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Abstract 

To date, a significant portion of research has been devoted to understanding the 

biological role of the molecular chaperone, heat shock protein 90 (Hsp90), in cancer 

development and metastasis. Studies have alluded to over 300 clients for intracellular 

Hsp90, many of which are involved in oncogenic signaling pathways, making Hsp90 a 

bone fide drug target with several inhibitors already in clinical trials. In recent years, a 

limited number of extracellular Hsp90 clients have been elucidated with roles in cancer 

cell migration and invasion. Examples of such clients include matrix metalloproteinase-2 

(MMP-2), LRP-1/CD91 and HER-2. Inhibition of extracellular Hsp90 using cell-

impermeable inhibitors has been shown to reduce cancer cell migration and metastasis 

by a hitherto undefined mechanism.  

 

Using surface biotinylation and an enzyme-linked immunosorbent assay, we provided 

evidence to support that Hsp90 was found extracellularly in cancers of different origin, 

cell type and malignancy. Next, we isolated extracellular Hsp90-containing complexes 

from MDA-MB-231 breast cancer cells using a cell impermeable crosslinker followed by 

immunoprecipitation and identified by mass spectrometry that the extracellular matrix 

protein, fibronectin, co-precipitated with Hsp90β. This interaction between Hsp90β and 

fibronectin was confirmed using pull down assays and surface plasmon resonance 

spectroscopy with the purified proteins. The ability of exogenous Hsp90β to increase the 

insoluble fibronectin matrix in Hs578T breast cancer cells indicated a role for Hsp90 in 

fibronectin matrix stability or fibrillogenesis.  

 

Hsp90 knockdown by RNA interference or inhibition with the small molecule inhibitor, 

novobiocin, resulted in a dose and time-dependent reduction of the extracellular 

fibronectin matrix. Furthermore, novobiocin was shown to cause the internalization of a 

fluorescently-labeled exogenous fibronectin matrix incorporated into the extracellular 

matrix by Hs578T cells. This suggested endocytosis as a possible mechanism for 

fibronectin turnover. This was supported by the colocalization of fibronectin with key 

vesicular trafficking markers (Rab-5 and LAMP-1) in small, intracellular vesicles. 

Furthermore, treatment with the vesicular trafficking inhibitor, methyl-β-cyclodextrin, 
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resulted in a dose-dependent recovery in the extracellular fibronectin matrix following 

treatment with novobiocin. Taken together, these data provided the first evidence to 

suggest fibronectin as a new client of Hsp90 and that Hsp90 was involved in regulating 

extracellular fibronectin matrix dynamics.  
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1.1 Cancer and cancer metastasis 

Cancer can be fundamentally defined as a population of cells that undergo aberrant, 

unregulated growth as a result of genetic mutations that cause either a loss or gain of 

function of important regulatory genes (Miller et al., 1981). Following intensive research 

into cancers of different origin and genotype, investigators have identified six key 

hallmarks that can appropriately describe cancer cell physiology. These included self-

sufficiency in growth signals, insensitivity to anti-growth signals, evading apoptosis, 

sustained angiogenesis, limitless replicative potential and tissue invasion and 

metastasis (Hanahan and Weinberg, 2000). Of these six key hallmarks, the process of 

tissue invasion and metastasis has received a considerable amount of attention. This is 

based on statistics which indicate that 90% of poor prognoses associated with cancer 

are seldom due to the primary tumor, but rather as a result of primary cancer cells 

invading secondary sites within the body (Gupta and Massagué, 2006; Steeg, 2006; 

Tsutsumi et al., 2009). Cancer metastasis is a complex process mediated by several 

signaling pathways that have been exploited by cancerous cells (Steeg, 2006). The 

metastatic process involves the acquisition of an invasive phenotype comprising the 

detachment of cancer cells from the primary tumor, the degradation of the extracellular 

matrix (ECM) and the subsequent migration of the cells into the bloodstream 

(intravasation) to a secondary site where they exit the bloodstream (extravasation) and 

proliferate into a macrometastasis (Dowling et al., 2008; Steeg, 2006; Theiry, 2002). 

 

Since there is currently no standardized treatment for cancer metastasis, there is a 

heightened interest in determining the signaling proteins and pathways that facilitate 

metastatic progression. Steeg (2006) indicates that a number of proteins, when 

activated, are able to initiate tumor cell migration; an important component of 

metastasis. These include matrix metalloproteinases, integrins, urokinases, plasmin, 

plasminogen activator proteins, cathepsins and heparanases. A role in invasion has 

been elucidated for the majority of these proteins with additional roles including the 

release of growth factors and chemokines which result in signal-mediated cell migration 

and the activation of membrane proteins that promote the longevity of tumor cells 

(Steeg, 2006). Critical to the effective completion of the signaling pathways that regulate 

cancer metastasis is the maintenance of protein homeostasis within the cell (Bagatell 
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and Whitesell, 2004). Numerous environmental factors often experienced by cancer 

cells including nutrient starvation, hypoxia and acidosis compromise the integrity of the 

cells protein complement, directly affecting its ability to manage signal-mediated events. 

Consequently, this has initiated a heightened interest in cell stress proteins, particularly 

molecular chaperones, and the role they serve in assisting the cell during pressurized or 

jeopardizing conditions (Bagatell and Whitesell, 2004; Hartl et al., 1994; Xu and 

Neckers, 2007). 

 

1.2 Molecular Chaperones and Heat Shock Proteins 

Heat shock proteins (Hsps), the largest family of molecular chaperones, were originally 

discovered in the early 1970s in Drosophila cells in response to heat shock (Tissiéres et 

al., 1974). Numerous laboratories, over the next two decades, provided evidence to 

define molecular chaperones as proteins involved in the correct folding of nascent 

polypeptides and the prevention of protein aggregation and misfolding in response to 

cellular stress (Bukau et al., 2006; Hartl and Hartl, 2002; Schlesinger, 1990). 

 

Although different in prokaryotic and eukaryotic systems, Hsps form a fundamental 

component of the total protein complement and exhibit potent cytoprotective properties 

(Csermely et al., 1998; Calderwood et al., 2006). Various families of Hsps have been 

characterized based on their molecular weight (in kDa) and distinct functions have been 

allocated to each. Heat shock protein 70 (Hsp70) is required by the cell for the correct 

de novo folding of nascent polypeptides, refolding of denatured proteins after stress, 

translocation of proteins across cellular membranes as well as the proteolytic turnover of 

cell proteins (Michels et al., 1997; Mayer and Bukao, 2004). Heat shock protein 60 

(Hsp60) is involved in promoting correct protein folding of imported proteins and 

preventing aggregation of mitochondrial proteins (Hartl et al., 1994). Heat shock protein 

40 (Hsp40), also referred to as DnaJ, serves to assist the functions of Hsp70 through 

accelerating ATP hydrolysis, critical for its intracellular function. Some Hsp40 proteins 

also possess their own role, however, in preventing protein aggregation as has been 

reported by in vitro assays (Mayer and Bukao, 2004). While the majority of cells require 

the Hsp70/Hsp40 system to acquire their native state, studies indicate that a proportion 

of the substrate proteins are transferred from this Hsp70/Hsp40 complex to the heat 
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shock protein 90 (Hsp90) family of proteins for terminal folding. Hsp90 serves to 

maintain these proteins in a stable, inducible conformation (Hartl and Hartl, 2002). 

Recent studies also suggest additional roles for Hsp90 in modulating client protein 

maturation, expression or secretion (Tsutsumi et al., 2009). 

 

While Hsps are essential for normal cell function, there is increasing evidence to suggest 

that this group of molecular chaperones is essential for driving the proliferation of cancer 

cells. Hsps, in general, are overexpressed in all major cancer cell types including 

melanoma, breast, lymphoma, bladder and colon carcinomas (Becker et al., 2004; 

Eustace et al., 2004; Sidera et al., 2008; Stellas et al., 2008; Tsutsumi et al., 2007). 

Since the uncontrolled growth associated with cancer is thought to cause cellular stress, 

it is predicted that high Hsp expression is exploited to counteract these stressful 

conditions. Through facilitating the correct folding of mutated and overexpressed client 

substrates, Hsps may consequently serve to assist in disease progression (Calderwood 

et al., 2006; Cheng and Li, 2008). 

 

1.3 Heat Shock Protein 90 (Hsp90) 

Hsp90 is one of the most abundant intracellular proteins, constituting approximately 1-

2% of the total cell protein complement under normal conditions (Cheng and Li, 2008). 

To date, this family of proteins is thought to consist of five distinct isoforms with different 

subcellular locations. Hsp90 isoforms have been observed and well-characterized in the 

cytosol (Hsp90α and Hsp90β), endoplasmic reticulum (Grp94) as well as the 

mitochondrial matrix (TRAP1/Hsp75) (Pearl and Prodromou, 2000; Sreedhar et al., 

2004). A more controversial finding was that of a truncated 75-kDa Hsp90 isoform 

observed on the plasma membrane of numerous cancerous cells, termed Hsp90N 

(Grammatikakis et al., 2002).  

 

Structurally, Hsp90 exists as a monomer in its inactive form, but under conditions of 

stress, Hsp90 monomers dimerize to form an active chaperone (Csermely et al., 1998). 

The protein monomers constitute three highly conserved domains for the Hsp90 

isoforms described (with the exception of Hsp90N), as illustrated in Figure 1. 
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Figure 1: Schematic diagram illustrating the conserved domains for Hsp90. 
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 domain responsible 
for binding Hsp90 client proteins as well as the γ -phosphate of ATP and the 12 kDa C-terminal 
domain responsible for Hsp90 dimerization and co-chaperone interactions via the conserved 
MEEVD motif (Adapted from Sreedhar et al., 2004). 

 

It is well established that the ATPase activity associated with the N-terminus is critical for 

normal functioning of cytosolic Hsp90 and that mutants demonstrating hyper- or hypo-

activity of this domain resulted in inhibition of normal functioning in vivo (Panaretou et 

al., 1998; Jackson et al., 2004; Soldano et al., 2003). ATP binding alters the 

conformation of the chaperone from an “open” state to one of a “closed” state, creating a 

molecular clamp. It is within this pocket that specific client substrates bind, and with the 

assistance of co-chaperones, Hsp90 can perform its characteristic chaperone functions 

(Terasawa et al., 2005). The middle substrate binding domain possesses a hydrophobic 

region that influences protein-protein interactions, critical for binding Hsp90 client 

substrates (Meyer et al., 2003). Furthermore, the γ-adenine nucleotide of ATP is known 

to bind at this region and as a result contributes to the ATP-dependent chaperoning of 

Hsp90 (Meyer et al., 2003). Bagatell and Whitesell (2004) also indicate that the middle 

domain is the binding site for a co-chaperone, Aha-1, that stimulates the interaction 

between the middle and N-terminal domains, resulting in accelerated ATP hydrolysis 

(Meyer et al., 2003). The Hsp90 carboxyl terminus (C-terminus) has shown critical 

importance in the dimerization of Hsp90 monomers as well as interaction with several 

co-chaperones, such as Hop, Cdc37 and p23 (Allan et al., 2006). Due to the weak 

forces that bind the N-terminal domains of an Hsp90 homodimer, deletion of the C-

terminus of Hsp90 resulted in the loss of ATP hydrolysis and overall function of the 

chaperone (Harris et al., 2004). Additionally, the C-terminus contains the MEEVD motif 
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which represents the binding site for tetratricopeptide repeat (TPR)-containing proteins, 

such as the co-chaperones: p23 and Hop (Pearl and Prodromou, 2000).  

 

There are five conserved sequences that serve as a signature for the Hsp90 family of 

proteins and are conserved in all Hsp90 isoforms (Chen et al., 2005). Three of these 

sequences reside in the ATPase N-terminal domain (residues 38-59, 106-114 and 130-

145) and often classify a protein within the Hsp90 family and the remaining two reside in 

the middle domain (residues 360-370 and 387-401). Apart from these conserved 

sequences, each Hsp90 isoform exhibits biochemical and functional differences (Chen 

et al., 2005; Sreedhar et al., 2004). It has been reported that the two cytosolic Hsp90 

isoforms (α and β) are differentially induced and exhibit different functions (Csermely et 

al., 1998; Sreedhar et al., 2004; Pearl and Prodromou, 2000). The expression of Hsp90β 

is considerably higher in normal cells and is proposed to be involved in the evolution, 

adaptation and transformation of undifferentiated cells over a length of time. With its 

higher expression, Hsp90β is proposed to be the critical isoform for house-keeping 

functions including cell maintenance and differentiation (Sreedhar et al., 2004). In 

contrast, Hsp90α is more sensitively induced by external stimuli or stresses even though 

it is expressed at lower levels. Induced expression of Hsp90α is often associated with 

processes such as cancer development, modulation of cell cycle events and the 

signaling of growth factors through certain kinases, indicating that this isoform is most 

likely associated with stress responses (Grammatikakis et al., 2002; Felts et al., 2000; 

Sreedhar et al., 2004). TRAP1 was shown to be biochemically active in mitochondria 

through ATP-dependent binding of substrates, specifically related to apoptotic events. 

When placed in conditions similar to that of the cytosol, function was severely retarded 

(Felts et al., 2000), suggesting that TRAP1 may require a specific microenvironment and 

accessory proteins to achieve its function. More interestingly, Grp94 shows 50% 

homology with cytosolic Hsp90 and controls similar functions to the α- and β-isoforms, 

including modulation of cell cycle events and cancer development, but also possesses 

distinct roles in apoptosis and antigen presentation (Argon and Simen, 1999; Chen et 

al., 2005; Csermely et al., 1998). The Grp94 protein is highly hydrophobic and tends to 

associate with the lipids of the ER and Golgi lumen. It has been shown that under 

conditions of cellular stress, Grp94 is transported via the classical secretory pathway 
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from the ER to the Golgi apparatus and may even translocate to the extracellular space 

or the extracellular leaflet of the plasma membrane (Schmitt et al., 2006, Eletto et al., 

2010). It is therefore worth noting that even with homologous sequences or domains, the 

subcellular localization of the different Hsp90 isoforms alludes to a variety of specialized 

functions. 

 

In the cytosol, Hsp90 is responsible for maintaining the active conformation of over 300 

client proteins, the majority of which appear to be signaling proteins involved in different 

signal transduction pathways. In addition to this, Hsp90 has been shown to modulate the 

activity and stability of numerous mutated and overexpressed proteins associated with 

the development and survival of cancer (Chen et al., 2010; Sidera et al., 2008; Tsutsumi 

and Neckers, 2007; Tsutsumi et al., 2009). Some examples include the Src-kinases, 

Raf-1, receptor tyrosine kinases (HER-2), mutated p53, steroid hormone receptors and 

telomerase (Holzbeierlein et al., 2010). As a consequence, extensive research has been 

invested in deriving inhibitors of Hsp90 that can be used as a cancer therapeutic. To 

date, numerous inhibitors have been described that target Hsp90 at either the N-

terminus or C-terminus of the protein. The earliest N-terminal Hsp90 inhibitors 

discovered were geldanamycin (a benzoquinone ansamycin antibiotic) and radicicol (a 

macrolactone antibiotic) which both compete with ATP binding and retard Hsp90 

function (Holzbeierlein et al., 2010; Smith and Workman, 2008). However, as a result of 

liver toxicity and poor stability, more effective derivatives were synthesized and include 

the geldanamycin derivatives, 17-allylamino geldanamycin (17-AAG) and 17-

dimethylamino-17-demethoxygeldanamycin (17-DMAG), and radicicol oxime derivatives 

(Smith and Workman, 2008). The earliest C-terminal Hsp90 inhibitor described was 

novobiocin, a coumarin analogue that binds and inhibits the bacterial DNA gyrase II ATP 

site (Yu et al., 2005). Novobiocin was shown to prevent the dimerization of Hsp90 into 

an active conformation and competed with co-chaperone binding, affecting functions 

such as protein client transfer and stimulation of Hsp90 activity (Blagg and Kerr, 2005; 

Holzbeierlein et al., 2010).  
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Geldanamycin (GA) Novobiocin (NOV)
 

 
Figure 2: Chemical structure of Hsp90 inhibitors. 
Geldanamycin (left) and novobiocin (right) bind the N- and C-terminal domains of Hsp90 respectively 
(Blagg and Kerr, 2005). 
 
Other C-terminal Hsp90 inhibitors discovered include cisplatin (which showed activity 

against nucleotide binding) and the active ingredient in green tea extract, 

epigallocatechin-3-gallate (Palermo et al., 2005). The chemical structure of the two most 

commonly used published Hsp90 inhibitors, geldanamycin and novobiocin, are 

illustrated in Figure 2.  

 

1.4 Hsp90 multi-protein complexes 

1.4.1 Hsp90 interaction with co-chaperones 

In the late 1970s, researchers studying steroid hormone receptors (SHR) discovered a 

multi-protein complex whose formation was critical for the effective binding of steroid 

ligands to their respective receptors. Through co-immunoprecipitation studies, it was 

concluded that Hsp90 was an essential component of these complexes and facilitated 

the stability of the SHR prior to ligand binding (Richter and Buchner, 2001; Pratt, 1998). 

Initially, it was thought that Hsp90 was the principal component within these complexes. 

In vitro studies in rabbit reticulocyte lysates, however, reported that Hsp90 was 

accompanied by several other accessory proteins, including Hsp70, the Hsp70/Hsp90 

organizing protein (Hop), p23 and immunophilins, which were shown to collectively 

regulate the folding, activity or stability of Hsp90 client proteins or substrates (Richter 
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and Buchner, 2001; Pratt, 1998). Using glucocorticoid receptors as a model, researchers 

proposed a mechanism by which the Hsp90 multi-chaperone complexes facilitated the 

active conformation of various client proteins (Figure 3). 

 

Initially, Hsp70 binds to the client protein (glucocorticoid receptor) which exists in an 

inactive conformation. This binding is an ATP-dependent process stimulated by the 

chaperone activity of Hsp40. The initial complex is then formed when Hsp40 is released 

and replaced by binding of Hop to Hsp70. Hsp90 is subsequently recruited to the 

complex and binds through a co-chaperone interaction with Hop, forming the 

intermediate complex. Hsp70 and Hop are competitively exchanged for p23 and 

immunophilins (critical for stabilizing the interaction between Hsp90 and the substrate), 

forming the final complex (Richter and Buchner, 2001; Pratt, 1998). Hsp90 is then able 

to maintain its substrate (glucocorticoid receptor) in a stable, open conformation allowing 

the appropriate ligand (in this case, a steroid hormone) to bind. Ligand binding induces a 

change in the conformation of the substrate and its affinity to Hsp90, allowing Hsp90 

and its accessory proteins to be released from the complex (Richter and Buchner, 

2001).  
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Figure 3: Proposed mechanism for the activation of a glucocorticoid receptor by 
the Hsp90 multi-chaperone complex. 
For Hsp70 to bind the inactive client protein (glucocorticoid receptor), Hsp40 is required to stimulate its 
ATPase activity (1). Once bound to the client, Hsp40 can be released and replaced with the adaptor 
protein, Hop, forming the initial complex (2). The client protein is loaded onto Hsp90 through an interaction 
with Hop, forming the intermediate complex (3). Co-chaperones, such as p23 and immunophilins, 
compete with Hop and Hsp70 for binding to Hsp90, forming the final complex (4). Hsp90 activates the 
client protein by altering its conformation such that the appropriate ligand (steroid hormone) can bind. 
Binding of the ligand to the receptor causes a conformational change that decreases the affinity of Hsp90 
(and the co-chaperones) for the client protein and the complex is disassembled (5). 
 
 
Based on these initial studies, investigators began to appreciate that Hsp90 function 

was regulated by numerous proteins, termed co-chaperones. The earliest discovered 

included p23 and immunophilins. The co-chaperone, p23, has shown an ability to bind 

Hsp90 as well as the inactive client protein to which Hsp90 is bound. Deletion mutants 

lacking the p23 gene have shown an increased sensitivity to ansamycin antibiotics, such 

as geldanamycin, suggesting that p23 plays an important role in stabilizing the Hsp90-

client complex (Weikl et al., 1999). Immunophilins (FKBP52, FKBP51 and CyP-40) 
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possess quite a distinct role in binding microtubules (specifically dynein) for shuttling of 

the Hsp90-client complex from the cytoplasm to the nucleus where the activated client 

protein can regulate gene transcription in response to a signal stimulus (Pratt et al., 

2004). While these two co-chaperones were the earliest discovered, the list of Hsp90 co-

chaperones has been revised to include the proteins: Activator of Hsp90 ATPase 1 

(Aha1), Cdc37, TPR1 and TPR2 (Panaretou et al., 2002). Aha1 was shown to activate 

the ATPase activity of Hsp90 not by affecting the loading of ATP, but rather increasing 

the efficiency of N-terminal dimerization (Panaretou et al., 2002). Cdc37, a kinase-

binding protein, has been reported to recruit protein kinases to the Hsp90 multi-

chaperone complex for activation. Since a considerable number of Hsp90 clients are in 

fact kinases, Cdc37 is an essential component that confers substrate specificity (Pearl, 

2005). TPR1 and TPR2 have shown specific roles in regulating Rab recycling to the 

plasma membrane and regulating the binding and release of substrate proteins from 

Hsp70 to Hsp90 respectively (Brychzy et al., 2003; Liu et al., 2009). 

 

1.4.2 Hsp90 interaction with client proteins 

It has been reported that intracellular Hsp90 is responsible for chaperoning 

approximately 10% of the yeast protein complement, indicating its versatility in 

chaperoning a diverse range of client proteins. While some would label such proteins 

“sticky”, inhibition of Hsp90 function has shown a change in cellular function as well as 

increased degradation of client proteins in cells treated with geldanamycin, an 

established and highly selective Hsp90 inhibitor (Basso et al., 2002; Pratt et al., 2010; 

Schnaider et al., 2000; Theodoraki and Caplan, 2012). This would suggest that Hsp90 

exhibits some form of selectivity towards its clients.  

 

The fact that Hsp90 has been described in all the major subcellular compartments of the 

cell would suggest functions specific to its location. In the cytosol, Hsp90 has shown 

great importance in regulating different signaling pathways through chaperoning various 

kinase proteins. Collectively, results have reported that Hsp90 binds the αC-helix and 

the β4-loop situated in the amino-terminus of tyrosine kinases (Citri et al., 2006; Prince 

and Matts, 2004). Citri et al. (2006) reported that 40 of the 43 tyrosine and tyrosine-like 

kinases that were examined contained the αC-β4 loop and were expected to be clients 
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of Hsp90. By comparison, only 29 of the 51 serine/threonine kinases showed a similar 

outcome. Regardless of the kinase family, there is evidence that intracellular Hsp90 has 

a high affinity for these signaling proteins, supporting the role of Hsp90 in chaperoning 

signal-mediated events. While Hsp90 exhibits functions in the cytosol, numerous reports 

have shown that Hsp90 can be translocated to the nucleus, either with the help of 

immunophilins, protein kinases or steroid hormone receptors (Csermely et al., 1998). 

Furthermore, Nardai et al., (1996) have suggested that Hsp90 possesses its own 

nuclear localization sequence within the highly charged region of the middle substrate 

binding domain, reserving an ability to reach the nucleus independent of other proteins. 

