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Abstract

Heat shock protein 90 (Hsp90) and heat shock factors (HSFs) are known to

be involved in the epigenetic regulation of several fundamental oncogenic

genes. Fibronectin (FN) is an extracellular matrix (ECM) glycoprotein

which plays key roles in cell adhesion and migration. Hsp90 binds directly to

FN and Hsp90 inhibition has been shown to regulate FN protein levels and

matrix formation. Where inhibition of Hsp90 with a C-terminal inhibitor

(novobiocin) induced the loss of FN matrix, treatment with an N-terminal

inhibitor (geldanamycin) increased FN matrix levels. GA treatment in-

duced a strong dose and time dependent increase in FN1 promoter activity

and increased total FN mRNA respectively. By contrast, NOV showed no

increase in the promoter activity and no change in the expression of FN

mRNA. As GA is known to induce the stress response, we investigated the

relationship between the cell stress machinery and the transcriptional reg-

ulation of FN. Three putative heat shock elements (HSEs) were identified

in the FN1 promoter. The loss of two of the three identified putative HSEs

resulted in a loss in the basal transcriptional activity of the FN1 promoter

in our reporter model. This was in addition to the loss of the induction

of transcriptional activity with GA treatment observed with the full-length

promoter. Binding of HSF1 to one of the putative HSEs, which was iden-

tified as potentially functional from the truncation analysis, was confirmed

using ChIP. The occupancy of this HSE by HSF1 was shown to increase

with GA treatment. These data support the hypothesis that FN1 is a func-

tional HSF1 target gene. The 5’ promoter regions of seven additional ECM

protein encoding genes were analysed and mRNA levels were detected by

quantitative RT-PCR upon treatment with GA. Collagen 4 α2 and laminin

β3 mRNA were found to increase in the presence of GA, whereas colla-

gen 4 α3 and osteopontin showed no change. Similarly to FN1, these data



indicate that a subset of ECM genes may be under the regulation of the

HSF1 mediated heat-shock response. This may have implications for our

understanding of ECM dynamics in cancer, where the clinical application

of Hsp90 inhibitors is intended. Additionally, our data provide a poten-

tial underpinning for the role of the HSF1 mediated heat-shock response in

several fibrotic and metabolic stress related pathologies.
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1

Literature Review

1.1 The heat-shock response

In 1962, the Italian scientist Ferruccio Ritossa identified a puffing pattern on the chro-

mosomes of Drosophila buschii, supposedly after a colleague (C. Golgi) increased the

incubator temperature. More than 50 years later the cell-stress response remains a

focus of active biomedical research. Several kinds of stresses are proteotoxic, includ-

ing temperature, pH, oxidative stress, infection and high concentrations of some heavy

metals(1). Under stressful conditions, cells make use of an adaptive response to abro-

gate the harmful effects this has to the normal cell biological function. This response,

the heat-shock, or cell stress, response operates though the detection of damaged pro-

teins and an up-regulation of heat-shock protein (HSP) levels via the activation of heat-

shock transcription factors (HSFs), of which HSF1 is the best characterised. HSPs are

comprised mostly by molecular chaperones, with a small number of proteases, which

serve to counteract the negative effects of the proteotoxic stress on the normal func-

tioning of cellular processes. HSPs are conventionally named according to their molec-

ular weight. Chaperone HSPs such as heat-shock protein 90 kDa (Hsp90), and heat-

shock protein 70 kDa (Hsp70) do this by promoting the maintenance of the correct

conformational structure of client proteins. The cross-protection of cellular processes

against a variety of stresses using a single conserved mechanism in this way is termed

'hormesis'(2)
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1.2 Hsp90

1.2 Hsp90

Hsp90 is the most ubiquitously produced molecular chaperone in mammalian cells, and

exists in four different isoforms. Hsp90α is the stress inducible cytosolic form of Hsp90,

Hsp90β is the constitutively expressed cytosolic form which shares 85 % sequence iden-

tity to the α isoform(3). The endoplasmic reticulum isoform of Hsp90 (Grp94) and a

mitochondrial isoform of Hsp90, TNF receptor-associated protein 1 (TRAP1) are also

constitutively expressed in normal cells. Hsp90 is a highly evolutionarily conserved

member of a small protein family called GHKL ATPases which are characterised by

their common ATP binding pocket, which is different from the ATP-binding pocket of

protein kinases(4). Other members of the GHKL family include MutL, DNA Gyrase

and histidine kinase(5).

Hsp90 forms a complex network of interactions with co-chaperones and client pro-

teins which together facilitate the correct function and turnover of proteins involved

in many cellular activities(6)(7). Hsp90 is a key facilitator in cellular homoeostasis

and is involved in the stabilisation and activation of more than 300 client proteins,

many of which are essential for constitutive cell signalling and adaptive responses to

stress(4)(8). Hsp90 with Hsp70 and co-chaperones together form the Hsp90 chaperone

machine, which facilitates transient, low-affinity protein-protein interactions which pro-

mote the correct conformation of client proteins. Hsp70 binds the nascent polypeptide

chains and Hsp90 binds later in the client folding process(9). Together with Hsp70

and the co-chaperone CHIP, the Hsp90 chaperone machine works in concert with the

Hsp70-Hsp40 chaperone system and the ubiquitin-proteosome system, directing mis-

folded proteins for degradation(5). It is estimated that as many as 10 % of all cy-

tosolic proteins interact with Hsp90 during their normal proteomic cycling. Hsp90 has

also been demonstrated to have extracellular functions(10)(11), including chaperoning

cell-surface receptors such as HER-2(12), a role in the activation of the extracellular

proteinase MMP2(13), and a role in the stabilisation of the fibronectin (FN) ECM(14).

1.2.1 The Hsp90 cycle

Functional cytosolic Hsp90 exists as a homodimer, with each subunit consisting of three

functional domains: an N-terminal ATPase domain, a middle domain (M-domain), and

2



1.2 Hsp90

a C-terminal dimerisation domain(15). Hsp90 monomers are bound together at the C-

terminal dimerisation domain(16). The Hsp90 cycle is a description of the mechanism

of action for most Hsp90-client interactions(17)(18). During and between client pro-

tein binding, Hsp90 undergoes large conformational changes. An open conformation of

Hsp90 is stable in the absence of ATP binding to the N-terminal binding pocket(18).

Client proteins bind the M-domain and upon ATP binding, a peptide lid closes over the

binding pocket which enables the adoption of a closed conformation, in which the N-

terminal domains are dimerised(18)(19). This conformational change, with additional

client-co-chaperone interactions, supports the maturation of bound client proteins. As

the N-terminal ATPase hydrolyses the bound ATP, Hsp90 returns to the open confor-

mation and the client protein is released(18).

The recruitment of client proteins and the regulation of Hsp90 ATPase activity is

controlled by co-chaperones in a client specific manner(20) and each stage in the Hsp90

cycle involves a different complex of chaperones and co-chaperones(20)(4). Client pro-

teins begin the Hsp90 cycle in the 'early complex' bound to Hsp70, which is complexed

with Hsp40 and Hsp90(21)(22). Hsp70/Hsp90 organising protein (Hop) binds to Hsp90

at one of two tetratricopeptide (TPR) binding sites, inhibiting its ATPase activity and

stabilising it in the open conformation(23). Hop facilitates the transfer of the client

protein from Hsp70 to Hsp90. The second TPR binding site on Hsp90 is then occupied

by Prolyl isomerase (PPIase) proteins such as Cyp40 or Fkbp52, forming the 'interme-

diate complex'. ATP then binds to the N-terminal ATPase domain of Hsp90 and the

protein adopts the closed conformation(4)(21). The 'late complex' is then formed with

the binding of p23, which stabilises the closed conformation of Hsp90 and promotes the

release of Hop(23). Following ATP hydrolysis by Hsp90, p23 and the client protein are

released from the complex as Hsp90 returns to its open conformation(4)(6).

The Hsp90 cycle has major differences in co-chaperone constituents depending on

the class of client protein that is bound. For example, in the maturation of kinase

Hsp90 client proteins, the Hsp70-client-Hsp90-Hop complex is stabilised by a kinase

specific co-chaperone Cdc37(24). Aha1, and ATPase activator and the phophotase Pp5

are also co-chaperones involved in the kinase-specific Hsp90 cycle, where they promote

the release of Cdc37, Hop and ADP from the Hsp90 complex(25)(26).

3



1.3 Heat-shock transcription factors

1.3 Heat-shock transcription factors

The mammalian HSF family has four members; HSF1, HSF2, HSF3 and HSF4(27);(28).

These transcription factors demonstrate tissue specific expression of target genes and

are not all involved in the cell stress response(29)(30). HSF1 has been demonstrated

to be the master regulator of the stress response(31)(32). HSF1 monomers are 529

amino acid residues in length and contain five conserved functional domains, namely,

the DNA binding domain(33), three hydrophobic heptad repeats (HR-A, HR-B and

HR-C), and a C-terminal activation domain. HR-A and HR-B facilitate the formation

of homotrimers(34), although heterotrimers with HSF2 has also been reported(35).

The HR-C domain serves to suppress spontaneous trimerisation of HSF1 monomers

before the post translational modifications required for activation have been made to

the activation domain(36).

1.4 Hsp90 and the regulation of the heat-shock response

Activation of the cell stress response is regulated at multiple stages by physical interac-

tions and post-translational modifications of HSF1(2)(37). The most widely accepted

mechanism describing the initiation of the heat-shock response is termed the 'titration

model'(28)(27). This model explains the process of activation and attenuation of HSF1

activity in terms of a negative feedback loop, with the level of Hsp employment acting as

the sensor for stress (Figure 1.1). The model was proposed following the identification

of a low-affinity interaction between HSF1 monomers and the Hsp90 complex members

including Hsp90, Hsp70, Hsp40, FKBP52 and p23(38)(39)(40)(41). The accumulation

of misfolded proteins under stressful conditions results in competitive binding between

the Hsp90 and bound HSF1 monomers. As the HSF1 monomers are released they form

homotrimers. This process has been shown to occur spontaneously(42), but the regula-

tory involvement of co-chaperones FKBP52, p23(38) and CHIP(43) in this process has

been demonstrated. It has recently been elucidated that the chaperonin complex TRiC

also binds HSF1 monomers under normal conditions, and this interaction is disrupted

similarly to the Hsp90 complex-HSF1 interaction(44).

A number of modifications to HSF1 serve to activate or to repress its transac-

tivating capacity, and add an additional layer to the regulation of the heat-shock
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1.4 Hsp90 and the regulation of the heat-shock response

response(45)(42). The aquisition of DNA binding ability of HSF1 is regulated by post-

translational modifications of the C-terminal activator domain and another regulatory

domain located in the trimerisation domain(46)(28). Although these processes are not

fully understood, it has been shown to involve acetylation, phosphorylation, dephos-

phrylation and sumoylation, as well as positive and negative regulatory interactions

with a number of chaperones and co-chaperones(37)(40)(47)(48)(49).

Activated HSF1 are translocated to the nucleus whereupon they bind regulatory

regions of target genes at nGAAn inverted repeat motifs called heat-shock elements

(HSEs). Although HSF1 monomers are found in both the cytoplasm and the nucleus(27),

the rapid translocation of oligomerised HSF1 to the cell nucleus and the formation of

nuclear stress granules are an established feature of the cell stress response(50)(51)(52).

Once bound to HSEs, HSF1 aids in the recruitment of RNAPolII initiation complexes

and increases the transcription rate of target genes(53)(54)(55). The primary targets

of HSF1 mediated transcription are the heat-shock proteins, including the inducible

isoform of Hsp90, HSP90AA1 (Hsp90α) and Hsp70, HSPA1A (Hsp72). During heat-

shock, Hsp90 has been shown to increase from approximately 1 % of total cellular

protein to almost 6 %(56). Some studies have indicated that the initial signal for

the activation of the heat-shock response is the loss of correct conformation by outer

membrane porin proteins(57)(58).

In addition to the chaperone mediated regulation of HSF1 activation, the transcrip-

tion factor has been demonstrated to contain redox sensitive thiol groups which enable

intrinsic HSF1 stress sensing(60)(61). One of the essential stress-induced phosphory-

lation sites of HSF1, required for transactivation activity is Ser326(47). This residue

has recently be shown to be directly phosphorylated by the mammalian target of ra-

pamycin complex 1 (mTORC1)(62). Dai et al. (2012) reported that the knock-out of

the tumour suppressor NF1 in a MEF cell lines resulted in the the activation of HSF1

and the acquisition of stress tolerance. The mechanism of HSF1 activation in this case

was thought to be related to aberrant MAPK signalling caused by the loss of NF1(63).

The regulation of the heat-shock response has been investigated primarily in cell

culture models to date, leaving the mechanisms by which the stress response might be

coordinated across an organism largely unexplored. Some work conducted in C. elegans

has demonstrated that the heat-shock response is under neuronal control(64)(65)(66).

5



1.4 Hsp90 and the regulation of the heat-shock response

Figure 1.1: The titration model of the HSF1 mediated heat-shock response.

- An increase in the levels of misfolded proteins under proteotoxic stress results in com-

petitive binding between the misfolded proteins and HSF1 monomers at the Hsp90 chap-

erone complex(40) (A) and TRiC complex(44) (not shown). The HSF1 monomers are

released from Hsp90, and undergo spontaneous trimerisation and translocation to the

nucleus(27) (B). HSF1 is post-translationaly modified(48)(59) (C). Active HSF1 may

bind regulatory regions of target genes at nGAAn inverted repeat motifs, called heat-

shock elements(54)(55) (HSEs). HSF1 aids in the recruitment of RNAPolII initiation

complexes and increases the transcription rate of target genes which include genes for

HSPs(53)(54)(55) (D).
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Additionally, it has been shown that transcriptional feedback between somatic tis-

sues enables chaperone responses independent of neurons, in a cell-non-autonomous

manner(67).

As the HSF1 transcriptional programme increases the levels of unemployed molecu-

lar chaperones, HSF1-Hsp90 interactions are re-established(39)(40). These interactions

reduce the levels of active HSF1 and attenuate the heat-shock response. This negative

feedback is essential to the maintenance of proteostasis in the absence of stress, and

also ensures that the extent of the heat-shock response is proportional to the stress

experienced by the cell. Post-translational modifications including phosphorylation of

Ser303 and Ser307 and sumoylation of Lys298 also serve to negatively regulate the heat

shock response. The loss of DNA binding capability of HSF1 is associated with the

acetlyation of Lys80 in the DNA binding domain, and during the activation process

the deacetylase sirtuin-1 (SIRT1) is responsible for deacetylation of this residue(68).

1.4.1 HSF1 target gene identification

A beginning to the systematic identification of the genome-wide target genes and the

effects of the transcriptional programming thereof began with Trinklein et al. (2004).

By combining data from micro-arrays and chromatin immunoprecipitation (ChIP) of

HSF1 from three different human cell lines, information on the relationship between

stress-inducibility and HSF1 binding was able to be determined. Some interesting and

unexpected results were obtained using this approach. Although many heat inducible

genes were indeed bound by HSF1, a number of stress inducible genes lacked both HSEs

and HSF1 binding. Additionally, only about half of the promoters with predicted HSEs

were found to be bound by HSF1(55). Several genes that were bound by HSF1 were

not stress inducible(55). These findings showed that there must be other regulatory

mechanisms at work during stressful conditions in mammalian systems, and that HSF1

is potentially involved in the transcriptional regulation of target genes that are not

necessarily involved in the canonical heat-shock response(55). Page and colleagues

later used a similar approach using ChIP-array to compare gene expression profiles of

cells with and without siRNA knock-down of HSF1 in HeLa cervical cancer cells(69).

As with Trinklein et al. (2004) there was not a strong correlation found between

HSF1 promoter binding and mRNA expression. However the data did demonstrate the

expected significant involvement of HSF1 in the regulation of genes involved in protein
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folding, and a wide-ranging transcriptional program that was regulated either directly

or indirectly by HSF1, supporting earlier findings(69). Similarly to earlier studies in

human models, the association of HSF to target genes in Drosophila melanogaster were

studied by Gonsalves et al. (2011) using ChIP-array. Reflecting the earlier findings,

not all of the genes associated with HSF binding sites changed transcriptional levels

following heat-shock, and some genes that were stress responsive were not identified as

containing HSF binding sites(53).

1.4.2 HSF1 in cancer

The potential involvement of HSF1 in driving cancerous transcriptional programmes

was investigated by Dai et al. (2007). Making use of a mouse HSF1 knock-out model

and cell line models, the authors showed that HSF1 is required for oncogenic transfor-

mation caused by p53 and RAS mutations as it controls a wide range of transcriptional

effects that together support the oncogenic lifestyle post-mutation(70). This finding is

perhaps not surprising given that many cancers over-express molecular chaperones. As

there is selection pressure against unstable protein intermediates in signalling cascades,

high levels of molecular chaperones facilitate maintenance of the transformed state(71),

and HSF1 is the effector of this change. The heat-shock response may be induced due to

intracellular conditions created by the transformation, and subsequently maintained by

stress factors created by the tumour itself. As we have seen from prior work(55); (69),

HSF1 modulates the expression of proteins involved many different cellular processes,

and it is therefore not surprising to find that many of these are likely to support the cell

indirectly during times of stress, such as metabolism or translation. A study making

use of a large number of clinical samples, indicating that high nuclear HSF1 levels in

cancer correlated with poor survival rates, supports the hypothesis that the HSF1 tran-

scriptional programme contributes to the progression of cancer(72). Feng et al. (2012)

also used clinical datasets to show that high HSF1 levels are correlated with poor pa-

tient survival, and subsequently demonstrating in hepatocellular carcinoma (HCC) cell

lines and a mouse model that over-expression of HSF1 promoted tumour migration and

invasion(73).

Jin et al. (2011) demonstrated that metabolism related HSF1 target genes are also

key to cancer progression in liver carcinoma using a conditional HSF1 knock-out HCC

model. It was shown that loss of HSF1 resulted in an increase in AMPK activation
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and increased insulin sensitivity(74). Several HSF1 dependent cancerous cell lines were

used by Santagata et al. (2013) to investigate a potential regulation of protein synthesis

pathways by HSF1. It was found that the chemical inhibition of protein synthesis

resulted in the loss of HSE occupancy by HSF1, and existing transcriptome data showed

that HSF1 inactivation is linked to loss of expression of translational machinery(75).

