs.  

We used several approaches to evaluate the cellular migration responses to Hsp90 inhibition. 

Migration is known to be involved in many physiological and pathological processes, such as 

development, immune, surveillance, and cancer metastasis (Friedl & Gilmour, 2009). 

Treatment of cells with exogenous Hsp90β increased insoluble FN in Hs578T cells but 

decreased insoluble FN in MEF-1 cells. Interestingly, we observed increased migration in MEF-

1 cells despite their loss in insoluble FN levels and reduced migration in Hs578T cells despite 

their increase in insoluble FN levels. This would suggest an indirect relationship between 

levels of insoluble FN and migration capacity. The wound healing data evaluating the effects 

of the different Hsp90 inhibitors on a cell’s ability to migrate revealed a trend similar to that 

observed for total levels of FN in the western analyses. The migratory capacity appears to be 

sensitive to Hsp90 inhibitor concentrations. That is, at low NOV concentrations, we observed 

an increase in cell migration in LRP1 expressing cells, and at higher NOV concentrations, there 

was a dose dependent decrease in cell migration which could be linked to the increase in FN 

and then reduction in FN at these concentrations. Interestingly, these responses were 

conserved between a cancer and non-cancer cell line model suggesting possible implications 

of Hsp90 inhibition in cancer development and normal cell physiological functions. To 

determine whether this response was as a direct result of Hsp90 inhibition or due to changes 

in total FN levels we demonstrated that GA (which we showed previously was unable to alter 

FN levels) was unable to induce migration in cells like that observed for NOV treatment.  

Whether these migratory responses were directly related to the amount of FN was tested. 
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LRP1-expressing and LRP1-deficient cells exhibited a dose-dependent increase in cell 

migration on FN substrate. However, it is important to note that FN in solution does not form 

fibrils (Singh et al., 2010) and thus, the increased migration we observe for both MEF-1 and 

PEA-13 cells is likely unrelated to an enhanced FN matrix and we would require a better assay 

to determine the contribution of an extracellular matrix to the migratory capacity of cells. We 

used a 4 well insert to measure modes of migration similar to that described for a cell 

scattering assay (De Rooij, Kerstens et al., 2005). Here we were able to assess the dispersion 

of compact colonies of cells in NOV treatments. We noted that cells which remained 

untreated, detached from neighbouring cells and migrated outward in a “scatter” 

phenomenon. This type of migration is often described as amoeboid or mesenchymal 

(Kunwar et al., 2006). Comparatively, the mode of migration exhibited by NOV-treated cells 

was more collective and distances migrated were not as far as untreated cells. This type of 

migration is characteristic of epithelial cancer cell migration and involves clusters of cells 

connected by adherens junctions migrating as a sheet (Kunwar et al., 2006).  

Cells interact with ECM through adhesions and a large repertoire of receptors capable of 

binding to the ECM (Morgan et al., 2007). They provide a physical link to the ECM and allow 

cells to transduce signals emanating from the ECM by adapting their behaviour to the 

properties of this complex microenvironment (Tello et al., 2016). An interesting addition 

would have been to assess the presence of focal adhesions in these CDMs. Studies by 

Cukierman and colleagues demonstrated a dependence of cells in the 3D matrix for α5 

integrins for cell attachment, migration and proliferation on CDMs. They demonstrated that 

a function blocking monoclonal antibody specific for the α5 subunit blocked all enhanced 

cellular responses to CDMs (Cukierman et al., 2001). 

The importance of studying these physiological changes is demonstrated in studies by 

Amatangelo and colleagues (2005). They showed that tumour-associated CDM was able to 

promote desmoplastic differentiation of normal fibroblasts and trigger invasive behavior of 

breast cancer cells, indicating that these matrices contain the necessary physical and 

molecular cues to induce transformation events observed in vivo during stromatogenesis. To 

address possible transformation events in cells, we attempted to reseed cells on Hs578T-

derived CDMs and probe for levels of typical EMT markers such as vimentin and E-cadherin 

but these experiments were unsuccessful. This might be worthwhile optimizing in the future 
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in order to assess whether treated CDMs can alter EMT markers of replated cells which could 

induce a more migratory phenotype. 