Nonetheless, Hsp90 has shown an ability to activate numerous transcription factors that 

regulate the expression of important regulatory genes. These include heat shock factor-

1 (HSF-1) which regulates the transcription of heat shock genes and hypoxia inducible 

factor-1 (HIF-1) which regulates the transcription of genes encoding vascular endothelial 

growth factor and erythropoietin in response to reduced oxygen levels (Hu and Mivechi, 

2003; Minet et al., 1999). Furthermore, Hsp90 has been shown to bind both DNA and 

RNA directly and has demonstrated topoisomerase-like activity, suggestive of a role in 

DNA and RNA processing during stress (Szántó et al., 1996). The function of Hsp90 has 

also in recent years been extended to the extracellular space where it interacted with a 

limited number of extracellular client proteins involved in cell migration and invasion. 

Examples include matrix metalloproteinase-2, HER-2 and tissue plasminogen activator 

(Eustace et al., 2004; McCready et al., 2010; Sidera et al., 2008) and are discussed in 

more detail later. Collectively, Hsp90 interacts with over 300 client proteins in the cell 

with the list increasing rapidly, pointing to the fact that this molecular chaperone is 

essential for protein quality control and cell survival. A list of the most extensively 

studied Hsp90 client proteins is provided in Table 1.  
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Table 1: Hsp90 interacting proteins 

Protein Function Reference

HSF-1 Activates the RalGTP signal transduction pathway 
to regulate transcription of heat shock genes Hu and Mivechi (2003)

p53 (mutated) Stabilizes the mutated p53 conformation Blagosklonny et al.

(1996)

Stat3 Stabilizes STAT3 and promotes interleukin-6 (IL-6)-
mediated signaling Sato et al. (2003)

BCL-6 Stabilizes BCL-6 and represses expression of BCL-
6 apoptotic genes, promoting cell survival Cerchietti et al. (2009)

Protein Kinase B (Akt) Maintains Akt kinase activity through preventing 
dephosphorylation by PP2A Sato et al. (2000)

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

GSK3β Required for stability and kinase activity in complex 
with NDRG1 Banz et al. (2009)

ErbB2 (HER-2) Modulates the stability and trafficking of nascent 
ErbB2 Xu et al. (2002)

Glucocorticoid Receptor (GCR)
Regulates proper folding of GCR allowing cortisol-
based hormones to bind and regulate gene 
transcription

Dittmar et al., 1997

Wee-1 Regulates kinase activity to facilitate the G2 phase 
of the cell cycle Aligue et al. (1994)

*A more comprehensive list of Hsp90 interacting partners can be accessed using the following reference: http://www.picard.ch/downloads/Hsp90facts.pdf

 
1.5 Extracellular and Membrane-Associated Hsp90 

Hsp90 was originally thought to function predominantly within the cell. Recent reports, 

however, have indicated that Hsp90 function is not limited to intracellular compartments, 

but extends to the extracellular space and plasma membrane (Eustace and Jay, 2004; 

Multhoff and Hightower, 1996; Tsutsumi et al., 2009). Only recently has the biological 

role of this extracellular pool of Hsp90 been appreciated.  

 

Due to the lack of a conventional signal sequence targeting intracellular Hsp90 to the 

cell surface or extracellular space, the mechanism by which it is secreted or associates 

with the membrane remains unknown (Cheng and Li, 2008; Multhoff and Hightower, 

1996). Some have proposed that Hsp90 is secreted through an unconventional 

exosomal pathway and is loosely bound to the extracellular region of the plasma 

membrane where it interacts with membrane clients (Cheng et al., 2008; McCready et 

al., 2010). Alternatively, Hsp90 may be proteolytically cleaved from the surface of the 
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cell releasing the protein into the extracellular space as is demonstrated for the 

ectodomain proteins TNFα, TGFα and L-selectin (Althoff et al., 2001). Given that Hsp90 

has been detected on the surface of numerous cells (Cheng et al., 2008; Eustace et al., 

2004; Sidera et al., 2004; Tsutsumi et al., 2009) as well as in the extracellular space (Li 

et al., 2007; Liao et al., 2000; Wang et al., 2009), it may be reasonable to hypothesize 

that two distinct extracellular pools of Hsp90 exist: extracellular soluble Hsp90 and 

extracellular membrane-associated Hsp90. Based on reports by Eustace et al. (2004), 

Hsp90 was detected in association with the matrix metalloproteinase-2 (MMP-2) on the 

membrane surface as well as in the conditioned media of HT-1080 fibrosarcoma cells. 

This suggested that both membrane and soluble Hsp90 complexes were present 

extracellularly, supporting the hypothesis that two distinct extracellular Hsp90 pools are 

present. The majority of studies, however, are exceptionally vague in distinguishing 

between the two extracellular species resulting in confusion as to what differentiates 

extracellular soluble from extracellular membrane-associated Hsp90. 

 

Evidence suggests that extracellular Hsp90 is derived from the cytosolic isoforms, 

Hsp90α and Hsp90β (Cheng et al., 2008; Eustace et al., 2004; Sidera et al., 2008). 

Some have shown that both Hsp90α and Hsp90β were secreted to the cell exterior via 

exosomes (Hegmans et al., 2004). Others have shown the presence of Hsp90α on the 

surface of cancer cells coupled with the secretion of Hsp90α, and not Hsp90β, into the 

extracellular space (Eustace and Jay, 2004; Li et al., 2007; Liao et al., 2000). While it is 

appreciated that the cytosolic Hsp90 isoforms can be found extracellularly, one cannot 

ignore the discovery of an extracellular, membrane-bound Hsp90 isoform discovered to 

be highly expressed in pancreatic carcinoma cells. It was termed Hsp90N due to its high 

similarity with Hsp90α with the exception of an N-terminal truncation that appeared to be 

replaced with a short hydrophobic peptide sequence distinct from all other isoforms 

(Grammatikakis et al., 2002). Classification within the Hsp90 family of heat shock 

proteins is fundamentally based on the presence and function of this ATPase domain, 

therefore explaining the controversy associated with its discovery (Pearl and Prodromou, 

2000; Sreedhar et al., 2004).   
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Studies have shown that the activation of an important signal transducer, Raf-1, occurs 

through the chaperoning activity of Hsp90 in association with a co-factor, Cdc37. This 

co-factor binds the N-terminus of Hsp90 and its association was thought to be 

indispensable for Raf activation (Grammatikakis et al., 1999). Results, however, 

indicated that the activation of Raf could be performed in association with Hsp90N, 

independent of the N-terminal ATPase domain (Grammatikakis et al., 2002), suggesting 

that the ATPase domain may not be an appropriate classification for this family of Hsps. 

The rationale behind these contradictory results can possibly be explained by the 

discovery of C-terminal Hsp90 chaperoning activity that is independent of the N-terminal 

ATPase domain. With the absence of the N-terminus and the conserved C-terminus fully 

present and functional, Hsp90N may therefore still retain the ability to bind and activate 

client proteins (Grammatikakis et al., 2002).  

 

However, a comprehensive study by Zurawska et al. (2008) demonstrated that many of 

the results described to substantiate the existence of Hsp90N as a separate gene were 

not reproducible. The authors also put forward convincing evidence to suggest that the 

discovery of Hsp90N may have been a result of accidental gene rearrangements and 

template switching during reverse-transcription of the mRNA into cDNA within the 

carcinoma cells from which it was discovered. Additionally, since PCR-amplification of 

Hsp90N from many primate species and cancer cell lines (which were implicated to 

express this isoform) produced negative results, the authors concluded that it is unlikely 

that Hsp90N is a protein of evolutionary origin, but rather a result of post-translational 

modifications (Zurawska et al., 2008). 

 

Regardless of isoform specificity, the mechanism of extracellular Hsp90 function in the 

extracellular environment is not well elucidated. It is well established in literature that 

intracellular Hsp90 function is dependent on the formation of a multi-chaperone complex 

that is driven by the availability of ATP (Goes and Martin, 2001; Pearl and Prodromou, 

2000; Pratt and Toft, 2003; Zhang and Burrows, 2004). Protein clients are delivered and 

loaded onto Hsp90 with the assistance of accessory factors such as Hsp40, Hsp70 and 

Hop followed by ATP hydrolysis which drives the conformational change required for 

Hsp90 to bind and capture substrates (Pratt and Toft, 2003). Given the vast difference 
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between the intracellular and extracellular environments, further studies are required to 

characterize the chaperone function of extracellular Hsp90 and whether this function is 

analogous to that of intracellular Hsp90. 

 

1.6 Extracellular Hsp90 protein clients 

In an attempt to better understand the mechanism of chaperone function in the 

extracellular space, several studies have adopted an interest in identifying and 

characterizing protein clients for extracellular soluble and extracellular membrane-

associated Hsp90. A list of these extracellular clients is provided in Table 2. Eustace et 

al. (2004) stated that extracellular Hsp90 was essential for the proteolytic maturation of 

MMP-2, a surface enzyme implicated in cancer cell invasion. Binding of a cell 

impermeable inhibitor to cell surface Hsp90 significantly retarded the processing and 

maturation of MMP-2, subsequently reducing the observed invasion (Eustace et al., 

2004). Furthermore, extracellular soluble Hsp90α has been shown to interact with the 

cell surface receptor, LRP-1/CD91. LRP-1/CD91 appears to demonstrate multiple 

functions including endocytosis and the association with several focal adhesion complex 

proteins involved with cell morphology, adhesion and migration (Chen et al., 2010). The 

authors reported that secreted Hsp90α physically interacted with the receptor, CD91, 

and induced significant cell invasion in human HCT-8 colon cancer cells. In the same 

study, it was shown that the serum levels of Hsp90α in colorectal cancer (CRC) patients 

was significantly greater compared to the control patients; a possible indication that 

extracellular Hsp90 may chaperone both extracellular soluble and extracellular 

membrane-associated proteins (Chen et al., 2010). 
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Table 2: Extracellular Hsp90 interacting proteins 

Year Protein Function
Membrane or 

Secreted 
Hsp90?

Reference

2004 Annexin Indirectly increases plasmin activity in diabetic 
patients Membrane  Lei et al. (2004)

2004 TLR-1/CD14, CXCR4, 
GDF-5

Multi-protein complex involved in innate 
immune recognition of bacterial 
lipopolysaccahrides

Membrane Triantafilou et al. 

(2004)

2004
Matrix 
Metalloproteinase-2 
(MMP-2)

Stability of MMP-2; promotes matrix 
catabolism and invasion of cancer cells Both Eustace et al.

(2004)

2005 Heat shock protein 70 
(Hsp70)

Creates receptor complex for Dengue virus 
entry in monocytes/macrophages Membrane Reyes-del Valle et 

al. (2005)

2008 HER-2/ErbB-2 Promotes cancer cell invasion Membrane Sidera et al.

(2008)

2010 Latency-associated 
peptide (LAP)

Inactivation of TGF-β1 signaling pathway in 
cancer Both Suzuki and 

Kulkarni (2010)

2010 Tissue Plasminogen 
Activator (TPA) Promotes cancer cell motility Secreted McCready et al. 

(2010)

2011
Low density lipoprotein-
like receptor (LRP-
1)/CD91

Promotes invasion of glioblastoma cells via 
Akt-EphA2 signaling Undefined Gopal et al. (2011)

 
 

HER-2 is another membrane protein implicated in cancer cell invasion. Its activation is 

commonly induced through the binding of heregulin (HRG) resulting in the cytoskeletal 

rearrangements often observed in invasive tumors (Yfanti et al., 2004). Sidera et al. 

(2008) demonstrated that the addition of an Hsp90-inhibiting antibody, mAb 4C5, to 

HRG-enriched media impaired the activation of HER-2 and the subsequent invasion in 

breast cancer cells. Furthermore, it was shown through GST pull down assays that cell 

surface Hsp90 directly interacted with the extracellular domain of HER-2 (Sidera et al., 

2008). The authors concluded that extracellular Hsp90, whether soluble or membrane-

associated, is essential for the activation of the HRG-induced HER-2 receptor and, 

therefore, directly contributes to cancer cell invasion.  

 

Extracellular Hsp90 has also demonstrated an indirect role in activating cell migration 

and invasion. Thuringer et al. (2010) reported that recombinant Hsp90α applied to 
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glioblastoma U87 cells resulted in cross communication between toll-like receptor 4 

(TLR-4) and the epidermal growth factor receptor (EGFR). Activation of a TLR-4 signal 

pathway was induced by Hsp90α and resulted in the transactivation of EGFR and a 

change in cytosolic calcium concentration patterns. Both outcomes were predicted to 

facilitate the cell migration observed (Thuringer et al., 2010). 

 

Extracellular Hsp90 possesses additional roles in the pathogenicity of bacterial and viral 

infections. Reyes-Del Valle et al. (2005) reported that Hsp90, along with Hsp70, form a 

receptor complex at the surface of human monocytes/macrophages and facilitate the 

entry of the Dengue virus through interacting with the viral E-protein. Cell surface Hsp90 

has also been implicated in recognizing lipopolysaccharides (LPS) on the surface of 

Gram-negative bacteria and facilitates the inflammatory immune response (Triantafilou 

and Triantafilou, 2004). Hsp90 was shown to form a signaling complex constituting other 

membrane proteins including Hsp70, growth differentiation factor-5 (GDF-5) and 

CXCR4, which is coincidently an important chemokine receptor for the migration of 

breast cancer cells in response to stromal derived factor-1 (SDF-1) (Fernandis et al., 

2004). Altogether, this signaling complex is implicated in the potentially fatal sepsis that 

results from LPS-induced signaling pathways (Triantafilou and Triantafilou, 2004). The 

function of Hsp90 within this complex, however, was not specified, but may serve to 

stabilize or activate other proteins within the complex to achieve the innate response.  

 

1.7 The Role of Extracellular Hsp90 in Cell Migration 

The majority of the aforementioned studies suggested that extracellular Hsp90 was 

primarily involved in promoting cancer cell migration and invasion, a critical contributor to 

metastatic progression. If cancer cells were unable to detach from the surrounding 

environment and migrate to a distal site, the disease would certainly have a better 

prognosis. For this reason, researchers have flagged extracellular Hsp90 as a potentially 

revolutionary therapeutic target for cancer treatment.   

 

Cell migration within normal cells involves the regulated and coordinated events of 

adhesion coupled with the degradation and remodeling of the extracellular matrix (ECM) 

(Sottile and Chandler, 2005). Cells react to a particular chemo-attractant and polarize 
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toward the source, forming either large protrusions, termed lamellipodia, or thin 

filamentous protrusions, termed filopodia (Ridley et al., 2003). Of particular importance 

during cell migration, is the signaling events induced by the large family of integrin 

adhesion molecules which bind the ECM. Constituting at least 18 α- and 8 β-subunits, 

integrins are able to form at least 24 different heterodimers on the surface of the cell, 

each combination exhibiting some form of specificity for its particular ligand/s. Examples 

include the binding of the α1β1 integrin to collagens and laminins and the α5β1 integrin 

which binds only to fibronectin and fibrin (Mizejewski, 1999; Takada et al., 2007). 

 

Of particular relevance is the matrix protein, fibronectin. Fibronectin is a large, multimeric 

protein (400 – 450 kDa) that exists as a soluble protein intracellularly where it is 

synthesized. This soluble form of fibronectin is secreted as a dimer bonded together by 

disulfide linkages. Each dimer subunit comprises three repeating functional domains 

(type I, II and III) which allow interaction of fibronectin with cell surface receptors and 

other extracellular matrix proteins, such as heparin, collagen and fibrin (Mao and 

Schwarzbauer, 2005). Upon secretion, soluble fibronectin is polymerized into an 

insoluble matrix that forms a component of connective tissues and allows cells to adhere 

to the substratum (Baneyx et al., 2001; Christopher et al., 1997). Polymerization of the 

matrix is directly regulated by binding of the β1-integrin to an Arg-Gly-Asp (RGD) motif 

on the type III module of fibronectin (Maity et al., 2010). This binding initiates a two-fold 

response: firstly, the soluble fibronectin molecule unfolds, exposing motifs and residues 

that allow adjacent fibronectin molecules to bind to each other, forming a dense, 

insoluble network. Secondly, a signaling cascade is initiated intracellularly that is 

responsible for regulating processes such as cell adhesion, morphology or migration 

The model put forward states that upon integrin binding, focal adhesion kinase (FAK) 

becomes phosphorylated, initiating fibronectin assembly. This is followed by clustering of 

integrins at focal adhesion points along the membrane and the recruitment of cytosolic 

signaling and cytoskeletal proteins. In particular, fibronectin matrix assembly is regulated 

along the Ras-MAPK and Rho GTPase signaling pathways (Brenner et al., 2000; Maity 

et al., 2010; Ridley et al., 2003; Wierzbicka-Patynowski and Schwarzbauer, 2003). While 

both responses have been extensively studied in literature, an increasing number of 

questions are being raised as we begin to understand the mechanisms associated with 



 20 

fibronectin unfolding, organization, assembly and turnover (Sottile and Hocking, 2002; 

Wierzbicka-Patynowski and Schwarzbauer, 2003). While it was initially thought that the 

fibronectin matrix was predominantly assembled for cell adherence, there is increasing 

evidence to suggest that the function of fibronectin is multifaceted and includes the 

regulation of embryogenesis, mesoderm formation, tissue repair, cell migration, 

differentiation, cell growth as well as certain pathological disorders such as fibrosis, 

tumor development and atherosclerosis (Crawford et al., 1994; George et al., 1993; Mao 

and Schwarzbauer, 2005; Prescott et al., 1999; Schwarzbauer and Sechler, 1999). 

Furthermore, Sottle and Hocking (2002) have reported that the presence of an intact 

fibronectin matrix is essential for the deposition and assembly of other ECM proteins, 

including collagen-I and thrombospondin-1. This points to the fact that fibronectin plays 

a major role in ECM dynamics and possibly an important role in facilitating cell migration 

associated with cancer metastasis. Interestingly, studies have suggested that Hsp90 

may possess roles in the formation of the ECM as well as in the signaling pathways that 

regulate its assembly. Liu and colleagues (2011) showed that when Hsp90 was inhibited 

in the PC3 prostate cancer line, a reduced adhesion was reported between fibronectin 

and the β1-integrin. Furthermore, Luo and colleagues (2011) reported that α4-integrin 

expression and adhesion to fibronectin was reduced when the ER Hsp90 isoform, 

Grp94, was transiently silenced.  

 

1.8 Research Motivation and Knowledge gap 

Only a handful of extracellular clients have been elucidated for secreted or extracellular 

membrane-associated Hsp90 in comparison to the varied list determined for intracellular 

Hsp90 (Chen et al., 2010; Sidera et al., 2008; Tsutsumi and Neckers, 2007). This 

presents a potential problem in that extracellular Hsp90, both membrane-associated and 

secreted Hsp90, are potentially involved in the stabilization, activation or maturation of 

important proteins at the membrane surface and in the extracellular space. Since these 

proteins might promote oncogenic transformation, extracellular Hsp90 may contribute to 

driving the development of cancer and cancer metastasis. To date, a significant portion 

of research has been devoted to understanding intracellular Hsp90 and its role in cancer 

development, making it a bone fide drug target with several inhibitors already facing 

clinical trials. There are no studies, however, that have taken a focused approach on 
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identifying and assessing the clientele for extracellular membrane-associated or 

secreted Hsp90. This is the first study to provide evidence that suggested an interaction 

between extracellular Hsp90 and the extracellular matrix protein, fibronectin. As a 

consequence, we have attempted to characterize the putative role of Hsp90 in 

fibronectin matrix dynamics; a role previously not defined in literature. 

 

1.9 Research hypothesis 

Fibronectin is a novel client protein for extracellular Hsp90 and Hsp90 is involved in 

regulating fibronectin matrix dynamics.  

 

1.10 Project objectives 

The broad aim of the project was the identification of novel client proteins, and hence 

potentially novel therapeutic targets, of extracellular Hsp90. The following objectives 

were assessed in the Hs578T breast carcinoma cell line:  

 

1. Characterization of the expression of extracellular Hsp90 

2. Identification of novel client proteins of extracellular Hsp90 

3. Confirmation and characterization of any identified interactions between Hsp90 

and putative extracellular client proteins identified in (2) 
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Chapter 2 : Materials 

and Methods 
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2.1 Materials 

MCF-7 (HTB-22) and MDA-MB-231 (HTB-26) breast cancer cell lines were a generous 

gift from Dr Sharon Prince (University of Cape Town, South Africa). Hs578T (HTB-126, 

American Type Culture Collection [ATCC]) breast cancer cell line and the paired 

SW480/SW620 (87092801/87051203, European Collection of Cell Cultures [ECACC]) 

colon cancer cell lines were purchased from ATCC and ECACC respectively. THP-1 

(TIB-202) and U937 (CRL-1593.2) leukemic cell lines were from lab stocks.  General 

reagents were purchased from Sigma-Aldrich (Germany) or Saarchem (Merck, South 

Africa). Tissue culture reagents (Dulbecco’s Modified Eagle Medium [DMEM] with 

GlutaMAX™-I, fetal calf serum [FCS], 10 x Trypsin-Ethylenediaminetetraacetic acid 

[EDTA] and Penicillin/Streptomycin) were from Gibco, Invitrogen (Paisley, United 

Kingdom) and Biowhittaker (United Kingdom). Tissue culture plasticware was from 

Corning Incorporated (United States of America). Hybond nitrocellulose membrane was 

from Bio-Rad (United Kingdom). Hsp90α ELISA kit (cat no.: SKT-107) was from 

StressMarq Biosciences Inc. (Canada). Mouse anti-Hsp90α/β [F-8] (cat no.: sc-13119), 

goat anti-Hsp90α/β [N-17] (cat no: sc-1055), rabbit anti-Rab 5 [D11] (cat no.: sc46692), 

rabbit anti-Rab 7 [H-50] (cat no.: sc-10767) and mouse anti-LAMP-1 [E-5] (cat no.: 

sc17768) antibodies were from Santa Cruz Biotechnology (United States of America). 

Mouse anti-human fibronectin (cat no.: F0916), rabbit anti-human fibronectin (cat no.: 

F3648), rabbit anti-actin (cat no.: A2103), colchicine (cat no.: C9754), methyl-β-

cyclodextrin (cat no.: C4555), genistein (cat no.: G6649) and Exo 1 (cat no.: C6637) 

were from Sigma Aldrich (Germany). Rabbit anti-Extracellular Regulated Kinase 1/2 

[ERK1/2] (cat no.: MAB1576) and rabbit anti-Phospho-ERK1/2 (cat no.: AF1018) were 

purchased from R&D Systems (United States of America). Mitogen-induced Extracellular 

Kinase 1/2 [MEK1/2] inhibitor (U0126; cat no.: 9903) was from Cell Signaling 

Technology (United States of America). Alexa-Fluor-488 donkey anti-mouse (cat no.: 

A21202), Alexa-Fluor-633 donkey anti-goat (cat no.: A21082), Alexa-Fluor-555 donkey 

anti-rabbit (cat no.: A31572) were from Invitrogen (Paisley, United Kingdom). 3,3’-

dithiobis[sulfosuccinimidyl]propionate [DTSSP] (cat no.: 21578) was purchased from 

Thermo Scientific (United States of America). Manufacturers or suppliers of any other 

specialized reagents are referenced in-text.  
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2.2 Methods 

2.2.1 Routine culture maintenance of cancer cell lines 

MDA-MB-231 and MCF-7 breast cancer cells and HeLa cervical cancer cells were 

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

GlutaMAX™-I, 5% (v/v) fetal calf serum (FCS) and penicillin/streptomycin (100 units/ml). 