Further data pertaining to the role HSF1 plays in malignancy was reported by

Mendillo and colleagues(76). A comparison of the transcriptome between a high and a

low metastatic potential cell line under HSF1 knock-down conditions, with and without

heat-shock was used to identify a subset of genes which are regulated by HSF1 only

in highly malignant cells and which are independent of heat-shock(76). The genes

identified in this subset were involved in a range of cellular processes including cell-

cycle regulation, signalling, metabolism, adhesion and translation. They also involved

genes for important molecular chaperones(76). The determination of HSF1 dependent

changes in the transcriptome that are independent of the oncogenic transformation and

heat shock is very interesting, as this would suggest an unknown regulatory mechanism

involved in HSF1 DNA binding, or some other more fundamental regulatory difference

between the low and high metastatic capability parent cell lines(76). Additionally it has

recently been shown that transforming growth factor beta (TGF-β) and stromal cell-

derived factor 1 (SDF-1) induce HSF1 activation in cancer associated fibroblasts, which

drives a transcriptional programme similar to heat-shock, which serves to support the

neighbouring tumour cells by creating a favourable micro-environment(77). The specific

genes found to be activated in stromal cells included genes involved in the extracellular

matrix (ECM) and cell adhesion. Fucosyltransferase (FUT4), an enzyme involved in

the synthesis of the tumour associated antigen LeY and known to be related to cell

proliferation was reported by Yang et al. (2014) to be a target gene for both HSF1 and

SP1 using ChIP and gel-shift assays. Additionally it was shown that MAPK and AKT

signalling are involved in the HSF1 and SP1 mediated regulation of FUT4(78).

1.5 Hsp90 and HSF1 as therapeutic targets in cancer

Mutations in a number of different proteins, usually signalling intermediates such as

kinases, are the proximal cause of oncogenic transformation. Many of these mutated

proteins are inherently unstable. Hsp90 is up-regulated in many cancers and can act
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to stabilise these activated oncoproteins. In addition, due to often radically different

transcriptional programmes operated by cancerous cells, and environmental conditions

within tumours, constitutive proteotoxic stress is common and must be overcome if

the cancer is to survive(71). For these reasons functionally active Hsp90 and its as-

sociated multi-protein complex is essential in most cancers(79). In fact tumours are

often described as 'Hsp90 addicted'. Hsp90 chaperones a large number of oncoproteins

from different families, including kinases, transcription factors, and cell-surface recep-

tors. It has therefore been suggested as a prime target for cancer treatment(80)(81).

Hsp90 inhibition typically leads to proteosomal degradation of client proteins(7)(80).

Due to its involvement in multiple signal transduction pathways and cellular pro-

cesses, inhibition would therefore result in the loss of core biological functions such

as cell proliferation and migration in the affected cells(82). In addition, due to the

pleiotropic nature of Hsp90 function, there would be limited opportunity for cells to

evolve resistance, although compensatory mechanisms are present due to redundancy

in signalling pathways. The strategy of targeting Hsp90 in cancer has been widely

reviewed(81)(83)(84)(80)(85).

A natural organic product, geldanamycin (GA) was the first identified Hsp90 in-

hibitor, and was shown to bind at the N-terminal ATP-binding site(86). This inter-

action was shown to block the ATP-dependent Hsp90 cycle, and cause client proteins

to be released and ultimately degraded(87)(88). In cancer this eventually leads to

cell-cycle arrest and apoptosis(89). While geldanamycin is considered unsuitable for

therapeutic use due to high toxicity, rational drug design has been used to develop

derivatives such as 17-AAG that are under clinical evaluation1 and these are sum-

marised in Table 1.1(90)(81)(80)(91)(92)(93). Another inhibitor of Hsp90, novobiocin

(NOV), a coumermycin antibiotic has been shown to bind a pocket in the C-terminal

dimerisation domain of Hsp90(94)(95), and is thought to act by preventing the forma-

tion of the active Hsp90 complex. Whereas GA prevents the formation of the closed

1Phase I: Testing within a small group of people (2080) to evaluate safety, determine safe dosage

ranges, and begin to identify side effects. Phase I trials are not expected to identify all side effects.

Phase II: Testing with a larger group of people (100300) to determine efficacy and to further evaluate

safety. Phase III: Testing with large groups of people (1,000 3,000) to confirm the drug’s effectiveness,

monitor side effects, compare it to commonly used treatments, and collect information that will allow

it to be marketed.
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conformation of Hsp90, C-terminal Hsp90 inhibitors hold the protein in a conforma-

tion thought to represent the client-release stage of the Hsp90 cycle(96). As with GA,

derivatives of NOV have been synthesised with the goal of increasing its therapeutic

potential(97). Both of these classes of Hsp90 inhibitors have been invaluable research

tools(98)(99), enabling the elucidation of the mechanisms by which Hsp90 and its co-

chaperones perform their cellular functions. Unlike the N-terminal inhibitors however,

NOV inhibition of Hsp90 does not lead to the universal degradation of client proteins,

but does result in cell-cycle arrest and apoptosis while mitigating the induction of the

heat-shock response caused by N-terminal Hsp90 inhibitors(100)(101)(102).

It was demonstrated that among the effects of GA N-terminal inhibition on Hsp90

was the induction of the heat-shock response(40)(120), as would be expected when inter-

actions between HSF1 and Hsp90 are disrupted. Indeed this effect has been considered

to be of potential therapeutic value in protein aggregation diseases such as Parkinson’s,

Huntington’s and Alzheimer’s disease where HSF1 activation may ameliorate aspects

of protein aggregation(121)(122)(123)(124)(125)(126). N-terminal ATPase activity has

also been shown to be required for the disassembly of activated HSF1 trimers, and

therefore the attenuation of the heat-shock response(127). In cancer however this re-

sponse represents a challenge to the Hsp90 targeting strategy, as the inhibition results

in a concomitant induction of compensatory chaperones(40). It has therefore been

suggested that abrogation of the heat-shock response should increase the sensitivity of

cancer to Hsp90 inhibition(128).

A number of avenues to preventing HSF1 from activating target genes are avail-

able and are being pursued (129)(128). Chou and colleagues found that phosphoryla-

tion of Serine 326 on HSF1 is essential for enabling the transactivating capability of

HSF1(62). This has subsequently has led to several studies investigating the potential

of using mTORC1 inhibitors such as rapamycin or its analogues to prevent HSF1 phos-

phorylation and thus impede the induction of the heat-shock response during Hsp90

inhibition(130); (131); (132).

1.6 The extracellular matrix

Tissue integrity is maintained by the attachment of constituent cells to a network of

secreted proteins, proteoglycans, glycoproteins and polysaccharides(133). The composi-
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1.6 The extracellular matrix

tion and structure of the extracellular matrix is cell and tissue specific. In multicellular

structures, epithelial, endothelial and stromal cells are involved in the production of the

basement membrane (or matrix), a fibrous layer which serves to separate the epithelium,

mesothelium and endothelium from connective tissue(134). A primary component of

connective tissue is the interstitial matrix, which also exists between the cells comprising

tissues themselves. The interstitial matrix is less dense than the basement membrane,

and is produced primarily by stromal cells such as fibroblasts(135). Basement mem-

branes are composed of laminins, fibronectin (FN) and type IV collagen, connected to

other ECM proteins though linkers. The interstitial matrix by comparison is made up

primarily of fibrillar proteins, proteoglycans, and various glycoproteins including FN.

Extracellular matrix components interact with both each other and the surrounding

cells though cell surface receptors such as integrins via specific binding motifs. These

interactions confer the strength and rigidity to tissues and play a role in the assembly

and remodelling of the matrix(136)(137). The physical properties of the ECM are an

important factor in the micro-environment of the cell. The ECM may promote anchor-

age of cells to a particular site, or ECM components can either enable or inhibit cell

migration by the formation of pathways or barriers respectively(138)(139)(134).

1.6.1 The ECM in determining cell behaviour

A number of biomechanical factors of the ECM such as porosity and elasticity have

been shown to play a role in determining cell behaviour. For example: the porosity of

the interstitial matrix determines the rate of diffusion of signalling molecules, which is

a factor in the formation of concentration gradients(140). The protein composition and

modification of the ECM results in changes in polarity. This in turn causes changes

in inter-cellular signalling by repressing the free migration of some signalling molecules

though the interstitial space (141). Conversely, components of the ECM or breakdown

products thereof may play a direct role in signalling (141)(140). The elasticity/rigidity

of the ECM also plays role in the determination of cell behaviour. Modifications to

focal adhesion binding complex proteins which link the ECM to the actin cytoskele-

ton often occur in response to mechanical force(142)(143)(144)(145)(146)(147). Topo-

graphical features of the ECM have also been shown to influence processes such as cell

division(148) and the determination of cell fate in stem cells(149)(150)(151).
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1.6 The extracellular matrix

Table 1.2: Human pathologies of the extracellular matrix

Pathology Organ Tissues Involved Reference

Cirrhosis Liver Connective tissue (164)(165)

Pulmonary Fibrosis Lungs Connective tissue (166)

Crohn’s Disease Intestine Connective tissue (167)(168)(169)

Keloid Skin Connective tissue (170)

Arthrofibrosis Joints Connective tissue (171)(172)

Diabetic retinopathy Eyes Basement membrane (173)(174)

Diabetic nephropathy Kidneys Basement membrane (175)(176)

Scleroderma Skin Connective tissue (177)(178)

Peyronie’s disease Penis Connective tissue (179)(180)

The ECM is regularly remodelled in the course of normal protein turnover and in

response to changing environmental queues. Remodelling of the ECM involves degra-

dation and deposition processes(152). The degradation of the ECM fibres is primarily

undertaken by matrix metalloproteinases (MMPs)(153). The MMPs are a large group

of serine proteases encompassing secreted and transmembrane members, which between

them are able to degrade a wide range of extracellular proteins (140). Enzymes involved

in the remodelling of the ECM are regulated at the transcriptional, translational, post-

translational modification levels(154)(155)(156)(157).

A consequence of the interconnected nature of the ECM with surrounding tissue is

that a change in ECM properties by one cell will have an effect on the behaviour of

nearby cells(158)(159). In normal tissue this is a useful feedback mechanism enabling

cells to rapidly adapt to changing environmental conditions(160). However, aberrant

cell behaviours may also lead to changes to the turnover and modification of ECM

components and this can lead to disease progression(140)(161)(162). Excess levels of

ECM proteins due to enhanced expression, or a reduced rate of ECM degradation

related to the deregulation of ECM remodelling enzymes, are common in some cancers

and are symptomatic of tissue fibrosis(163). Some human diseases related to abnormal

ECM dynamics have been summarised in Table 1.2.
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1.7 Fibronectin

1.7 Fibronectin

FN is only present in vertebrates and its evolution is thought to be involved with the

emergence of a vasculature lined with endothelial cells(133). FN was the first matrix

glycoprotein to be extensively studied, and is an ubiquitous ECM component produced

in almost all cell types(181). FN is a multi-domain glycoprotein found intracellularly

as a soluble 450 kDa disulphide-linked dimer, and in the extracellular matrix as large

insoluble multimers. FN binds cell surfaces and a number of other ECM components in-

cluding collagen, fibrin, heparin and integrins(182). Integrins are heterodimeric, trans-

membrane cell adhesion receptors for FN and other extracellular matrix molecules. FN

plays a role in a number of cell adhesion and migration processes including embryoge-

nesis, wound healing, blood coagulation, host defence, the maintenance of cell shape,

opsonisation(183)(184)(185)(186)(187).

1.7.1 Structure of FN

The FN primary protein structure is based on repeated subunits of homologous type I,

II, and III, and three alternatively spliced modules(188)(189). FN dimers are composed

from subunits of twelve type I, two type II, and between 15-17 type III module(190)(191).

Intra-chain disulphide bonds from between type I and II modules to form dimers,

and sets of repeating modules which comprise domains which are bound by other

molecules in the extracellular space such as ECM proteins and cell surface bound

proteins(192). FN has at least two independent cell adhesion regions with different

receptor specificities(193). The primary cell adhesive region is comprised of two amino

acid sequences; an Arg-Gly-Asp (RGD) sequence and a Pro-His-Ser-Arg-Asn (PHSRN)

sequence located in the III9-II10 region(194)(195)(196). These adhesion sequences only

act in concert with each other to facilitate adhesion to cell surface integrins(195). An-

other cell adhesive region is located near the C-terminal in the alternatively spliced

IIICS module(194). The sequences for this region are Leu-Asp-Val (LDV) and Arg-

Glu-Asp-Val (REDV)(197)(185). The α5β1 FN-specific integrin binds to the central

RGD/PHSRN ('synergy') site. The α4β1 integrin binds to the IIICS site(198)(185).

The assembly of FN into an extracellular matirx is termed fibrillogenesis. FN

is secreted by the cell as a soluble dimer which is later rendered insoluble through

conformational changes initiated through integrin interactions(199)(200). The binding
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of the RGD motif in the III9 module and the so-called synergy sequence in III10 module

to the α5β1 integrin causes conformationals change in the FN molecule that expose self-

association sites(199)(200)(201)(202). FN-FN interactions occur at four self-association

sites distributed across each subunit(203). The continual addition and extension of FN

dimers to growing multimers results in an insoluble FN matrix(190)(202). Integrin-

FN clusters also result in the connection of FN to the actin cytoskeleton via receptor

cytoplasmic domain interactions(200)(204)(205). Fibrillogenesis has been shown to be

regulated by Rho GTPase-MAPK signalling(206)(207) and the focal adhesion kinase

(FAK) complex to which FN binds acts as a sensor linking the cytoskeleton with the

ECM(208). Several components of the focal adhesion complex are conformationally

modified under the effect of mechanical force applied from the ECM(209)(210)(211).

The assembled FN matrix is subject to normal protein turnover and to remodelling as

a function of cell behaviour(212)(213). These processes require the degradation of the

FN fibrils by proteases(157)(214).

In the absence of continual fibrillogenesis, increased levels of FN degradation and a

loss of FN matrix are promoted(215). Several MMPs have been found to be involved

in the break-down of FN fibrils. The two most important of these are MMP2 and

MMP9(140). MMP2, via its C-terminal hemopexin-like domain, interacts exclusively

with FN (216). The activation of MMP2 has been shown to result in an increase in

cell migration and invasion(13). The final degradation of FN fragments resulting from

extracellular proteolysis occurs intracellularly after endocytosis through a caveolin-

1dependent processes(217). Lobert et al. (2010)(218) demonstrated that in migrating

cells FN is endocytosed with the α5β1 integrin to be degraded in lysosomes following

FN-induced ubiquitination of the α5 subunit. Endosomal sorting and α5 ubiquitination

were both shown to be requisite for fibroblast migration. LRP has also been demon-

strated by Saliconi and colleagues to bind to FN and act as a catabolic cell surface

receptor(187).

1.7.2 FN in disease

FN-receptor interactions play an important role in tumour cell biology(181)(136) and

in the progression of a number of diseases including fibrosis(219), synovial related

diseases(220) and even Alzheimer’s disease(221).
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In cancer, high FN levels are associated with increased invasion and metastatic

capability in lung cancers and hepatic cancers(136)(222)(223)(224). In a number of

other cancer types, however, low levels of FN expression have been found to correlate

with migratory capacity(225)(226). Some authors have proposed that the deposition of

ECM proteins such as collagen and FN act as a barrier to the growth of tumours(227).

MMP2 inhibition has been shown to result in a reduction in tumour growth and metas-

tasis in a mouse ovarian cancer model due to a loss in FN and vitronectin cleavage(228)

which supports this propositions. Circulating FN has been shown to be required for

tumour growth and angiogenesis(229). In fibrosis and inflammation related diseases,

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

factor in the development of pathological conditions such as cirrhosis of the liver and

Crohn’s disease(230)(231)(232)

The FN fragments that are the products of FN fibril degradation have been demon-

strated to have biological activity alone. Lopez-Armada et al. demonstrated that an

RGD motif containing fragment of FN could stimulate the production of FN and TNF-

α in mesangial cells through interactions with the α5β1 integrin(233). Yi et al. (2001)

demonstrated that the III1-C protein fragment (named anastellin by the authors) of FN

has antiangiogenic and antimetastatic properties in a mouse model(234). A subsequent

study by You et al. (2009) found that this fragment stimulates FN matrix remod-

elling and activates the p38 MAPK pathway, independent of interactions between the

fragment and cell surface integrins(235).

1.8 FN1

The FN protein in humans is encoded by a single gene called fibronectin 1 (FN1 ). FN1

is located on chromosome 2 from 216,225,176 bp to 216,300,790 bp. The protein coding

region of the FN gene consists of 46 exons and the primary transcript is alternately

spliced to create a number of splice variants(189). Alternative splicing of the primary

FN mRNA transcript occurs in three regions, corresponding to three regions of the FN

molecule. In two of those regions, extra-domain A and B, (ED-A and ED-B) the exon

can be included or skipped. These relative proportions of alternatives are cell type

and developmentally regulated(188)(181)(236). The splicing of the final region (IIICS)

where the exon can be skipped, included or subdivided yielding several variants (five in
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1.8 FN1

humans) is more complex(236). The total number of full length FN variants is therefore

20(237)(189). ED-A inclusion is associated with the formation of long and thick FN

fibrils (238) and ED-A and ED-B inclusive FN has been shown to be more expressed

in tumour and foetal tissues than in normal tissues(239)(240)(241). In normal tissues

the inclusion of extra-domain exons is limited to the cells of the ovary, arterial cartilage

and synovial cells(242)(243).

Han et al. (2007) demonstrated that FN isoform expression (the regulated splicing

of FN mRNAs) is regulated by TGF-β1 and the expression of the splicing factor SRp40.

When treated with TGF-β chondrocytes preferentially excluded ED-A and reduced

ED-B exon inclusion(238). Gratchev et al. (2001) demonstrated that interleukin 4

induction of macrophages lead to an increase in the total levels of FN mRNA and

protein. Additionally it was found that ED-A- and ED-B- splice variants were increased

under the effects of IL-4(244). Regulation of FN1 at the transcriptional level has been

investigated by several groups for many decades.

1.8.1 FN1 regulation

A series of publications by Douglas C. Dean and colleagues describe the early analysis

of the FN promoter and regulation thereof. The TATAA box is identified at -25 bp,

and the CAAT box at -150 bp. Additionally an SP1 transcription factor binding site

is identified at -102 bp, along with a CRE motif at -173 bp(245). Later the response

of FN synthesis was examined in several cells lines under the effects of three different

transcriptional activators(246). It was found that the glucocorticoid dexamethasone

induced FN production in a fibrosarcoma cell line due to an observed increase in FN

mRNA longevity, whereas TGF-β and forskolin both increased the activity of the FN1

promoter in most of the cell lines tested(246). The mechanism of the previously iden-

tified forskolin induction of FN mRNA was subsequently investigated. Forskolin is an

adenylate cyclase activator and a CRE element located at -188 bp to -157 was shown

to be responsible for the up-regulation in FN mRNA demonstrated(247). The core

promoter of FN1 was also investigated by Alonso and colleagues who demonstrated

that the -170 bp CRE element and the -150 CAAT elements act as a single functional

element and display cell line specific occupation patterns(248). A mechanism for the

effect of TGF-β previously observed on the levels of FN mRNA was demonstrated by
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1.8 FN1

Gradl et al. (1999)(249). β-catenin levels were shown to modulate FN promoter ac-

tivity via functional LEF-TCF sites identified on the FN promoter. The expression of

LEF-1 was shown to modulate FN1 transcription in fibroblasts, but not epithelial cells,

in response to WNT signalling(249).