Collectively these migration data demonstrate that low and high NOV concentrations may 

cause different migratory responses in cells and that NOV affects the mode of migration of 

cells from a mesenchymal to epithelial-like. In the spheroid migration assay, Hs578T cells 

demonstrated no significant changes in the migration on either NOV or Hsp90β treated 

Hs578T-derived matrices. MEF-1 cells, however, were significantly more migratory on the 

Hs578T-derived CDMs treated with higher NOV concentrations (500 µM) compared to 

untreated CDMs, and significantly less migratory on 50 µM NOV CDMs. The fact that we 

observe increased migration at 500 µM NOV in spite of the reduced proliferation of these 

cells on treated CDMs suggests that there must be a structural or morphological change in 

the ECM that allows for these differences in migratory capacities at two different 

concentrations of NOV.  

4.2.3 Structural changes in the ECM may account for physiological responses of 

cells on CDMs 

Cell migration and invasion on CDMs is regulated by the molecular composition of the matrix 

as well as topographical cues provided by the physical organisation of the ECM. In particular, 

ECM FN fibrils have the capacity to stimulate a variety of cellular activities, including cell 

spreading, growth, migration, and contractility (Hocking & Chang, 2003; Hocking et al., 2000; 

Sottile et al., 2000). The specific contribution of the matrix itself has not been addressed in 

detail. Increased levels of FN have been associated with increased invasion and metastatic 

capability in some cancers, (Akiyama et al., 1995; Ioachim et al., 2002; Zheng et al., 2007), 

while on the other hand, high levels of FN expression have been found to correlate with 

reduced cell proliferation, migratory capacity, and are associated with a more favorable 

prognosis in breast cancer patients (Bae et al., 2013; Lochter & Bissell, 1995; Swiatoniowski 

et al., 2005). This demonstrates that expression of FN alone is not a true determination of 

cancer outcome and prognosis but rather involves factors related to the maturity, 

organisation and structure of the matrix. Here we showed that the differences observed in 

migration were not dependent on FN concentration. Immunoblotting and SPB analyses of 

solubilised CDMs demonstrated an increase in total FN levels from 50 µM NOV treated CDMs 
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which did not translate into an enhanced ability of cells on these matrices to migrate. Rather, 

we observed increased migration on matrices which produced significantly less FN. However, 

since these represent two different populations of cell derived matrix (i.e. one which is 

solubilised versus another which maintains its three-dimensionality) it is impossible to make 

any causal relationship between the two. Instead, a more likely explanation for the 

differences in migration of MEF-1 cells at two different NOV concentrations are morphological 

changes in these CDMs.  

4.2.4 NOV treatment reduces the maturity of matrices 

During tumor progression, the stromal microenvironment changes to produce a more 

progressive and permissive scaffold. Cells within the tumor-associated stroma produce an 

organized fibrotic ECM rich in FN and type I collagen and such an ECM is associated with poor 

prognosis and increased cancer progression (Amatangelo et al., 2005). In order to determine 

the maturity of an ECM we compared the thickness of matrices produced and ratios of type I 

collagen to fibronectin. Confocal microscopy images of FN in extracted matrices show that 

untreated ECMs appear exactly like a “normal” or “primed” ECM with thinner fibrils similar to 

that observed for primary ovarian fibroblasts (Quiros et al., 2008). Normal primary fibroblast 

cultures were not capable of overcoming growth inhibition by contact and produced thin 

CDMs of only 9 µm thick (Amatangelo et al., 2005). In our study, Hs578T derived CDMs 

generated from NOV treatments were thinner, less dense and flatter (thickness measured 

~10 µm), with fewer cell layers and large gaps between fibrils. The individual fibres appeared 

thicker but underdeveloped and there was a reduced mesh-like network perhaps suggesting 

the loss of branching between fibres. Comparatively, untreated unextracted cultures were 

able to form significantly thicker and more 3D matrices that averaged between 12 µm and 17 

µm. This would suggest any number of things including possible defects in branching causing 

fibres to clump together generating a flatter and less 3D matrix, or that NOV treatment alters 

the ability of overcoming growth inhibition by contact and renders cells growth inhibited with 

a reduced ability to make multilayers in culture (Amatangelo et al., 2005).  

Type I collagen to FN ratios serve as a good determinant of the maturity of a matrix because 

this relies on the fact that assembly of an initial FN network is often a prerequisite for the 

deposition of collagen (Amatangelo et al., 2005; Singh et al., 2010; Sottile & Hocking, 2002). 