Hs578T breast cancer cells were maintained in DMEM supplemented with GlutaMAX™-

I, 10% (v/v) FCS, penicillin/streptomycin (100 U/ml) and 2 mM human insulin 

(Novorapid). SW480 and SW620 colon cancer cell lines were maintained in L-15 

medium supplemented with GlutaMAX™-I, 5% (v/v) FCS and penicillin/streptomycin 

(100 U/ml). Leukemic cell lines, THP1 and U937, were maintained in Roswell Park 

Memorial Institute (RPMI) medium containing 10% (v/v) FCS, 1% (v/v) glutamine and 

penicillin/streptomycin solution (100 U/ml). All mammalian cancer cell lines were 

maintained at 37°C with 9% CO2. 

 

2.2.2 Sodium Dodecyl Sulphate-Polyacrylamide Gel Electrophoresis (SDS-

PAGE) 

Proteins were separated by SDS-PAGE using the method described by Laemmli (1970). 

Protein concentration was determined using the NanoDrop 2000™ (Thermo Scientific) 

at an absorbance of 280 nm and equal amounts of total protein were loaded. Proteins 

were resolved using a 4% stacking gel in 0.5 M Tris-HCl (pH 6.8) and a range of 

percentage resolving gels prepared in 1.5 M Tris-HCl (pH 8.8) in SDS-PAGE running 

buffer (0.25 mM Tris, 192 mM glycine, 1% [w/v] SDS) at 120 V for 90 minutes. Prior to 

loading, 5 x SDS-PAGE sample buffer (0.05 M Tris-HCl, 10% [v/v] glycerol, 2% [w/w] 

SDS, 1% [w/v] bromophenol blue, 5% [v/v] 2-mercaptoethanol) was added to each 

sample and boiled for 8 minutes. For estimating the approximate molecular weight of 

sample proteins, PeqGOLD Protein Marker II and Protein Marker IV (Optima Scientific) 

were used.  

 

2.2.3 Western blotting and chemiluminescent detection of proteins 

The Western blot method described by Towbin and colleagues (1979) was used for the 

detection of proteins. Resolved proteins were transferred from the SDS-PAGE gel onto 
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nitrocellulose membrane in transfer buffer (13 mM Tris-HCl, 100 mM glycine, 20% [v/v] 

methanol) at 120 V for 2 hours at 4°C, with continual stirring. Transfer efficiency and 

protein levels were observed on the nitrocellulose membrane using Ponceau S staining 

(0.5% [w/v] Ponceau S, 1% [v/v] glacial acetic acid). Destaining of the membrane was 

achieved with Tris-Buffered Saline [TBS] (50 mM Tris, 150 mM NaCl, pH 7.5). 

Nitrocellulose membrane was blocked with 5% BLOTTO (5% [w/v] non-fat milk powder 

in TBS) for at least 1 hour at room temperature, followed by incubation with primary 

antibody against the protein of interest (using the dilution recommended by the 

manufacturer in 5% [w/v] BLOTTO) at 4°C overnight, with gentle rocking. The 

membrane was washed twice with TBS containing Tween-20 (TBST; 1% [v/v] Tween-20 

in TBS) for 20 minutes each wash to remove unbound primary antibody. The membrane 

was incubated with species matched secondary antibody (conjugated to horseradish 

peroxidase [HRP]) at a dilution of 1:5000 in 5% (w/v) BLOTTO for 1 hour at room 

temperature. The membrane was washed at intervals of 15 minutes for 1 hour using 

TBST and the proteins detected using a combination of prepared and commercial 

chemiluminescence reagents (Enhanced Chemiluminescence [ECL], GE Healthcare, 

United Kingdom) in the Chemidoc™ EQ system (Bio-Rad, United Kingdom). 

 

2.2.4 Cell Surface biotinylation and streptavidin-agarose affinity 

chromatography 

Breast cancer (MDA-MB-231, MCF-7 and Hs578T) and colon cancer cell lines (SW480 

and SW620) were grown to confluency in a T75 culture flask. The cells were washed 

with phosphate-buffered saline (PBS, pH 7.4; 137 mM NaCl, 27 mM KCl, 4.3 mM 

Na2HPO4, 4 mM KH2PO4) and subsequently incubated in 1 mg/ml solution of N-

hydroxysuccinimide (NHS)-Biotin (Sigma-Aldrich) prepared in PBS (pH 8.0) for 1 hour at 

4°C, with gentle rocking. The NHS-Biotin was quenched for 5 minutes with 1 M Tris-HCl 

(pH 7.5) and the cells washed twice with PBS (pH 7.4). One biotinylated flask of cells 

was lifted using a cell scraper and lysed in 600 μl Radio-Immunoprecipitation assay 

(RIPA) buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM ethyleneglycol-bis(beta-

aminoethylether)N’N’N’N-tetraacetic acid/ethylenediaminetetraacetic acid [EGTA/EDTA], 

1 mM Na3VO4, 1% [v/v] NP40, 1 mM sodium deoxycholate (DOC), 1 mM 

phenylmethanesulfonylfluoride (PMSF) and 0.05% [v/v] protease inhibitor cocktail). A 
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second biotinylated flask was lifted with 1 x trypsin/EDTA and the trypsin/EDTA was 

removed from the cells by centrifugation at 2000 rpm in a microcentrifuge for 2 minutes. 

The cells were resuspended in 600 μl RIPA buffer and allowed to lyse for 30 minutes at 

4°C, with gentle rocking. Complete cell lysis was ensured by gently pipetting the 

samples. Centrifugation at 13000 rpm in a microcentrifuge at 4°C for 5 minutes was 

used to clear the cell lysates. A total of 100 μl of the cleared lysate (pre-agarose 

supernatant) was removed and added to 5 x SDS-PAGE sample buffer for Western 

analysis. The remaining 500 μl was added to 100 μl streptavidin-agarose beads 

(Thermo Scientific, United States of America), following equilibration of the beads with 

PBS. The supernatant-bead mixture was incubated at 4°C for 1 hour with gentle rocking 

to prevent sedimentation of the beads. The post-agarose supernatant was cleared by 

centrifugation at 13000 rpm in a microcentrifuge for 1 minute at 4°C. A volume of 100 μl 

of the supernatant was removed and added to 5 x SDS-PAGE sample buffer for 

Western analysis. The remaining supernatant was discarded and the beads 

resuspended in 100 μl SDS buffer (25 mM Tris-HCl, pH 8.0, 1% [w/v] SDS, 2 mM 

PMSF, 2 mM EDTA and 0.05% [v/v] protease inhibitor cocktail). Purified proteins were 

released from the beads by boiling for 8 minutes. Proteins were subsequently resolved 

by SDS-PAGE and analysed by Western analysis with chemiluminescence detection 

(Section 2.2.3).  

 
2.2.5 Indirect Immunofluorescence Assay (IFA) and confocal microscopy 

Cells were seeded at a density of 2 x 104 cells/ml and incubated overnight at 37°C with 

9% CO2 to allow cells to adhere. In certain instances, the culture dish was pre-treated 

with fibronectin (5 μg/ml) overnight at 4°C and washed with 1 x PBS prior to seeding 

cells. Following each treatment, the culture media was removed and the cells washed in 

0.1% [w/v] bovine serum albumin in TBS (BSA/TBS) for 5 minutes, flash-treated (5 

seconds) with ice-cold methanol/ethanol and allowed to air-dry. The cells were 

subsequently blocked with 1% [w/v] BSA/TBS for 60 minutes at room temperature and 

then incubated with the appropriate primary antibodies in 1% [w/v] BSA/TBS overnight 

at 4°C. Cells were washed twice with 0.1% [w/v] BSA/TBS for 5 minutes each wash 

followed by incubation with the respective secondary antibodies at 4°C for 1 hour in the 

dark. Detailed descriptions of the dilutions and treatments used are presented in the 
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figure legends. The coverslips were washed twice with 0.1% [w/v] BSA/TBS for 5 

minutes each wash followed by nuclear DNA staining with Hoechst-33342 dye (1 μg/ml). 

The coverslips were mounted onto microscope slides with fluorescent mounting medium 

(Dako Mounting Medium, United States of America). Immunofluorescence was detected 

using a Zeiss LSM 510 Meta laser scanning confocal microscope and the images 

analysed using AxiovisionLE 4.7.1 software (Zeiss, Germany). Images were captured 

using either 40x or 63x oil objective as indicated in the figure legends. 

 

2.2.6 Hsp90α Enzyme-linked Immunosorbent Assay (ELISA) 

To analyse the concentration of Hsp90α in the cell culture supernatant of a panel of 

cancer cell lines, an Hsp90α ELISA kit was used. Briefly, cells were seeded at a density 

of 1 x 105 cells/ml in a 4-well culture dish and allowed to adhere overnight at 37°C, 9% 

CO2. The following day, one well for each cell line was left untreated while a second was 

treated with 100 ng/ml stromal derived factor-1α (SDF-1α) for 5 hours at 37°C, 9% CO2. 

The cell culture supernatant was removed and stored at -20°C prior to analysis with the 

ELISA kit. Both the Hsp90α standard and assay protocol were performed as indicated in 

the manufacturer’s instructions. The levels of Hsp90α in each sample were detected by 

absorbance at 450 nm and the concentration calculated using the linear equation 

associated with the Hsp90α standard curve.  

 

2.2.7 3,3’-dithiobis[sulfosuccinimidyl]propionate (DTSSP) crosslinking, co-

immunoprecipitation and identification of extracellular Hsp90 complexes 

Cells were grown to confluency in a T75 culture flask, washed with PBS and lifted with 

1% (w/v) EDTA. The EDTA was removed by centrifugation at 2000 rpm in a 

microcentrifuge for 2 minutes and the cell pellet resuspended in the DTSSP crosslinker 

(2 mM) constituted in PBS (pH 7.5). The cells were incubated at 4°C for 2 hours with 

gentle rocking. The crosslinker was quenched with Tris-buffer (20 mM, pH 7.5) for 15 

minutes at room temperature and cleared by centrifugation at 2000 rpm in a 

microcentrifuge for 2 minutes. The cell pellet was washed twice in 2 ml PBS (pH 7.5) 

and a co-immunoprecipitation was performed using the Dynabeads® Co-

Immunoprecipitation kit (Invitrogen, Paisley, United Kingdom) following all 
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manufacturers’ instructions. Briefly, 50 μg mouse anti-Hsp90α/β antibody was covalently 

coupled to 5 mg magnetic Dynabeads® and incubated with the cleared cell lysate of 

crosslinked cells for 2 hours at 4°C with gentle rocking. Eluted protein was stored at -

20°C. Immunoprecipitated protein complexes were resolved on an 8% non-reducing 

SDS-PAGE gel and detected by colloidal Coomassie staining (Candiano et al., 2004). 

Putative Hsp90 protein complexes were analysed by tandem mass spectrometry 

(MS/MS) by Dr. Gabre Kemp in the Department of Microbial, Biochemical and Food 

Biotechnology at the University of the Free State, South Africa. Protein bands were 

excised from the gel and subjected to trypsin digestion (Ngubo et al., 2011). Five 

microliters of each digest was injected and concentrated on a C18 reverse phase 

trapping column (Agilent) and then eluted onto and separated by a custom packed 15cm 

C18 reverse phase column. The peptides were separated and eluted off the column at 

350 nl/min using an Agilent Nano HPLC with a 10 to 25% Actetonitrile/0.1% formic acid 

gradient over 60 minutes. The eluting peptides were analyzed on an AB SCIEX 

4000QTRAP hybrid triple quadrupole ion trap mass spectrometer with a nanospray 

source. The instrument was set up to perform a survey scan between 400 and 1200 Da 

on the eluting peptides, followed by an enhanced resolution scan to determine the 

charge state of each peptide before fragmenting the peptides in the collision cell.  The 

peptide sequence information obtained from this MS/MS experiment was analyzed by 

an in-house Mascot (Matrix Science) server using the Swissprot database. MS/MS 

results were validated by Western analysis whereby both the uncleaved and cleaved 

(5% [v/v] 2-mercaptoethanol) samples were probed with antibodies against Hsp90α/β 

and putative interaction proteins.  

 
2.2.8 In vitro pull down assay 

Soluble Hsp90β (1 μg) and soluble fibronectin (1 μg) were incubated in a 

microcentrifuge tube for 15 minutes at room temperature. Hsp90 complexes were 

immunoprecipitated using anti-Hsp90α/β antibody-coupled Dynabeads®, prepared as 

previously described (Section 2.2.7). Beads incubated with Hsp90 alone served as a 

positive control and BSA-coupled Dynabeads® served as a negative control. Relative 

protein sizes were compared to the Hsp90β (1 μg) and fibronectin (1 μg) input controls. 

Immunoprecipitated proteins were analysed by Western analysis and silver staining 
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using the PageSilver™ Silver Staining Kit (Fermentas) where all manufacturers’ 

instructions were followed.  

 

2.2.9 Surface Plasmon Resonance with BIAcore X 

Recombinant human fibronectin was immobilized on flow cell 1 (Fc1) of a CM5 sensor 

chip (GE Healthcare Life Sciences) by amine-coupling. Qualitative real-time interaction 

analyses were achieved using the Biacore X (GE Healthcare, Sweden) at a flow rate of 

5 μl/minute following 10 μl injections of recombinant Hsp90β (20 mM Tris, pH 7.5, 175 

mM NaCl, 0.1 mM EDTA, 1 mM DTT). Unmodified flow cell 2 (Fc2) was used as an 

internal control. In between injections, the flow cells were regenerated using 1.5 M 

glycine solution. Sensograms were analysed using BIAevaluation 4.1 software (GE 

Healthcare Life Sciences). 

 

2.2.10 Deoxycholate (DOC) biochemical assay for fibronectin fractionation 

Hs578T cells were seeded in complete medium at a density of 3 x 105 cells/ml in a 6-

well culture dish such that 9 x 105 cells were aliquoted into each well. A sterile coverslip 

was placed into each well for indirect immunofluorescence analysis. Cells were 

incubated overnight at 37°C, 9% CO2. Fresh DMEM (10% [v/v] FCS, 100 U/ml 

penicillin/streptomycin) was added to the cells the following day. Details of specific 

treatments are explained in figure legends. Cells were harvested by scraping into 

deoxycholate (DOC) buffer (2% [w/v] deoxycholate, 20 mM Tris-HCl, pH 8.8, 2 mM 

PMSF, 2 mM EDTA and 0.05% [v/v] protease inhibitor cocktail) and vortexed for 2 

minutes. The soluble and insoluble fractions were separated by centrifugation at 13000 

rpm in a microcentrifuge for 20 minutes. The supernatant (soluble fraction) was removed 

and the cell pellet (insoluble fraction) was resuspended by vortexing in SDS buffer (1% 

[w/v] SDS, 25 mM Tris-HCl, pH 8.0, 2 mM PMSF, 2 mM EDTA and 0.05% [v/v] protease 

inhibitor cocktail). Protein concentrations were determined using the NanoDrop 2000™ 

(Thermo Scientific).  
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2.2.11 Effect of treatment with exogenous Hsp90β on soluble and insoluble 

fibronectin 

Hs578T cells were seeded at a density of 9 x 105 cells per well in a 6-well culture dish 

and allowed to adhere overnight at 37°C, 9% CO2. Sterile, glass coverslips were placed 

into each well for analysis by confocal microscopy. The following day, the culture media 

was replaced with fresh media (DMEM, GlutaMAX™-I, 10% [v/v] FCS, 100 U/ml 

penicillin/streptomycin, 2 mM human insulin) supplemented with increasing 

concentrations of Hsp90β (50 ng/ml, 500 ng/ml and 1000 ng/ml). Culture media 

supplemented with the same range of concentrations of BSA and soluble fibronectin 

served as the negative and positive controls respectively. Cells were incubated with the 

respective treatments for a period of 16 hours prior to harvesting as per the DOC assay 

described in section 2.2.10. The coverslips were harvested and prepared for 

immunofluorescence as described in section 2.2.5.  

 

2.2.12 Effect of chemical inhibition of Hsp90 on soluble and insoluble 

fibronectin 

Hs578T cells were seeded at a density of 9 x 105 cells per well in a 6-well culture dish 

and allowed to adhere overnight at 37°C, 9% CO2. Sterile, glass coverslips were placed 

into each well for analysis by confocal microscopy. The following day, the culture media 

was replaced with fresh medium (DMEM, GlutaMAX™-I, 10% [v/v] FCS, 100 U/ml 

penicillin/streptomycin, 2 mM human insulin) supplemented with increasing 

concentrations of either geldanamycin (500 nM, 2000 nM and 4000 nM) or novobiocin 

(250 μM, 750 μM and 1500 μM) and incubated for a period of 16 hours prior to 

harvesting as per the DOC assay described in section 2.2.10. Cells treated with 5 μg/ml 

of either a RGD peptide or the RAD mutant analogue served as controls. The coverslips 

were harvested and prepared for immunofluorescence as described in section 2.2.5. 

 

2.2.13 Transient siRNA knockdown of Hsp90 

Hs578T cells were seeded at 90% confluency into T25 culture flasks and serum-starved 

in antibiotic-free media (DMEM, 2 mM human insulin) for 8 hours on the day prior to 

siRNA transfection. As a negative control, cells were transfected with a scrambled, non-
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targeting pool (25 nM) of siRNA oligonucleotides (cat no.: D-001206-13-05, 

Dharmacon). Knockdown of Hsp90β or Hsp90α was achieved by transfection with 25 

nM isoform specific siRNA (cat no.: M-005187-02 and M-005186-02 respectively, 

Dharmacon) for 48 hours. To analyse the effect of Hsp90 knockdown on soluble and 

insoluble fibronectin, cells were transferred to a 6-well culture dish for 24 hours in normal 

growth media (DMEM, GlutaMAX™-I, 10% [v/v] FCS, 100 U/ml penicillin/streptomycin, 2 

mM human insulin) and processed as per the DOC assay described in section 2.2.10. 

Co-transfection of Hsp90β and Hsp90α siRNA was optimized at 12 nM for each isoform. 

 

2.2.14 Effect of exogenous Hsp90β treatment following knockdown of Hsp90 

or inhibition with novobiocin 

Hs578T cells were seeded at a density of 9 x 105 cells per well in a 6-well culture dish 

and allowed to adhere overnight at 37°C, 9% CO2. Sterile, glass coverslips were placed 

into each well for analysis by confocal microscopy. The following day, the culture 

medium was replaced with fresh medium (DMEM, GlutaMAX™-I, 10% [v/v] FCS, 100 

U/ml penicillin/streptomycin, 2 mM human insulin) supplemented with novobiocin (1 mM) 

and incubated for 1 hour before adding Hsp90β (100 ng/ml) to the cells for a period of 

16 hours. Cells treated with novobiocin (1 mM) or Hsp90β (100 ng/ml) alone served as 

controls. For the knockdown of Hsp90, confluent Hs578T cells were treated with a 

combination of siRNA oligonucleotides against Hsp90α (12 nM) and Hsp90β (12 nM) as 

described in section 2.2.13. Following a 24 hour incubation period, exogenous Hsp90β 

(100 ng/ml) was added to the cells and incubated for a further 24 hours. Transfection of 

cells with a pool of non-targeting siRNA oligonucleotides (25 nM) was used as a 

negative control. For both sets of experiments, cells were harvested as per the DOC 

assay described in section 2.2.10. The coverslips were prepared for 

immunofluorescence as described in section 2.2.5. 

 

2.2.15 Fluorescent Labeling of Purified Fibronectin with DyLight® 550 

Reagent  

Lyophilized fibronectin (1 mg) was reconstituted in a borate buffer (0.67 M) to a final 

concentration of 2 mg/ml. The total volume of fibronectin was transferred to a vial of 
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DyLight reagent, vortexed and incubated for 60 minutes at room temperature in the 

dark. Excess DyLight reagent was removed by centrifugation through a Zeba spin 

desalting column (7K molecular weight cutoff; Thermo Scientific) at 1000 x g for 1 

minute. The concentration of labeled fibronectin as well as the moles of dye per moles 

protein was determined using the following calculations: 

Protein concentration (M) = [A280 – (Amax x 0.081)] ÷ εprotein x dilution factor 

Moles dye per mole protein = (Amax of the labeled protein x dilution factor) ÷ (εdye x 

protein concentration [M]) 

 

2.2.16 Fluorescent Labeling of Purified Fibronectin with Carboxyfluorescein 

Diacetate Succinimidyl Ester (CFDA-SE) 

Lyophilized fibronectin (1 mg) was reconstituted in 0.1 M sodium bicarbonate buffer to 

reach a final concentration of 2 mg/ml. The CFDA-SE reagent was solubilized in DMSO 

at a concentration of 10 mg/ml and added to the dissolved fibronectin with gentle 

agitation. The reaction was incubated for 1 hour at room temperature with continuous 

agitation followed by the addition of stop reagent (1.5 M hydroxylamine, pH 8.5) for 1 

hour at room temperature. Excess CFDA-SE reagent was removed from the labeled 

fibronectin through a Zeba spin desalting column (7K molecular weight cutoff; Thermo 

Scientific) at 1000 x g for 1 minute and the eluted protein was stored at -20°C. Protein 

concentration was determined at 280 nm using the NanoDrop 2000™ (Thermo 

Scientific) and equal amounts of total labeled fibronectin were added to cells as 

indicated in the figure legends.  

 

2.2.17 Live Cell Imaging of the fibronectin matrix 

Cells were seeded into a sterile glass-bottomed cell culture dish and allowed to adhere 

overnight at 37°C in normal medium supplemented with 50 nM DyLight® 550-labeled 

fibronectin. The following day, the medium was removed and replaced with normal 

medium (DMEM, GlutaMAX™-I, 10% [v/v] FCS, 100 U/ml penicillin/streptomycin, 2 mM 

human insulin) lacking phenol red. The Zeiss LSM 510 Meta laser scanning confocal 

microscope was used for live cell imaging. Prior to treating cells, the microscope unit 

and stage was pre-warmed to 37°C and a regulated concentration of 10% CO2 was 
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maintained. Cells were either untreated or treated with novobiocin (1 mM) and mounted 

onto the microscope stage using the 63x oil objective. A time series experiment was 

prepared such that 36 images were captured at 15 minute intervals, with a total 

incubation period of 9 hours. Images were analysed using AxiovisionLE 4.7.1 software 

and live cell video clips edited using Windows Movie Maker.  
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3.1 Results 

3.1.1 Expression of Hsp90 in five human cancer cell lines 

To compare the constitutive expression of cytosolic Hsp90 in a range of human cancer 

cell lines, equal amounts of total protein from three breast and two colon cancer whole 

cell lysates were probed for the levels of Hsp90α/β by Western analysis (Figure 4A). 

Two triple negative, metastatic breast cancer cell types (MDA-MB-231 and Hs578T) 

were compared to the non-metastatic MCF-7 breast cancer cell type. The genetically 

paired colon cancer cell lines, SW480 (primary tumor) and SW620 (secondary 

metastasis), were also compared. 