In recent studies additional processes have been implicated in the regulation of FN1,

however complete mechanisms for these effects are yet to be elucidated. The interaction

of ELMO1 with COX-2 is known to increase the cyclooxygenase activity of COX-2 and

this was found to have an effect on FN expression by Yang and colleagues(250). It was

shown that this COX-2 related FN up-regulation occurs independent of RAC1(250).

Liu et al. (2012) demonstrated that the signalling sphingolipid sphingosine-1-phosphate

(SP1) is able to affect the up-regulation of FN mRNA and protein under high glucose

conditions in rat mesangial cells. It was demonstrated that this occurs through the

SP1 receptor and the MAPK pathway, although the authors did not identify the signal

effectors that might be involved in this regulation. The S1P2 receptor is reported to

be more abundant in diabetic conditions, and it is implied that this is a potential

mechanism whereby excess FN ECM is deposited in diabetes related pathologies such

as diabetic neuropathy(251).

It has been known that RAS oncogenic transformation reduces the expression of

FN(252), and reduced FN1 expression has been used as a marker in the detection of

circulating tumour cells, an experimental early stage cancer diagnostic tool(253). In a

paired human lung adenocarcinoma model Yang and colleagues showed that cells with

a high metastatic potency had much higher expression levels of FN1 as determined by

qPCR analysis(254). Yang et al. (2007)(255) found that in a comparison of tumour

and normal tissues FN1 and other genes involved in focal adhesion formation were

an identifying feature of tumour cells, although it was not stated whether the relative

expression of FN1 between these cell types was increased or decreased and to what

extent. Similarly Clark et al. 2000 reported that in gene expression profiles of highly

metastatic cells a number of genes involved in the assembly of the extracellular matrix

were up-regulated(256). Wang et al. (2011) used the HEpG2 cell line to demonstrate

that micro-RNA1 (miR-1) was able to suppresses cell growth and migration due to a

direct interaction with FN mRNA, and a similar reduction in cell growth and migration

was observed in FN1 knock-down conditions(257).
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1.9 Rationale for this study

FN has been reported to play a pro-survival role in a number of cell lines(258),

however the core constituent of cellular homeostasis conservation are the molecular

chaperones(7). Research conducted by our group found that a direct interaction be-

tween FN and extracellular Hsp90 existed. Decreased levels of both soluble and insol-

uble FN were observed upon Hsp90 inhibition and Hsp90β knock-down, suggesting a

role for Hsp90 in FN matrix stability(14).

1.9 Rationale for this study

Previous work by conducted by our group identified a direct interaction between FN

and Hsp90. Decreased levels of both total and extracellular FN matrix were observed

upon treatment of cells with the Hsp90 inhibitor NOV and upon depletion of Hsp90 by

RNA interference. The effects of NOV or Hsp90 knock-down could be partially rescued

by extracellular Hsp90. This suggested a role for Hsp90 in FN matrix stability(14).

In the course this work it was noted that GA inhibition of Hsp90 did not produce the

same FN matrix phenotype observed with either NOV treatment or knock-down of

Hsp90. Whereas Hsp90 knock-down and NOV treatment reduced the FN matrix, GA

treatment appeared to cause an increase in the levels of the FN ECM. As GA is known

to induce the cell stress response, we decided to investigate whether FN expression was

regulated by the cell stress machinery.

1.10 Hypothesis

FN1 expression is modulated by the cell stress response.

1.11 Objectives

• Determination of the effect of GA treatment on FN levels and ECM

• Investigate the effect of GA treatment on FN mRNA levels

• Determine effect of GA treatment on FN1 promoter activity

• Elucidate mechanistic basis for observations
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2

Materials & Methods

2.1 General reagents

Milli-Q water used in this study was prepared using a Millipore Direct Ultrapure Sys-

tem (Merck-Milliopre, USA). Bovine serum albumin (BSA) was obtained from Roche

Diagnostics (Switzerland). Polymerase GoTaq Green 2× Master Mix (Promega, USA

[Cat No: 9PIM712]) was used in PCR applications unless otherwise stated. Molecu-

lar weight markers used in this study include KAPA Universal DNA ladder (KAPA

Biosystems, USA [Cat No: KL6302]), a GeneRuler 50 bp Ladder (Thermo Scientific,

USA [Cat No: SM0373]) and a pre-stained protein molecular weight marker (Thermo

Scientific, USA [Cat No: 26612]). Nuclease Free Water used in various applications

was obtained from Qiagen (Netherlands). Application specific reagents are detailed in

their respective method description below.

2.2 Cell culture

The Hs578T breast cancer cell line was cultured in Dulbeccos Modified Eagle Medium

(DMEM) (Gibco Life technologies, USA) plus 10 % (v/v) Foetal Bovine Serum (FBS)

(BioWest, USA), 1mM L-Glutamine (Sigma Aldrich, USA [Cat No: G7513]), 100 U/mL

penicillin streptomycin amphotericin (PSA) (Gibco Life technologies, USA) and 2 mM

NovoRapid recombinant human insulin (Nordisk pharmaceuticals, Denmark) at 37 °C,

with 3.7 % sodium bicarbonate and 9 % CO2. HEK293FT cell line was maintained

in DMEM with 5 % (v/v) FBS, 1mM L-Glutamine (Sigma Aldrich, USA [Cat No:

G7513]), 0.1 mM non-essential amino acids (NEAA) (Sigma Aldrich, USA [Cat No:
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2.3 Cytotoxicity assays

M7145]), 1 mM sodium pyruvate (Sigma Aldrich, USA [Cat No: S8636]), and 100

U/mL PSA at 37 °C, with 9 % CO2. Plastic consumables were acquired from NEST

Biotechnology Co. (USA), Corning Life Sciences (USA), Greiner Bio-One (USA) and

Porvair Sciences (UK). Cell monolayers were lifted for downstream applications with

the use of 0.25 % (v/v) Trypsin-ethylenediaminetetraacetic acid (EDTA) (Gibco Life

technologies, USA) incubated for 5-10 minutes at 37 °C.

2.3 Cytotoxicity assays

Hs578T cells were seeded in 96-well plates at concentrations of 1 x 105 cells/well such

that cells were near confluency but not growth inhibited after 72 h. Cells were treated

with the vehicle control (geldanamycin/rapamycin: dimethylsulphoxide (DMSO) at

0.2 % (v/v), novobiocin: ethanol at 0.1 % (v/v), or the test compound in increasing

doses, from a 10-fold dilution series. After 48 h cells were incubated with WST-1 cell

proliferation reagent (Roche, Switzerland) as per the manufacturer’s instructions for 4

h at 37 °C. The absorbance at 440 nm was measured using a Synergy Mx Microplate

Reader (BioTek Instruments, USA). Data were analysed in GraphPad Prism 4 and

IC50 values were calculated using non linear regression of dose response curves.

2.4 Fluorescence and confocal microscopy

5 x 104 Hs578T cells per well were seeded on sterile glass coverslips in 24-well plates

and incubated overnight in cell culture conditions. Cells were then treated as de-

scribed in the figure legend for each experiment (Figure 3.1, Figure 3.3 and Figure

3.8), and incubated for a further 24 h before the removal of culture medium. Cells

were washed once with sterile phosphate-buffered saline (PBS) (137 mM NaCl, 10 mM

Na2HPO4, 1.76 mM KH2PO4 2.7 mM KCl, pH 7.4) and were fixed by submersion in

ice-cold methanol for 10 seconds. Coverslips were air-dried completely and subsequently

blocked using 1 % (v/v) bovine serum albumin (BSA) in sterile PBS for 45 mins at

room temperature. Coverslips were then incubated with primary antibodies diluted in

0.1 % (v/v) BSA/PBS (details and dilutions of antibodies can be found in Table 2.1)

overnight. Primary antibody was removed by washing twice for 5 mins with 0.1 %
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2.5 Immunoblotting

(v/v) BSA/PBS. Fluorescent secondary antibodies in 1 % (v/v) BSA/PBS were incu-

bated with coverslips protected from light for 1 hour at room temperature before again

washing twice for 5 mins with 0.1 % (v/v) BSA/PBS. A brief wash with Hoescht-33342

(1 µg/mL) in Milli-Q water was used to stain cell nuclei and coverslips were mounted

onto slides using Dako fluorescent mounting medium. The edges of each coverslip were

sealed using clear nail varnish and allowed to dry before visualisation using either a

Zeiss Axio Vert.A1 fluorescence microscope or Zeiss LSM 780 confocal microscope us-

ing ZEN Black software. Images were analysed with ImageJ 1.42I. GraphPad Prism 4

was used to complete any subsequent statistical analysis. For confocal microscopy, four

eight layer 0.4 µm Z-stack images were captured per treatment and these images were

processed using Zen Blue software with subsequent analysis conducted using ImageJ

1.42I in combination with statistical analysis on GraphPad Prism 4.

2.5 Immunoblotting

Protein samples were prepared from treated cell monolayers or harvested cell pellets

using 5× SDS sample buffer (250 mM Tris-HCl pH 6.8, 10 % [w/v] SDS, 30 % glycerol

[v/v], 5 % β-mercaptoethanol [v/v], 0.02 % [v/v] bromophenol blue) and separated

using gel electrophoresis as per Laemmli et al. (1970)(259). A 4 % (v/v) stacking gel

and an 8-12 % (v/v) resolving gel (depending on expected MW of proteins of interest)

were used. Samples were electrophoresed at 150 V in 1 x SDS-PAGE running buffer

(0.25 mM Tris, 192 mM glycine, 1 % [w/v] SDS). Resolved samples were transferred

from PAGE gels to nitrocellulose membranes as per Towbin et al. (1979)(260) in

western transfer buffer (13 mM Tris-HCl, 100 mM glycine and 20 % [v/v] methanol)

using a semi-dry blotting system (SD20 Semi Dry Blotter Maxi, Sigma-Aldrich, USA

[Cat No: Z740324]) at 400 mA for 1 h. Membranes were blocked using Blotto solution

(Santa Cruz Biotechnology, USA [Cat No: sc-2325]) (5 % [w/v] milk powder, 0.1 % [v/v]

Tween-20) in 1 x Tris-buffered saline (TBS) (50 mM Tris, 150 mM NaCl, pH 7.5) for 1

hour and incubated with primary antibody in TBS plus 0.1 % (v/v) Tween-20 (TBS-T),

diluted as detailed in (Table 2.1) at 4°C overnight. Membranes were washed 3 times

for 10 mins each in fresh TBS-T before incubation with HRP conjugated secondary

antibodies in TBS plus 0.1 % Tween-20 for one hour at room temperature. Three

final 10 min washes in TBS-T were conducted before signal development using Clarity
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2.5 Immunoblotting
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2.6 Quantitative real-time PCR

Chemiluminescent Substrate (BioRAD, USA). Either X-Ray development film (Agfa

Healthcare, Belgium) or a Chemidoc system (BioRAD, USA) was used to capture

chemiluminescent signal.

2.6 Quantitative real-time PCR

5 x 104 Hs578T cells, or 1 x 105 HEK293FT cells per well were seeded in 24-well plates

and incubated in cell culture conditions overnight before treatment in triplicate with

compounds or vehicle control solvents as described in the figure legends for qPCR data

(Figure 3.2, Figure 3.3, Figure 3.8 and Figure 3.11). At 24 h post-treatment, total RNA

was extracted using Direct-zol RNA miniprep kit (Zymo Research, USA). The concen-

trations of RNA extracted was determined using a Nanodrop 2000 spectrophotometer

(Thermo Scientific, USA) and equal amounts of total RNA were added to triplicate

cDNA synthesis reactions with a RevertAid First Strand cDNA Synthesis Kit (Thermo

Scientific, USA) using Oligo (dT)18 primer. qRT-PCR was conducted on the genes of

interest as described in the figure legend to the specific experiment (details of qPCR

primers used in this study can be found in Table 2.2) using KAPA SYBR FAST qPCR

reagents (KAPA Biosystems, USA) as per the manufacturer’s instructions with a CFX

Connect Real-Time PCR Detection System (BioRAD, USA). Data was analysed in

BioRAD CFX Manager 3.1 Software, with additional statistical analysis conducted in

GraphPad Prism 4. The DNA obtained from GA and NOV treated Hs578T cells was

analysed for stability of a number of housekeeping genes (Figure 5.2). The most stable

genes of those tested were ACTB and PPIA and these were used as controls for all

subsequent qPCR assays.

2.7 In silico promoter analysis

The genomic sequence for the fibronectin gene (FN1 ) (NCBI: NG 012196.1) was re-

trieved from the ENCODE human genome build 19 (http://genome.ucsc.edu/ENCODE/).

The region from 5000 bp upstream (5’-3’) and 1000 bp downstream of the transcription

start site (TSS located at 216,211,070 bp of human chromosome 2) was retrieved and

analysed for cis-element clustering using the Cister algorithm from Boston Universitys

ZLab online gene regulation toolkit (http://zlab.bu.edu/ ~mfrith/cister.shtml). The
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2.7 In silico promoter analysis

Table 2.2: Primers used for the qPCR amplification of genes from total RNA extracts

Gene Name Ref Seq Number Exon Location (IDT) Assay Name

ACTB NM 001101 1 - 2 Hs.PT.39α.22214847

PPIA NM 021130 4 - 5 Hs.PT.39α.22214851

GAPDH NM 002046 2 - 3 Hs.PT.39α.22214836

HPRT1 NM 000194 1 - 2 Hs.PT.39α.22214821

FN1 NM 212482 8 - 9 Hs.PT.56α.24776367

FN1 (ED-B) NM 212482 24 - 26 Hs.PT.56α.39780891

FN1 (ED-A) NM 212482 32 - 33 Hs.PT.56α.25205031

HSP90AA1 NM 005348 9 - 10 Hs.PT.58.4978327g

HSP90AB1 NM 007355 2 - 3 Hs.PT.58.4825841

HSPB1 NM 001540 1 - 1 Hs.PT.58.39726463.g

HSPA1A NM 005345 1 - 1 Hs.PT.58.40105845.g

LAMB3 NM 001017402 11 - 12 Hs.PT.58.21203348

LAMC2 NM 018891 1 - 2 Hs.PT.58.19257587

SPP1 NM 001251829 7 - 8 Hs.PT.58.19252426

COL4A2 NM 001846 30 - 31 Hs.PT.58.2924757

COL4A3 NM 000091 13 - 15 Hs.PT.58.3936480

ELN NM 001081752 32 - 33 Hs.PT.58.4801194

VTN NM 000638 4 - 5 Hs.PT.58.1205436.g

HSF1 NM 005526 1 - 2 Hs.PT.58.3297105

HIF1A NM 001530 4 - 6 Hs.PT.58.38473208
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2.8 Luciferase FN1 reporter assays

same sequence was then analysed using a number of transcription factor binding motif

algorithms, with special attention given to the region encompassing the regulatory clus-

tering. TFSearch(261), (http://www.cbrc.jp/papia/howtouse/howtouse tfsearch.html),

PROMO(262)(263) (http://alggen.lsi.upc.es/cgi-bin/promo v3/promo/promoinit.cgi) and

Alibaba2(264) (http://www.gene-regulation.com/pub/programs/alibaba2/index.html)

were used in order to identify transcription factor recognitions sequences.

2.8 Luciferase FN1 reporter assays

The FN1 promoter sequence from - 1240 bp to + 100 bp was synthesised by GenScript

(USA) with flanking restriction endonuclease (RE) digestion sites in a pUC57 vector.

This sequence was digested from the pUC57 vector using NheI and BglII restriction

endonucleases (New England Biolabs, USA) as per the manufacturer’s instructions. The

same REs were used to digest the pGL4.17 promoterless reporter vector (Promega, USA

[Cat No: 9PIE672]). After gel purification of the FN1 promoter insert and the pGL4.17

backbone, these DNA fragments were ligated overnight using T4 ligase (Promega, USA)

to create the pGL4-pFN1 construct (Figure 5.3). Correct orientation of the insert was

confirmed by diagnostic RE digestion and 0.8 % (w/v) agarose gel electrophoresis in

TAE buffer (40 mM Tris-HCl, 1 mM EDTA). Gels were visualised using a Bio-RAD

ChemiDoc XRS+ detection system. The pGL4-pFN1 construct was also confirmed by

direct sequencing.

Truncations of the pFN1 sequence of the pGL4-pFN1 vector were produced using

PCR with the primers detailed in Table 2.3 which also encoded RE sites enabling

sub-cloning of the inserts as before with the full length insert. PCR reactions were

set up as follows in GeneAMP PCR reaction tubes (Life Technologies, USA [Cat No:

N8010537]): 6.5 µL nuclease free water, 2.5 µL pFN1−810bp (TR1) F or pFN1−380bp

(TR2) F primer, 2.5 µL pFN1 TR R primer, 1 µL of pGL4-pFN1 diluted in nuclease

free water to a concentration of 100 ng/µL , and 12.5 µL GoTaq Hot Start Green 2X

Master Mix. Cycling conditions were as follows: (1) 95 °C (120 secs), (2) 95 °C (30

secs), (3) 55 °C (30 secs), (4) 74 °C (50 secs), (5) step 2 - 4 × 25, (6) 74 °C (300 secs).

The PCR products were digested using NheI and BglII restriction endonucleases (New

England Biolabs, USA) as per the manufacturer’s instructions and ligated into the

pGL4.17 promoterless reporter vector similarly to the construction of the pGL4-pFN1
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2.8 Luciferase FN1 reporter assays

vector (Figure 5.3). Endotoxin-free plasmid stocks of these truncations were produced

using a EndoFree Plasmid Maxiprep Kit (Qiagen, Netherlands [Cat No: 12362]).

The pCAG-HRP-TM (Addgene: 44441) mammalian expression vector was obtained

from Addgene. This vector contained an insert encoding horseradish peroxidase fused

to the transmembrane domain of PDGFR under the control of a constitutively active

CAG promoter. Endotoxin-free stocks of the pGL4.17 vector, the pGL4-pFN1 construct

and pCAG-HRP-TM were made using an EndoFree Plasmid Maxiprep Kit (Qiagen,

Netherlands [Cat No: 12362]).

1 x 105 HEK293FT cells per well were seeded in 24-well plates and incubated

overnight. At 24 h after seeding, the cells were transfected with the pGL4-pFN1 (or

truncation constructs if stated in the relevant figure legends) and pCAG-HRP-TM

constructs in a 1:1 ratio using X-tremeGENE transfection reagent (Roche, Switzer-

land) as follows: Vector DNA (for each vector) was diluted to 10 ng/µL in 50 µL/well

Opti-MEM reduced-serum media (Life Technologies, USA). 2 µL/well X-tremeGENE

transfection reagent was added to the diluted DNA and the mixture was gently agi-

tated and incubated for 30 min. 50 µL of the DNA-X-tremeGENE mixture was then

added dropwise to each well, the plate was gently swirled briefly and returned to cell

culture conditions. Cells were treated as described in the figure legends (Figure 3.5

and Figure 3.6) for each experiment 24 h following transfection, and were incubated

in treatment conditions for 24 h before the luciferase and HRP activities were assayed,

unless otherwise stated in the relevant figure legend.