112 
 

FN and type I collagen fibres are often found together in tissues and the reported 

colocalization of both FN and procollagen within the cell further demonstrates a likely 

synergistic relationship between these two ECM proteins (Ledger, Uchida, & Tanzer, 1980; 

Wang et al., 2016). Reduced levels of collagen in NOV-treated CDMs coupled to a reduced 

colocalisation with FN suggests that deposition of FN in these cells were insufficient to 

generate a robust collagen matrix consequently producing underdeveloped, immature 

matrices. We showed that each of the treated CDMs were less mature than untreated CDMs 

suggesting an effect of treatment (whether it be Hsp90 inhibition of exogenous Hsp90 

addition) that alters ECM stability. Whilst many groups have shown that collagen fibrils do not 

accumulate in the absence of FN matrix (Dallas et al., 2005; Mcdonald, Kelley, & Broekelmann, 

1984; Sottile & Hocking, 2002) some reports, however have indicated that collagen 

contributes to and enhances FN assembly (Dzamba et al., 1993). An important consideration 

when comparing COL1 levels is that addition of ascorbic acid to culture media increases the 

collagen content in CDMs (Soucy & Romer, 2009) but since we treat all our CDMs in the same 

way we can assume this to be inconsequential to our comparative analyses. 

Taken together, both the reduced matrix maturation and reduced three-dimensionality or 

density of NOV and Hsp90β treated CDMs may account for the reduced proliferative ability 

of cells on these matrices. Although 50 µM and 500 µM NOV treatments produced similarly 

immature matrices, we observed differences in migration of MEF-1 cells on these CDMs which 

suggests that factors other than the matrix maturity and FN levels contribute to migratory 

ability. Rather, the ability of MEF-1 cells to migrate more on the 500 µM NOV CDMs and less 

on the 50 µM NOV CDMs (compared to UNT) is likely related to the structure of the matrix 

fibrils and possible interaction of cells within gaps of the 3D matrix.  

4.2.5 NOV and Hsp90β result in changes to FN fibre thickness and orientation 

FN fibres are highly elastic and comprise multiple molecular conformations, from compact 

and relaxed to extended and unfolded (Wang et al., 2016). This increase in conformational 

flexibility may account for the significant changes in thickness of FN fibrils compared to 

collagen fibrils observed in treated matrices. Robinson and colleagues showed that pancreatic 

stellate cells (PSCs) were able to remodel the ECM by showing a significant increase in 

collagen fibre thickness (Robinson et al., 2016). They suggest that the increase of collagen 
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fibre thickness may be a result of the increased remodelling on the thinner collagen fibrils 

(Kadler et al., 1996; Robinson et al., 2016). Remodelling may lead to more fibrils being drawn 

into collagen fibres leading to an increase in fibre thickness due to the packaging of a greater 

number of fibrils. They also add that the bundling of more collagen into fibres may also 

account for the observed increasing in spacing between fibres. In NOV treated CDMs we 

observed significantly thicker rope-like fibrils and increased spacing, potentially indicative of 

bundles of fibrils and increased packaging of FN, as observed by Robinson and colleagues 

which might suggest increased remodelling. These points of bundled FN fibres may also 

represent branching points containing local focal adhesion clusters for the formation of new 

fibrils. Inhibition of FN assembly or synthesis blocks branching (Schwarzbauer & DeSimone, 

2011) which might explain why NOV treatment induced bundling of fibres but does not 

explain why Hsp90β treatment also results in a similar phenotype. Our data might also suggest 

fewer crosslinking and consequently a less stiff matrix but this would need to be tested by 

atomic force microscopy measurements. Very little is known about the structure of bundled 

fibrils and mechanism of formation but studies by Früh et al., (2015) have demonstrated that 

thicker fibres show random bundling of protofibrils. They use stochastic optical 

reconstruction microscopy to demonstrate that formation of thick FN fibres is mediated by 

FN type III1-2 and FN type III4-5 domains which mediate lateral bundling of protofibrils forming 

a compact structure with dimerisation capacity leading to the formation of thick fibril 

structures. Studies have shown spreading of fibroblasts to be slower on fibres due to cells 

overcoming the effect of high curvature of the fiber and in this way the structure of fibres 

may directly influence rates of cell adhesion (Wòjciak-Stothard et al., 1997). Therefore, 

although in NOV treated CDMs we observed an increase in cell adhesion (likely due to the 

increased availability of gaps between fibrils) we observed a concomitant reduction in cell 

spreading on these matrices which might be explained by the NOV-induced thickening and 

rope-like phenotype of FN fibres which retards a cell’s ability to spread once adhered. 