 

Western analysis revealed a band for each sample at approximately 90 kDa, the 

predicted subunit molecular weight of Hsp90 (Figure 4A). The densitometry for each 

signal was analysed using ImageJ and would suggest that the metastatic cancer cell 

types (MDA-MB-231, Hs578T and SW620) constitutively expressed higher levels of 

Hsp90 relative to the non-metastatic counterparts (MCF-7 and SW480), with the MDA-

MB-231 and MCF-7 cell lines showing the highest and lowest levels of Hsp90 

expression respectively (Figure 4A). The relative expression of the two cytosolic Hsp90 

isoforms, Hsp90α and Hsp90β, were also compared separately by Western analysis 

(Figure 4B). Equal amounts of total protein from whole cell lysates were probed with 

antibodies specific for either Hsp90α or Hsp90β. Recombinant Hsp90α and Hsp90β 

protein were used as input controls to ensure the specificity of the antibodies. In 

agreement with the levels of total Hsp90α/β (Figure 4A), isoform expression showed a 

pattern similar to that of Hsp90α/β, with the levels of Hsp90α and Hsp90β highest in the 

MDA-MB-231 cell line and lowest in the MCF-7 cell line (Figure 4B). 
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Figure 4 : Comparative expression of Hsp90 in 5 different cancer cell lines. 
(A) Equal amounts of total protein (50 μg) from whole cell lysates of three breast (MCF-7, MDA-MB-231 and Hs578T) and two colon (SW480 and 
SW620) cancer cell lines were probed for the presence of Hsp90α/β by Western analysis. The graph (below) illustrates the relative densitometry 
for each sample determined using ImageJ software. (B) Equal amounts of total protein (50 μg) of the same samples were probed for the presence 
of Hsp90α or Hsp90β. Recombinant Hsp90α (450 ng) and recombinant Hsp90β (450 ng) were loaded as input controls to ensure the specificity of 
the isoform specific antibodies. Densitometric analysis for each Hsp90 isoform was determined using ImageJ software and is illustrated in the 
respective graphs.  
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3.1.2 Subcellular localization of Hsp90α and Hsp90β in a panel of five 

different cancer cell lines 

We next investigated the subcellular distribution of Hsp90α and Hsp90β within the cell 

by indirect immunofluorescence and confocal microscopy using antibodies specific for 

each cytosolic Hsp90 isoform (Figure 5). Hsp90α was localized predominantly in the 

cytoplasm of all the cell lines studied, but was also found at the periphery of membrane  

protrusions in MDA-MB-231, MCF-7 and Hs578T breast cancer cells (Figure 5A – C, 

white arrows). Due to the small size of the SW480 and SW620 colon cancer cells, it was 

not possible to determine whether Hsp90α was localized at the cell periphery. Hsp90β 

showed a diffuse cytoplasmic staining pattern, was concentrated within punctate 

structures in the nucleus of all the cell lines, but also appeared to localize at the cell 

periphery in MDA-MB-231 and Hs578T breast cancer cells, indicated by white arrows 

(Figure 5A, C). An interesting phenotype was observed in Hs578T cells whereby 

Hsp90α was localized at the cell periphery and Hsp90β was directly adjacent, indicated 

by white arrows (Figure 5C). The Hsp90β staining pattern within these cells was also 

unique in that it appeared to resemble stress fibers that were reminiscent of an actin 

cytoskeleton staining pattern (Pellegrin and Mellor, 2007) (Figure 5C). These data 

indicated that the localization of Hsp90α and Hsp90β was distinct for each isoform and 

varied between cell lines.  
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Figure 5: Subcellular localization of Hsp90α and Hsp90β in 5 different cancer cell 
lines suggested the presence of Hsp90 on the plasma membrane surface. 
MDA-MB-231 (A), MCF-7 (B), Hs578T (C), SW480 (D) and SW620 (E) cells were seeded on fibronectin 
(5 μg/ml) overnight, fixed with methanol and incubated with mouse anti-Hsp90α and rabbit anti-Hsp90β 
primary antibodies followed by donkey anti-mouse Alexa-Fluor-488 (green) and donkey anti-rabbit Alexa-
Fluor-555 (red) secondary antibodies. Nuclei were stained with 1 μg/ml Hoechst 33342 (blue). Images 
were captured using the Zeiss LSM 510 Meta laser scanning confocal microscope 40x oil objective and 
analysed using AxiovisionLE 4.7.1 (Zeiss, Germany). Scale bars represent 20 μm. White arrows illustrate 
points of putative plasma membrane localization. Data are representative of triplicate images obtained 
from three independent experiments showing similar results. 
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3.1.3 Isolation of extracellular Hsp90 by cell surface biotinylation and 

streptavidin affinity chromatography 

Indirect immunofluorescence suggested that Hsp90 was localized at the cell periphery, 

particularly at regions of membrane protrusion. To investigate whether Hsp90 was 

extracellular, we used a combination of biotin-labeling followed by biotin-streptavidin 

affinity chromatography to purify the extracellular Hsp90 species. This method takes 

advantage of the highly selective and strong association exhibited between biotin and 

streptavidin; one of the strongest specific interactions known to date (Weber et al., 

1989). The biotin molecule contains a cell-impermeable NHS-moiety which is capable of 

covalently binding lysine residues of any protein within interacting range. This feature 

was exploited to label the lysine residues of Hsp90, such that only the extracellular 

species would appear in the affinity purified fractions. To prevent the NHS-biotin from 

being internalized by the cell which would result in biotinylation of intracellular proteins, 

incubation with biotin was limited to 30 minutes at 4°C (Sottile and Chandler, 2005). 

  

Western analysis revealed that extracellular Hsp90 was observed in the affinity purified 

fractions of all five cell lines (Figure 6A). These fractions were compared to their 

respective whole cell lysates where equal amounts of total protein were loaded. In all 

samples, the amount of Hsp90 isolated in the biotinylated fraction was lower than 

compared to the whole cell lysates (Figure 6A), suggesting that only a portion of the 

total Hsp90 complement exists on the extracellular surface of the membrane.  

 

To confirm that the biotinylated Hsp90 was extracellular, we attempted to cleave 

surface-bound Hsp90 using trypsin, a serine protease that digests proteins at the 

carboxyl end of lysines and arginines (Huber and Bode, 1978). Trypsin digestion should 

have theoretically cleaved the biotin-labeled Hsp90 from the surface of the membrane, 

reducing the levels of Hsp90 observed in the affinity purified fractions. On comparison 

with the untreated fractions, the samples exposed to trypsin resulted in an almost 

complete loss in biotinylated Hsp90 (Figure 6A). Interestingly, the affinity purified Hsp90 

in MCF-7 cells appeared to be more resistant to trypsin digestion when compared to the 
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remaining cell lines studied (Figure 6A). To ensure the specificity of the streptavidin-

affinity purifications, non-biotinylated cells were processed in the same manner and 

probed for Hsp90 by Western analysis (Figure 6B). Hsp90 was not observed in affinity 

purified fractions of non-biotinylated cells, indicating that the streptavidin-agarose beads 

were highly selective for biotin and did not interact non-specifically with Hsp90 (Figure 

6B). Collectively, these data confirmed that at least a portion of the cytosolic Hsp90 

complement was extracellular in the five cancer cell lines studied.  
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Figure 6: Surface biotinylation showed the presence of Hsp90 on the surface of 
cancer cell lines. 
(A) Two confluent flasks of each cell line were incubated with NHS-biotin (1 mg/ml) for 30 minutes at 4°C. 
Unbound NHS-biotin was removed by washing twice with PBS. Cells in one flask were lysed directly into 
RIPA buffer while the cells in the remaining flask were lifted by trypsin digestion and washed twice in PBS 
before lysis in RIPA buffer. The cell supernatants were incubated with streptavidin-agarose beads for 1 
hour at 4°C with gentle agitation. The beads were harvested by centrifugation and bound protein 
denatured from the beads by boiling each sample in 100 μl SDS-PAGE lysis buffer. Equal amounts of 
protein for each sample were probed for the presence of Hsp90α/β by Western analysis. Whole cell 
lysates (WCL) were run alongside each sample as a reference. The graph (right) represents the 
associated densitometry determined using ImageJ software. (B) Confluent flasks of each cell line were 
incubated at 4°C for 30 minutes in the absence of NHS-biotin, washed twice with 1 x PBS and lysed in 
RIPA buffer. The cell supernatants were subjected to the same treatments as previously described and 
each sample analysed for the presence of Hsp90α/β by western analysis. A whole cell lysate (WCL) was 
run alongside as a reference. Data are representative of three independent experiments with similar 
results.
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3.1.4 Detection of extracellular soluble Hsp90α by an enzyme-linked 

immunosorbent assay (ELISA) 

To determine whether an extracellular soluble Hsp90 pool existed, we measured the 

levels of secreted Hsp90 using a sandwich ELISA against Hsp90α (Figure 7). The 

ELISA kit used consisted of a 96-well immunoassay plate to which an anti-Hsp90α 

antibody was bound. This allowed any Hsp90α to be isolated from the cell culture 

supernatant of the cell lines studied. Following vigorous washing to remove unbound 

proteins, the Hsp90α bound to the immunoassay plate was detected with a biotinylated 

anti-Hsp90α antibody. The biotinylated antibody was subsequently detected with 

streptavidin conjugated horseradish peroxidase (HRP) and a colour change was 

quantified following the addition of TMB substrate.  

 

The absorbance values at 450 nm were compared to the Hsp90α standard curve, which 

consisted of an assay range of 0.5 – 32 ng/ml (0, 0.5, 1, 2, 4, 8, 16 and 32 ng/ml). The 

standard curve obtained was considered acceptable with a correlation coefficient of 

0.99 (Figure 7A). Using the linear equation calculated for the standard curve, we 

determined that all four cell lines secreted Hsp90α into the cell culture supernatant. 

More specifically, the colon cancer cell lines (SW480 and SW620) secreted the highest 

levels of Hsp90α of approximately 2 – 2.5 ng/ml. MDA-MB-231 and MCF-7 breast 

cancer cells appeared to secret moderate levels of Hsp90α ranging from 1 – 1.5 ng/ml. 

With an established role for extracellular Hsp90 in cell migration, we attempted to 

investigate the effect of untreated cells against those treated with SDF-1α, a pro-motility 

chemokine, on the levels of Hsp90α secreted. The effect of the SDF-1α treatment did 

not have any significant effect (p > 0.05) on the levels of extracellular Hsp90α in any of 

the cell lines studied (Figure 7B).  
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Figure 7: Hsp90α enzyme-linked immunosorbent assay (ELISA) showed the presence of Hsp90α in the cell 
culture supernatant of cancer cell lines. 
(A) Purified Hsp90α was diluted to include an assay range of 0.5 – 32 ng/ml (0, 0.5, 1, 2, 4, 8, 16 and 32 ng/ml). The absorbance at 450 nm was 
determined and a linear curve (with the associated linear equation) was generated as a standard to compare all treatments. (B) Cells were seeded 
at a density of 1 x 105 cells/ml and allowed to adhere overnight at 37°C. The following day, the cells either remained untreated or were treated with 
SDF-1α (100 ng/ml) for 5 hours at 37°C after which the cell culture supernatant was cleared by centrifugation and analysed using the Hsp90α 
ELISA kit at an absorbance of 450 nm. Statistical significance was determined using a one-way ANOVA. Data are representative of three 
independent experiments performed in duplicate.  
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3.1.5 Crosslinking and identification of extracellular Hsp90 complexes in 

MDA-MB-231 breast cancer cells 

Based on the data obtained from the prior experiments, we decided to investigate the 

extracellular Hsp90 client proteome of MDA-MB-231 breast cancer cells. The rationale 

for this decision was based on the high Hsp90 expression levels (Figure 4), distinct 

membrane localization of both Hsp90α and Hsp90β (Figure 5A), the isolation of 

extracellular Hsp90 by surface biotinylation (Figure 6A) and the moderate Hsp90 

concentrations present in the cell culture supernatant (Figure 7B), all of which 

suggested that a portion of Hsp90 was extracellular in these cell lines. 

 

The cell-impermeable, homo-bifunctional, cleavable crosslinker, DTSSP (3,3’-

dithiobis[sulfosuccinimidyl]propionate) was used to covalently crosslink proteins in the 

plasma membrane. This crosslinker possesses an NHS-moiety on either end capable of 

covalently binding the lysine residues of any proteins within 12Å of each other 

(Keselowsky and García, 2004). Once covalently crosslinked, any complexes containing 

Hsp90 were purified by immunoprecipitation using an anti-Hsp90α/β antibody and 

subsequently identified using tandem mass spectrometry analysis.  

 

Immunoprecipitated Hsp90-containing complexes were resolved on an 8% non-

reducing SDS-PAGE gel and detected by colloidal Coomassie staining (Figure 8). Four 

putative Hsp90 complexes were identified: three higher molecular weight complexes 

(labeled B – D) and one band (labeled A) at the subunit molecular weight of Hsp90 

(Figure 8A). The four bands (labeled A – D) were excised from the gel and analysed by 

tandem mass spectrometry (MS/MS) at the University of the Free State. Hsp90 was 

detected in all four samples, suggesting that the crosslinking and immunoprecipitation 

were successful in isolating Hsp90-containing complexes. Band D showed the presence 

of the human extracellular matrix protein, fibronectin, with a total of 19 query matches 

and a relative abundance index (emPAI) of 0.23 (Figure 8B). Both Hsp90α and Hsp90β 

were reported in the MS/MS analysis for band D, but Hsp90β showed a more 

favourable number of query matches (19) and possessed a higher relative abundance 
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index (0.8) as opposed to the 10 query matches and emPAI score of 0.34 reported for 

Hsp90α (Figure 8B). According to the MASCOT software used to analyse the MS/MS 

data, any protein score above 35 showed a significant association. All the hits listed 

were above this threshold value.  
 
 

The crosslinker, DTSSP, consists of a disulphide linkage that can be cleaved in the 

presence of a reducing agent such as β-mercaptoethanol or DTT. Theoretically, this 

should release the proteins from the complex and allow detection of each protein at its 

subunit molecular weight. Consequently, a fraction of the immunoprecipitated 

complexes were treated with 5% β-mercaptoethanol (cleaved) while the remainder was 

left untreated (uncleaved). To verify the presence of fibronectin and Hsp90 in Hsp90-

containing complexes isolated from MDA-MB-231 cells, the immunoprecipitated protein 

complexes were probed with antibodies against fibronectin and Hsp90α/β by Western 

analysis both in the uncleaved and cleaved forms (Figure 9). Results indicated the 

presence of Hsp90 in both the uncleaved and cleaved samples (Figure 9A). The 

uncleaved sample showed Hsp90 at its subunit molecular weight (~90 kDa) and in 

higher molecular weight complexes. An MDA-MB-231 whole cell lysate was loaded 

alongside both samples as a reference. Following cleavage of the crosslinker, Hsp90 

was no longer observed in higher molecular weight bands, but rather as a single intense 

band at 90 kDa (Figure 9A), suggesting that the Hsp90 was successfully released from 

the complexes. A similar result was observed for fibronectin after probing the uncleaved 

and cleaved samples with an antibody against fibronectin (Figure 9B). In the uncleaved 

sample, fibronectin was detected in a higher molecular weight complex as well as in a 

few lower molecular weight bands. However, following cleavage of the crosslinker, 

fibronectin was only observed as a single band at approximately 220 kDa, the predicted 

subunit molecular weight of fibronectin. This single band correlated with the 

recombinant fibronectin input control loaded alongside the cleaved sample (Figure 9B). 
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Mass Spectrometry Data Summary
SAMPLE A

Protein Mass Protein Score Queries Matched emPAI

Human HSP90AB1 83212 728 42 2.09
Human HSP90AA1 84607 399 42 0.62
Human HSP90AB3P 68282 328 40 0.93
SAMPLE B
Human HSP90AB1 83212 111 10 0.22
Human HSP90AA4P 47682 48 2 0.09
SAMPLE C
Human HSP90AB1 83212 230 13 0.41
Human HSP90AA1 84607 149 5 0.16
SAMPLE D
Human HSP90AB1 83212 298 19 0.8
Human FN1 262460 285 21 0.23
Human HSP90AA1 84607 153 10 0.34
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Figure 8: Crosslinking of extracellular Hsp90 complexes in MDA-MB-231 breast 
cancer cells identified the presence of Hsp90β and the extracellular matrix 
protein, fibronectin. 
 
(A) The extracellular proteins of MDA-MB-231 breast cancer cells were crosslinked using a cell-
impermeable, cleavable crosslinker, DTSSP (2 mM) for 2 hours at 4°C. The crosslinker was subsequently 
quenched with 20 mM Tris-HCl (pH 7.5). Cells were lysed in RIPA buffer and complexes containing 
Hsp90 were isolated by co-immunoprecipitation using an antibody against Hsp90α/β. Crosslinked 
samples were resolved by non-reducing SDS-PAGE followed by colloidal Coomassie staining. Four 
bands (labeled A – D) were observed and subsequently analysed by tandem mass spectrometry 
(MS/MS). The dotted line represents the stacking and resolving gel interface. (B) Data summary from the 
MS/MS analysis indicated the presence of Hsp90α/β (Sample A – D) and human fibronectin (Sample D). 
The mass refers to the molecular weight of the respective proteins (in Daltons). The queries matched 
refer to the number of sequences with a direct match to the query protein. The emPAI (exponentially 
modified protein abundance index) refers to the relative abundance of the query protein in each sample.  
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Figure 9: The presence of Hsp90 and fibronectin in an extracellular complex 
isolated from MDA-MB-231 breast cancer cells. 
(A) The immunoprecipitated complexes (IP: Hsp90α/β) were left untreated (uncleaved) or treated with 5% 
(v/v) β-mercaptoethanol (cleaved) and probed for the presence of Hsp90α/β by Western analysis. An 
MDA-MB-231 whole cell lysate (WCL) was used as a reference. (B) Both uncleaved and cleaved samples 
were probed for the presence of fibronectin by Western analysis. Recombinant fibronectin (1 μg) was 
loaded alongside each sample as a reference.  
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3.1.6 In vitro verification of the putative interaction between Hsp90β and 

fibronectin 

Since the crosslinked Hsp90 immunoprecipitates from MDA-MB-231 cells indicated a 

putative interaction between Hsp90β and fibronectin, we decided to analyse the 

interaction both in solution and on a solid surface in vitro (Figure 10). Hsp90β was used 

in subsequent experiments due to the high abundance of this isoform in band D (Figure 

8B) as well as the availability of endotoxin-free commercial preparations of the protein.  

The interaction between Hsp90β and fibronectin was tested using a pull down assay 

using the purified proteins. Recombinant Hsp90β (1 μg) was incubated with purified 

soluble human fibronectin (1 μg) and was allowed to interact for 15 minutes at room 

temperature. Co-precipitated proteins were isolated using the Dynabeads® Co-

Immunoprecipitation Kit which employs a magnetic M-270 Epoxy resin to which any 

protein or antibody can be covalently coupled. Captured proteins or complexes present 

on the beads can be isolated by magnetic separation and eluted into a purified fraction. 

For our purposes, the magnetic Dynabeads® were coupled to an antibody against 

Hsp90α/β. BSA-coupled Dynabeads® incubated with Hsp90β (1 μg) or fibronectin (1 μg) 

served as the necessary controls. Recombinant Hsp90β (1 μg) and fibronectin (1 μg) 

served as input controls for sizing immunoprecipitates. Eluted complexes were 

separated by SDS-PAGE and analysed by silver staining (Figure 10A) or Western 

analysis (Figure 10B). When Hsp90β alone was incubated with anti-Hsp90α/β-coupled 

Dynabeads®, a single band at approximately 90 kDa was observed (Figure 10), 

suggesting that the immunoprecipitation was successful and specific for Hsp90. When 

Hsp90β was incubated with fibronectin, a band at the predicted molecular weight of 

fibronectin (~220 kDa) co-precipitated with Hsp90. This was verified by silver staining 

(Figure 10A) and Western analysis (Figure 10B). Interestingly, the silver stained SDS-

PAGE gel showed, in addition to a 220 kDa band, higher molecular weight bands that 

did not correlate with the fibronectin input control (Figure 10A). No protein was detected 

in the immunoprecipitated sample when BSA-coupled Dynabeads® were incubated with 

Hsp90β or fibronectin. As a further control, we confirmed that anti-Hsp90α/β coupled 

Dynabeads® incubated with fibronectin did not pull down any protein (data not shown). 
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The interaction was further confirmed using surface plasmon resonance (SPR) 

spectroscopy. Recombinant fibronectin was immobilized to a CM5 sensor chip using 

combination of 1-ethyl-3-(3 dimethyl-aminopropyl)carbodiimide hydrochloride (EDC) and 

N-hydroxysuccinimide (NHS). Hsp90β (1 μM) was passed over the surface of the chip in 

the presence and absence of excess ATP (1 mM) at a standard flow rate of 5 μl/min. In 

the presence of ATP, a gradual on-rate was observed followed by a significant drop and 

gradual dissociation during the post-injection delay (Figure 10C). This interaction was 

not observed in the absence of ATP and the sensogram dipped below the baseline. 

ATP (1 mM) alone showed no binding to the chip and was subtracted from all 

treatments indicated (Figure 10C).   
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Figure 10: In vitro studies of the putative interaction between Hsp90β and 
fibronectin in solution and on a solid surface. 
(A) Mouse anti-Hsp90α/β was covalently coupled to magnetic Dynabeads and incubated with 1 μg 
recombinant Hsp90β for 15 minutes to allow binding. The bound beads were incubated with 1 μg soluble 
fibronectin for 15 minutes, washed and immunoprecipitates eluted. BSA-coupled Dynabeads incubated 
with 1 μg recombinant Hsp90β or 1 μg fibronectin served as negative controls. Recombinant Hsp90β (1 
μg) and fibronectin (1 μg) were loaded as input controls. Co-immunoprecipitated samples were separated 
by SDS-PAGE and analysed by silver staining. (B) The same samples were probed for the presence of 
fibronectin (upper panel) and Hsp90α/β (lower panel) by Western analysis. These data are representative 
of 2 independent experiments with similar results. (C) The Hsp90-fibronectin interaction was analysed by 
surface plasmon resonance spectroscopy (SPR). Recombinant human fibronectin was immobilized to a 
primed CM5 sensor chip (GE Healthcare, Sweden) and recombinant Hsp90β (1 μM) was passed over the 
surface in the presence and absence of 1 mM ATP. A standard flow rate of 5 μl/min with a 200 second 
post-injection delay was employed. Data are representative of three independent experiments with similar 
results. 
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3.1.7 Screening cancer cell lines for endogenous fibronectin expression 

Six cancer cell lines, including MDA-MB-231, MCF-7, Hs578T, HeLa, THP1 and U937 

cells, were screened for levels of endogenous fibronectin expression (Figure 11). Equal 

amounts of total protein from whole cell lysates were probed with an antibody against 

human fibronectin by Western analysis. The greatest proportion of endogenous 

fibronectin was detected in Hs578T breast cancer cells, which are epithelial cells that 

have been characterized as fibroblast-like (Sørlie et al., 2001). Lower levels of 

fibronectin were detected in the remaining whole cell lysates compared to the Hs578T 

cell line (Figure 11A). In addition to the Western analysis, the morphology of fibronectin 

within MDA-MB-231, MCF-7 and Hs578T breast cancer cells was determined by 

confocal microscopy (Figure 11B). In support of the results from the Western analysis, 

Hs578T cells expressed high levels of endogenous fibronectin that was incorporated 

into an extracellular mesh or network. MDA-MB-231 and MCF-7 cells expressed 

considerably lower levels of fibronectin, with no extracellular fibronectin observed in 

MCF-7 cells. Although considerably lower, MDA-MB-231 cells still contained a portion of 

fibronectin that was incorporated into extracellular fibrils. The morphology, however, 

was different to that observed in Hs578T cells with the extracellular fibronectin being 

observed as single, separated fibrils as opposed to a fibrous network (Figure 11B). 