The assay for luciferase and HRP activity in transfected cells was conducted as

follows: cells were lysed by incubation for 5 mins in 1 % (v/v) Triton-X100 (Amersham

Pharmacia Biotech, UK) in Milli-Q water and the resulting lysate was resuspended in

an equal volume of 2× FLAR buffer (adapted from Seibring-van Olst et al., 2012(265))

(40 mM Tricine, 200 µM EDTA, 5.14 mM MgSO4, 34 mM DTT, 250 µM ATP and

100 µM D-luciferin (Promega)). The contents of each 24-well was mixed by pipetting

and divided over 3 96-wells in a white 96-well plate (Corning, USA). Luminescence

was captured using a Synergy Mx Microplate Reader (BioTek Instruments). 3,3’,5,5’-

tetramethylbenzidine (TMB) substrate (Sigma-Aldrich, USA) was subsequently added

and following a 5 min incubation the reaction was stopped with 2 M H2SO4, and

the absorbance at 450 nm was measured. Data was analysed and statistical analysis

conducted using GraphPad Prism Version 4 software.
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2.9 Chromatin immunoprecipitation

Table 2.3: Primers used for the amplification of truncated FN1 promoter fragments from

the pGL4-pFN1 vector

Primer Sequence (5’ to 3’)

pFN1−810bp (TR1) F GCTAGCGAACTCCCGGTACTTAGTAG

pFN1−380bp (TR2) F GCTAGCGTCTGGATTCTTAACAGCTGC

pFN1 TR R AGATCTCACCAAGTTTGCTTCCC

2.9 Chromatin immunoprecipitation

HS578T cells were grown to near confluency in T150 flasks and treated for 24 h with

either GA (100 nM) or DMSO, media was removed and the cells were washed once with

Hank’s balanced salt solution (Sigma-Aldrich, USA [Cat No: T4049]) and lifted using

0.25 % (v/v) trypsin-EDTA. Cells were resuspended in culture medium and pooled

in a 50 mL conical tube. Formaldehyde (Sigma-Aldrich, USA [Cat No: T8775]) was

added to the cell suspension to a final concentration of 1 % (v/v) and cross-linking was

allowed to continue for 10 mins with end-to-end rotation. The reaction was stopped

using 0.1 volume of 1.25 M Glycine (Merck, USA) and continuing agitation for 5 mins.

The cell suspension was centrifuged at 200 RCF, 4 °C for 10 mins. The supernatant

was removed and the cell pellet was resuspended in 50 mL cold sterile PBS before again

centrifuging at 200 RCF, 4 °C for 10 mins. The cell pellet was lysed with the addition

of cell lysis buffer (Sigma-Aldrich, USA [Cat No: B5938]) plus 1 % (v/v) NP-40, 0.1

M 4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF) (Sigma-Aldrich, USA [Cat No:

A8456]) and 1× protease inhibitor cocktail (Sigma-Aldrich, USA [Cat No: P8340]) and

incubation on ice for 20 mins. The lysate was homogenised using 15 strokes of a a 2

mL dounce homogeniser (B pestle) (Sigma-Aldrich, USA [Cat No: T2690]), nuclei were

pelleted by centrifugation at 2,500 RCF for 5 mins at 4 °C. Nuclei were resuspended

in nuclear lysis buffer (Sigma-Aldrich, USA [Cat No: B6438]) plus 0.1 M AEBSF and

1× protease inhibitor cocktail and incubated on ice for 10 mins. The DNA concentra-

tion was determined using a Nanodrop 2000 spectrophotometer and 120 µg chromatin

aliquots were made. The shearing of cross-linked chromatin using DNAseI (New Eng-

land Biolabs, USA [Cat No: EN0521]) was optimised (Figure 5.4), and was used at

0.05 U/µg chromatin for 30 mins. The reaction was stopped using 5 mM EDTA. The

prepared chromatin was then used in an Imprint Chromatin Immunoprecipitaton Kit
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2.10 Reverse transcriptase PCR

Table 2.4: Primers used in this study for the amplification of protein-bound DNA isolated

during ChIP experiments

Primer Sequence (5’ to 3’)

pHSE1 F AGTTACACACAAAGCAGAGA

pHSE1 R TTTTCAGGTTGTTCACAGTG

pHSE2 F TTTTTACACATGCAGGAAAGC

pHSE2 R GAACTCCCGGTACTTAGTAGA

pHSE3 F ACAGAAGGGATGCAGAGGACCA

pHSE3 R GGAAGCAAACTTGGTGAGATCT

Actin F AGTGTGGTCCTGCGACTTCTAAG

Actin R CCTGGGCTTGAGAGGTAGAGTGT

ZNF333-3’ F TGCAGCCAGTGTGGGAAAGC

ZNF333-3’ R GTGCTCGTCCGGAAGGGCTTG

(Sigma-Aldrich, USA [Cat No: CHP2]) as per the manufacturer’s instructions. The

antibodies used to precipitate DNA-protein complexes are detailed in Table 2.1. The re-

sulting purified DNA was analysed via qPCR using KAPA SYBR FAST qPCR reagents

as before. The primers used for this analysis are detailed in Table 2.4. qPCR reaction

products were analysed using agarose gel electrophoresis and products of interest were

confirmed by direct sequencing.

2.10 Reverse transcriptase PCR

1.5 x 105 Hs578T cells were seeded in 6-well cell culture plates and incubated in cell

culture conditions for 24 hours. Cells were then treated with GA, NOV or the GA

vehicle control DMSO. Specific concentrations for each experiment are described in the

legend for Figure 3.10. Total RNA was extracted using Direct-zol RNA miniprep kit

(Zymo Research, USA). The concentrations of RNA extracted was determined using

a Nanodrop 2000 spectrophotometer (Thermo Scientific, USA) and equal amounts of

total RNA were added to triplicate cDNA synthesis reactions with a RevertAid First

Strand cDNA Synthesis Kit (Thermo Scientific, USA) using Oligo (dT)18 primer. Exon

flanking primers (detailed in Table 2.5) were used in PCR reactions to amplify the

regions of interest from the fibronectin primary transcript. PCR reactions were set
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2.10 Reverse transcriptase PCR

Table 2.5: Exon flanking primers used for the determination of relative proportions of

FN splice variants in samples of total RNA extracted from Hs578T cells by RT-PCR.

Primer Sequence (5’ to 3’)

III9 F GCCTGGTACAGAATATGTAGTG

III9 R ATCCCAGCTGATCAGTAGGCTGGTG

EDB F TAATATCAGAAAAGTCAATGCCAGTTG

EDB R AATACTGGTTATAGAATTACCACAACC

EDA F AGAGCATAGACACTCACTTCATATTT

EDA R AAACAGAAATGACTATTGAAGGCT

CS1 TTTAAAGCCTGATTCAGACATTCGTT

CS2 GGGAACCGAATATACAATTTATGTCA

CS3 TTCCCCAACTGGTAACCCTT

CS4 TAGTCTACATCTTCCCTGGG

up as follows: 6.5 µL nuclease free water, 2.5 µL of forward primer, 2.5 µL of reverse

primer, 1 µL cDNA, and 12.5 µL GoTaq Hot Start Green 2X Master Mix. Cycling

conditions were as follows: (1) 95 °C (120 secs), (2) 95 °C (30 secs), (3) 55 °C (30

secs), (4) 74 °C (50 secs), (5) step 2 - 4 × 25, (6) 74 °C (300 secs). 25 cycles was

determined to be non-saturating. The products of each PCR reaction were resolved

using agarose gel electrophoresis using a 1.5 % agarose gel and visualised using a Bio-

RAD ChemiDoc XRS+ detection system. The relative band intensities were analysed

using densitometry in ImageJ 1.42I. The relative exon composition of the FN transcripts

were determined from the densitometry data using the calculations described in the RT-

PCR splice variant calculations section in the appendix. Additional statistical analysis

was conducted using GraphPad Prism Version 4 software.
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3

Results

3.1 Geldanamycin, but not novobiocin treatment increases

the fibronectin extracellular matrix and fibronectin

protein.

The Hs578T cells were selected for use throughout this work as they were found to

have constitutively high levels of FN matrix, protein and mRNA when compared with

other cell lines screened during preliminary studies (data not shown). The HEK293FT

cell line was selected as it was shown to express FN protein and mRNA and is easy

to transfect. In order to investigate the effects of Hsp90 inhibition on the FN ECM,

Hs587T cells were treated with the Hsp90 inhibitors novobiocin (NOV) at 100 µM and

geldanamycin (GA) at 10 nM or the vehicle control DMSO. Both Hsp90 inhibitors

were both used at subtoxic concentrations (see Figure 5.1 A & Figure 5.1 B). At 24

hours following treatment, the cells were immunostained for FN (Figure 3.1 A). The

confocal images were used to determine the fluorescence intensity of the FN matrix as

the mean grey value (MGV) per number of nuclei. The results depicted in Figure 3.1 B

are normalised to the average MGV/nuclei in the DMSO treated cells. The microscopy

revealed that relative to the vehicle control treated cells, the level of the FN matrix

showed a statistically significant increase which was independent of cell number when

the cells were treated with GA. By contrast, the FN matrix decreased slightly when

the cells were treated with NOV.

It was then necessary to determine whether this increase in the FN matrix was

related to an increase in total FN protein or due to some other factor related to FN
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3.2 Geldanamycin increases fibronectin mRNA abundance.

extracellular matrix dynamics. The levels of total FN in cells following GA treatment

was investigated using immunoblotting. Hs578T and HEK293FT cells were treated

with either increasing concentrations of GA or the vehicle control and lysates were

probed for total FN (Figure 3.1 C). GAPDH was used as a loading control. These data

demonstrate a clear increase in FN when cells are treated with increasing concentrations

of GA (Figure 3.1 C). The increase in FN protein levels after treatment with GA in

HEK293FT cells was dose dependent at the concentrations tested, whereas the change

in the Hs578T cells was in correlation to the concentration of GA until 1 µM is reached.

This loss in total FN protein at high concentrations of GA is likely to be related to

reduced cell viability (see Figure 5.1 A).

The data in Figure 3.1 when taken together indicate that treatment of Hs578T

breast cancer cells with low concentrations of GA resulted in an increase in FN protein

abundance and an observable increases in the FN extracellular matrix. Conversely,

NOV treatment resulted in a small decrease in the FN extracellular matrix per cell

number (Figure 3.1 B), a finding supported by our previous work(14).

3.2 Geldanamycin increases fibronectin mRNA abundance.

In order to determine whether the observed increase in FN protein abundance was re-

lated to changes in protein stability or in mRNA abundance, the levels of FN mRNA

were analysed in treated Hs578T and HEK293FT cells using quantitative reverse tran-

scriptase PCR (qPCR). Hs578T cells were treated with 100 µM NOV, 10 nM GA or

the vehicle control (DMSO) and 24 hours after treatment, RNA was extracted and

equal amounts of RNA from each sample was used in cDNA synthesis reactions and

subsequent qRT-PCR reactions for FN levels.

The data obtained were analysed using the ∆∆Ct (or Livak) method, which com-

pares the relative abundance of the product of interest under test conditions, to the

abundance of the same product under control conditions(266). The Livak method also

accounts for gene expression changes that are unrelated to the experimental conditions

by normalising the values obtained against two housekeeping genes. In four experi-

ments, each with three experimental and three technical replicates, the NOV treated

cells showed no statistically significant change in fibronectin mRNA relative to the
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3.2 Geldanamycin increases fibronectin mRNA abundance.

Figure 3.1: Geldanamycin treatment induces fibronectin extracellular matrix

and increases fibronectin protein - (A) Hs578T cells were treated with 100 µM NOV

or 10 nM GA or DMSO (V/C). 24 hours after treatment cells were fixed using methanol

and immunostained with mouse anti human FN followed by donkey anti mouse DyLight

488 secondary antibody. Nuclei were stained with Hoechst 33342 (1 mg.mL−1). Images

were captured using the 20× objective on a Zeiss Axio Vert.A1 fluorescence microscope and

analysed using ZEN Light Blue SP1 (Zeiss, Germany). The scale bar indicates a distance

of 50 µm. Fluorescence microscopy images from six fields of view for each treatment were

captured and the mean grey values for each field of view was determined using ImageJ

1.42I. (B) Average mean grey values (MGV) from duplicate independent experiments.

Statistical analysis was performed by comparing inhibitor treated to cells treated with

the vehicle control (DMSO) using one way ANOVA with Bonferroni post-test. Images

shown are representative of duplicate independent experiments (***p<0.001). (C) Hs578T

and HEK293FT cells were treated with different concentrations of GA or DMSO, the

vehicle control (V/C). 24 hours post treatment, levels of FN protein were analysed by

immunoblotting with mouse anti human FN primary antibody.
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3.3 Geldanamycin, but not novobiocin, induces the canonical heat-shock
response.

DMSO treated cells (Figure 3.2 A). The GA treated cells however, did show a sta-

tistically significant increase in FN mRNA abundance when compared to the vehicle

control, averaging around 10-fold higher than the levels of FN mRNA in the DMSO

treated cells (Figure 3.2 A).

The kinetics of the apparent increase in FN mRNA abundance was investigated

by preparing RNA after 2, 4, 6 or 8 hours of treatment with 100 nM GA or DMSO.

Figure 3.2 B depicts the data from these experiments. There was an increase in the FN

mRNA early in the time-course with the peak in the range investigated at 6 hours with

an average 1.5-fold increase in FN mRNA, however this increase was not statistically

significant.

The dose dependency of the FN mRNA increase in response to GA treatment was

subsequently investigated. Hs578T cells (Figure 3.2 C) and HEK293FT cells (Figure

3.2 D) were treated with increasing concentrations of GA or the vehicle control for 24

hours. The data for the Hs578T cells showed a small decrease in the FN mRNA at 1

nM GA, and a dose dependent increase in the abundance of FN mRNA with 10 nM and

100 nM GA (Figure 3.2 C). Figure 3.2 D shows a similar trend for the FN mRNA levels

in the HEK293FT cells, although the increase at 100 nM was statistically significant

compared to the DMSO treated cells.

3.3 Geldanamycin, but not novobiocin, induces the canon-

ical heat-shock response.

The extracellular matrix, protein and mRNA levels of fibronectin had been found to be

responsive to GA treatment, but not NOV treatment. A known effect of the inhibition

of Hsp90 by GA is the induction of the cell stress (or the heat-shock) response(267). We

investigated if the conditions under which we had observed the induction of FN would

be sufficient to induce the cell stress response in Hs5678T and HEK293FT cells. mRNA

was prepared from both cell lines after 24 hours of 100 nM GA or DMSO treatment, as

this appeared to be the concentration at which the increase in FN mRNA was highest in

both cell lines (Figure 3.2). The RNA samples were measured using qPCR for changes in

the mRNA levels for known cell stress responsive genes: Hsp90α (HSP90AA1 ), Hsp70

(HSPA1A), and Hsp27 (HSPB1 )(55). These data were analysed using the ∆Ct method

comparing the treated samples to those treated with the vehicle control, data for the the
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3.3 Geldanamycin, but not novobiocin, induces the canonical heat-shock
response.

Figure 3.2: FN1 mRNA levels are increased by geldanamycin treatment in a

dose dependent manner - (A) Hs578T cells were treated for 24 hours with either 100

µM NOV or 10 nM GA, with DMSO acting as the control. Values are representative of the

averaged normalised expression values (NEV) from four independent biological replicates

each with triplicate experimental and technical replicates (**p<0.01). Statistical analysis

was conducted on the NEVs (average Ct values p<0.0001) using a one way ANOVA and

comparing the treated samples to the DMSO treated samples with a Tukey post-test. (B)

Hs578T cells were treated for different periods of time with 100 nM GA or the DMSO

vehicle control (8H). Data was analysed as before and values are representative of the

NEVs values from three independent biological replicates with triplicate experimental and

technical replicates (*p<0.05). Statistical analysis was conducted on the NEVs using a

one way ANOVA and comparing the GA treated samples to the DMSO treated samples

with a Tukey post-test. Hs578T (C) and HEK293FT (D) cells were each treated for 24

hours with different doses of GA or the vehicle control. Values are representative of the

NEVs (*p<0.01) from duplicate experiments. In all cases total RNA was extracted and

equal amounts of total RNA were used for cDNA synthesis. qPCR was conducted using

a CFX Connect Real-Time PCR Detection System (Bio-RAD). Data was analysed using

the ∆∆Ct method in Bio-RAD CFX Manager 3.1 Software.
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3.3 Geldanamycin, but not novobiocin, induces the canonical heat-shock
response.

control genes are displayed as the non-targeting reference control. Both Hs578T (Figure

3.3 A) and HEK293FT (Figure 3.3 B) cells showed statistically significant increases in

the Hsp90α and Hsp70 mRNA in the GA treated cells compared to the vehicle control.

Where the HEK293FT cells demonstrated a statistically significant increase in Hsp27

mRNA abundance, the Hs578T cells did not.

The localisation of HSF1 to the nucleus(50), its phosphorylation and the formation

of nuclear stress bodies(52)(268) are additional features of the heat-shock response that

were investigated using fluorescence and confocal microscopy respectively (Figure 3.3

C and D). In the investigation of the nuclear localisation of HSF1 Hs578T cells were

treated with NOV at 100 µM, GA at increasing concentrations, or DMSO. Cells were

fixed and immunostained for HSF1. Representative images of the distribution of HSF1

were captured using a Zeiss Axio Vert.A1 fluorescence microscope and analysed using

ZEN Light Blue SP1 (Zeiss, Germany). The HSF1 staining in the DMSO treated

cells was diffuse, with distribution of HSF1 across the cell nucleus and the cytoplasm

(Figure 3.3 C). When the cells were treated with increasing concentrations of GA, the

localisation of HSF1 staining became more nuclear with increasing concentrations of

GA. There was no change observed in the localisation of HSF1 under NOV treatment

which supports our previous findings.

Although HSF1 is known to be phosphorylated under non-stressful conditions, hy-

perphosphorylation of serine residues on HSF1, such as S326, has been associated with

the transcriptional activity of HSF1(27). We investigated changes in the colocalisation

of total phosphorylated serine residues (pSerine) and HSF1 as an indicator of HSF1

activation state. After 24 hours of treatment with 100 nM GA or DMSO, Hs578T cells

were immunostained for HSF1 and total pSerine. Images were captured using a Zeiss

LSM 780 confocal microscope using identical laser settings and analysed using ZEN

Black Edition 2012 (Zeiss, Germany). The levels of total HSF1 did not change between

the DMSO and GA treated cells, however the total levels of pSerine did increase after

treatment with GA (Figure 3.3 D). In the GA treated cells, some granular areas of

pSerine staining were detected in the nuclei, and these granules colocalised with HSF1

staining as highlighted by white arrows on Figure 3.3. These colocalision points in the

nuclei were not observed in the DMSO treated cells.
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3.3 Geldanamycin, but not novobiocin, induces the canonical heat-shock
response.