The orientation of FN fibres plays a large role in migration and directionality of movement of 

cells. A few studies have identified factors that can lead to ECM alignment, including the 

serine proteinase fibroblast activation protein (Lee et al., 2011), however the exact 

mechanism of how cells organise the matrix remains largely unclear. Recently, Erdogan et al., 

(2017) presented a new mechanism by which fibroblasts might organise the FN matrix. They 
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propose that cancer associated fibroblasts (CAFs) align the FN matrix by increasing nonmuscle 

myosin II and platelet-derived growth factor receptor α (PDGFR)-mediated contractility which 

are transduced to FN through α5β1 integrin. The aligned FN fibre orientation guides cancer 

cells to migrate directionally and upon blockade of α5β1 using an RGD peptide they found 

that CAFs produced a disordered, mesh-like fibre organisation in the CDMs (Erdogan et al., 

2017). In our study, it would appear that fibres align and become thicker with treatment losing 

their web-like structure which might suggest a move towards forming fibres in the same 

direction rather than at right angles to each other. Whether this change in organisation upon 

treatment is caused by the above mentioned factors would need to be determined by 

immunofluorescence staining of PDGFR and integrins and contractility assays as described by 

the authors. 

The increased migratory phenotype of MEF-1 cells observed on 500 µM NOV CDMs may be 

explained by increased spacing between fibrils which creates more gaps into which cells can 

invade and therefore more closely resembles the highly migratory phenotype of cells 

observed on no CDM (plastic) controls. On the other hand, it is difficult to explain how 500 

µM NOV treated CDMs with similarly thick fibres and spacing have an opposite migratory 

response. Further studies to characterise velocity and directionality of cell migration using 

live time lapse analyses (Kaukonen et al., 2017) would be interesting to determine how 

individual cells orient themselves in the matrix, along fibrils and how quickly they migrate on 

treated CDMs. From these data, it is unclear whether maturation state of the ECM or 

structural changes in individual fibres contributes to the observed cell physiological 

consequences but it is likely that a combination of the two may be responsible. As a first step, 

it might be worthwhile performing quantitative mass spectrometry analysis on the treated 

CDMs to get a global analysis of changes in ECM constituents of these matrices as a means to 

investigate what may account for the observed responses in this study. 

An interesting study by Bellaye and colleagues demonstrated that fibrotic rat lung slices which 

are stiffer and produce excessive ECM compared to normal lungs, secrete larger amounts of 

Hsp90α driven by the increased stiffness and mechanical stretch of the fibrotic ECM. They 

further showed that circulating Hsp90α levels correlated with increased collagen deposition 

in an animal model of lung fibrosis and also correlated with disease severity in patients with 

IPF (Bellaye et al., 2018). We did not observe increased collagen deposition in Hsp90β treated 
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CDMs suggesting that circulating levels of Hsp90 alone are insufficient to accumulate collagen 

levels. Given this, we might anticipate that NOV would reduce levels of active Hsp90 and 

thereby reduce stiffness of matrices whilst eHsp90β treatment might increase stiffness of 

matrices. However, in our case Hsp90β treatments unexpectedly often recapitulated the 

effects of NOV treatments. It would therefore be interesting to perform measurements of 

stiffness, elasticity and stretch on our NOV treated CDMs as has been described in studies by 

Tello and colleagues (2016) using atomic force microscopy (AFM).    
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 FINAL CONCLUSIONS 

Whilst we could not isolate any single underlying mechanism for the NOV-induced FN 

turnover, we have determined that the LRP1-mediated loss of FN is more likely due to 

increased turnover rather than assembly defects. We suspect that a large contributor is likely 

to be the disruption of Hsp90:LRP1:FN protein complexes at the cell surface by NOV which 

alters downstream eHsp90-LRP1 signalling cascades to reduce FN deposition (or increase 

endocytosis) that may involve the activation of Akt and/or deactivation of ERK pathways. An 

important consideration is the role which eHsp90 plays in the extracellular space. Several 

studies have suggested that eHsp90 still acts as a chaperone outside cells, in which eHsp90 

binds and maintains its extracellular client proteins in their active forms, whilst others have 

argued that eHsp90 no longer functions as a chaperone but instead acts as a cytokine by 

activating downstream signalling to execute its function. Our studies would suggest a role for 

eHsp90 in both maintaining FN stability in the extracellular space as a chaperone and 

functioning as a cytokine via LRP1. 