Based on these data, we decided to conduct further experiments using the Hs578T 

breast cancer cell line as opposed to MDA-MB-231 cells.  
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Figure 11: Hs578T breast cancer cells express the highest level of endogenous 
fibronectin in comparison to other cancerous cell lines. 
(A) Equal amounts of total protein from whole cell lysates of three breast (MCF-7, MDA-MB-231, 
Hs578T), one cervical (HeLa) and two leukemic (THP1, U937) cancer cell lines were probed for 
the levels of endogenous fibronectin by Western analysis using a primary antibody against 
human fibronectin. (B) The relative proportion and morphology of endogenous fibronectin was 
also analysed by confocal microscopy. Cells were seeded onto sterile glass coverslips and 
fibronectin detected using a mouse anti-fibronectin primary antibody (1:100) followed by an anti-
mouse Alexa-Fluor-488 secondary antibody (1:500, green). Nuclei were stained with 1 μg/ml 
Hoechst 33342 (blue). Images were captured using the Zeiss LSM 510 Meta laser scanning 
confocal microscope 40x oil objective and analysed using AxiovisionLE 4.7.1 (Zeiss, Germany). 
Scale bars represent 20 μm. 
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3.1.8 Determining whether fibronectin stability was dependent on Hsp90 

activity in Hs578T cells 

We next investigated whether the levels of fibronectin in Hs578T cells were sensitive to 

Hsp90 inhibition, suggestive of a dependency on Hsp90 activity. We determined the half 

maximal inhibitory concentration (IC50) values in Hs578T cells of two commonly used 

Hsp90 inhibitors, geldanamycin and novobiocin, using the WST-1 cytotoxicity assay. 

Cells were incubated with each inhibitor at a range of concentrations for a period of 72 

hours prior to assessing cell viability using WST-1 reagent. This assay determines cell 

viability by measuring the metabolic reduction of WST-1 to a soluble formazan salt that 

can be measured colorimetrically at 450 nm. Untreated cells were used as a reference 

for 100% cell viability and the IC50 values were determined using a non-linear 

regression equation determined for each kill curve using GraphPad Prism 4 software. 

The IC50 values in Hs578T cells were determined as 6200 nM and 1750 μM for 

geldanamycin and novobiocin respectively (Figure 12A and B). Based on these values, 

Hs578T cells were treated with increasing doses below the calculated IC50 values of 

geldanamycin (500 nM, 2000 nM, and 4000 nM) or novobiocin (250 μM, 750 μM and 

1500 μM) for 16 hours. The effect of Hsp90 inhibition on fibronectin levels was 

quantified by Western analysis using histone H3 as a loading control. A dose-dependent 

decrease in fibronectin levels was observed for both geldanamycin and novobiocin 

treatments. Fibronectin, however, appeared to be more sensitive to novobiocin with a 

more significant decrease (p < 0.01) in total fibronectin relative to untreated cells (Figure 

12C). Collectively, these data suggested that fibronectin stability in Hs578T cells was 

dependent on Hsp90 activity.  
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Figure 12: Fibronectin levels were reduced upon Hsp90 inhibition in Hs578T 
breast cancer cells. 
The cytotoxicity of the Hsp90 small-molecule inhibitors, geldanamycin (A) and novobiocin (B), was 
determined for Hs578T cells using WST-1 cell proliferation reagent. Cells were seeded into a 96-well 
plate and incubated with increasing doses of geldanamycin (GA: 0 nM – 5000 nM) or novobiocin (NOV: 0 
μM – 3125 μM) for 72 hours. Treated cells were incubated with WST-1 reagent for 4 hours and the 
reading at 440 nm was recorded. Data was averaged over 5 independent experiments and the half 
maximal inhibitory concentration (IC50) was determined for each experiment using GraphPad Prism 4 
software. (C) To test the effect of Hsp90 inhibition on the proportion of total fibronectin, cells were treated 
with increasing doses of geldanamycin (500 nM, 2000 nM, 4000 nM) or novobiocin (250 μM, 750 μM, 
1500 μM). Cells were lysed and equal amounts of total cell protein were detected with mouse anti-
fibronectin by Western analysis. The same blots were probed for Histone H3 to serve as a loading 
control. The graph (alongside) illustrates the average densitometry for triplicate experiments determined 
using ImageJ software. Statistical significance was determined using a one-way ANOVA (* = p < 0.01). 
Data are representative of three independent experiments with similar results.  
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3.1.9 Validation of the deoxycholate (DOC) biochemical assay for quantifying 

fibronectin matrix assembly 

Brenner and colleagues (2000) have demonstrated a method that used deoxycholate to 

fractionate the soluble and insoluble fibronectin of cells. Deoxycholate is an ionic 

detergent in which the extracellular, insoluble fibronectin remains insoluble as a pellet 

and the intracellular, soluble fibronectin is separated in solution. The same authors 

exploited this assay to report that fibronectin matrix formation was dependent on Ras-

signaling (Brenner et al., 2000). As a means to validate this assay in our cell line, we 

treated Hs578T cells with an increasing dose of the MEK1/2 inhibitor, U1026. MEK1/2 is 

a signaling molecule downstream of Ras (Seger and Krebs, 1995) and should 

theoretically affect the levels of soluble and insoluble fibronectin.  

 

Western analysis to detect fibronectin in untreated or U1026-treated Hs578T cells 

revealed a dose-dependent decrease in the proportion of soluble and insoluble 

fibronectin with increasing doses of U1026 (5 μM, 50 μM and 100 μM). While there was 

an initial increase in fibronectin levels after treatment with 5 μM U1026, there was a 

dose-dependent decrease in the insoluble/soluble fibronectin ratio in treated cells 

(Figure 13A). To ensure that there was no cross-contamination between the soluble and 

insoluble fibronectin fractions, the levels of GAPDH in the same samples were 

determined by Western analysis. Results showed that GAPDH was only present in the 

soluble fraction (Figure 13A). Changes in the morphology of fibronectin after treatment 

with U1026 were also analysed by confocal microscopy and showed a less dense 

matrix with a reduction in the mesh-like phenotype compared to untreated cells (Figure 

13B). In order to quantify any changes observed, ImageJ was used to calculate the 

mean gray value for each field of view (depicted as the number at the bottom of each 

frame).  
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Figure 13: Validation of the deoxycholate (DOC) assay to quantitate fibronectin 
matrix assembly in Hs578T breast cancer cells. 
(A) Confluent Hs578T cells were incubated with increasing doses of the MEK1/2 inhibitor, U1026 (5 μM, 
50 μM and 100 μM), for 16 hours at 37°C. Cells were lysed and the soluble and insoluble fibronectin 
fractions were separated using the DOC assay described in the methodology (Brenner et al., 2000). The 
levels of soluble and insoluble fibronectin (FN) for each treatment were determined by Western analysis 
using an antibody against fibronectin. To ensure there was no contamination between the soluble and 
insoluble fractions, the same samples were tested for GAPDH by Western analysis. Equal amounts of 
protein were loaded for each sample as determined by spectrometric absorbance at 280 nm. The graph 
illustrates the densitometric ratio of insoluble to soluble fibronectin determined using ImageJ software. 
Statistical significance was determined using a one-way ANOVA (p < 0.05) (B) Confocal microscopy was 
used to observe changes in the fibronectin morphology in Hs578T cells following treatment with the same 
doses of U1026. Fibronectin was detected using a mouse anti-fibronectin primary antibody and donkey 
anti-mouse Alexa-Fluor-488 secondary antibody. Nuclei were stained with 1 μg/ml Hoechst 33342. 
Images were captured using the Zeiss LSM 510 Meta laser scanning confocal microscope 40x oil 
objective and analysed using AxiovisionLE 4.7.1 (Zeiss, Germany). Three images were captured for each 
treatment in areas where similar cell numbers were observed. Scale bars represent 20 μm. Values (in 
white) at the bottom of each frame represent the mean gray values (± standard deviation) for each 
treatment. Data are representative of triplicate images of three independent experiments showing similar 
results. 
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The mean gray value can be defined as the proportion of gray/white pixels relative to 

the total number of pixels in each frame, essentially giving an indication of the signal 

detected for each treatment. In response to the U1026 treatment, the mean gray value 

decreased in a dose-dependent manner from 50.47 ± 9.78 to 36.68 ± 1.99, suggesting 

a decrease in the fibronectin signal observed and corroborating the results observed by 

Western analysis. The nuclei panel was included to show that the change in the 

fibronectin matrix was not a result of a change in the number of cells.  

 

3.1.10 Effect of exogenous Hsp90β on the proportion of soluble and 

insoluble fibronectin in Hs578T cells 

Next we investigated the effect of addition of exogenous purified Hsp90β (50 ng/ml, 100 

ng/ml and 1000 ng/ml) on the proportion of soluble and insoluble fibronectin in Hs578T 

cells (Figure 14). Exogenous bovine serum albumin (BSA) and exogenous fibronectin 

were added to cells at the same concentrations and used as negative and positive 

controls respectively. Cells were treated for 16 hours before harvesting as per the DOC 

assay (Brenner et al., 2000). Western analysis showed that BSA did not have any 

considerable or dose-dependent effect on the insoluble/soluble fibronectin ratio relative 

to untreated cells. While exogenous fibronectin appeared to show a random trend, the 

insoluble/soluble fibronectin ratio was still considerably higher in comparison to the 

untreated cells. The most significant increase in the insoluble/soluble fibronectin ratio 

was observed in a dose-dependent manner when cells were treated with increasing 

concentrations of Hsp90β (Figure 14). In particular, at 500 ng/ml and 1000 ng/ml, 

Hsp90β increased the insoluble/soluble fibronectin ratio significantly relative to 

exogenous BSA and fibronectin at the same concentrations (Figure 14). The effect of 

these treatments on the fibronectin morphology was analysed by confocal microscopy 

(Figure 15).  
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Figure 14: Exogenous Hsp90β increased the levels of insoluble fibronectin in Hs578T breast cancer cells. 
Confluent Hs578T cells were incubated with bovine serum albumin (BSA), purified fibronectin or recombinant endotoxin-free Hsp90β at increasing 
concentrations of 50 ng/ml, 500 ng/ml and 1000 ng/ml. Following 16 hours incubation, cells were harvested using the DOC assay (Brenner et al., 
2000) and levels of soluble and insoluble fibronectin detected by Western analysis using an antibody against fibronectin. Equal amounts of protein 
were loaded for each sample as determined by spectrometric absorbance at 280 nm. The densitometry for each sample was determined using 
ImageJ and compared to the untreated (U) control. The graph illustrates the average relative proportion of insoluble to soluble fibronectin from 
triplicate experiments determined using ImageJ software. Statistical significance was determined using a one-way ANOVA (p < 0.01). Data are 
representative of three independent experiments with similar results.  
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Figure 15: Exogenous Hsp90β increased the levels of extracellular fibronectin 
matrix in Hs578T breast cancer cells. 
Hs578T cells were seeded onto sterile glass coverslips and incubated with bovine serum albumin (BSA), 
purified fibronectin or recombinant endotoxin-free Hsp90β for 16 hours at increasing concentrations of 50 
ng/ml, 500 ng/ml and 1000 ng/ml. Fibronectin was detected using a mouse anti-fibronectin primary 
antibody followed by a donkey anti-mouse Alexa-Fluor-488 secondary antibody. Nuclei were stained with 
1 μg/ml Hoechst 33342. Images were captured using the Zeiss LSM 510 Meta laser scanning confocal 
microscope 40x oil objective and analysed using AxiovisionLE 4.7.1 (Zeiss, Germany). Three images 
were captured for each treatment in areas where similar cell numbers were observed. Scale bars 
represent 20 μm. Values (in white) at the bottom of each frame represent the mean gray values (± 
standard deviation) for each treatment. Data are representative of triplicate images from three 
independent experiments showing similar results. 
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Exogenous BSA appeared to have no observable effect on the fibronectin matrix 

regardless of the concentration added to the cells. This was reflected by the mean gray 

values which showed no considerable increase or decrease in the fibronectin matrix 

(mean gray value of 47.62 ± 6.17 at the highest concentration compared to 50.21± 7.75 

in untreated cells). In contrast, exogenous fibronectin and Hsp90β appeared to increase 

the proportion of extracellular fibronectin observed relative to untreated cells (Figure 

15). This increase was quantified using the mean gray value which reported a change 

from 50.21 ± 7.75 in untreated cells to 58.84 ± 9.10 and 60.79 ± 3.08 for exogenous 

fibronectin (1000 ng/ml) and Hsp90β (1000 ng/ml) respectively. The nuclei panel was 

included to show that the increase in the fibronectin matrix was not as a result of a 

change in the cell number.  

 

3.1.11 Effect of transient siRNA Hsp90 knockdown on the levels of soluble 

and insoluble fibronectin in Hs578T cells 

Since the addition of purified Hsp90β increased the insoluble fibronectin matrix, we 

investigated whether the transient silencing of Hsp90α or Hsp90β using short interfering 

RNA (siRNA) would exhibit the opposite phenotype (Figure 16). Cells were transfected 

for 48 hours with a pool of 4 siRNA oligonucleotides targeted against unique sequences 

for either Hsp90α or Hsp90β. Cells transfected with a pool of scrambled, non-targeting 

siRNA oligonucleotides served as a negative control. Equal amounts of total protein 

from whole cell lysates of transfected cells were probed with antibodies against Hsp90α 

and Hsp90β by Western analysis. Approximately 30-40% knockdown was achieved for 

Hsp90α with little to no effect on the levels of Hsp90β. GAPDH was used as a control to 

ensure equal protein loading (Figure 16A). Soluble and insoluble fibronectin was 

harvested from transfected cells using the DOC assay (Brenner et al., 2000) and DOC-

soluble and DOC-insoluble lysates were probed with an antibody against fibronectin by 

Western analysis. When Hsp90α was transiently silenced, a decrease of approximately 

40% and 80% was observed for soluble and insoluble fibronectin respectively (Figure 

16A). Approximately 50% knockdown was achieved for Hsp90β with no observable 

effect on the levels of Hsp90α. Histone H3 was used as a control for equal protein 
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loading (Figure 16B). The effect of Hsp90β silencing on soluble and insoluble fibronectin 

was less pronounced in comparison to that achieved with Hsp90α knockdown. 

Nonetheless, Western analysis revealed a decrease of approximately 50% and 30% for 

soluble and insoluble fibronectin respectively as measured by the DOC assay (Figure 

16B). To verify the Western analysis data and to determine the effect of Hsp90 

knockdown on fibronectin morphology, transfected cells were analysed by confocal 

microscopy. Relative to cells transfected with the non-targeting control, a reduced 

fibronectin matrix was observed 48 hours after transfection with siRNA against Hsp90α 

or Hsp90β. This was confirmed by a decrease in the mean gray value which reported a 

change from 36.35 (± 3.26) to 26.66 (± 1.10) for Hsp90α knockdown and 29.09 (± 4.37) 

for Hsp90β knockdown. Interestingly, the decrease in the fibronectin matrix was more 

pronounced in cells where Hsp90α was transiently silenced (Figure 17). The nuclei 

panel was included to show that the knockdown treatments did not have a significant 

effect on cell viability or number.  
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Figure 16: Knockdown (K/D) of Hsp90α or Hsp90β with siRNA decreased the 
proportion of soluble and insoluble fibronectin in Hs578T breast cancer cells. 
(A) Hs578T cells were transfected with a pool of short interfering RNA (siRNA) oligonucleotides (25 nM) 
against Hsp90α. A scrambled non-targeting (NT) pool of siRNA oligonucleotides (25 nM) served as a 
negative control. After 48 hours, the level of Hsp90α was detected by Western analysis using primary 
antibodies against Hsp90α alone. DOC-soluble and DOC-insoluble lysates from transfected cells were 
created and equal amounts of protein loaded. The levels of soluble and insoluble fibronectin were 
determined by Western analysis using an antibody against fibronectin. To ensure equal sample loading, 
samples were probed with anti-GAPDH (1:1000). (B) Hs578T cells were transfected with a pool of siRNA 
oligonucleotides (25 nM) against Hsp90β. A scrambled non-targeting (NT) pool of siRNA oligonucleotides 
(25 nM) served as a negative control. Samples were harvested and analysed as described in (A) with the 
exception that an antibody against Histone H3 (1:1000) was used to ensure equal protein loading. (C) 
The graphs illustrate the densitometry that was determined using ImageJ software and was used to 
quantify the silencing of Hsp90α or Hsp90β normalized to the loading controls (upper panel) or the levels 
of soluble and insoluble fibronectin (lower panel). Data are representative of three independent 
experiments with similar results. 
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Figure 17: Knockdown of Hsp90α or Hsp90β resulted in a reduction in the 
extracellular fibronectin matrix of Hs578T breast cancer cells. 
Hs578T cells transfected with siRNA against Hsp90α or Hsp90β were seeded onto sterile glass 
coverslips and allowed to adhere. After a 48 hour transfection period, the cells were fixed and incubated 
with a primary antibody against fibronectin (1:100), followed by a donkey anti-mouse Alexa-Fluor-488 
secondary antibody. Transfection with a scrambled, non-targeting pool of siRNA served as a negative 
control. Nuclei were stained with 1 μg/ml Hoechst 33342. Images were captured using the Zeiss LSM 510 
Meta laser scanning confocal microscope 40x oil objective and analysed using AxiovisionLE 4.7.1 (Zeiss, 
Germany). Three images were captured for each treatment in areas where similar cell numbers were 
observed. Scale bars represent 20 μm. Values (in white) at the bottom of each frame represent the mean 
gray values (± standard deviation) for each treatment. Data are representative of triplicate images of three 
independent experiments showing similar results. 
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3.1.12 Effect of pharmacological inhibition of Hsp90 on the levels of soluble 

and insoluble fibronectin in Hs578T cells 

In an attempt to simultaneously inhibit Hsp90α and Hsp90β, we tested the effect of 

published Hsp90 inhibitors (geldanamycin and novobiocin) on the proportion of soluble 

and insoluble fibronectin (Figure 18). Hs578T cells were treated with increasing doses 

of either geldanamycin (500 nM, 2000 nM and 4000 nM) or novobiocin (250 μM, 750 

μM and 1500 μM) for 16 hours before harvesting as per the DOC assay. Cells were also 

treated with an integrin-binding peptide (RGDS) and its mutant analogue (RADS) as 

controls for the DOC assay. The RGDS peptide is a ubiquitous integrin-binding motif 

found in extracellular matrix proteins, including fibronectin (Ruoslahti, 1996). Binding to 

the RGD motif should theoretically stimulate signaling pathways that regulate fibronectin 

matrix formation. In contrast, the RAD analogue should exhibit the opposite effect by 

competing with fibronectin for integrin binding (Verderio et al., 2003). Western analysis 

to detect fibronectin showed that the RGDS peptide stimulated the expression of both 

soluble and insoluble fibronectin whereas the RADS mutant resulted in a reduction of 

the levels of both soluble and insoluble fibronectin. Geldanamycin treatments caused a 

dose-dependent increase in the proportion of insoluble fibronectin, but no change in the 

proportion of soluble fibronectin. In contrast, treatment with novobiocin showed a dose-

dependent decrease in the levels of both soluble and insoluble fibronectin (Figure 18). 

The effect of each of the aforementioned treatments on fibronectin matrix morphology  
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Figure 18: Inhibition of Hsp90 with the small molecule inhibitors, geldanamycin 
and novobiocin, resulted in differential effects on the levels of soluble and 
insoluble fibronectin in Hs578T breast cancer cells. 
Confluent Hs578T cells were treated with either 5 μg/mL of an integrin-binding peptide (RGD) or its 
mutant analogue (RAD) as controls. Cells were treated with increasing doses of geldanamycin (GA: 500 
nM, 2000 nM, 4000 nM) or novobiocin (NOV: 250 μM, 750 μM, 1500 μM); concentrations below the 
determined IC50 values (Figure 9). Cells were treated for 16 hours after which they were harvested 
according to the DOC assay (Brenner et al., 2000). The effect of the treatments on the levels of soluble 
and insoluble fibronectin was determined by Western analysis. Equal amounts of total protein from the 
soluble and insoluble fractions were probed for the presence of fibronectin using a primary antibody 
against human fibronectin. The associated densitometry (below graph) was determined using ImageJ 
software. Statistical significance was determined using a one-way ANOVA and error bars represent data 
of three independent experiments with similar results. 
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Figure 19: Inhibition of Hsp90 with novobiocin resulted in a dose-dependent 
change in the fibronectin morphology in Hs578T breast cancer cells. 
Hs578T cells (9 x 105 cells/ml) were seeded onto sterile glass coverslips and allowed to adhere overnight. 
The following day, cells were treated with an integrin-binding RGD peptide or the mutant RAD analogue 
(5 μg/ml) or increasing doses of geldanamycin (GA: 500 nM, 2000 nM, 4000 nM) or novobiocin (NOV: 
250 μM, 750 μM, 1500 μM) for 16 hours. Cells were harvested, fixed and incubated with a mouse primary 
antibody against human fibronectin (1:100) followed by anti-mouse Alexa-Fluor-488 secondary antibody 
(1:500). Nuclei were stained with 1 μg/ml Hoechst 33342. Images were captured using the Zeiss LSM 
510 Meta laser scanning confocal microscope 40x oil objective and analysed using AxiovisionLE 4.7.1 
(Zeiss, Germany). Three images were captured for each treatment in areas where similar cell numbers 
were observed. Scale bars represent 20 μm. Values (in white) at the bottom of each frame represent the 
mean gray values (± standard deviation) for each treatment. Data are representative of three independent 
experiments with similar results. (B) Inhibition of Hsp90 with novobiocin resulted in a time-dependent 
decrease in the extracellular fibronectin matrix. Hs578T breast cancer cells were seeded onto sterile 
glass coverslips and allowed to adhere for 16 hours prior to treatment with novobiocin (NOV; 1 mM) over 
a time period of 24 hours. Cells were harvested at different time intervals (0, 2, 4, 8 and 24 hours), fixed 
and incubated with a mouse primary antibody against human fibronectin (1:100) followed by anti-mouse 
Alexa-Fluor-488 secondary antibody (1:500). Nuclei were stained with 1 μg/ml Hoechst 33342. Images 
were captured using the Zeiss LSM 510 Meta laser scanning confocal microscope 40x oil objective and 
analysed using AxiovisionLE 4.7.1 (Zeiss, Germany). Three images were captured for each treatment in 
areas where similar cell numbers were observed. Scale bars represent 20 μm. (C) Inhibition of Hsp90 
with novobiocin caused the formation of small, vesicular-like structures in Hs578T cells. Cells were 
seeded onto sterile glass coverslips and allowed to adhere overnight at 37°C prior to treatment with 
novobiocin (1 mM) for a period of 16 hours. Cells were harvested, fixed and incubated with a mouse 
primary antibody against human fibronectin (1:100) followed by anti-mouse Alexa-Fluor-488 secondary 
antibody (1:500). Nuclei were stained with 1 μg/ml Hoechst 33342. Images were captured using the Zeiss 
LSM 510 Meta laser scanning confocal microscope 63x oil objective and analysed using AxiovisionLE 
4.7.1 (Zeiss, Germany). Scale bars represent 20 μm. 
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was analysed by confocal microscopy (Figure 19A). Relative to the untreated cells, 

treatment with the RGDS peptide increased the proportion of insoluble fibronectin 

(mean gray value 51.64 ± 4.03) observed while the RADS mutant peptide showed a 

considerable decrease (mean gray value 26.96 ± 6.17), both corroborating the Western 

analysis data (Figure 18). Cells treated with geldanamycin showed an increase in the 

mean gray value from 42.89 ± 2.27 at 500 nM to 52.20 ± 1.99 at 4000 nM, supporting 

the results for Western analysis which showed an increase in the levels of insoluble 

fibronectin (Figure 18). Geldanamycin also appeared to affect the morphology of the 

matrix, demonstrating a more ordered fibrillar network compared to the untreated cells 

(Figure 19A). More interestingly, cells treated with novobiocin showed a dose-

dependent decrease in the fibronectin fibrillar network with increasing doses of the 

Hsp90 inhibitor. A decrease from 50.47 ± 9.78 for untreated cells to 34.29 ± 2.55 at 250 

μM novobiocin, 21.77 ± 4.92 at 750 μM novobiocin and 19.95 ± 1.99 at 1500 μM 

novobiocin was observed which was similar to the mean gray value of 26.96 ± 6.17 in 

cells treated with the RADS peptide. The nuclei panel was included for all treatments to 

illustrate that the change in the fibronectin matrix was not due to an increase or 

decrease in cell number.  