Figure 3.3: Geldanamycin treatment induces the heat-shock response - Hs578T

(A) and HEK293FT (B) cells were treated for 24 hours with 100 nM GA or DMSO. Total

RNA was extracted and qPCR was conducted using PPIA and ACTB reference genes.

Data were analysed using the ∆Ct method and are representative of the averaged relative

expression values from three separate biological replicates each with triplicate technical

replicates. Statistical analysis was conducted in GraphPad Prism Version 4 using one way

ANOVA with a Kruskal-Wallis post test (***p<0.001, *p<0.05). (C) Hs578T cells were

treated with 100 µM novobiocin, DMSO or different concentrations of geldanamycin. 2

hours after treatment the cells were immunostained for HSF1 and nuclei were stained with

Hoechst 33342 (1 mg.mL−1). Images were captured using the 100× objective on a Zeiss

Axio Vert.A1 fluorescence microscope (D) Hs578T cells were treated for 24 hours with GA

100 nM or the DMSO vehicle control. The cells were fixed, immunostained for HSF1 and

pSerine, and images were captured using the 100× objective on a Zeiss LSM 780 confocal

microscope. Scale bars indicate 10 µm. White arrowheads indicate regions of pSerine and

HSF1 colocalision in the cell nucleus. 38



3.4 The FN1 promoter contains putative heat-shock elements.

3.4 The FN1 promoter contains putative heat-shock ele-

ments.

Elucidating a possible link between the stress response and the regulation of the FN

gene required an analysis of the FN1 promoter. The genomic sequence for FN1 (NCBI:

NG 012196.1) was retrieved from the ENCODE human genome build 19 (http://genome-

.ucsc.edu/ENCODE/). The region from 5000 bp upstream (5’-3’) and 1000 bp down-

stream of the FN1 transcription start site (TSS, located at 216,211,070 bp on human

chromasome 2), was retrieved and analysed for cis-element clustering using the Cister

algorithm from Boston Universitys ZLab online gene regulation toolkit. The results for

this analysis are graphically displayed in Figure 3.4 A. The clustering of known cis-

regulatory elements such as Sp1, CRE and E2F sites (269), and core promoter motifs

such as CCAAT and TATA boxes were identified in the -1500 bp to 500 bp region of

the FN1 sequence analysed, suggesting the presence of the FN1 promoter (Figure 3.4

A)1. The same sequence was analysed for putative heat-shock elements (HSEs) using a

number of transcription factor binding motif algorithms, with special attention given to

the region encompassing the regulatory clustering from -2000 bp to the TSS (+1). The

TFSearch algoritm(261) identified three potential HSEs similar to the canonical HSF1

binding motif (nGAAnnTTCnnGAAn)(55)(27). The locations of the purported HSEs

on the FN1 promoter are shown relative to the TSS (+1) and other key regulatory

sites in Figure 3.4 B. These locations described relative to the FN1 TSS are: pHSE1

(-965 bp to -951 bp), pHSE2 (-806 bp to -787 bp) and pHSE3 (+179 bp to +192 bp)

(Figure 3.4 B).

The identification of potential heat-shock factor binding sites on the FN1 promoter

was of interest. We therefore wanted to investigate the effect of GA treatment on

the activity of the FN1 promoter as a prospective mechanism for the effects we had

previously observed (Figure 3.1, Figure 3.2). The sequence of FN1 from - 1240 bp to

+ 100 bp, encompassing the putative HSEs identified was synthesised and sub-cloned

into a promoter-less luciferase reporter vector according to the strategy outlined in

appendix Figure 5.3 to create the fibronectin promoter reporter vector pGL4-pFN1.

1Posterior probability is the conditional probability assigned to the local cluster of nucleotides of

the given binding elements occurring above background frequency.
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3.4 The FN1 promoter contains putative heat-shock elements.

Figure 3.4: The FN1 promoter contains putative heat-shock elements - The

genomic sequence for the fibronectin gene (NCBI: NG 012196.1) was retrieved from the

ENCODE human genome build 19 (http://genome.ucsc.edu/ENCODE/). The region from

5000bp upstream (5’-3’) and 1000bp downstream of the transcription start site (TSS) (lo-

cated at 216,211,070 bp on human chromosome 2) was analysed using the Boston Uni-

versitys ZLab online gene regulation toolkit in order to identify clusters of common cis-

regulatory motifs. (A) Cister output plot indicating the local posterior probabilities cis-

regulatory factor clusters on the human fibronectin pre-protein sequence from -4218 bp to

+1782 bp. (B) The synthesised FN1 promoter annotated with purported HSEs and key

transcription motifs. The CCAAT box (-334 bp)(245) and TATA box (-27 bp)(245) are

identified relative to the TSS (+1 bp) and start codon (+ 200 bp).
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3.5 Geldanamycin treatment increases the activity of the FN1 promoter.

3.5 Geldanamycin treatment increases the activity of the

FN1 promoter.

In order to investigate the effect of GA on the activity of the FN1 promoter, transient

transfection of the reporter vector into the HEK293FT cell line was used. As previ-

ously demonstrated the HEK293FT cell line behaves similarly to the Hs578T breast

carcinoma cell line with respect to FN under the test conditions of interest, and the

HEK293FT cell line is easily transfected with plasmid DNA.

HEK293FT cells were transfected with pGL4-pFN1, our FN1 promoter reporter

vector and pCAG-HRP-TM, a vector encoding horseradish peroxidase (HRP). Pro-

moterless pGL4.17 vector and non-transfected cells (N/T) were used as negative con-

trols. The luciferase assay was adapted from Seibring-van Olt et al. (2012)(265) to

make use of the pCAG-HRP-TM vector as a transfection efficiency control. At 24

hours post transfection the cells were treated with either 100 µM NOV, increasing con-

centrations of GA, or the vehicle control. At a further 24 hours post treatment cells

were lysed and the levels of luciferase and HRP activity were measured. Luminescence

values were divided by the HRP absorbance and normalised to the DMSO vehicle con-

trol (Figure 3.5 A). The DMSO vehicle control shows the baseline level of expression

of the pGL4-pFN1 vector luciferase, and hence the basal activity of the FN1 promoter

in untreated HEL293FT cells. All of the other test conditions were normalised to this

column. Negative controls showed no luciferase activity as expected, with a very low

background expression from the promoter-less pGL4.17 vector (EV). The treatment of

the cells with NOV decreased the relative activity of the FN1 promoter, as did treat-

ment with GA at 1 nM. Higher doses of GA treatment showed an induction of activity

of the reporter system with a peak 4.5-fold increase in promoter activity at 100 nM

GA. Higher doses of GA reduced the activity of the reporter system relative to this

peak, possibly due to cytotoxicity, but values remained above 2-fold higher than the

DMSO control. The relative levels of luciferase activity for GA concentrations 10 nM

and higher were statistically significant.

The kinetics of the induction of the reporter system activity was investigated using

similar assay methodology with staggered treatment times for 100 nM GA. HEK293FT

cells were transfected with pGL4-pFN1 and pCAG-HRP-TM, with pGL4.17 acting as
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3.6 Loss of putative heat-shock elements abrogates stress-responsiveness of
the FN1 promoter.

the negative control. The cells were treated 24 hours after transfection at 4 hour inter-

vals from 36 to 8 hours prior to cell lysis and the measurement of luciferase and HRP

activities. The data were normalised as before to the HRP transfecton control and then

to the vehicle control (Figure 3.5 B). DMSO treated cells represent the baseline activity

of the FN1 promoter luciferase reporter system, and the empty pGL4.17 vector (EV)

showed negligible background expression. At 8 hours after GA treatment there was

the maximum observed relative activity of the reporter system. The relative activity

showed a gradual reduction in luciferase activity between 8 hours and 36 hours after

GA treatment, but expression of the reporter system was still 2-fold higher than the

basal levels observed with the vehicle control at 36 hours after GA treatment.

3.6 Loss of putative heat-shock elements abrogates stress-

responsiveness of the FN1 promoter.

The activity of the cloned region of the FN1 promoter encompassing putative heat-

shock elements was shown to be responsive to GA treatment, and thus it was next

necessary to determine whether the potential HSF binding motifs were required for

the observed increase in promoter activity in response to GA treatment. In order to

investigate this, truncations of the FN promoter were generated by PCR from the

pGL4-pFN1 vector and re-cloned into the pGL4.17 reporter vector. These promoter

truncations, designated pGL4-pFN1−810 (TR1) and pGL4-pFN1−380 (TR2) (Figure

3.6 A), lacked the two distal putative HSEs located close to -1 kb from the TSS.

HEK293FT cells were transfected with either pGL4-pFN1, pGL4-pFN1−810 (TR1),

pGL4-pFN1−380 (TR2), or empty pGL4.17 together with pCAG-HRP-TM. At 24 hours

post transfection, cells were treated with either DMSO or GA at 100 nM. A further 24

hours following treatment cells were lysed and processed as previously described with

luciferase activity normalised to the HRP transfection control and then normalised

to the vehicle control treated full length FN1 promoter vector. The cells transfected

with the full-length cloned promoter sequence demonstrated the expected increase in

luciferase activity upon treatment with 100 nM GA. The cells transfected with the

empty pGL4 vector showed no significant luciferase activity in thwe presence or absence

of GA. Both truncated promoter sequences, however, showed a reduction by more than
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3.6 Loss of putative heat-shock elements abrogates stress-responsiveness of
the FN1 promoter.

Figure 3.5: FN1 promoter activity is increased by GA treatment - (A)

HEK293FT cells were transfected with pGL4-pFN1 and pCAG-HRP-TM. Empty pGL4.17

vector (EV) and non-transfected cells (N/T) served as negative controls. 24 hours post

transfection the cells were treated with varying doses of GA, 100µM NOV or the vehicle

control. 24 hours post treatment cells were assayed for luciferase and HRP activity. Lu-

minescence values were divided by the absorbance and normalised to the DMSO vehicle

control. Values shown are representative of 12 biological replicates per treatment with 3

technical replicates per transfection. Data were analysed and statistical analysis was con-

ducted in GraphPad Prism Version 4 by comparing the inhibitor treated cells to the DMSO

control using one way ANOVA with Bonferroni post-test (***p<0.001). (B) HEK293FT

cells were transfected with pGL4-pFN1 and pCAG-HRP-TM. Empty pGL4.17 vector and

DMSO treated cells served as negative controls. Beginning at 24 hours post transfection

the cells were treated with 100 nM GA at different time points such that after 36 hours

when the cells were lysed and the luminescence was captured, the cells had been exposed

to GA for time points from 8-36 hours. The luciferase assay was conducted and the data

processed as previously described. Values shown are representative of 3 replicates per

transfection (**p<0.01). Statistical analysis was conducted in GraphPad Prism Version 4

by comparing the inhibitor treated cells to the DMSO control using one way ANOVA with

Kruskal-Wallis post-test.
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3.7 Heat-shock factor 1 occupies a heat shock element on the fibronectin
promoter and occupancy is responsive to geldanamycin treatment.

50 % in basal activity and showed no statistically significant increase in luminescence

after 100 nM GA treatment.

These data suggested that the DNA region removed by the first truncation (TR1)

contained the motif responsible for the increase in promoter activity observed on GA

treatment (Figure 3.6). There was also a loss in basal reporter activity, indicating

that one or more sites involved in the constitutive activity of the FN1 promoter were

also eliminated in the first truncation. There was little difference between the relative

normalised luminescence values between the cells transfected with the first or the second

truncation, potentially indicating that no important regulators of FN gene expression

were encompassed by the -810 bp to - 380 bp region of the promoter.

3.7 Heat-shock factor 1 occupies a heat shock element on

the fibronectin promoter and occupancy is responsive

to geldanamycin treatment.

We had demonstrated that the loss of a DNA sequence spanning the location of two

purported HSE motifs resulted in the loss of a GA induced increase in the activity of a

FN1 promoter reporter system. Next it was necessary to test for direct binding of HSF1

to these sequences. qPCR primers were designed against the three regions on the FN1

promoter containing putative HSEs (Table 2.4). Hs578T cells were treated with either

DMSO or 100 nM GA for 24 hours prior to harvesting and processing as described in the

methodology chapter. Chromatin immunoprecipitation (ChIP) was conducted using an

Imprint UltraChromatin Immunoprecipitation kit (Sigma-Aldrich) on 7.5 million cells

per ChIP (around 30 µg chromatin) with mouse anti-RNApolII as an experimental

control and rabbit anti-HSF1 as the test condition on both DMSO and GA (100 nM)

treated cell chromatin. The protein DNA complexes obtained were un-crosslinked and

the DNA was purified as per the manufacturer’s instructions. qPCR was conducted on

the DNA and the fold enrichment of HSF1 to the purported heat shock element at -965

bp to -951 bp (pHSE1) over the isotype control was determined using the ∆Ct method

as outlined by Livak and Schmittgen (2001)(266) for both treatment conditions.

The positive control of RNAPolII recruitment to the actin promoter showed binding

under both treatment conditions, but no clear change between the GA and DMSO

treated cells (Figure 3.7). The negative control (RNAPolII recruitment to ZNF333 28kb
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3.7 Heat-shock factor 1 occupies a heat shock element on the fibronectin
promoter and occupancy is responsive to geldanamycin treatment.

Figure 3.6: GA induced up-regulation of FN1 is dependent on heat shock ele-

ments on the promoter. - (A) Two truncations of the synthesised FN1 promoter were

made by PCR amplification. New vectors pGL4-pFN1−810 (TR1) and pGL4-pFN1−380

(TR2) were validated by sequencing. (B) HEK293FT cells were transfected with pGL4-

pFN1, pGL4-pFN1−810 (TR1), pGL4-pFN1−380 (TR2), or empty pGL4.17 and pCAG-

HRP-TM, 24 hours post transfection the cells were treated with 100 nM GA or DMSO. 8

hours following treatment, cells were lysed and a luciferase assay was conducted as before.

Values shown are representative of 6 experimental replicates (transfections) per treatment

with 3 technical replicates per transfection. Data were analysed and statistical analysis

was conducted in GraphPad Prism Version 4 using one way ANOVA with a Dunnett’s

Multiple Comparison Test (*p<0.05, ***p<0.001).
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3.8 Repression of HSF1 activation by mTORC1/FKBP12 inhibition
reduces FN1 mRNA.

downstream of the TSS) showed no binding enrichment for either treatment (Figure

3.7). Recruitment of HSF1 to the pHSE1 site was detected in both the DMSO and

GA treated cells (Figure 3.7). A clear increase in enrichment of HSF1 recruitment to

HSE1 in the GA treated cells compared to the vehicle control was observed in both

replicate experiments. This fold increase was statistically significant in one of the

replicate ChIP experiments (Figure 3.7). The product obtained from the HSE1 PCR

was confirmed by direct sequencing and found to match the predicted HSE1 (Table

5.1). These data were reproduced in a second independent pull-down experiment from

chromatin prepared from the same biological samples. The two other purported HSEs;

pHSE2 and pHSE3, were unable to be tested for as the primers designed to amplify

these regions produced multiple bands during PCR amplification.

These data confirmed that HSF1 bound at the predicted HSE motif at -965 bp to

-951 bp on the FN1 promoter, and that the occupancy of this HSE was increased by

GA treatment.

3.8 Repression of HSF1 activation by mTORC1/FKBP12

inhibition reduces FN1 mRNA.

We demonstrated occupancy of HSE1 on the FN1 promoter by HSF1, and now wanted

to confirm the mechanistic relationship between HSF1 and FN1 via an independent

mechanism. The master nutrient sensor mTORC1 has been shown to directly enable

HSF1 transactivation capacity through the phosphorylation of S326(62). We investi-

gated the effects of mTORC1 inhibition on HSF1 activation by microscopy and the

levels of FN mRNA by qPCR analysis.

Hs578T cells were treated with either rapamycin (50 nM), GA (100 nM), or both

at the given concentrations, with DMSO acting as the vehicle control. It had previ-

ously been determined that the rapamycin treatment was at a sub-toxic concentration

(appendix Figure 5.1 C). From the same biological samples coverslips were prepared

for microscopy and RNA was extracted and processed 24 hours post-treatment, as pre-

viously described. qPCR was conducted on the total FN mRNA present and the data

were analysed using the ∆Ct method to show the levels of FN mRNA relative to the

vehicle control (Figure 3.8 A). Compared to the DMSO treated cells, GA treated cells

showed a statistically significant increase in the abundance of FN mRNA as we had
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reduces FN1 mRNA.

Figure 3.7: Heat-shock factor 1 occupies a heat shock element on the fi-

bronectin promoter and occupancy is responsive to geldanamycin treatment. -

Hs578T cells were treated with either 100 nM GA or the vehicle control. 24 hours post-

treatment the cells were harvested. Chromatin immunoprecipitation was conducted using

the Imprint UltraChromatin Immunoprecipitation Kit (Sigma-Aldrich) as per the manu-

facturer’s instructions. The purified DNA was amplified using qPCR in a CFX Connect

Real-Time PCR Detection System (Bio-RAD). The Ct values obtained were used to calcu-

late the fold enrichment of the FN1 purported heat-shock element relative to the isotype

control and input DNA from the anti-HSF1 immunoprecipitation under the two conditions

was determined using the ∆Ct method(266). These fold increase values were normalised

to the DMSO treated sample for each paired ChIP. RNAPolII enrichment on the actin

promoter (chr7: 5537367 bp - 5537443 bp) was used as a positive control and the same

on the ZNF333 gene 28kb downstream of the TSS was used as a negative control. Data

from one of two independent ChIP experiments with similar results are shown. Data were

analysed and statistical analysis was conducted in GraphPad Prism Version 4 using one

way ANOVA with Kruskal-Wallis post-test (*p<0.05).
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previously demonstrated (Figure 3.2). Cells treated with rapamycin alone showed a sta-

tistically significant decrease in the abundance of FN mRNA compared to the DMSO

treated cells. Treatment of cells with both rapamycin and GA was able to prevent the

GA induced increase in FN mRNA and was not statistically different to the DMSO

control. No change in the abundance of FN mRNA compared to the DMSO control

(Figure 3.8 A).

The Hs578T cells treated with either rapamycin (50 nM), GA (100 nM), both, or

DMSO were immunostained as previously described. Representative images are shown

in Figure 3.8 C. DMSO treated cells had lower pSerine staining than cells treated

with GA or rapamycin. The levels of HSF1 staining did not change greatly across the

treatment conditions, however punctate nuclear pSerine staining was observed in the

GA treated cells (Figure 3.8 C, white arrows), but not the rapamycin treated cells. In

the cells treated with both GA and rapamycin, the punctate staining is observable but

reduced. The nuclear punctate pSerine staining can be seen to colocalise with HSF1 in

the GA treated cells, and is observable but reduced in the GA and rapamycin treated

cells. These points of colocalisation are indicated with arrows (Figure 3.8 C).