Most often in the study of cancer, FN is examined as a marker of the mesenchymal phenotype 

associated with EMT and is studied primarily in the context of fibroblastic stroma in the 

tumour microenvironment. Much less is known about the potential roles that FN may play in 

normal and malignant epithelium. This is the first study to examine the effects of Hsp90 and 

Hsp90 inhibition on Hs578T breast cancer cell-derived matrix and the physiological 

consequences of cells replated on these matrices. We demonstrate that Hs578T cancer cell 

derived ECM can directly alter cell morphology, cell proliferation and migration properties of 

MEF-1 cell lines. Importantly, the identification that addition of Hsp90β and inhibition of 

Hsp90 with NOV induce similar biological consequences means that treatment of cancer with 

Hsp90 inhibitors may need to be carefully considered. Further investigation into the 

physiological consequences associated with Hsp90 inhibition and FN turnover is required in 

order to better understand mechanisms of tumour progression and better inform drug design 

strategies. 
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As advances are made in our knowledge of FN nanostructure, assembly (e.g. fibrillogenesis, 

orientation of fibres, remodelling), mechanics (e.g. stiffness, tension) and mechanisms of 

structure-function relationships during tumour progression, the development of therapeutic 

strategies and diagnostic tools will continue to improve to mitigate tumourigenesis. Our 

results have implications in contexts where diseases are characterised by increased FN 

deposition by unknown mechanisms (such as fibrosis) and diseases in which Hsp90 inhibition 

is considered a druggable target (such as cancer). Considering NOV is also used to treat 

bacterial infections an important consideration will be to assess the side effects induced by 

regular treatment with NOV and how this may impact on FN turnover and consequent cancer 

progression in the long term. Thus, the fact that certain Hsp90 inhibitors, which are intended 

for clinical use, cause deregulation of FN via a receptor that is ubiquitously expressed, means 

that these inhibitors may induce unintended ECM remodelling in a range of cell types which 

could ultimately culminate in disease. Whilst we acknowledge that FN is a major component 

of the ECM, there are other matrix proteins, such as, collagen, laminin and vitronectin which 

may allow for migration when FN is lost. Also, since we observed some functional responses 

to be similar in both a normal and tumourigenic cell lines, this demonstrates that the role of 

the ECM is more complex than originally thought and it remains inconclusive as to whether 

Hsp90 inhibition, particularly with NOV, may be beneficial or detrimental to metastases of 

tumours. Moreover, a greater understanding of the NOV-induced changes in both 

tumourigenic and non-tumourigenic cells may have therapeutic importance in determining 

whether interventions should be done through inhibiting FN/eHsp90 itself, LRP1 or 

intracellular signaling in response to ECM turnover.  
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 APPENDIX 

7.1 Supplementary Information 

7.1.1 Determining a working concentration of the MMP inhibitor, Prinomastat  

To determine an effective concentration with which to use Prinomastat in combination 

treatments with NOV, we performed a gelatin zymography assay where adherent cells were 

treated in serum-free media for 16 hours with increasing concentrations of Prinomastat 

(Prino). Harvested supernatants were processed according to the zymography assay. No 

change in levels of MMP activity were observed across a wide range of Prinomastat 

concentrations (Supplementary Figure 1A). Coomassie stained total protein of a single band 

at 50 kDa on a separate gelatin gel was used as a loading control to compare levels of MMP 

activity. This was different to the effect observed with NOV. This led us to believe that the 

inhibitor may be bound to MMPs in such a way that during development of the assay we lost 

the inhibitor and the effect could not be observed. We modified our protocol to allow for 

development of the gel together with inhibitor overnight in developing solution. Resultant 

bands of clearance showed successful inhibition of MMP activity at 1 nM Prinomastat in both 

MEF-1 and PEA-13 cells compared to an untreated gel without inhibitor (Supplementary 

Figure 1). 
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Supplementary Figure 1: Gelatin Zymography of Prinomastat treated MEF-1 and PEA-13 
cells 

A) Adherent MEF-1 cells were treated in serum free media with increasing concentrations of the MMP 
inhibitor, Prinomastat (Prino) for 16 hours. The supernatant containing MMPs were harvested and 
processed according to the zymography assay described previously. Levels of MMP activity are 
represented by white bands of clearance against a dark background. Coomassie stained total protein 
was used as a loading control. B) Adherent MEF-1 and PEA-13 cells were treated for 16 hours in serum 
free media lacking inhibitor. Media was harvested the following day and analysed by gelatin 
zymography. 

 