 

Since inhibition of Hsp90 with novobiocin exhibited an interesting fibronectin phenotype, 

we decided to use this inhibitor for further studies to investigate the role of Hsp90 in 

fibronectin matrix assembly. To provide support for the dose-dependent decrease in 

fibronectin observed following novobiocin treatment, we next investigated whether this 

decrease in fibronectin was also time-dependent. Cells were treated with a fixed 

concentration of novobiocin (1 mM) and harvested over a range of time intervals (0, 2, 

4, 8 and 24 hours) and prepared for confocal microscopy (Figure 19B). A time-

dependent decrease in the fibronectin matrix was observed coupled with the 

appearance of small, vesicular-like structures within the cytoplasm of many cells. A high 

resolution image of these putative vesicular structures is shown (Figure 19C). 
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3.1.13 Investigation of the ability of exogenous Hsp90β to reverse the loss in 

the fibronectin matrix following Hsp90 knockdown or treatment with 

novobiocin 

Next we investigated whether exogenous Hsp90β was capable of rescuing the 

phenotype associated with novobiocin-treated or Hsp90-knockdown cells (Figure 20). 

Hs578T cells were treated with a dose of novobiocin below the calculated IC50 value (1 

mM) for 1 hour after which Hps90β (100 ng/ml) was added to the cell culture media for a 

period of 16 hours. Cells treated with Hsp90β (100 ng/ml) or novobiocin (1 mM) alone 

served as controls. Sterile coverslips were added to the wells of each treatment for 

analysis by confocal microscopy. After the treatment period, soluble and insoluble 

fibronectin were harvested from cells as per the DOC assay (Brenner et al., 2000) and 

the coverslips processed for confocal microscopy. Relative to the untreated cells, 

exogenous Hsp90β alone increased the proportion of both soluble and insoluble 

fibronectin (Figure 20A). In cells treated with novobiocin, a reduction in both soluble and 

insoluble fibronectin was expected. While a decrease was observed for the soluble 

fibronectin fraction, a slight increase was seen in the proportion of insoluble fibronectin 

relative to the untreated control (Figure 20A). Cells treated with a combination of 

novobiocin (1 mM) and Hsp90β (100 ng/ml) revealed that exogenous Hsp90β was 

unable to induce the recovery of the insoluble fibronectin matrix following novobiocin 

treatment (Figure 20A). Confocal microscopy corroborated the Western analysis data 

and showed that cells treated with Hsp90β alone resulted in a greater, more 

pronounced fibronectin matrix in comparison to untreated cells. This was supported by 

an increase in the mean gray value from 33.28 ± 5.76 for untreated cells to 52.83 ± 0.80 

in treated cells (Figure 20B). Novobiocin caused an almost complete loss in the 

extracellular fibronectin matrix and consistently exhibited small, vesicular-like structures 

as was observed in previous experiments. A decrease from 33.28 ± 5.76 to 8.67 ± 2.61 

was observed in the mean gray value. Cells treated with novobiocin and Hsp90β 

together showed a decrease in the mean gray values from 33.28 ± 5.76 to 16.17 ± 1.05, 

which was more similar to the novobiocin treated sample than the Hsp90β or untreated 

sample.  
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Figure 20: Exogenous Hsp90β was not able to reverse the reduction in the 
fibronectin matrix in Hs578T cells following treatment of cells with novobiocin. 
(A) Confluent Hs578T cells were allowed to adhere overnight and then treated with novobiocin (1 mM). 
An hour later, Hsp90β (100 ng/mL) was added to the cells and incubated overnight at 37°C. Cells treated 
with Hsp90β (100 ng/ml) alone or novobiocin (1 mM) alone served as controls. The densitometry (right) 
was determined using ImageJ. Statistical significance was determined by a one-way ANOVA. (B) 
Confluent Hs578T cells were seeded onto sterile glass coverslips and treated as described in (A). Cells 
were harvested, fixed and incubated with a mouse primary antibody against human fibronectin (1:100) 
followed by anti-mouse Alexa-Fluor-488 secondary antibody (1:500). Nuclei were stained with 1 μg/ml 
Hoechst 33342. Images were captured using the Zeiss LSM 510 Meta laser scanning confocal 
microscope 40x oil objective and analysed using AxiovisionLE 4.7.1 (Zeiss, Germany). Three images 
were captured for each treatment in areas where similar cell numbers were observed. Scale bars 
represent 20 μm. Values (in white) at the bottom of each frame represent the mean gray values (± 
standard deviation) for each treatment. Data are representative of three independent experiments with 
similar results. (C) Hs578T cells (90% confluent) were allowed to adhere overnight at 37°C, 9% CO2. The 
following day, the cells were simultaneously transfected with a pool of siRNA oligonucleotides (12 nM) 
against both Hsp90α and Hsp90β for 24 hours. Transfection with a pool of scrambled, non-targeting (NT) 
siRNA oligonucleotides was used as a negative control. The culture media was subsequently 
supplemented with Hsp90β (100 ng/ml) and treated for a further 24 hours prior to harvesting cells as per 
the DOC assay (Brenner et al., 2000). 
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Addition of Hsp90β and novobiocin did not result in a recovery of the extracellular 

fibronectin matrix, but appeared to enhance the intracellular fibronectin phenotype 

observed with novobiocin treatment. The small, vesicular-like structures became more 

pronounced and the fibronectin displayed an unusual localization reminiscent of the 

endoplasmic reticulum or vacuolar staining (Figure 20B). We hypothesized that the 

reason no recovery was observed following the addition of Hsp90β may have been a 

result of inhibition by novobiocin of the soluble Hsp90β that was added to the culture 

media. To ensure this was not occurring, we repeated a similar experiment whereby 

cells were treated with novobiocin (1 mM) for 8 hours, the novobiocin was removed and 

media supplemented with Hsp90β (100 ng/ml) was replaced. Western analysis of DOC-

soluble and DOC-insoluble fibronectin, however, showed that there was no change in 

the fibronectin levels after treatment with exogenous Hsp90β (data not shown).  

 

Alongside pharmacological inhibition, we decided to ascertain whether exogenous 

Hsp90β had any effect on the recovery of the fibronectin matrix following the 

simultaneous knockdown of Hsp90α and Hsp90β. Cells were transfected with a pool of 

siRNA oligonucleotides (12 nM) against each Hsp90 isoform. The following day, the 

culture media was supplemented with Hsp90β (100 ng/ml) and treated for a further 24 

hours prior to harvesting of soluble and insoluble fibronectin using the DOC assay 

(Brenner et al., 2000). Approximately 70% knockdown was achieved for Hsp90α/β with 

little effect on cell viability. Following Hsp90 knockdown (K/D), there was a decrease in 

both soluble and insoluble fibronectin. This phenotype, however, was not recovered 

when soluble exogenous Hsp90β was added to the knockdown cells (Figure 20C). No 

observable change was noticed in the fibronectin morphology by confocal microscopy 

(data not shown). 

 

3.1.14 Effect of novobiocin on a fluorescently-labeled extracellular 

fibronectin matrix 

We next investigated whether the reduction in the extracellular fibronectin matrix was a 

result of degradation of the extracellular matrix or an inhibition of export of soluble 
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fibronectin. We designed an experiment that allowed us to study the dynamics of 

extracellular fibronectin only. Purified soluble fibronectin was labeled with a fluorescent 

dye (DyLight 550) by covalent binding of the NHS-moiety on the dye to primary amines 

on fibronectin. This labeled fibronectin could then be used by cells to build a fluorescent 

extracellular matrix that could be detected using excitation at a wavelength of 550 nm. 

Once labeled, the moles of dye per moles of protein was determined to be 1.355 moles 

dye/moles fibronectin, suggesting that proper labeling of fibronectin had occurred. To 

ensure that Hs578T cells could utilize this fibronectin to form the extracellular matrix, 50 

nM of the labeled fibronectin was added to cells in suspension or under adherent 

conditions. A time period of 16 hours at 37°C was allowed for fibrillogenesis after which 

the cells were examined by confocal microscopy. Confocal microscopy revealed that 

when supplied with fluorescently labeled fibronectin under both suspension and 

adherent conditions, Hs578T cells successfully formed a fluorescent matrix (Figure 

21A). This experiment was repeated and total fibronectin (including endogenously 

produced unlabelled fibronectin) was stained with a primary antibody against fibronectin 

followed by a species-specific Alexa-Fluor-488 secondary antibody. The rationale for 

this experiment was to determine what quantity of the total fibronectin matrix was 

derived from the exogenous fluorescent protein or the endogenous unlabelled 

fibronectin. Confocal microscopy showed that a large portion of the matrix was formed 

from the fluorescent exogenous fibronectin (red signal), but there were still regions 

where only endogenous fibronectin (green signal) was observed (Figure 21B). 

Collectively, these data demonstrated that cells could utilize the fluorescently labeled 

fibronectin to successfully form a large extracellular matrix that could be used in 

subsequent experiments to analyse the dynamics of extracellular fibronectin. 
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Figure 21: Human fibronectin was successfully labeled with the DyLight-550 dye 
and was incorporated into the extracellular fibronectin matrix of Hs578T breast 
cancer cells. 
(A) Purified fibronectin was labeled using the DyLight-550 labeling kit according to manufacturers’ 
instructions. The labeled fibronectin (50 nM) was added to the cell culture media of Hs578T cells in 
suspension (left) or that had been allowed to adhere overnight (right). The cells were subsequently 
incubated at 37°C for 24 hours to allow the fibronectin matrix to form prior to microscopy. (B) 
Fluorescently labeled fibronectin (50 nM) was added to the cell culture supernatant of adherent Hs578T 
cells and incubated for 24 hours. Cells were harvested, fixed and incubated with human anti-fibronectin 
primary antibody followed by a species specific Alexa Fluor-488 conjugated secondary antibody. Nuclei 
were stained with 1 μg/ml Hoechst 33342. Images were captured using the Zeiss LSM 510 Meta laser 
scanning confocal microscope 40x oil objective and analysed using AxiovisionLE 4.7.1 (Zeiss, Germany). 
Scale bars represent 20 μm.  
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Next we investigated the effect of Hsp90 inhibition with novobiocin on the extracellular 

fluorescent fibronectin matrix (Figure 22). Hs578T cells were treated with 50 nM labeled 

fibronectin, allowed to undergo fibrillogenesis for 16 hours and subsequently treated 

with novobiocin (1 mM) over a time course of 0, 2, 4, 8 and 24 hours. Cells were 

harvested and analysed by confocal microscopy. A time-dependent decrease in the 

fluorescent fibronectin matrix was observed upon novobiocin treatment. A considerable 

loss in the fibronectin matrix was observed after 2 hours with an almost complete loss in 

the matrix after 24 hours (Figure 22A). No distinct vesicular-like structures were 

observed, as was seen for endogenous fibronectin when stained with antibodies. 

However, after 24 hours a faint, diffuse cytoplasmic signal was observed (Figure 22A), 

which may have been due to the accumulation of the fluorescent fibronectin molecule 

inside the cell.  

 
This novobiocin-induced effect was subsequently analysed using live cell imaging over 

a period of 9 hours (Figure 22B). Hs578T cells were seeded into a glass-bottomed cell 

culture dish and treated with 50 nM labeled fibronectin for 16 hours. The culture dish 

was placed in the Zeiss LSM 510 Meta laser scanning confocal microscope unit pre-

conditioned to an atmospheric temperature of 37°C and maintained at CO2 levels of 

10%. Novobiocin (1 mM) was added to the cells after the presence of the fluorescent 

matrix was confirmed by excitation at 550 nm. AxiovisionLE 4.7.1 software was used to 

set up the parameters of the experiment such that images were captured at 15 minute 

intervals over a 9-hour time period. This time period was deemed suitable since a 

considerable loss in the fluorescent matrix was seen at 8 hours in the previous time-

course experiment (Figure 22A). As a control, this experiment was repeated for cells 

that were not treated with novobiocin. Five individual frames for each experiment (at 0, 

3, 5, 7 and 9 hours) suggested that changes in the matrix in untreated cells occurred 

due to fibronectin matrix turnover and assembly, but no considerable change in the 

matrix density was observed. Upon treatment with novobiocin, a time-dependent 

decrease in the fluorescent fibronectin matrix was observed. A live cell video clip was 

generated from the images obtained to illustrate this reduction in the fibronectin matrix 

in more detail (LIVE CELL MOVIE 1 - see compact disc attached).  
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Figure 22: Novobiocin induced a time-dependent decrease in fluorescently 
labeled fibronectin in Hs578T breast cancer cells. 
(A) Confluent Hs578T cells were allowed to undergo fibrillogenesis in media supplemented with 
fibronectin (50 nM) covalently conjugated to the fluorescent DyLight-550 dye overnight at 37°C. The 
following day, cells were treated with novobiocin (1 mM) for a period of 2, 4, 8 or 24 hours. After each 
time interval, the cells were harvested, fixed and the nuclei stained with 1 μg/ml Hoechst 33342. Images 
were captured using the Zeiss LSM 510 Meta laser scanning confocal microscope 40x oil objective and 
analysed using AxiovisionLE 4.7.1 (Zeiss, Germany). Three images were captured for each treatment in 
areas where similar cell numbers were observed. Scale bars represent 20 μm. Data are representative of 
three independent experiments with similar results. (B) Hs578T cells were seeded in a sterile glass-
bottomed culture dish in phenol-red free media supplemented with fluorescently labeled fibronectin (50 
nM) and incubated overnight at 37°C. The following day, cells either remained untreated or the media 
was supplemented with novobiocin (1 mM) and live cell images were captured every 15 minutes over a 
period of 9 hours using the Zeiss LSM 510 Meta laser scanning confocal microscope. Scale bars 
represent 20 μm. All images were captured using the 63x oil objective and analysed using AxiovisionLE 
4.7.1 (Zeiss, Germany) and Windows Movie Maker software. 
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A video clip was also generated from the images captured for the untreated control and 

showed the dynamic turnover and formation of the matrix that occurred naturally within 

the cells (LIVE CELL MOVIE 2 – see compact disc attached). In these experiments, 

small vesicular-like structures were observed, similar to those seen for endogenous 

fibronectin stained with antibodies. These data collectively suggest that extracellular 

fibronectin was being internalized upon inhibition of Hsp90 with novobiocin. 

 

3.1.15 Effect of novobiocin on the uptake of CFDA-SE-labeled fibronectin in 

Hs578T cells 

To confirm whether the reduction in the fibronectin matrix upon novobiocin treatment 

was a result of the internalization of fibronectin, we evaluated the uptake of fibronectin 

labeled with the carboxyfluorescein diacetate succinimidyl ester (CFDA-SE). CFDA-SE 

is non-fluorescent until the acetate groups of the dye have been cleaved by intracellular 

esterases, after which the dye fluoresces when excited at a wavelength of 488 nm 

(Wang et al., 2005). Similar to the DyLight-550 dye, CFDA-SE contains a succinimidyl 

moiety that is capable of binding to the primary amines of any protein within interacting 

range. As a consequence, only CFDA-SE-labeled fibronectin that has been internalized 

should become fluorescent due to the action of intracellular esterases. As a means to 

analyse the effect of novobiocin on CFDA-SE-labeled fibronectin (CFDA-SE-FN), the 

change in the fluorescence of CFDA-SE was assessed using flow cytometry (Figure 23) 

and confocal microscopy (Figure 24). Flow cytometry showed that cells treated with 

CFDA-SE-FN alone (Figure 23A, red dotted line) exhibited some fluorescence (mean 

fluorescence = 9144) in the FITC channel in comparison to untreated cells (mean 

fluorescence = 296) (Figure 23A, grey shaded peak), suggesting that Hs578T cells 

internalized the extracellular fibronectin. Upon treatment with novobiocin, the FITC-H 

peak (Figure 23A, blue solid line) shifted to the right of the red line by one log scale and 

the mean fluorescence increased to 50 000 in comparison to cells treated with CFDA-

SE-FN alone (Figure 23A, red dotted line). Hs578T cells were also treated with two 

different doses of novobiocin (250 μM and 750 μM) and the CFDA-SE fluorescence was 

monitored by flow cytometry. At the lowest concentration of novobiocin (250 μM), the 
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FITC-H peak (Figure 23B, blue solid line) shifted approximately one log scale to the 

right in comparison to cells treated with CFDA-SE-FN alone (Figure 23B, red dotted 

line). An increase in mean fluorescence from approximately 500 to 2200 was reported 

(Figure 23B). With an increase in novobiocin concentration, the FITC-H peak (Figure 

22B, green solid line) appeared to shift to the left, suggesting the CFDA-SE 

fluorescence was decreasing. At 750 μM novobiocin, the mean fluorescence decreased 

to approximately 1600 compared to the mean fluorescence of 2200 associated with 250 

μM novobiocin.  

 

 
Confocal microscopy was used to visualize the fluorescence associated with the CFDA-

SE-labeled fibronectin in untreated and novobiocin-treated cells (Figure 24). Henceforth, 

untreated cells refer to cells that were treated with CFDA-SE-FN alone, but not with 

novobiocin. A small subset of the total number of untreated cells (28.13 ± 6.82%) 

showed green fluorescence, an indication that CFDA-SE-FN had been internalized and 

cleaved by intracellular esterases. Upon treatment with 250 μM novobiocin, every cell 

observed displayed green fluorescence (100% CFDA-SE positive cells). This data 

supported the observations made by flow cytometry where a log scale increase in mean 

fluorescence was detected (Figure 23B, blue solid line). At a concentration of 750 μM 

novobiocin, the number of cells exhibiting green fluorescence decreased considerably 

compared to the lowest concentration of novobiocin (250 μM). However, the number of 

cells that had internalized the CFDA-SE-FN was still higher compared to the untreated 

cells (53.34 ± 5.39%) (Figure 24).  
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Figure 23: Novobiocin treatment resulted in an increase in the uptake of 
fibronectin labeled with carboxyfluorescein diacetate succinimidyl ester (CFDA-
SE) in Hs578T breast cancer cells. 
(A) Confluent Hs578T cells were allowed to adhere for 8 hours after which the cell culture media was 
supplemented with either 500 nM CFDA-SE-labeled fibronectin (red dotted line) alone or a combination of 
500 nM CFDA-SE-FN and 1 mM novobiocin (blue solid line) and incubated for a period of 16 hours. Cells 
were lifted with trypsin/EDTA, washed and analysed by flow cytometry in the FITC channel. Cells not 
provided with CFDA-SE-FN (grey shaded peak) were analysed as a reference for each treatment. (B) 
Cells were treated in the same manner as described in (A) with the exception that cells were treated with 
a low (250 μM; blue solid line) or medium (750 μM; green solid line) dose of novobiocin (NOV). The 
change in the mean fluorescence was determined using FlowJo 7.6.5 software as illustrated in the 
histogram. Statistical significance relative to the untreated cells was determined using a one-way ANOVA 
(p < 0.01). Data are representative of two independent experiments with similar results.  
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Figure 24: Novobiocin treatment increased the uptake of CFDA-SE-FN in Hs578T 
breast cancer cells. 
Cells were seeded onto sterile, glass coverslips and allowed to adhere for 8 hours prior to treating cells 
with either CFDA-SE-FN alone (500 nM) or a combination of CFDA-SE-FN (500 nM) and novobiocin at 
either a low or medium dose (NOV: 250 μM and 750 μM respectively). Cells were incubated for 16 hours 
prior to analysis by microscopy. Nuclei were stained with 1 μg/ml Hoechst 33342. Images were captured 
using the Zeiss LSM 510 Meta laser scanning confocal microscope 40x oil objective and analysed using 
AxiovisionLE 4.7.1 (Zeiss, Germany). Three images were captured for each treatment in areas where 
similar cell numbers were observed. Scale bars represent 50 μm. The graph illustrates the percentage of 
CFDA-SE positive cells determined for the two replicate experiments. This was calculated by dividing the 
total number of cells positive for fluorescence by the total number of cells (nuclei) in each frame. 
Statistical significance was determined using a one-way ANOVA (p < 0.01). Data are representative of 
two independent experiments with similar results. 
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3.1.16 Effect of vesicular trafficking inhibitors on novobiocin-treated Hs578T 

cells 

We investigated whether the novobiocin-induced reduction in the fibronectin matrix 

could be reversed in cells treated with different inhibitors of vesicular trafficking. A panel 

of four inhibitors was screened including colchicine, methyl-β-cyclodextrin (MβC), Exo 1, 

and genistein. An initial screening of the four trafficking inhibitors at a single 

concentration was done in the absence and presence of novobiocin (1 mM) for a period 

of 8 hours (Figure 25), an incubation period previously determined to be optimal to 

observe a considerable reduction in the fibronectin matrix (Figure 19B). Treating cells 

with the trafficking inhibitors alone served as a control to ensure there was no 

considerable effect on cell viability or fibronectin morphology. Untreated cells formed a 

dense, extracellular fibronectin matrix that was considerably reduced following 

treatment with novobiocin. An identical phenotype was observed in cells treated with 

0.01% DMSO (a solvent used to resuspend certain of the trafficking inhibitors). Cells 

treated with colchicine alone showed a reduced extracellular fibronectin matrix coupled 

with an increase in cytoplasmic fibronectin staining. This phenotype, however, was lost 

in cells treated with a combination of colchicine and novobiocin, and showed a dense 

extracellular fibronectin network (Figure 25). This phenotype was similar to that 

observed for Exo 1 where a loss in the extracellular matrix was observed with the 

exocytosis inhibitor alone, but a recovery was seen when cells were treated with a 

combination of Exo 1 and novobiocin. Methyl-β-cyclodextrin (MβC) alone did not seem 

to have any considerable effect on cell viability or fibronectin morphology compared to 

untreated cells. Interestingly, a combination of MβC and novobiocin showed an almost 

full recovery of the extracellular fibronectin matrix when directly compared to cells 

treated with novobiocin alone. Genistein showed a similar phenotype to MβC, but the 

fibronectin matrix recovery was considerably lower in cells treated with a combination of 

genistein and novobiocin (Figure 25). 
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Figure 25: Screening of endocytosis and exocytosis inhibitors for the ability to 
reverse the loss of the fibronectin matrix following inhibition of Hsp90 with 
novobiocin. 
Confluent Hs578T cells were allowed to adhere overnight at 37°C. The following day, cells were treated 
with inhibitors of vesicular trafficking (Colchicine, Exo 1, Methyl-β-Cyclodextrin and Genistein), either 
alone (- NOVOBIOCIN) or in combination with novobiocin (+ NOVOBIOCIN; 1 mM) and incubated for 7 
hours at 37°C. Cells treated with the vesicular trafficking inhibitors alone served as a control. Cells were 
fixed and incubated with mouse primary anti-fibronectin (1:100) followed by anti-mouse Alexa-Fluor-488 
secondary antibody (1:500). Images were captured using the Zeiss LSM 510 Meta laser scanning 
confocal microscope 40x oil objective and analysed using AxiovisionLE 4.7.1 (Zeiss, Germany). Three 
images were captured for each treatment in areas where similar cell numbers were observed. Scale bars 
represent 20 μm.  
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These data suggested that MβC showed the most promising results for reversing the 

fibronectin phenotype associated with novobiocin treatment. Cells were treated with a 

low (50 μM), medium (500 μM) or high (5 mM) dose of MβC in the absence or presence 

of novobiocin (1 mM) and the effect on the fibronectin morphology was observed via 

confocal microscopy (Figure 26). Untreated cells showed the typical dense fibronectin 

matrix in the absence of novobiocin (mean gray value of 37.63 ± 1.11), which was 

subsequently lost when cells were treated with novobiocin (mean gray value of 25.46 ± 

5.70). With an increasing dose of MβC alone, very little effect was seen on the 

fibronectin morphology when compared to untreated cells. In cells treated with MβC and 

novobiocin, a dose-dependent increase in the extracellular fibronectin matrix was 

observed with increasing doses of MβC at a fixed concentration of novobiocin. This 

effect was made evident when the mean gray value for each frame was determined. 