Quantitative pixel-on-pixel colocalisation analysis between the pSerine and the

HSF1 staining was conducted using the MBF ImageJ 1.42I intensity correlation anal-

ysis plug-in on the z-stacked images(270). The average Mander’s overlap coefficient

(R) for each treatment was normalised to the DMSO treated cells (Figure 3.8 B). This

analysis demonstrated statistically significant changes in the Mander’s Overlap Coeffi-

cient (R) upon either rapamycin or GA treatment alone compared to the vehicle control

The rapamycin treatment resulted in a reduction in colocalisation between HSF1 and

pSerine (0.841±0.077), whereas GA treatment resulted in an increase (1.072±0.055).

Treatment with both compounds did not result in a statistically significant change from

the DMSO treated cells (1.005±0.078).

The colocalisation data in Figure 3.8 B mirrors the qPCR data in Figure 3.8 A.

These data together indicated that when treating Hs578T cells with GA and rapamycin

the increase in FN mRNA observed under the effect of GA alone is abrogated. As

HSF1 activation has been shown to be dependent on mTORC1 phosphorylation(62),

these data support the interpretation that HSF1 is involved in the regulation of FN1

expression. Additionally the levels of FN mRNA are reduced relative to the DMSO

treated cells under the effect of rapamycin alone (Figure 3.8 A), perhaps suggesting
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Figure 3.8: Geldanamycin up-regulation of FN1 is negated by mTORC inhi-

bition - Hs578T cells were treated for 24 hours with GA (100 nM), Rapamycin (50 nM),

both or the vehicle control. (A) Total RNA was extracted and qPCR was conducted using

PPIA as a reference gene. Shown values are representative of the averaged relative mRNA

abundance relative to the vehicle control (*p<0.05, **p<0.01) from biological and techni-

cal triplicates. Data were analysed and statistical analysis was conducted as before. (B)

24 hours after treatment cells were immunostained for HSF1 and pSerine. Images were

captured using a Zeiss LSM 780 confocal microscope using the 100× objective. Average

Mander’s overlap coefficients for each treatment was normalised to the DMSO treated cells

for 4 z-stacks per treatment. Representative images are shown in (C). Scale bar indicates

a distance of 10 µm. White arrowheads indicate regions of pSerine and HSF1 colocalision

in the cell nucleus.
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3.9 Geldnamycin treatment does not change fibronectin splice variant
proportions

a role for HSF1 in the constitutive expression of the FN1 gene. A putative role for

HSFs in the basal activity of the FN1 promoter was also supported by the results of

the truncation analysis (Figure 3.6).

3.9 Geldnamycin treatment does not change fibronectin

splice variant proportions

Fibronectin is a highly alternately spliced gene, containing three alternatively spliced

exons which give rise to twenty distinct isoforms of the fibronectin protein(188). The

effect of Hsp90 inhibitors on the relative proportions of these isoforms was studied using

RT-PCR of the FN mRNA with exon flanking primers, using a protocol adapted from

Kilian et al. (2004)(271). Figure 3.9 is a schematic representation of the alternately

spliced regions in the fibronectin primary transcript and indicates the locations of the

primers (listed in Table 2.5) used in this analysis (Figure 3.9 A).

The three alternatively spliced exons are: exon 24 (extra-domain-B / ED-B), exon

32 (extra-domain-A / ED-A) and exon 39 (variable region / IIICS) (Figure 3.9 B). Both

exons ED-B and ED-A may be either included or excluded (Figure 3.9 C), whereas the

IIICS region may be included completely, excluded completely or partially included in

three different ways (which give rise to the 5 putative splice variants described below)

(Figure 3.9 D). These partial IIICS inclusions have been previously researched(236),

however the precise boundaries between included and excluded regions of the IIICS

exon had not been identified. We conducted a systematic sequencing of the PCR

products obtained from the splice analysis in order to accurately determine the exon

boundaries for the IIICS splice variants. The diagram of the IIICS section in Figure 3.9

demonstrates our results from direct sequencing of the PCR products from the IIICS

region in order to identify the locations of the inclusions of the different exon fragments.

These data are shown in appendix Figure 5.6.

Exon 39 of the FN1 primary transcript is 360 bp long and has five splice variants

designated IIICS 0 bp, IIICS 192 bp, IIICS 267 bp, IIICS 285 bp and IIICS 360 bp,

according to the size of the included fragment (Figure 3.9 D). IIICS 0 bp is the complete

exclusion of the exon, and IIICS 360 bp is the complete inclusion. The three partially

included fragments are structured as follows: IIICS 192 bp has both a 5’ 72 bp and a
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3’ 90 bp truncation. The IIICS 267 bp splice variant has only the 3’ 90 bp truncation,

and the IIICS 285 bp splice variant has only the 5’ 72 bp truncation (Figure 5.6).

Figure 3.9: FN1 primary transcript splicing schematic - A Schematic diagram

of the FN mRNA primary transcript indicating the locations of the exon flaking primers

used to determine relative splice variant composition. There are three alternatively spliced

regions in the fibronectin primary transcript; extra domain-B (ED-B), extra domain-A

(ED-A) and the IIICS region, highlighted in B. The III9 exon is included in all FN splice

variants. C The ED-B and ED-A exons can either be included or excluded, whereas the

IIICS region can be alternately spliced in five ways. D The IIICS region can be excluded

completely (IIICS 0 bp), included completely (IIICS 360 bp) or partially included; IIICS

192 bp has both a 5’ 72 bp and a 3’ 90 bp truncation. The IIICS 267 bp splice variant

has only the 3’ 90 bp truncation, and the IIICS 285 bp splice variant has only the 5’ 72 bp

truncation.

In order to determine the relative proportions of the fibronectin splice variants

under Hsp90 inhibition, the RT-PCR strategy using exon flanking primers (Table 2.5)

was used. Hs578T cells were treated with 100 µM NOV, 10 nM GA or the vehicle

control (DMSO). RNA was extracted and equal amounts of RNA were used in cDNA

synthesis as previously described. The primers were used in five separate PCR reactions

per cDNA sample and were conducted such that the reactions were non saturated.
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Each PCR reaction yielded multiple bands (see appendix Table 5.2 for primer pairs

and corresponding products, and appendix Figure 5.5 for a representative example).

The relative intensities of bands in the same lane were analysed using densitometry

in ImageJ 1.42I and the percentage composition of each alternately spliced exon was

determined. Total FN, which was detected by the III9 exon which is present in all

FN splice variants, was assayed as a positive control. Calculations are outlined in the

appendix calculations section. The synthesised results for these data are depicted in

Figure 3.10.

Figure 3.10 A and B show the change in relative composition of the ED-B and

ED-A exons respectively under the effect of Hsp90 inhibitors. In the DMSO treated

cells, the Hs578T cell line produced FN with approximately 15 % ED-B+ and 50 %

ED-A+. Following NOV treatment, the inclusion of the ED-B exon appears to increase

to around 25 % but this apparent increase was not shown to be statistically significant.

GA treated cells similarly showed a small increase in the inclusion of ED-B in response

to GA but this was also not statistically significant. The relative change in the ED-A

exon upon treatment with both Hsp90 inhibitors was a small 5-10 % increase in exon

inclusion to approximately 60 % ED-A+ FN mRNA, which was not deemed to be

significant.

The relative composition of the IIICS region under the experimental conditions

is shown in Figure 3.10 C. The relative IIICS composition for FN under the control

conditions showed that the largest fraction was composed of IIICS 267 bp, followed by

roughly equal amounts of IIICS 360 bp and IIICS 0 bp and small amounts of IIICS

192 bp, with only trace (<2 %) of IIICS 285 bp. These proportions did not change

in any statistically significant manner after treatment with either NOV or GA. Only

a minor increase in IIICS 360 bp with a concomitant decrease in the inclusion of the

IIICS 267 bp splice variant was observed under GA treatment. A slightly larger (± 10

%) increase in IIICS exclusion (IIICS 0 bp) with a corresponding decrease in IIICS 267

bp and IIICS 360 bp inclusion under the effect of NOV treatment.

We subsequently investigated the change in relative composition of the ED-B and

ED-A exons in response to increasing concentrations of GA. Hs578T cells were treated

with GA at 1 nM - 1 µM and 24 hours post treatment RNA was extracted and RT-

PCR analysis was conducted as previously outlined. The III9 exon which had acted as a

positive control in the RT-PCR experiments (as it is included in all FN splice variants)
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is plotted in Figure 3.10 D for comparison with the ED-B+ and ED-A+ inclusion

data. All values are normalised to the DMSO treated samples for each exon. The

abundance of the III9 (total FN) signal increased in a dose dependent manner under

the effect of GA, relative to the DMSO control. These results support our previous

data (Figure 3.2). The relative inclusion of the ED-B and ED-A exons however, did not

change in any statistically significant manner from the vehicle control under the effects

increasing concentrations of GA. Verification of all PCR products was accomplished by

observation of band sizes and direct sequencing of products (Figure 5.5 & Figure 5.6).

Verification of PCR products was accomplished by observation of band sizes, and

direct sequencing of products (Figure 5.5).

3.10 A subset of other extracellular matrix genes are GA

responsive.

We next investigated potential responsiveness of a number of other extracellular ma-

trix proteins (ECMs) to GA treatment. The -2000 bp to +1 bp promoter regions of

known heat-shock inducible genes (HSP90AA1, HSPA1A, HSPB1 (55), stress related

transcription factors (HSF1, HIF1A)(30)(272) and a subset of key extracellular ma-

trix protein genes (lamanin beta 3 [LAMB3 ], lamanin gamma 2 LAMC2, collagen 4

alpha 2 [COL4A2 ], collagen 4 alpha 3 [COL4A3 ], elastin [ELN ], vitronectin [VTN ]

and osteopontin [SPP1 ])(141)(140)(273) were obtained from the Ensemble database

and screened for potential HSEs using TFSearch. A summary of the results from this

analysis are tabulated in Table 5.3. The locations of predicted HSF binding motifs on

the gene promoter regions are highlighted with black boxes in Figure 3.11 A.

Hs578T cells were treated for 24 hours with GA 100 nM or DMSO. Total RNA

was extracted and processed as previously described and qPCR was conducted on

heat-shock protein genes, stress related transcription factor genes, and ECM genes

using ACTB as a reference gene. The data were analysed using the ∆Ct method

comparing the GA treated samples to the DMSO treated samples. Figure 3.11 B

shows that relative to the vehicle control, HSP90AA1 (50-fold), HSPA1A (360-fold)

and HSPB1 (4.5-fold) mRNA were increased after treatment with GA. Both Hsp70

mRNA and Hsp90α mRNA were increased by statistically significant amounts relative

to the housekeeping gene (Figure 3.11 B). HIF1α mRNA was also increased (4.5-fold)
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Figure 3.10: FN1 splice variant proportions are not altered by geldanamycin

treatment - Hs578T cells were treated for 24 hours with GA at 10 nM. Total RNA was

extracted and equal amounts of total RNA were used for cDNA synthesis as described

previously. PCR analysis of FN extra domain B (ED-B) (A) and extra domain A (ED-A)

(B) transcript isoforms, variable region (IIICS) (C), and total fibronectin (III9 - included

in all FN mRNA transcripts) (D) was conducted using exon flanking primers. ED-B+ in-

dicates mRNA transcripts inclusive of the ED-B exon, whereas ED-B- indicates transcripts

excluding the ED-B exon. Labels for ED-A data are analogous to those in B. The pro-

portion of ED-B, ED-A and IIICS inclusive transcripts (and the III9 exon abundance) was

determined using densitometry and normalised the DMSO vehicle control (V/C). Values

are representative of triplicate biological and technical replicates. Statistical analysis was

performed using a two way ANOVA with Bonferroni post-test (*p<0.05, *** p<0.001).
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in the GA treated cells relative to the DMSO treated cells but this increase was not

shown to be statistically significant. These data are consistent with the stress-inducible

nature of these genes(30)(55).

Figure 3.11 C shows the relative fold change of the ECM protein mRNA after GA

treatment compared to the DMSO control. ELN, VTN and LAMC2 were not detected

in either the DMSO treated Hs578T cells or the GA treated cells. SPP1 mRNA and

COL4A3 mRNA did not change after treatment with GA, however LAMB3 (3-fold)

and FN (2.5-fold) mRNA increased upon GA treatment (Figure 3.11 C). LAMB3 and

FN1 mRNA were increased statistically significantly under GA treatment compared

to the housekeeping gene. These data suggest the FN may not be the only ECM gene

responsive to GA treatment.
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Figure 3.11: A subset of other extracellular matrix genes are stress respon-

sive - (A) -2000 bp to +1 bp promoter regions of selected genes were analysed using

TFSearch (fibronectin 1 (FN1 ), lamanin β 3 (LAMB3 ), lamanin γ 2 (LAMC2 ), collagen

4 α 2(COL4A2 ), collagen 4 α 3 (COL4A3 ), elastin (ELN ), vitronectin (VTN ), osteopon-

tin (SPP1 ), heat-shock factor 1 (HSF1 ), hypoxia inducible factor α (HIF1α), heat-shock

protein 90 kDa α (HSP90AA1 ), heat-shock protein 90 kDa β (HSP90AB1 ), heat-shock

protein 27 kDa (HSPA1A)). The locations of predicted heat-shock elements are indicated

by black boxes. Hs578T cells were treated for 24 hours with GA 100 nM or DMSO. Total

RNA was extracted and qPCR was conducted on known stress inducible genes (B) and a

selection of extracellular matrix genes (C). Data were analysed and statistical analysis was

conducted in GraphPad Prism Version 4 using one way ANOVA with a Kruskal-Wallis post

test (B **p<0.01, ***p<0.001)(C **p<0.01) and are representative of the averaged mRNA

abundance relative to the vehicle control from experimental and technical triplicates.
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Discussion

The data presented in the present study support the conclusion that GA increases the

levels of FN protein via an HSF1 mediated increase in FN1 promoter activity. It was

demonstrated that GA induces an increase in FN protein levels, FN ECM matrix and

FN mRNA (Figure 3.1 & Figure 3.2). It was subsequently found that the human FN1

promoter contained putative HSEs (Figure 3.4). Moreover, GA was able to induce the

heat-shock response in an in vitro model identical to that in which the increase in FN

mRNA and protein was observed (Figure 3.3). The observed increase in FN mRNA

in cells treated with GA was found to correspond to an increase in FN1 promoter

activity (Figure 3.5). This increase was able to be attenuated by the loss of two of the

purported HSEs in the FN1 promoter (Figure 3.6). One of these HSEs was found to

be occupied by HSF1 in untreated cells and occupancy was shown to increase in cells

treated with GA (Figure 3.7). Additionally, treatment with rapamycin was shown to

abrogate the effect of GA on FN mRNA levels (Figure 3.8). Several genes encoding

ECM proteins were assayed in untreated cells and in those treated with GA. Two ECM

genes (COL4A2 & LAMB3 ) were found to have elevated mRNA levels in the GA

treated cells, similarly to FN1 (Figure 3.11).

4.1 FN1 is an HSF1 target gene and is stress responsive

The findings of this study demonstrate that the human FN1 promoter is bound by HSF1

at an HSE located at -965 bp to -951 bp (Figure 3.7), and that this HSE is functional

in the response of the FN promoter activity to the GA-induced heat shock response
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(Figure 3.6). HSF1 bound to an HSE sequence in the FN1 promoter. The pentameric

nGAAn HSE sequence has been demonstrated by a number of ChIP-seq experiments

to be diverse in structure and location relative to the gene TSS (55)(274)(275)(276).

The sequence of the HSE identified on the FN1 promoter (gGAAagGACacGAAg)

(Figure 3.4) differs from the HSE consensus sequence (nGAAnnTTCnnGAAn)(277)

in the number of repeats. The NEAT1 promoter has been shown to contain an HSE

which similarly differs from the consensus sequence, and this HSE was shown to be

HSF1-bound and responsive to heat-shock(276).

There has been no previous report of HSF1 binding to the FN promoter, and to

the best of our knowledge this is also the first report that GA induces FN expression

and does so by increasing binding of HSF1 to the FN1 promoter (Figure 3.2; Figure

3.5; Figure 3.6; Figure 3.7). We have preliminary data to suggest that heat-shock and

chemically induced hypoxia (using CoCl2) also induced increases in FN mRNA levels,

suggesting that the response may not be limited to treatment with GA (Dhanani 2014

unpublished observations). This would suggest that FN1 is stress-inducible. It remains

to be determined whether other N-terminal inhibitors of Hsp90 also increase FN levels.

The FN1 promoter is known to be bound by other transcription factors including c-

Jun/ATF-2-CRE motif interactions(278)(246)(279), AP-1 binding(280) and TCF/LEF

interactions(249).

A number of human HSF1 target genes have been previously identified using similar

approaches to those used in our present study. Trinklein et al. (2004) reported a study

in which in silico promoter analysis was combined with microarray data from three

different human cells lines in order to identity HSF1 target genes (55). FN1 was not

identified in the published output from this study or supplementary data, however

much of the raw data, including cell types studies, is unavailable for many data sets. In

the absence of this information, we may only speculate that the cell lines used may not

have been constitutive FN producing cells, and thus FN may not have been identified

as being responsive to stress.

Some genome-wide studies have been conducted using the Drosophila melanogaster

model in order to identify HSF1 targets(275)(281)(53). The available data for these

studies do not indicate that a Drosophila FN1 homologue was detected as an HSF1

target. Indeed, the NCBI does not list a homologous gene in Drosophila as it does with

the zebrafish and frog, although a protein sharing similar functions and epitopes has
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been reported(282). A more focused approach to identifying specific HSF1 target genes

has recently been used to identify HSF1 regulated genes in HK-2 human kidney cells,

A172 human glioma cells, MCF-7 and MDA-MB-231 human cancer cells (283)(78).

Support for our finding that FN1 is an HSF1 target gene can be found in expression

profiling data from mouse embryonic fibroblast model systems deposited on the NCBI

GEO database. HSF1 null MEFs exhibited a reduction in FN1 mRNA expression

compared to WT MEFs (GDS1527(55); GSE65252(77)). In a similar study using Hela

cervical cancer cells, which do not constitutively produce a substantial FN matrix or

express high levels of FN mRNA, HSF1 siRNA knock-down did not change the levels

of FN1 expression (GSE3697(69)).

Our observation of increased FN matrix and protein may also be an effect of a

combination of reduced FN turnover and decreased FN protein degradation. Hsp90

has been shown to chaperone and play a role in the activation of MMP2(13) and

MMP9(140), both of which play a role in the proteolytic degradation of the FN extra-

cellular matrix(140)(152). The inhibition, even if partial, of Hsp90 might be sufficient

to prevent the efficient turnover of the matrix.