When cells were treated with novobiocin and the lowest concentration of MβC (0.05 

mM), the mean gray value (19.54 ± 2.88) was similar to cells treated with novobiocin 

alone (25.46 ± 5.70). However, when cells were treated with novobiocin and increasing 

doses MβC (0.5 m and 5 mM), the mean gray values increased to 28.39 ± 4.63 and 

33.60 ± 4.24 respectively, with the highest concentration reporting a value similar to that 

reported for untreated cells (37.63 ± 1.11).  

 

3.1.17 Colocalization analysis between endosomal/lysosomal marker 

proteins and fibronectin in novobiocin-treated Hs578T cells 

We decided to investigate using confocal microscopy whether fibronectin within the 

vesicle-like structures described previously colocalized with certain endocytic markers. 

The markers used included an early endosome (Rab-5), a late endosome (Rab-7) and a 

lysosomal protein (LAMP-1) (Burgdorf et al., 2007). For all three marker proteins, there 

was no colocalization with fibronectin in untreated cells as measured by the Pearson’s 

correlation coefficient (R). This value has a range from -1 to +1, where -1 represents 

absolute exclusion or perfect negative correlation, +1 represents a perfect positive 

correlation and 0 represents random overlap (Adler and Parmryd, 2010). 
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Figure 26: Methyl-β-Cyclodextrin (MβC) was able to reverse the reduced 
fibronectin matrix following inhibition of Hsp90 with novobiocin. 
Confluent Hs578T cells were allowed to adhere and form the fibronectin matrix overnight at 37°C. The 
following day, cells were treated with an increasing dose of methyl-β-cyclodextrin (MβC; 50 μM, 500 μM, 
5 mM) and incubated for 1 hour prior to treating the cells with novobiocin (+ NOVOBIOCIN; 1 mM) for 7 
hours at 37°C. Cells treated with the endocytosis inhibitor alone (- NOVOBIOCIN) served as a control. 
Cells were harvested, fixed and incubated with mouse primary anti-fibronectin (1:100) followed by anti-
mouse Alexa-Fluor-488 secondary antibody (1:500). Images were captured using the Zeiss LSM 510 
Meta laser scanning confocal microscope 40x oil objective and analysed using AxiovisionLE 4.7.1 (Zeiss, 
Germany). Three images were captured for each treatment in areas where similar cell numbers were 
observed. Scale bars represent 20 μm. Values (in white) at the bottom of each frame represent the mean 
gray values (± standard deviation) for each treatment. Data are representative of three independent 
experiments with similar results.  
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Figure 27: Fibronectin co-localized with the early endosomal marker (Rab-5) and 
the lysosomal marker (LAMP-1), but not with a late endosomal marker (Rab-7) 
following novobiocin treatment. 
Hs578T breast cancer cells were seeded onto sterile, glass coverslips and were treated either with 
novobiocin (NOV; 1 mM) alone or with a combination of novobiocin and Hsp90β (100 ng/ml) for 16 hours 
at 37°C. Cells were harvested, fixed and incubated with primary antibodies against (A) Rab-5, (B) Rab-7 
and (C) LAMP-1 followed by anti-mouse Alexa-Fluor-488 (green) and anti-rabbit Alexa-Fluor-555 (red) 
secondary antibodies. Nuclei were stained with 1 μg/ml Hoechst 33342. Images were captured using the 
Zeiss LSM 510 Meta laser scanning confocal microscope and analysed using AxiovisionLE 4.7.1 (Zeiss, 
Germany). Scale bars are represented on each image frame. Data are representative of two independent 
experiments with similar results. Co-localization analysis was achieved using ImageJ software. Values (in 
white) represent the Pearson’s correlation coefficient (R) for each treatment. 
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The Pearson’s correlation coefficients for untreated cells were 0.231 ± 0.096, 0.230 ± 

0.030 and 0.149 ± 0.12 for Rab-5, Rab-7 and LAMP-1 with fibronectin respectively, 

which are within a range considered to represent random overlap and suggested that 

there was no colocalization between these signals (Figure 27). In cells treated with 

novobiocin, there was a partial colocalization between fibronectin and Rab-5 (R = 0.583 

± 0.054) which became more pronounced when exogenous Hsp90β was added to the 

cells (R = 0.659 ± 0.039). Interestingly, treatment with both Hsp90β and novobiocin 

induced a similar morphology to previous experiments whereby fibronectin was 

localized in reticular structures. Colocalization was observed between fibronectin and 

Rab-5 within these structures (Figure 27A). While colocalization was established with 

the early endosomal marker, Rab-5, fibronectin did not appear to colocalize with the late 

endosome marker, Rab-7, regardless of whether cells were treated with novobiocin or a 

combination of novobiocin and Hsp90β. The Pearson’s correlation coefficients for all 

three treatments were below 0.5 and tended towards random as opposed to a strong 

linear correlation (Figure 27B). Fibronectin, however, showed a positive colocalization 

signal with LAMP-1 with a Pearson’s correlation coefficient of 0.628 ± 0.10 for 

novobiocin-treated cells and 0.692 ± 0.09 for cells treated with novobiocin and 

exogenous Hsp90β (Figure 27C). 
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Chapter 4 : 

Discussion 

 

 



 87 

4.1 A novel role for Hsp90 in extracellular fibronectin matrix 

dynamics 

According to our knowledge, this was the first study to provide several pieces of 

evidence that linked Hsp90 chaperone function to extracellular fibronectin matrix 

assembly. Broadly, our data showed that Hsp90 was found extracellularly in breast 

cancer and could be isolated in complex with fibronectin both ex vivo and in vitro. 

Furthermore, the extracellular fibronectin matrix was shown to be regulated by Hsp90. 

Exogenous Hsp90 demonstrated an ability to increase the insoluble fibronectin matrix 

while, in contrast, Hsp90 knockdown or inhibition with novobiocin resulted in the 

internalization and proposed turnover of the fibronectin matrix. Based on these data and 

together with published information on Hsp90 function and fibronectin dynamics, we 

propose a model that described the putative role of Hsp90 in fibronectin matrix 

dynamics (Figure 28).  
 

Intracellular Hsp90 may be important for the stability and/or export of soluble fibronectin 

to the cell exterior (Stage 1). Upon secretion, we proposed that extracellular Hsp90 was 

required for either the stability of the insoluble fibronectin matrix or played an active role 

in facilitating the unfolding and maturation of fibronectin fibrils (Stage 2). When Hsp90 

was transiently silenced or activity was inhibited with novobiocin (Stage 3), we proposed 

that fibronectin matrix instability resulted and the matrix was targeted for degradation 

through an endocytic pathway. Stage 4 illustrates the potential pathway used for the 

endocytic internalization of extracellular fibronectin. We proposed that fibronectin was 

incorporated into endosomes that were trafficked to lysosomes (LAMP-1) via Rab-5 and 

an unknown intermediary Rab protein (potentially Rab-9). Each of these stages is 

discussed and critiqued in more detail throughout this section. 
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Figure 28: Schematic model of the putative role of intracellular and extracellular 
Hsp90 in fibronectin matrix assembly. 
(1) Intracellular Hsp90 may be required to maintain soluble fibronectin in a stable, inactivated state and 
chaperones the matrix protein to the cell exterior for assembly. (2) Upon secretion, the β1-integrin binds 
the RGD motif on the fibronectin molecule, initiating the unfolding and aggregation of insoluble fibronectin 
fibres. Extracellular Hsp90 may be required to assist in this unfolding process or to maintain the stability 
of the insoluble fibronectin matrix. Hsp90 knockdown or inhibition with novobiocin interrupts the 
interaction between Hsp90 and fibronectin, causing fibronectin matrix instability. (3) The unstable 
fibronectin matrix is then targeted for degradation via receptor-mediated endocytosis, which can be 
blocked by the presence of endocytosis inhibitors such as methyl-β-cyclodextrin. (4) Internalized 
fibronectin is trafficked to lysosomes (LAMP-1) for degradation via the intermediary vesicles expressing 
Rab-5 and possibly Rab-9, but not via Rab-7. It is possible that endocytosed Hsp90 may also mediate the 
recycling of itself and fibronectin in complex with Rab11a. 
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4.1.1 Hsp90 was found extracellularly in breast cancer cells 

With the aim of characterizing new clients of extracellular Hsp90, we screened a panel 

of 5 cancer cell lines to determine whether Hsp90 was expressed extracellularly. We 

showed that Hsp90α and Hsp90β were highly expressed in cancer cell lines of different 

origin, cell type and malignancy. Furthermore, immunofluorescence supported that 

Hsp90α/β were abundant intracellular proteins that localized diffusely throughout the 

cytoplasm and nucleus and extended to the membrane periphery of some cells. 

Literature has claimed that high Hsp90 expression was associated with poor prognoses 

and was proportional to its metastatic potential of cancer cells (Banerji, 2008; Pick et al., 

2007). In addition, some have reported differential expression of the individual cytosolic 

Hsp90 isoforms, with greater inducibility of Hsp90α observed in laryngeal (Shi et al., 

1998), rat gliosarcoma (Chang et al., 2006) and breast cancer cells (Perotti et al., 2008; 

Yano et al., 1996). Our data were consistent with these claims and suggested that cells 

characterized as highly aggressive (MDA-MB-231, Hs578T and SW620 cells) 

expressed higher levels of Hsp90α/β relative to the non-metastatic counterparts (MCF-7 

and SW480 cells). This trend was reproduced when the relative expression of Hsp90α 

or Hsp90β were compared. This is the first report to have compared the levels of 

Hsp90α or Hsp90β expressed within these particular cell lines. This may suggest that 

cancers of different origin and cell type exhibit different chaperone expression profiles.  

Interestingly, Hsp90β exhibited a unique localization as punctate structures within the 

nucleus. These structures may represent areas of gene transcription regulation by 

Hsp90 and its associated transcription factor, heat shock factor-1 (HSF-1) (Jolly et al., 

1997). Alternatively, Hsp90 has also been shown to interact with RNA-binding proteins 

to facilitate ribonuclear protein (RNP) assembly (Holt et al., 1999). In addition to nuclear 

punctate structures, the Hsp90β staining pattern in Hs578T breast cancer cells was 

reminiscent of cytoskeletal actin stress fibers (Pellegrin and Mellor, 2007). From as 

early as the 1980s, it has been established that Hsp90 was an actin-binding protein and 

facilitated actin dynamics through interacting with key regulatory proteins, such as N-

WASP (Koyasu et al., 1986; Park et al., 2005; Taiyab and Rao, 2010). These data 

would suggest that Hsp90α and Hsp90β may possess roles specific to its location. 
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While immunofluorescence suggested that a portion of Hsp90α/β was localized at the 

periphery of some cancer cells, there was no evidence to discriminate whether Hsp90 

was localized intracellularly or extracellularly. Studies would suggest that at least a 

portion of Hsp90 resided extracellularly (Tsutsumi et al., 2008), but whether Hsp90 

fulfills its function as an integral membrane protein or a secreted soluble protein that 

associates with the membrane is still under scrutiny. Using surface biotinylation of 

extracellular-facing proteins, we provided evidence to support that at least a portion of 

the Hsp90α/β observed at the cell periphery was extracellular. This was further 

supported by the almost complete loss in the affinity purified Hsp90 fraction following 

digestion with the extracellular protease, trypsin. In addition to these data, an ELISA 

against Hsp90α showed that a portion of extracellular Hsp90α was found in a soluble 

form in the cell culture supernatant of all the cancer cell lines studied. Collectively, these 

data were consistent with literature which has demonstrated that two distinct pools of 

extracellular Hsp90 may exist (Eustace et al., 2004). Whether the extracellular 

membrane-associated pool of Hsp90 was derived from the extracellular soluble pool (or 

vice versa) or whether the two pools of extracellular Hsp90 had fundamentally distinct 

origins has yet to be determined. It has been proposed that cytosolic Hsp90 was 

secreted via a non-conventional pathway, potentially trafficked by exosomes (Hegmans 

et al., 2004; McCready et al., 2010). However, it still remains possible that extracellular 

Hsp90 existed as a membrane-bound protein that became an extracellular soluble 

protein after cleavage from the membrane surface, as has been demonstrated for other 

ectodomain proteins such as tumor necrosis factor-α (Black et al., 1997). The limitation 

of our study was that the data was incomplete in describing the specific Hsp90 isoforms 

found extracellularly. While the surface biotinylation assay identified extracellular 

Hsp90α/β, the ELISA was limited to identifying extracellular soluble Hsp90α. 

Futhermore, the surface biotinylation assay was limited in that it did not describe 

whether both isoforms were expressed on the cell surface or whether a preference was 

assigned for either Hsp90α or Hsp90β. Currently, there is a considerable amount of 

controversy surrounding whether Hsp90α or Hsp90β (or both) are found extracellularly 

(Eustace et al., 2004; Hegmans et al., 2004). In addition to this, the discovery of a 
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truncated Hsp90 isoform, known as Hsp90N, suggested that the extracellular, 

membrane-bound Hsp90 isoform was a distinct gene (Grammatikakis et al., 2002). Our 

data did not show the presence of a 75 kDa Hsp90 isoform, as has been described for 

Hsp90N, suggesting that either Hsp90N expression was limited to specific cancer cell 

types (such as the pancreatic cancer from which it was isolated) or that Zurawska and 

colleagues (2008) were correct in their assumption that Hsp90N was an artifact and not 

representative of a classical Hsp90 isoform (Zurawska et al., 2008). Nonetheless, 

consistent with literature, we were able to show that cytosolic Hsp90α and/or Hsp90β 

were found extracellularly. As a consequence, we selected MDA-MB-231 breast cancer 

cells as the model cell line to characterize the client proteome of extracellular Hsp90. 

The rationale for this decision was based on the high expression of total cytosolic 

Hsp90 and the dominant putative membrane staining pattern for Hsp90 observed by 

confocal microscopy within this cell line.  

 

4.1.2 Fibronectin may be a putative client protein for extracellular Hsp90 in 

breast cancer 

It is well established that Hsp90 is able to interact with a diverse range of protein 

substrates to promote correct protein folding and proper function. These substrates 

have been termed Hsp90 ‘client proteins’ (Taipale et al., 2012). This study aimed at 

better elucidating the extracellular Hsp90 client proteome in breast cancer cells. Using a 

cell-impermeable crosslinker with a spacer arm of 12Å, we were able to 

immunoprecipitate a complex from MDA-MB-231 breast cancer cells that suggested a 

putative direct interaction between Hsp90β and the extracellular matrix protein, 

fibronectin. The mass spectrometry data showed the presence of both Hsp90α and 

Hsp90β in the list of hits, but reported a higher number of query matches and higher 

relative protein abundance for Hsp90β. This may be due to the fact that the anti-

Hsp90α/β antibody used to immunoprecipitate the complex preferentially bound the β-

isoform. Furthermore, in vitro pull down assays and surface plasmon resonance (SPR) 

spectroscopy suggested that Hsp90β interacted with soluble fibronectin both in solution 

and on a solid surface respectively. While the SPR data represented an incomplete 
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study, it provided preliminary evidence to suggest an interaction with weak affinity 

indicated by a slow, gradual association and rapid dissociation. Fibronectin is an 

important extracellular regulator of cell migration, morphology and adhesion and may 

rely on weak, transient binding of associated proteins as opposed to more permanent, 

higher affinity binding. As a consequence, covalent crosslinking of proteins that interact 

with fibronectin (as was done here) may be required to successfully pull down the 

complex by immunoprecipitation. This type of weak binding has been described for 

numerous interactions associated with cell migration and adhesion (Anton et al., 1994; 

Dustin et al., 1997; Friedl et al., 1998; Loskutoff et al., 1999; Palecek et al., 1999); roles 

that are consistent with those alluded for extracellular Hsp90. Additional support for a 

putative interaction between Hsp90 and fibronectin was shown following inhibition of 

Hsp90 with the published inhibitors, geldanamycin and novobiocin. Numerous authors 

have reported that Hsp90 client proteins become ubiquitinated and subsequently 

degraded by proteasomes following inhibition of Hsp90 with either of the 

aforementioned inhibitors (Blagg and Kerr, 2005; Donnelly and Blagg, 2008; Parsell and 

Lindquist, 1993; Qing et al., 2006; Theodoraki and Caplan, 2012). We observed a dose-

dependent decrease in total fibronectin levels upon Hsp90 inhibition in Hs578T breast 

cancer cells, suggesting that fibronectin may be a putative Hsp90 client in MDA-MB-231 

cells (as originally isolated) because it acted as canonical client in Hs578T cells. To 

ensure that the decrease in total fibronectin was not a result of cell death, it would be 

necessary to test the cells for apoptosis by flow cytometry staining for apoptotic 

markers, such as propidium iodide or annexin V. 

 

Fibronectin is a protein that exists in two conformations: an inactive, soluble 

conformation that, upon secretion from the cell, is unfolded by numerous cell processes 

that allow the formation of an active, insoluble matrix (Wierzbicka-Patynowski and 

Schwarzbauer, 2003). Given the characteristic model for folding of client proteins 

achieved by Hsp90, it is not uncommon for Hsp90 to hold a protein in one conformation, 

allow maturation/activation and subsequently release the substrate when the 

secondary, active conformation has been acquired (Buchner, 1999). This has 

represented a model for the folding of numerous client proteins, such as steroid 
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hormone receptors, and might reflect an accurate model for the unfolding of fibronectin 

from a soluble to an insoluble conformation. The role of chaperones in facilitating the 

unfolding of proteins has been described in the formation of prion precursor proteins 

(PrP) (Jones and Tuite, 2005). Prion proteins initially exist as a cellular PrP (PrPc) 

isoform that consists mostly of α-helical regions that remain soluble. Upon unfolding of 

the PrPc isoform, the α-helices are converted to insoluble β-sheets that form the 

disease-causing scrapie isoform (PrPSc) (Harrison et al., 1997). Hsp104, an ATP-

dependent yeast chaperone, has been proposed to facilitate this disassembly and 

unfolding of prion amyloid aggregates (α-helical structures) into smaller, fragmented 

“seeds” that allow the nucleation and formation of these higher molecular weight β-

sheet products (Jones and Tuite, 2005). Therefore, prion proteins represent an example 

of a protein that contains the same amino acid sequence, but are able to adopt two 

functional conformations with the assistance of chaperone-mediated folding/unfolding. 

Hsp90 has also demonstrated an ability to regulate the folding of numerous different 

major classes of proteins which do not share similar sequence motifs. Consequently, it 

has been proposed that the three-dimensional conformation of a protein, as opposed to 

its peptide sequence, may be more essential for chaperone-substrate interactions 

(Buchner, 1999). If this concept applies for the majority of Hsp90 client proteins, Hsp90 

may be able to bind fibronectin in both its soluble and insoluble conformations to 

modulate fibronectin folding.  

 

It has been established that other chaperones (or proteins with chaperone-like activity) 

bind extracellular matrix proteins and regulate their stability or conformation. Hsp47 

(also known as colligin), initially discovered on the surface of murine parietal endoderm 

cells, has been reported to bind type IV collagen where it is important for the post-

translational processing of procollagen into mature collagen fibrils. Although the 

mechanism is not well defined, it was shown that Hsp47 was secreted along the 

biosynthetic secretory pathway in complex with collagen to the cell surface where it was 

also proposed to act as a receptor for collagen fibrillogenesis (Sauk et al., 2005). 

Similarly, a protein termed SPARC (Secreted Protein Acidic and Rich in Cysteine), 

which exhibited chaperone-like properties, has been reported to directly modulate the 
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extracellular collagen matrix, with SPARC-null cells producing defective fibrils of 

significantly smaller size (Emerson et al., 2006; Martinek et al., 2007). While it has been 

established that SPARC is not required for the fusion of collagen fibrils to form a dense 

matrix, it has been proposed that the chaperone-like protein is essential for the 

maturation of collagen fibrils that are capable of fusion in later stages of fibrillogenesis, 

similar to the model described for infectious prion proteins (Bradshaw, 2009). The ER 

chaperone, calreticulin, has been shown to bind the extracellular matrix proteins, 

fibrinogen (B-β chain) and laminin on the surface of human fetal lung fibroblast and B16 

mouse melanoma cells respectively (Gray et al., 1995; White et al., 1995). Furthermore, 

the ER Hsp90 isoform (GRP94) has also shown to be closely associated with the 

processing and transport of cartilage oligomeric matrix protein (COMP), a component of 

the extracellular matrix surrounding chondrocytes (Hecht et al., 2001). Collectively, 

these data (combined with our own) suggest that chaperones are capable of binding 

extracellular matrix proteins and may possess novel, yet undefined roles in extracellular 

matrix dynamics. In particular, we proposed that fibronectin acted as a novel 

extracellular Hsp90 client protein and that Hsp90 may directly modulate fibronectin 

matrix assembly. While we predicted that the use of a cell-impermeable crosslinker 

would allow us to isolate extracellular complexes only, there is still the possibility that 

the crosslinker was internalized by the cell (possibly through endocytosis or 

phagocytosis), allowing the crosslinking of intracellular proteins. Nonetheless, whether 

Hsp90 and fibronectin were crosslinked intracellularly or extracellularly, to the best of 

our knowledge, this is the first study to suggest a direct interaction between the two 

proteins.  