In addition to FN it was shown that two other genes coding for ECM components

laminin β3 and collagen 4α2 demonstrate a similar increase in mRNA abundance upon

GA treatment in the Hs578T cell line (Figure 3.11). This is the first report of cell

stress response related induction in the mRNA for these ECM proteins. Data from

HSF1 null fibroblasts shows a decrease in COL4A2 compared to normal fibroblasts

(GEO data: GDS1527(55)), which again was not reflected in similar data from HeLa

cells (GDS1733(69)). No published data to support or contradict the observed effect

on LAMB3 was available. Interestingly, as observed in previous studies(55)(276) there

was no correlation between the number of predicted HSEs in the promoter and the

GA-induced response, as the osteopontin (SPP1 ) promoter was predicted to contain

three HSEs but was not induced under the conditions of our experiments.

HSF1 mediated stress induction of FN and the potential of parallel regulation for

collagen and laminin is of interest because together these proteins are major compo-

nents of the interstitial matrix and the basement membrane(284). Changes in these

structures as a result of stress-induced deregulation of ECM components may impact

on human diseases. In particular, our results have implications for disease in the fol-

lowing contexts: 1) diseases in which HSF1 activation ia a hallmark (such as cancer),
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2) diseases characterised by increases in FN deposition by unknown mechanisms (such

as diabetes) and 3), diseases in which GA or derivatives are to be used therapeutically.

4.1.0.1 Cancer and the tumour microenvironment

The cancerous environment is often characterised by a number of proteotoxic stresses

arising from nutrient and oxygen deprivation, signalling imbalance and gene overexpression(285)(286).

The factors which influence this microenvironment are contributed to by a number of

different cell types. These include a heterogenous collection of tumour cells along

with a stromal fibroblasts and immune cells. These cells and the ECM they pro-

duce comprise the tumour microenvironment(140). In cancerous cells themselves,

ECM proteins are often down-regulated, which is seen to increase their migratory

potential(287)(288)(289). Deregulated ECM dynamics whether they result in a loss

or over deposition of ECM components are considered a hallmark of cancer(140). The

deposition of ECM proteins is key to the progression of the metastatic cancers, as this

enables angiogenesis and also promotes cell migration(290). The cells of some cancer

types, such as intestinal and lung carcinoma exhibit increased FN expression, and this

increase is observed particularly at the invading edge of migrating tumours(291)(292).

High levels of HSF1 activation in tumour cells have been associated with increased

cell growth and metastasis(73)(75)(70). It is possible that in cancers with constitutively

active FN1, the pro-invasion and survival effects of high levels of FN deposition under

the effects of HSF1 activation will play a role in cancer progression independent of the

surrounding milieu.

Cancer associated fibroblasts (CAFs) are the primary ECM producing components

of the stroma in most cancers(293). Cells sense differences in physical ECM proper-

ties and migrate preferentially toward regions of increased stiffness(294). As FN con-

tributes greatly to the cross-linking of various ECM proteins(295)(296) and therefore

the ECM’s overall rigidity(296)(204) and because integrin-FN interactions are essential

for cell migration(297), it seems likely that increased FN deposition by stromal cells

like CAFs in response to stress would will contribute to augmented metastatic capabil-

ity of a primary tumour. CAFs have been shown to arise from normal fibroblasts via

the enhancement of TGF-β and SDF-1 autocrine signalling loops(298). Tumour cells

presumably initiate this increase in signalling via the activation of HSF1 common to

cancer(299)(300), or via the secretion of large amounts of TGF-β. This enhancement is
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also mediated and maintained by HSF1(77); TGF-β is an HSF1 target gene(301)(302),

and TGF-β activates HSF1(303). TGF-β is known to increase FN1 promoter activity

in a number of different cell lines(246). It is tempting to speculate that one mechanism

by which TGF-β increases FN levels is via the activation of HSF1. This proposed

mechanism is illustrated in Figure 4.1.

There is evidence to suggest that cancer cells may create ECM rich regions at distal

sites(304)(305). For example Kaplan et al. (2005) describe how increased FN expression

is required for hematopoietic progenitor cell adhesion(306), and given the central role

FN plays in the ECM, increased FN1 expression may promote the anchorage, migration

and development of cancer metastases(307)(308). Indeed it has been demonstrated in

animal models that treatment of cancer with GA analogues caused an increase in the

incidence of metastases(309)(310).

4.1.0.2 Diabetes

Proteotoxic and oxidative stresses produced by cancers are mirrored in several aspects

by nutritional stresses.

HSF1 regulation is now understood to be closely interconnected to nutritional

state(68)(311) and the nutrient sensor mTORC1 has been shown to directly regulate

HSF1(62).

Insulin signalling is a core constituent in the maintenance of glucose homeostasis in

organisms, and promotes mTORC1 activation(312). mTORC1 is the master nutrient

sensor and is positioned at a central point in several intracellular signalling cascades

involved in cell growth and proliferation(313). Chou et al. (2012) demonstrated that

HSF1 activation is dependent on phosphorylation of HSF1 S326 by mTORC1(62).

A number of studies have demonstrated that high glucose conditions, such as those

observed in diabetes, maintain an active Akt kinase via DJ-1(314)(315), which in-

activates PRAS40 to increase the mTORC1 kinase activity (316)(313)(317)(316) and

presumably activate HSF1.

Diabetes is also known to present with pathologies associated with excess ECM pro-

tein deposition(318). These pathologies include nephropathy of the retina(319) and the

kidneys(320) in which thickening of the basement membrane is a hallmark(321)(322)(323).
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The mechanism leading to the increased basement membrane is currently poorly de-

scribed. Sphingosine-1-phosphate (Sp1) has been shown to regulate FN levels in mesan-

gial cells in high glucose conditions(251). This effect on FN levels was shown to involve

an S1P2 receptor initiated pathway involving ERK1/2 and p38MAPK(324), however no

signal effector has yet been identified. The MAPK pathway is associated with pathways

involved in the regulation of cell growth and proliferation such as AKT and mTORC

pathways(313), which again would culminate in the activation of HSF1. Interestingly,

the primary components of the basement membrane (laminin, collagen and FN) are the

proteins observed in this study to be stress-responsive (Figure 3.11). It is tempting to

speculate that, given that the GA-mediated induction of FN could be reversed by the

mTORC inhibitor rapamycin, the HSF1 mediated increase in ECM proteins might be

one possible mechanism to explain the thickening of the basement membrane in high

glucose conditions associated with activated mTORC.

4.1.0.3 Implications in other human diseases

A number of other physiological states are known to be linked with diseases caused

by an over production of FN and other ECM proteins(325)(326) (see Table 1.2). In-

fection, smoking and alcohol abuse cause inflammation resulting in eventual fibrosis

related pathologies(327)(326)(291). In fact, inflammatory responses are closely con-

nected with metabolic and ER stress conditions already discussed(328). Inflammatory

stress responses are known to drive an HSF1 mediated up-regulation of HSPs(329)(330),

via the febrile response(331)(332).

Again the relationship between inflammation, HSF1 and FN is prospectively im-

portant in the context of conditions such as pulmonary fibrosis, liver cirrhosis, Crohn’s

disease and rheumatoid arthritis(333)(334). TGF-β1 has been shown to induce FN

expression via p38 in a human fetal lung fibroblast model(335), however similar stimuli

activate p38MAPK and HSF1 mediated stress responses(336). As HSF1 is activated

by TGF-β1(303), the involvement of HSF1 activation in fibrotic conditions with up-

regulated FN appears likely. Inflammation is thought to play a crucial role in the

development of Alzheimer’s disease, and although the role of FN in the development

of Alzheimer’s disease is unclear, FN deposition in the brain vasculature is known to

precede the accumulation of amyloid protein(337)(338)(339).
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Figure 4.1: Schematic representation of the possible implications for the HSF1

regulation of FN1 in the cancerous microenvironment and in normal cells. - This

model shows that GA activates HSF1 in normal and cancerous cells, and that this might

lead to increased deposition of FN in the ECM and promote cell migration. A Cancerous

cells have been often found to have constitutively active HSF1. This drives a transcriptional

programme which supports the malignant phenotype, including the deregulation of the

cytokine TGF-β. B TGF-β activates HSF1 in stromal cells such as cancer associated

fibroblasts, which may lead to an increase in the transcription of FN1. In the tumour

microenvironment, increased FN deposition by both tumour and stromal cells may serve

to promote tumour invasion and angiogenesis. C FN deposition by normal cells may also

promote the adhesion of circulating tumour cells at secondary sites and support extravasion.

Factors that activate the ATK/mTOR signalling pathways such as high glucose conditions

and nicotine may also result in an HSF1 mediated increase in the expression of FN. HSF1

mediated FN expression in these conditions might contribute to fibrosis and the thickening

of the basement membrane.
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4.1.0.4 Implications for the therapeutic application of GA

Hsp90 inhibitors, particularly those targeted to the N-terminus of the protein, are

considered candidates in the future treatment of cancer(82), and a number of these

compounds are currently in clinical trials (see Table 1.1). The results of the present

study have implications for the use of N-terminal Hsp90 inhibitors. We have shown that

GA induces FN expression via the cell stress response, and many of the Hsp90 inhibitors

currently in clinical trials are thought to have the same effect of inducing the cell stress

response(267)(340). Although it would need to be experimentally demonstrated, we

predict that these GA analogues will also induce FN expression.

A number of phase 3 clinical trials have been conducted to assess the efficacy of

the Hsp90 inhibitor and GA analogue 17-AAG in the treatment of cancers(341)(93).

17-DMAG, another GA analogue which has been assessed(342)(93). These inhibitors

have improved binding affinities and therefore reduced IC50 values demonstrated in

cell culture. The concentrations used in vivo in clinical trials is in the range of 20-100

mg/L/24 h(343)(342)(341). 17-AAG in vivo concentrations are reported to peak at

between 1.7 - 3 µM(344), 200 fold higher than the 10 nM we have shown to increase

the levels of FN ECM in vitro (Figure 3.1). Regardless of the rate at which these

compounds are metabolised, large parts of the body will receive low doses of Hsp90

inhibitors with current clinical administration methodologies. Although these doses will

be sub-toxic, the data from our present study (Figure 3.1 & Figure 3.5) indicate that

low GA concentrations are sufficient to increase FN promoter activity and FN protein

levels. The result of this might be the development of aberrant ECM dynamics and

concomitant pathologies in tissues distant from the tumour site. It would be interesting

to observe whether current clinical trials yield results indicating changes to the ECM.

Should an Hsp90 inhibitor induced activation of the FN1 promoter arise result in

negative clinical outcomes, the use of C-terminal Hsp90 inhibitors might be a promising

alternative to N-terminal Hsp90 inhibition as a therapeutic strategy. Inhibiting Hsp90

without inducing the cell stress response is a current area under investigation(345). The

use of NOV derivatives such as coumermycin A1 is still many years from clinical trials

but the use of HSF1 inhibitors such as quercetin or emunin(129)(128) in combination

with GA analogues could be promising(130)(132)(131).
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The use of N-terminal Hsp90 inhibitors in the alleviation of diabetes related symp-

toms has also been investigated due to the increased levels of insulin sensitivity ob-

served upon HSF1 activation(74). In a mouse model Lee et al. (2013) demonstrated

that chronic dosing with AUY922 was able to reverse hyperglycemia(346). In light of

the findings of our study it might prove beneficial to investigate any fibrotic effects that

might arise from treatment regimes using GA analogues in the treatment of diabetes.

The use of N-terminal Hsp90 inhibitors in the treatment of protein aggregation

related diseases such as Alzheimer’s disease (AD) and Parkinson’s disease is another

potential future application for N-terminal Hsp90 inhibitors(124)(347). These diseases

have been demonstrated to be linked to age related loss in HSF1 expression(348)(59),

and a concomitant loss in the ability for cells to prevent protein aggregation(349). In

these cases the induction of the heat-shock response is the desired effect of the com-

pound. Activation of HSF1 using N-terminal Hsp90 inhibitors has been demonstrated

to decrease -synuclein and ameloid-β aggregation(348) (347)(350)(351)(352). The use

of GA analogues in the treatment of AD is yet to be investigated in humans, but given

that FN accumulation from vascular endothelial cells might be both a driver of disease

development and an effect of treatment, our current findings could inform experimen-

tal design. Plasma levels of FN may be used as a diagnostic biomarker for AD(353),

and consequently the chronic administration of N-terminal Hsp90 inhibitors might have

practical implications such as rendering this marker ineffectual.

A wide array of inflammation and fibrosis related diseases have been investigated in

murine models for the potential therapeutic benefits conferred by the anti-inflammatory

effects of HSF1 activation(330). Our data demonstrating the activation of HSF1 results

in increased FN expression and deposition may have particular bearing on the use of

this approach in disease related fibroblasts, as it may exacerbate fibrotic symptoms, or

even trigger the development of related fibroses in other tissues in individuals who are

predisposed to these conditions by genetics or lifestyle.

4.2 Final Conclusions

The finding that FN is regulated by HSF1 and the cell stress machinery is unexpected

given the traditional roles assigned to typical HSF1 target genes. However, upon con-

sideration of the role FN has been shown to play in promoting the survival of cells in
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normal conditions(258)(354), in disease states(355)(258), and in cancer where it is a

predictor of chemotherapeutic resistance(356)(355), this relationship becomes under-

standable as part of an ancient and conserved mechanism for cell survival under the

effects of chronic stress.

Any potential biological significance of HSF1 mediated FN up-regulation is yet to

be determined, and our intention is to prioritise an investigation into this making use

of an in vitro model. In addition to this, a determination of the extent to which the

HSF1 mediated up-regulation of FN in response to stress affects the ECM as a whole

and in different cell types must be determined.

In conclusion, our hypothesis has been supported; a role for transcriptional regula-

tion of the FN1 gene by the cell stress machinery has been demonstrated. Although

some work will be required to support our existing data, the evidence we have pre-

sented for an HSF1 mediated stress induction of FN is mutually corroborative and is

supported by published data from two independent research groups(55)(77).

66



References

[1] K. Richter, M. Haslbeck, and J. Buchner. The heat

shock response: life on the verge of death. Molec-

ular cell, 40(2):253–266, 2010. 1

[2] R. I. Morimoto. Dynamic remodeling of transcrip-

tion complexes by molecular chaperones. Cell,

110(3):281–284, 2002. 1, 4

[3] S. K. Wandinger, K. Richter, and J. Buchner. The

Hsp90 chaperone machinery. The Journal of bio-

logical chemistry, 283(27):18473–18477, 2008. 2

[4] J. Li, J. Soroka, and J. Buchner. The Hsp90 chap-

erone machinery: conformational dynamics and

regulation by co-chaperones. Biochimica et biophys-

ica acta, 1823(3):624–635, 2012. 2, 3

[5] R. Zhao and W. A. Houry. Hsp90: a chaperone for

protein folding and gene regulation. Biochemistry

and cell biology, 83(6):703–710, 2005. 2
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Sibarita, and M. Bornens. The extracellular matrix

guides the orientation of the cell division axis.

Nature cell biology, 7(10):947–953, 2005. 13

[149] D. H. Kim, P. P. Provenzano, C. L. Smith, and

A. Levchenko. Matrix nanotopography as a reg-

ulator of cell function. The Journal of cell biology,

197(3):351–360, 2012. 13

[150] A. J. Engler, S. Sen, H. L. Sweeney, and D. E. Discher.

Matrix elasticity directs stem cell lineage speci-

fication. Cell, 126(4):677–689, 2006. 13

[151] P. M. Gilbert, K. L. Havenstrite, K. E. Magnusson,

A. Sacco, N. A. Leonardi, P. Kraft, N. K. Nguyen,

S. Thrun, M. P. Lutolf, and H. M. Blau. Substrate

elasticity regulates skeletal muscle stem cell self-

renewal in culture. Science, 329(5995):1078–1081,

2010. 13

[152] M. Egeblad and Z. Werb. New functions for the

matrix metalloproteinases in cancer progression.

Nature Reviews Cancer, 2(3):161–174, 2002. 14, 59

[153] T. E. Cawston and D. A. Young. Proteinases involved

in matrix turnover during cartilage and bone

breakdown. Cell and tissue research, 339(1):221–235,

2010. 14

[154] S. Caudroy, M. Polette, B. Nawrocki-Raby, J. Cao, B. P.

Toole, S. Zucker, and P. Birembaut. EMMPRIN-

mediated MMP regulation in tumor and en-

dothelial cells. Clinical & experimental metastasis,

19(8):697–702, 2002. 14

[155] H. Munshi and M. Stack. Reciprocal interactions be-

tween adhesion receptor signaling and MMP reg-

ulation. Cancer and Metastasis Reviews, 25(1):45–56,

2006. 14

[156] D. Schroen and C. Brinckerhoff. Nuclear hor-

mone receptors inhibit matrix metalloproteinase

(MMP) gene expression through diverse mecha-

nisms. Gene expression, 6(4):197–207, 1995. 14

[157] J. D. Mott and Z. Werb. Regulation of matrix biol-

ogy by matrix metalloproteinases. Current opinion

in cell biology, 16(5):558–564, 2004. 14, 16

[158] H. Yu, J. K. Mouw, and V. M. Weaver. Forcing form

and function: biomechanical regulation of tumor

evolution. Trends in cell biology, 21(1):47–56, 2011.

14

[159] D. T. Butcher, T. Alliston, and V. M. Weaver. A tense

situation: forcing tumour progression. Nature Re-

views Cancer, 9(2):108–122, 2009. 14

[160] M. S. Samuel, J. I. Lopez, E. J. McGhee, D. R. Croft,

D. Strachan, P. Timpson, J. Munro, E. Schröder, J. Zhou,
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Erickson, and R. Fässler. Plasma fibronectin sup-

ports neuronal survival and reduces brain in-

jury following transient focal cerebral ischemia

but is not essential for skin-wound healing and

hemostasis. Nature medicine, 7(3):324–330, 2001. 15

[187] A. M. Salicioni, K. S. Mizelle, E. Loukinova,

I. Mikhailenko, D. K. Strickland, and S. L. Gonias. The

low density lipoprotein receptor-related protein

mediates fibronectin catabolism and inhibits

fibronectin accumulation on cell surfaces. The

Journal of biological chemistry, 277(18):16160–16166,

2002. 15, 16

[188] A. Kornblihtt, C. Pesce, C. Alonso, P. Cramer, A. Sre-

brow, S. Werbajh, and A. Muro. The fibronectin gene

as a model for splicing and transcription studies.

FASEB journal : official publication of the Federation of

American Societies for Experimental Biology, 10(2):248–

257, 1996. 15, 17, 50

[189] E. S. White, F. Baralle, and A. Muro. New insights

into form and function of fibronectin splice vari-

ants. The Journal of pathology, 216(1):1–14, 2008. 15,

17, 18

[190] J. Schwarzbauer and J. Sechler. Fibronectin fibril-

logenesis: a paradigm for extracellular matrix

assembly. 1999. 15, 16

[191] P. Zago, E. Buratti, C. Stuani, and F. E. Baralle. Evolu-

tionary connections between coding and splicing

regulatory regions in the fibronectin EDA exon.