 

4.1.3 Hsp90 was involved in fibronectin matrix dynamics 

Given that Hsp90 is a known regulator of protein folding, its putative interaction with 

fibronectin may provide novel insight into fibronectin matrix dynamics. We showed that 

the addition of exogenous Hsp90β to Hs578T cells increased the proportion of insoluble 

fibronectin in a dose-dependent manner relative to the exogenous BSA control, 

suggestive of a role for extracellular Hsp90 in fibronectin fibrillogenesis (Figure 25, 

Stage 2). Furthermore, the knockdown or pharmacological inhibition of Hsp90α/β 
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proved to be detrimental to the extracellular fibronectin matrix, with decreased levels of 

soluble and insoluble fibronectin and the appearance of intracellular vesicular-like 

structures reminiscent of exosomes or endosomes. This reduction in the fibronectin 

matrix following these treatments, however, could not be recovered by the addition of 

exogenous Hsp90β alone. These data collectively suggested a function for Hsp90 in 

fibronectin matrix assembly and/or stability at both an intracellular and extracellular level 

(Figure 25, Stage 1 and Stage 2). Interestingly, while soluble and insoluble fibronectin 

were sensitive to the siRNA knockdown of both Hsp90α and Hsp90β, fibronectin 

stability appeared to be more sensitive to the knockdown of Hsp90α. This was 

surprising since the complex isolated from MDA-MB-231 cells alluded to an interaction 

with Hsp90β. These data might be a result of the increased cell death associated with 

Hsp90α knockdown as opposed to the levels of cell death observed following Hsp90β 

knockdown. Alternatively, these results might have suggested that the interaction 

between fibronectin and Hsp90 may not be isoform specific. This was consistent with 

literature which has reported that, regardless of the distinct roles for each Hsp90 

isoform, the list of protein clients was largely redundant (Kurokawa et al., 2008). 

However, there has been evidence to suggest that Hsp90α and Hsp90β are able to bind 

the same client proteins to varying degrees, suggestive that each isoform may have 

unique chaperoning activities depending on the client protein involved. This preferential 

binding has been described specifically for Hsp90β and the apoptotic proteins, Apaf-1 

and Bcl-2 (Kuo et al., 2012; Kurokawa et al., 2008; Voss et al., 2000). If true, this might 

reflect that binding of fibronectin to Hsp90 was preferentially assigned to Hsp90α. To 

test this, however, a detailed binding kinetics study between fibronectin and each Hsp90 

isoform would be required. Furthermore, as endotoxin free commercial preparations 

were only available for the Hsp90β protein, we would still need to test the effect of 

exogenous Hsp90α on the recovery of the fibronectin matrix following novobiocin 

treatment. This would be particularly relevant given the possible greater sensitivity of 

fibronectin stability to Hsp90α. In support of this, the studying of individual Hsp90 

isoforms has become increasingly important based on evidence that Hsp90β was 

essential for placental development in mice, with homozygous knockout transgenic lines 

exhibiting lethal phenotypes a few days into embryogenesis even in the presence of 
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fully functional Hsp90α (Voss et al., 2000). This may suggest that while Hsp90α and 

Hsp90β might have a level of redundancy in the client proteins that they bind, it may not 

be feasible to extend this redundancy to the level of Hsp90 function.  

 

Pharmacological inhibition of Hsp90 with geldanamycin or novobiocin also exhibited an 

interesting phenotype whereby each inhibitor elicited a unique and differential effect on 

soluble and insoluble fibronectin. Novobiocin induced a dose-dependent decrease in 

both the soluble and insoluble levels of fibronectin coupled with an increase in 

intracellular fibronectin staining within small, vesicular structures. In contrast, 

geldanamycin did not have any effect on fibronectin levels, but appeared to induce the 

formation of a more ordered, fibrillar network. The difference between the effects of 

each inhibitor might be explained by the sites at which they bind Hsp90. Geldanamycin 

is known to bind the N-terminal ATPase domain of intracellular Hsp90 and prevents its 

ability to establish an active conformation (Schnaider et al., 2000; Stebbins et al., 1997). 

Consequently, intracellular Hsp90 has been well characterized as an ATP-dependent 

chaperone. Some have, however, claimed that this Hsp90 ATPase function may not be 

required extracellularly and that the middle and charged linker regions of the protein are 

more actively involved in its extracellular function (Cheng et al., 2008). Furthermore, it is 

well established that ATP exists in micromolar concentrations in the extracellular space 

(Gordon, 1986), possibly below an appropriate concentration for regulating extracellular 

Hsp90 function. This might explain why geldanamycin had no observable effect on the 

fibronectin matrix. In contrast, novobiocin binds the C-terminal pocket of Hsp90 and is a 

competitive binder of numerous co-chaperones (Hop, p23, immunophilins and Cdc37) 

essential for intracellular Hsp90 client transfer and in vivo function (Donnelly and Blagg, 

2008). While the specificity of novobiocin has been questioned, to date reports have 

indicated that the only other target of inhibition was bacterial gyrase II (Donnelly and 

Blagg (2008), suggesting a degree of selectivity against Hsp90. Yun et al. (2004) 

reported that treatment with novobiocin led to a reduced interaction between Hsp90 and 

the co-chaperones: p23 and FKBP52. Interestingly, Hsp90 has been shown to be highly 

complexed with p23 and Hop in Hs578T breast cancer cells when compared to the 

paired, non-cancerous Hs578BsT equivalent, suggestive of the importance of these co-
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chaperones in our cell line (Kamal et al., 2003). Given that Hsp90 has been shown to 

form extracellular multi-chaperone complexes in association with client proteins (Sims et 

al., 2011), our data might have suggested that extracellular Hsp90 may be dependent 

on these or other co-chaperones for binding and chaperoning fibronectin. Recent 

studies have identified an extracellular Hsp90 multi-chaperone complex in the 

conditioned media of breast cancer cells composed of many of the major components of 

the intracellular complex, including Hsp70, Hsp40, Hop and p23 (Sims et al., 2011). 

Furthermore, addition of these chaperones and co-chaperones was able to enhance the 

activation of matrix metalloproteinase-2 (MMP-2), an extracellular protease responsible 

for collagen breakdown (Sims et al., 2011; Walsh et al., 2011). While we were able to 

show that fibronectin immunoprecipitated with Hsp90β in the absence of these 

accessory proteins, one cannot ignore the limitations of an in vitro system for studying 

dynamic protein-protein interactions.  

 

It is also highly probable that post-translational modifications of extracellular Hsp90 

might render a change in the ability of the chaperone to bind or act on extracellular 

substrates. Scroggins and colleagues (2006) demonstrated that acetylation of a single 

residue (K294) on the Hsp90 molecule determined the outcome of many functional 

properties including the ability of Hsp90 to bind substrates and co-chaperones. Given 

that the Hsp90β protein used in these assays was purified in a baculovirus system, it is 

probable that the protein was post-translationally modified in a different manner to a 

mammalian system.  

 

However, one cannot ignore the possibility that the effect of novobiocin may be indirect 

as opposed to an effect at the level of the Hsp90-fibronectin interaction. For example, it 

is possible that the effect observed was via the degradation of key Hsp90 signaling 

client proteins such as extracellular regulated kinase 1/2 (ERK1/2); similar to the effect 

seen when MEK1/2 was inhibited with U1026. However, the phospho-ERK/ERK ratio 

increased relative to untreated cells (data not shown), suggesting that the mitogen 

activated protein kinase (MAPK) pathway was not inhibited. Another explanation might 

be provided by the actin-binding properties of Hsp90. It has been established in 
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literature that Hsp90 interacted with actin filaments and was directly involved in 

regulating cytoskeletal changes (Koyasu et al., 1986; Park et al., 2005; Taiyab et al., 

2010). Some have reported that chemical agents that interrupted the nucleation and 

polymerization of actin also disrupted fibronectin matrix assembly (Pelkmans et al., 

2002; Sottile and Hocking, 2002).  

 

It is possible that Hsp90 may not regulate fibronectin polymerization directly, but serves 

a role in chaperoning fibronectin to the cell surface where polymerization can be 

initiated by integrin-binding. A similar mechanism has been described for fibulin-5, a 

protein with chaperone-like properties, and tropoelastin during the process of elastic 

fibre assembly (Midwood and Schwarzbauer, 2002). The authors proposed that fibulin-5 

chaperones tropoelastin to the cell surface by binding to integrins via the RGD motif 

present within the epidermal growth factor-like repeat. Once secured at the plasma 

membrane, tropoelastin can then be released and translocated to a microfibril scaffold 

that allows the assembly of elastic fibres (Midwood and Schwarzbauer, 2002). In a 

similar manner, upon secretion from the cell, Hsp90 may be responsible for 

chaperoning fibronectin to specific focal adhesion points on the plasma membrane. 

Once secured at the cell surface, binding of the β1-integrin to the RGD motif on 

fibronectin may then initiate fibronectin polymerization. If this represented a similar 

model, interruption of the Hsp90-fibronectin interaction by novobiocin might compromise 

fibronectin matrix assembly.  

 

While we initially isolated an extracellular complex containing Hsp90β and fibronectin, 

the inability of exogenous Hsp90β to recover the fibronectin matrix following Hsp90 

knockdown or inhibition with novobiocin would suggest that fibronectin stability and/or 

transport was regulated at both an intracellular and extracellular level (Figure 25; Stage 

1 and Stage 2). A concomitant dependency on both intra- and extracellular chaperone 

pools has been demonstrated for collagen stability by Hsp47 (Nagai et al., 2000). 

Studies showed that knockdown of the chaperone resulted in aberrant pro-collagen 

maturation along the biosynthetic secretory pathway as well as detrimental effects on 

the insoluble extracellular collagen matrix (Nagai et al., 2000). This might reflect an 
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accurate model for the role of Hsp90 in fibronectin stability or transport. For example, 

intracellular Hsp90 may be required for the stability and/or transport of soluble 

fibronectin to the cell exterior (Figure 25, Stage 1) where extracellular Hsp90 was then 

required for the stability and/or unfolding of fibronectin into an insoluble matrix (Figure 

25, Stage 2).  

 

4.1.4 Inhibition of Hsp90 with novobiocin led to fibronectin internalization via 

a receptor-mediated endocytic pathway 

Fibronectin matrix turnover is a major regulator of numerous important processes 

including cell migration, differentiation and tissue repair. Mechanistic insight into how 

this turnover occurs, however, has only recently been investigated. Sottile and Hocking 

(2002) have reported that the stability and maintenance of the extracellular fibronectin 

matrix was dependent on its continual polymerization into an insoluble matrix. Upon 

inhibition of this process, depolymerization of the fibronectin matrix was observed 

coupled with an increase in the degradation of fibronectin within lysosomes (Sottile and 

Hocking, 2002). Furthermore, evidence was provided to suggest that the deposition of 

other extracellular matrix (ECM) proteins, including collagen-I and thrombospondin-1, 

was dependent on an existing fibronectin network (Sottile and Hocking, 2002). These 

data alluded to a major role for fibronectin in the organization and assembly of the ECM. 

While ECM remodeling can occur extracellularly with the help of proteases such as 

plasmin and matrix metalloproteinases, it was recently shown that fibronectin turnover 

can occur intracellularly via a caveolin-1 dependent endocytic pathway to the lysosomes 

(Sottile and Chandler, 2005). While some have indicated that fibronectin endocytosis 

occurred in conjunction with the recycling of integrins, others have provided evidence 

that fibronectin catabolism was regulated by receptor-mediated endocytosis (Salicioni et 

al., 2002), particularly via low density lipoprotein receptor-related protein (LRP-1). We 

have provided several supporting pieces of evidence to suggest that inhibition of Hsp90 

with novobiocin induced the uptake and reduction of the extracellular fibronectin matrix, 

proposed to occur via receptor-mediated endocytosis (Figure 25, Stage 3 and Stage 4). 
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Some might argue that the reduction in the fibronectin matrix observed may have 

resulted from interference in the secretion of soluble fibronectin to the cell exterior. A 

loss in its secretion coupled with the natural turnover of the fibronectin matrix (as a 

result of changes in cell migration, morphology and adhesion) could have provided a 

feasible alternative explanation for our data. This is particularly relevant since other 

common Hsp90 inhibitors have been reported to have detrimental effects on the 

vesicular trafficking of proteins out of the cell (Lotz et al., 2007). These authors showed 

that the intra-Golgi transport of the Vesicular Stomatitis Virus Glycoprotein (VSVG) in a 

cell-free system was sensitive to the Hsp90 inhibitors: geldanamycin, radicicol and 

macbecin (Lotz et al., 2007). They proposed that the mechanism by which Hsp90 was 

involved in intracellular transport was through the docking and tethering of transport 

vesicles through the ATPase-dependent chaperoning of Rab proteins (Lotz et al., 2007). 

Another study reported that both ER-to-Golgi and intra-Golgi transport were blocked in 

cells treated with the geldanamycin analogues, 17-(dimethylaminoethylamino)-17-

demethoxygeldanamcyin (17-DMAG) and 17-AAG (Chen and Balch, 2006). However, 

the limitation of the aforementioned studies was the use of Hsp90 inhibitors that bound 

the N-terminal ATPase domain only. According to our knowledge, this is the first study 

to have investigated the effect of a C-terminal Hsp90 inhibitor on the trafficking of 

proteins. Our data would suggest that the site at which the Hsp90 inhibitors bind were 

critical for the phenotype observed. This was in agreement with the observations that 

the N-terminal and C-terminal Hsp90 inhibitors exhibited differential effects on the levels 

of soluble and insoluble fibronectin. Studies have reported that geldanamycin and 

novobiocin have differential effects on the activity of HSF-1, suggesting that our 

observations were not uncommon. Novobiocin was shown to decrease both DNA-

binding and transcription of heat shock genes in the early stages of heat shock 

treatment whereas geldanamycin increased the stability of HSF-1 trimers and delayed 

their disassembly when the heat shock treatment was ceased (Conde et al., 2009). 

Collectively, these data suggested that novobiocin might possess a novel effect on 

vesicular transport. It may be possible to assume that novobiocin, instead of affecting 

the export of intracellular proteins, may affect alternate trafficking pathways that could 

include the internalization of extracellular proteins. While our data would suggest this for 
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fibronectin, we did not investigate whether novobiocin blocked the export of intracellular 

proteins. This could be tested using a cell-free system transport assay, as was done for 

geldanamycin in studies by Lotz and colleagues (2007).  

 

To support that novobiocin was indeed having an effect on transport of fibronectin into 

the cell as opposed to interfering with its secretion, we designed a set of experiments 

that would allow us to observe the effect of novobiocin on the levels of extracellular 

fibronectin only as well as to show whether novobiocin induced fibronectin uptake. To 

monitor the levels of extracellular fibronectin, we labeled purified soluble fibronectin with 

a fluorescent dye and added the labeled protein to cells. This experiment allowed us to 

observe the changes associated with an extracellular fluorescent matrix as opposed to 

total fibronectin observed when detected with fluorescent antibodies against fibronectin. 

Both a time-course inhibition study and live cell imaging showed evidence that 

novobiocin caused a time-dependent decrease in the extracellular fluorescent 

fibronectin matrix. This reduction in extracellular fibronectin was confirmed to occur via 

internalization by the cell based on the uptake of CFDA-SE-labeled fibronectin added to 

Hs578T cells. The conclusions reached for this study were based on the fluorescent 

dye, CFDA-SE, which remained non-fluorescent until the acetate groups had been 

cleaved by intracellular esterases (Wang et al., 2005). In this manner, any fluorescence 

detected gave an indication of the level of internalized fibronectin. These data 

collectively provided evidence to support that novobiocin caused a decrease in the 

extracellular fibronectin matrix coupled with an increase in its uptake. Furthermore, we 

were able to show that the potential mechanism by which this occurred was through 

receptor-mediated endocytosis. We tested the effect of different inhibitors of vesicular 

trafficking on their ability to restore the fibronectin matrix following treatment with 

novobiocin. A panel of four inhibitors was screened including colchicine, methyl-β-

cyclodextrin (MβC), Exo 1 and genistein. Colchicine is an inhibitor of microtubule-based 

transport through interference with the microtubule organizing centre (Hastie, 1991). 

MβC is a specific inhibitor of endocytosis associated with caveolae (particularly 

caveolin-1 mediated endocytosis), but has also shown activity against clathrin-

dependent endocytosis. The mechanism of action involves the complexing of MβC with 
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cholesterol molecules in lipid rafts on the surface of the membrane. The cholesterol is 

subsequently removed from the membrane, compromising proper formation of 

endocytic vesicles (Marsh and Pelchen-Matthews, 2000). Exo 1 is a specific inhibitor of 

exocytosis through activating the Golgi ADP-ribosylation factor-1 GTPase (Feng et al., 

2003). Finally, genistein has been shown to inhibit certain tyrosine protein kinases that 

regulate signaling pathways related to vesicular trafficking (Ghazizadeh and Fleit, 

1994). Genistein has also, however, shown activity against caveolae-mediated 

endocytosis (Rejman et al., 2004). Our data showed that MβC exhibited the most 

promising results in reversing the fibronectin phenotype associated with the novobiocin 

treatment. MβC is a specific inhibitor of endocytosis and possesses few off-target 

effects on cells (Rodal et al., 1999), which made it an attractive inhibitor with which to 

conduct further mechanistic studies. We showed that after blocking endocytosis with 

MβC, novobiocin was no longer able to induce the loss of the extracellular fibronectin 

matrix and the phenotype was reversed in a dose-dependent manner to levels similar to 

those observed for untreated cells (Figure 25, Stage 3).  

 

To further support our hypothesis, we showed that fibronectin, within the small 

vesicular-like structures observed, colocalized with the early endosomal marker, Rab-5, 

and the lysosomal marker, LAMP-1, but not the late endosomal marker, Rab-7. These 

data agree with Sottile and Chandler (2002) and suggested that the final destination for 

the internalized fibronectin was most likely the lysosomes, but the pathway used 

excluded the intermediary protein, Rab-7. It is possible that a different intermediary Rab 

protein was used during fibronectin matrix turnover, such as Rab-9 (Ganley et al., 2004) 

(Figure 25, Stage 4). Furthermore, a higher degree of colocalization and a change in 

fibronectin distribution was observed in cells treated with a combination of novobiocin 

and exogenous Hsp90β. Given that Hsp90 has been implicated in Rab recycling and 

intracellular vesicular transport (Chen and Balch, 2006; Lotz et al., 2008), it may be 

possible that the exogenous Hsp90 was internalized in complex with fibronectin and 

involved in shuttling the fibronectin to different subcellular compartments (such as 

lysosomes or the endoplasmic reticulum) or alternatively back to the plasma membrane. 

Hsp90 has been reported to bind Rab11a which facilitated both the recycling of 



 103 

extracellular α-synuclein to the plasma membrane as well as its degradation via an 

endosomal pathway to the lysosomes (Liu et al., 2009). Consequently, Hsp90 may be 

serving a dual role in recycling the fibronectin matrix while also promoting its 

degradation via an endosomal-lysosomal pathway (Figure 25, Stage 4).  

 

4.2 Implications of this study for drug development 

Given this novel insight into the putative role of Hsp90 in fibronectin matrix dynamics, it 

is important to consider the therapeutic implications that this study might have for 

cancer and cancer metastasis. Hsp90 is a bone fide cancer drug target and a number of 

specific Hsp90 inhibitors are currently in clinical trial. It is possible that these 

compounds may be used to inhibit the interaction with fibronectin in relevant cancers.  

Current literature regarding the expression of fibronectin within different cancers is 

contradictory. Zheng and colleagues (2007) showed that nicotine induced the 

expression of fibronectin within non-small cell lung carcinoma (NSCLC) which resulted 

in the proliferation of the cancer cells. Hanamura and colleagues (1997) screened 29 

adenocarcinomas and 5 non-neoplastic mucosa samples for the levels of fibronectin 

mRNA. Results suggested that the adenocarcinomas, particularly myofibroblasts, 

produced fibronectin mRNA in 96% of cells in comparison to zero mRNA detected in the 

non-neoplastic samples. The authors therefore proposed that fibronectin was a critical 

component for neoplastic transformation and cancer progression. Lastly, Yang and 

colleagues (2007) showed that fibronectin expression, regulated by the Twist 

transcription factor, was increased in gastric cancer and was associated with increased 

cancer cell invasion. In contrast to these findings, some have shown that normal cells 

demonstrate an ability to build a substantial extracellular fibronectin matrix which is 

subsequently lost upon oncogenic transformation. However, these authors suggested 

that the loss in fibronectin was not due to a decrease in fibronectin expression, but 

rather an inability for cells to deposit the matrix protein at the cell surface (Hayman et 

al., 1981). Alongside these contradictory findings, others have argued over the role that 

fibronectin may serve in cancer progression and metastasis. Some have argued that the 

breakdown of the fibronectin matrix allowed cells to detach from their microenvironment 

and migrate to secondary locations (Duffy et al., 1992). Others have argued that the 
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fibronectin matrix provided a scaffold to which cells can attach and subsequently 

migrate (McCarthy and Furcht, 1984). It is clear from this controversy that the role of 

fibronectin in cancer is more complex than originally thought and may need to be 

characterized before therapies are designed against this extracellular matrix protein or 

against proteins, such as Hsp90, that might regulate its assembly.  

 

4.3 Conclusions 

The biochemistry of intracellular Hsp90 has been well elucidated partly due to extensive 

research on its clientele and interacting partners. The biological function of extracellular 

Hsp90, however, remains largely uncharacterized. The limited research available has 

alluded to a role for extracellular Hsp90 in cell migration and invasion, potentially 

contributing to the metastatic process of cancer cells. However, the mechanism by 

which this is achieved is still under scrutiny. Eustace et al. (2004) have proposed that 

cancer cell invasion is facilitated by extracellular Hsp90 activating matrix 

metalloproteinase-2 (MMP-2). Others have proposed that extracellular Hsp90 activates 

tissue plasminogen activator (tPA) which converts plasminogen to plasmin, 

subsequently increasing cell motility and invasion. Our data suggests that Hsp90 may 

possess a more direct role in modulating extracellular matrix dynamics through a direct 

interaction with fibronectin. 

 

Our data suggested that both intracellular and extracellular Hsp90 were involved in 

extracellular fibronectin matrix assembly, either through stabilizing the fibronectin 

molecule or through facilitating the folding of the fibrils into an insoluble fibronectin 

network. Furthermore, a reduction in Hsp90 levels or activity led to a reduced insoluble 

matrix, proposed to be mediated by receptor-mediated endocytosis and degradation of 

fibronectin in lysosomes. Interestingly, Salicioni and colleagues (2002) have reported 

that fibronectin catabolism can be facilitated through endocytosis involving the low 

density lipoprotein-like receptor-1 (LRP-1). Interestingly, LRP-1 has been shown to 

interact with Hsp90 resulting in the uptake and recycling of Hsp90 in macrophage and 

dendritic cells (Basu et al., 2001). It would be interesting to investigate whether 
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fibronectin was endocytosed in complex with LRP-1 and Hsp90 following inhibition with 

novobiocin. 
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