Journal of molecular biology, 411(1):1–15, 2011. 15

[192] J. Ulmer, B. Geiger, and J. P. Spatz. Force-induced

fibronectin fibrillogenesis in vitro. Soft Matter,

4(10):1998–2007, 2008. 15

[193] M. J. Humphries, A. Komoriya, S. Akiyama, K. Olden,

and K. Yamada. Identification of two distinct re-

gions of the type III connecting segment of hu-

man plasma fibronectin that promote cell type-

specific adhesion. Journal of Biological Chemistry,

262(14):6886–6892, 1987. 15

[194] A. Mould, A. Komoriya, K. Yamada, and M. Humphries.

The CS5 peptide is a second site in the IIICS

region of fibronectin recognized by the integrin

alpha 4 beta 1. Inhibition of alpha 4 beta 1 func-

tion by RGD peptide homologues. Journal of Bio-

logical Chemistry, 266(6):3579–3585, 1991. 15

[195] Y. Tomita, S. K. Akiyama, S.-i. Aota, K. M. Yamada, R. M.

Venable, R. W. Pastor, S. Krueger, D. A. Torchia, et al.

Solution structure and dynamics of linked cell

attachment modules of mouse fibronectin con-

taining the RGD and synergy regions: compari-

son with the human fibronectin crystal structure.

Journal of molecular biology, 277(3):663–682, 1998. 15

74

http://dx.doi.org/10.1016/S1044-579X(02)00022-6
http://dx.doi.org/10.1016/j.ydbio.2011.03.026
http://dx.doi.org/10.1016/j.ydbio.2011.03.026
http://dx.doi.org/10.1016/j.ydbio.2011.03.026
http://dx.doi.org/10.1074/jbc.M201401200
http://dx.doi.org/10.1074/jbc.M201401200
http://dx.doi.org/10.1074/jbc.M201401200
http://dx.doi.org/10.1074/jbc.M201401200
http://dx.doi.org/10.1016/j.jmb.2011.05.031
http://dx.doi.org/10.1016/j.jmb.2011.05.031
http://dx.doi.org/10.1016/j.jmb.2011.05.031


REFERENCES

[196] J. L. Sechler, A. M. Cumiskey, D. M. Gazzola, and

J. E. Schwarzbauer. A novel RGD-independent

fibronectin assembly pathway initiated by al-

pha4beta1 integrin binding to the alternatively

spliced V region. Journal of cell science, 113(8):1491–

1498, 2000. 15

[197] S. Miyamoto, B.-Z. Kathz, R. M. Lafrenie, and K. M. Ya-

mada. Fibronectin and integrins in cell adhesion,

signaling, and morphogenesis. Annals of the New

York Academy of Sciences, 857(1):119–129, 1998. 15

[198] S. Johansson, G. Svineng, K. Wennerberg, A. Armulik,

and L. Lohikangas. Fibronectin-integrin interac-

tions. Front Biosci, 2:d126–d146, 1997. 15

[199] R. Pankov, E. Cukierman, B.-Z. Katz, K. Matsumoto, D. C.

Lin, S. Lin, C. Hahn, and K. M. Yamada. Integrin Dy-

namics and Matrix Assembly Tensin-Dependent

Translocation of α5β1 Integrins Promotes Early

Fibronectin Fibrillogenesis. The Journal of cell bi-

ology, 148(5):1075–1090, 2000. 15, 16

[200] B. Geiger, A. Bershadsky, R. Pankov, and K. M. Yamada.

Transmembrane crosstalk between the extracel-

lular matrix and the cytoskeleton. Nature Reviews

Molecular Cell Biology, 2(11):793–805, 2001. 15, 16

[201] E. E. Robinson, R. A. Foty, and S. A. Corbett.

Fibronectin matrix assembly regulates α5β1-

mediated cell cohesion. Molecular Biology of the cell,

15(3):973–981, 2004. 16

[202] T. Ohashi and H. P. Erickson. Revisiting the mystery

of fibronectin multimers: the fibronectin matrix

is composed of fibronectin dimers cross-linked by

non-covalent bonds. Matrix biology : journal of the

International Society for Matrix Biology, 28(3):170–175,

2009. 16

[203] T. B. R, D. S. Annis, and D. F. Mosher. The N-terminal

70-kDa fragment of fibronectin binds to cell sur-

face fibronectin assembly sites in the absence of

intact fibronectin. Matrix biology : journal of the In-

ternational Society for Matrix Biology, 25(5):282–293,

2006. 16

[204] D. Choquet, D. P. Felsenfeld, and M. P. Sheetz. Extra-

cellular matrix rigidity causes strengthening of

integrin–cytoskeleton linkages. Cell, 88(1):39–48,

1997. 16, 60

[205] T. Nishizaka, Q. Shi, and M. P. Sheetz. Position-

dependent linkages of fibronectin–integrin–

cytoskeleton. Proceedings of the National Academy of

Sciences, 97(2):692–697, 2000. 16

[206] K. A. Brenner, S. A. Corbett, and J. E. Schwarzbauer.

Regulation of fibronectin matrix assembly by

activated Ras in transformed cells. Oncogene,

19(28):3156–3163, 2000. 16

[207] F. Samantha, D. Grall, B. Cseh, and V. O. Ellen.

Regulation of fibronectin matrix assembly and

capillary morphogenesis in endothelial cells by

Rho family GTPases. Experimental cell research,

315(12):2092–2104, 2009. 16

[208] B. Geiger, J. P. Spatz, and A. D. Bershadsky. Environ-

mental sensing through focal adhesions. Nature

Reviews Molecular Cell Biology, 10(1):21–33, 2009. 16

[209] Y. Sawada, M. Tamada, B. J. Dubin-Thaler, O. Cherni-

avskaya, R. Sakai, S. Tanaka, and M. P. Sheetz. Force

sensing by mechanical extension of the Src family

kinase substrate p130Cas. Cell, 127(5):1015–1026,

2006. 16

[210] A. d Rio, R. Perez-Jimenez, R. Liu, P. Roca-Cusachs, J. M.

Fernandez, and M. P. Sheetz. Stretching single talin

rod molecules activates vinculin binding. Science,

323(5914):638–641, 2009. 16

[211] Y.-K. Wang, X. Yu, D. M. Cohen, M. A. Wozniak,

M. T. Yang, L. Gao, J. Eyckmans, and C. S. Chen.

Bone morphogenetic protein-2-induced signal-

ing and osteogenesis is regulated by cell shape,

RhoA/ROCK, and cytoskeletal tension. Stem cells

and development, 21(7):1176–1186, 2011. 16

[212] C. Streuli. Extracellular matrix remodelling and

cellular differentiation. Current opinion in cell biol-

ogy, 11(5):634–640, 1999. 16

[213] M. E. Lukashev and Z. Werb. ECM signalling: or-

chestrating cell behaviour and misbehaviour.

Trends in cell biology, 8(11):437–441, 1998. 16

[214] P. Huhtala, M. J. Humphries, J. B. McCarthy, P. M. Trem-

ble, Z. Werb, and C. H. Damsky. Cooperative signal-

ing by alpha 5 beta 1 and alpha 4 beta 1 integrins

regulates metalloproteinase gene expression in fi-

broblasts adhering to fibronectin. The Journal of

cell biology, 129(3):867–879, 1995. 16

[215] F. Shi and J. Sottile. MT1-MMP regulates the

turnover and endocytosis of extracellular matrix

fibronectin. Journal of cell science, 124(23):4039–

4050, 2011. 16

[216] B. Steffensen, Z. Chen, S. Pal, M. Mikhailova, J. Su,

Y. Wang, and X. Xu. Fragmentation of fibronectin

by inherent autolytic and matrix metallopro-

teinase activities. Matrix biology : journal of the Inter-

national Society for Matrix Biology, 30(1):34–42, 2011.

16

[217] J. Sottile and J. Chandler. Fibronectin matrix

turnover occurs through a caveolin-1-dependent

process. Molecular biology of the cell, 16(2):757–768,

2005. 16

[218] V. H. Lobert, A. Brech, N. M. Pedersen, J. Wesche,

A. Oppelt, L. Malerd, and H. Stenmark. Ubiquitina-

tion of alpha 5 beta 1 integrin controls fibrob-

last migration through lysosomal degradation of

fibronectin-integrin complexes. Developmental cell,

19(1):148–159, 2010. 16

[219] V. S. Rukosuev, A. K. Nanaev, and A. P. Milovanov. Par-

ticipation of collagen types I, III, IV, V, and fi-

bronectin in the formation of villi fibrosis in hu-

man term placenta. Acta histochemica, 89(1):11–16,

1990. 16

75

http://dx.doi.org/10.1016/j.matbio.2009.03.002
http://dx.doi.org/10.1016/j.matbio.2009.03.002
http://dx.doi.org/10.1016/j.matbio.2009.03.002
http://dx.doi.org/10.1016/j.matbio.2009.03.002
http://dx.doi.org/10.1016/j.matbio.2006.02.002
http://dx.doi.org/10.1016/j.matbio.2006.02.002
http://dx.doi.org/10.1016/j.matbio.2006.02.002
http://dx.doi.org/10.1016/j.matbio.2006.02.002
http://dx.doi.org/10.1016/j.yexcr.2009.03.017
http://dx.doi.org/10.1016/j.yexcr.2009.03.017
http://dx.doi.org/10.1016/j.yexcr.2009.03.017
http://dx.doi.org/10.1016/j.matbio.2010.09.004
http://dx.doi.org/10.1016/j.matbio.2010.09.004
http://dx.doi.org/10.1016/j.matbio.2010.09.004
http://dx.doi.org/10.1091/mbc.E04-08-0672
http://dx.doi.org/10.1091/mbc.E04-08-0672
http://dx.doi.org/10.1091/mbc.E04-08-0672
http://dx.doi.org/10.1016/j.devcel.2010.06.010
http://dx.doi.org/10.1016/j.devcel.2010.06.010
http://dx.doi.org/10.1016/j.devcel.2010.06.010
http://dx.doi.org/10.1016/j.devcel.2010.06.010


REFERENCES

[220] E. Kimura, T. Kanzaki, K. Tahara, H. Hayashi,

S. Hashimoto, A. Suzuki, R. Yamada, K. Yamamoto, and

T. Sawada. Identification of citrullinated cellular

fibronectin in synovial fluid from patients with

rheumatoid arthritis. Modern Rheumatology, (0):1–

4, 2014. 16

[221] R. J. Perrin, R. Craig-Schapiro, J. P. Malone, A. R. Shah,

P. Gilmore, A. E. Davis, C. M. Roe, E. R. Peskind, G. Li,

D. R. Galasko, et al. Identification and validation of

novel cerebrospinal fluid biomarkers for staging

early Alzheimer’s disease. PLoS One, 6(1):e16032,

2011. 16

[222] M. Santimaria, G. Moscatelli, G. L. Viale, L. Giovan-

noni, G. Neri, F. Viti, A. Leprini, L. Borsi, P. Castellani,

L. Zardi, et al. Immunoscintigraphic detection of

the ED-B domain of fibronectin, a marker of an-

giogenesis, in patients with cancer. Clinical Cancer

Research, 9(2):571–579, 2003. 17

[223] Y. Zheng, J. D. Ritzenthaler, J. Roman, and S. Han.

Nicotine stimulates human lung cancer cell

growth by inducing fibronectin expression. Amer-

ican journal of respiratory cell and molecular biology,

37(6):681–690, 2007. 17

[224] M. Zheng, D. M. Jones, C. Horzempa, A. Prasad, and P. J.

McKeown-Longo. The first type III domain of fi-

bronectin is associated with the expression of

cytokines within the lung tumor microenviron-

ment. Journal of Cancer, 2:478, 2011. 17

[225] H.-h. Dong, S. Xiang, H.-f. Liang, C.-h. Li, Z.-w. Zhang,

and X.-p. Chen. The niche of hepatic cancer stem

cell and cancer recurrence. Medical hypotheses,

80(5):666–668, 2013. 17

[226] A. Lochter. Involvement of extracellular matrix

constituents in breast cancer. Lawrence Berkeley

National Laboratory, 2011. 17

[227] M. Bissell and W. Hines. Why don’t we get more

cancer? A proposed role of the microenviron-

ment in restraining cancer progression. 2011. 17

[228] H. A. Kenny, S. Kaur, L. M. Coussens, and E. Lengyel.

The initial steps of ovarian cancer cell metastasis

are mediated by MMP-2 cleavage of vitronectin

and fibronectin. The Journal of clinical investigation,

118(4):1367–1379, 2008. 17

[229] A. v Au, M. Vasel, C. Glueer, S. Tiwari, M. Cecchini, and

I. Nakchbandi. Circulating fibronectin is required

for blood vessel formation and tumor growth.

Bone, 48, 2011. 17

[230] E. Altrock, C. Sens, C. Wuerfel, M. Vasel, N. Kawelke,

S. Dooley, J. Sottile, and I. A. Nakchbandi. Inhibition

of fibronectin deposition improves experimental

liver fibrosis. Journal of hepatology, 2014. 17

[231] C. Samuel. The Relevance of the Anti-Fibrotic

and Other Therapeutic Actions of Relaxin to

Atrial Fibrillation. Journal of Arrhythmia, 27(Sup-

plement):SY11 4–SY11 4, 2011. 17

[232] J. Sottile, I. Nakchbandi, and B. C. Blaxall. Treatment

of fibrosis-related disorders using fibronectin

binding proteins and polypeptides, February 3

2011. US Patent App. 13/576,900. 17

[233] M. Lopez-Armada, E. Gonzalez, C. Gomez-Guerrero, and

J. Egido. The 80-kD fibronectin fragment in-

creases the production of fibronectin and tu-

mour necrosis factor-alpha (TNF-α) in cultured

mesangial cells. Clinical & Experimental Immunology,

107(2):398–403, 1997. 17

[234] M. Yi and E. Ruoslahti. A fibronectin fragment in-

hibits tumor growth, angiogenesis, and metasta-

sis. Proceedings of the National Academy of Sciences of

the United States of America, 98(2):620–624, 2001. 17

[235] R. You, R. Klein, M. Zheng, and M. P. J. Regulation of

p38 MAP kinase by anastellin is independent of

anastellin’s effect on matrix fibronectin. Matrix

biology : journal of the International Society for Matrix

Biology, 28(2):101–109, 2009. 17

[236] A. K. Chauhan, A. Iaconcig, F. E. Baralle, and A. F.

Muro. Alternative splicing of fibronectin: a

mouse model demonstrates the identity of in

vitro and in vivo systems and the processing au-

tonomy of regulated exons in adult mice. Gene,

324:55–63, 2004. 17, 18, 50

[237] K. Umezawa, A. R. Kornblihtt, and F. E. Baralle. Iso-

lation and characterization of cDNA clones for

human liver fibronectin. FEBS letters, 186(1):31–

34, 1985. 18

[238] F. Han, J. R. Gilbert, G. Harrison, C. S. Adams, T. Free-

man, Z. Tao, R. Zaka, H. Liang, C. Williams, R. S. Tuan,

P. A. Norton, and N. J. Hickok. Transforming growth

factor-beta1 regulates fibronectin isoform ex-

pression and splicing factor SRp40 expression

during ATDC5 chondrogenic maturation. Experi-

mental cell research, 313(8):1518–1532, 2007. 18

[239] F. Oyama, S. Hirohashi, Y. Shimosato, K. Titani, and

K. Sekiguchi. Deregulation of alternative splic-

ing of fibronectin pre-mRNA in malignant hu-

man liver tumors. Journal of Biological Chemistry,

264(18):10331–10334, 1989. 18

[240] F. Oyama, S. Hirohashi, M. Sakamoto, K. Titani, and

K. Sekiguchi. Coordinate oncodevelopmental mod-

ulation of alternative splicing of fibronectin pre-

messenger RNA at ED-A, ED-B, and CS1 re-

gions in human liver tumors. Cancer research,

53(9):2005–2011, 1993. 18

[241] S. Barlati, M. Colombi, and G. De Petro. Differen-

tial expression of fibronectin and its degradation

products in malignant tumors. Tumor Matrix Bi-

ology, CRC Press, Boca Raton, Florida, pages 81–99,

1995. 18

[242] Y. Abe, N.-A. Bui-Thanh, C. M. Ballantyne, and A. R.

Burns. Extra domain A and type III connecting

segment of fibronectin in assembly and cleav-

age. Biochemical and biophysical research communica-

tions, 338(3):1640–1647, 2005. 18

[243] M. Liu, M. Xie, S. Jiang, G. Liu, L. Li, D. Liu, and

X. Yang. A novel bispecific antibody targeting tu-

mor necrosis factor α and ED-B fibronectin ef-

fectively inhibits the progression of established

collagen-induce arthritis. Journal of biotechnology,

186:1–12, 2014. 18

76

http://dx.doi.org/10.1038/nm.2328
http://dx.doi.org/10.1038/nm.2328
http://dx.doi.org/10.1038/nm.2328
http://dx.doi.org/10.1172/JCI33775
http://dx.doi.org/10.1172/JCI33775
http://dx.doi.org/10.1172/JCI33775
http://dx.doi.org/10.1016/j.bone.2011.03.612
http://dx.doi.org/10.1016/j.bone.2011.03.612
http://dx.doi.org/10.1073/pnas.98.2.620
http://dx.doi.org/10.1073/pnas.98.2.620
http://dx.doi.org/10.1073/pnas.98.2.620
http://dx.doi.org/10.1016/j.matbio.2009.01.003
http://dx.doi.org/10.1016/j.matbio.2009.01.003
http://dx.doi.org/10.1016/j.matbio.2009.01.003
http://dx.doi.org/10.1016/j.yexcr.2007.01.028
http://dx.doi.org/10.1016/j.yexcr.2007.01.028
http://dx.doi.org/10.1016/j.yexcr.2007.01.028
http://dx.doi.org/10.1016/j.yexcr.2007.01.028


REFERENCES

[244] A. Gratchev, P. Guillot, N. Hakiy, O. Politz, C. Orfanos,

K. Schledzewski, and S. Goerdt. Alternatively Ac-

tivated Macrophages Differentially Express Fi-

bronectin and Its Splice Variants and the Ex-

tracellular Matrix Protein βIG-H3. Scandinavian

journal of immunology, 53(4):386–392, 2001. 18

[245] D. C. Dean, C. L. Bowlus, and S. Bourgeois. Cloning

and analysis of the promotor region of the hu-

man fibronectin gene. Proceedings of the National

Academy of Sciences, 84(7):1876–1880, 1987. 18, 40

[246] D. C. Dean, R. F. Newby, and S. Bourgeois. Reg-

ulation of fibronectin biosynthesis by dexam-

ethasone, transforming growth factor beta, and

cAMP in human cell lines. The Journal of cell biol-

ogy, 106(6):2159–2170, 1988. 18, 58, 61

[247] D. C. Dean, M. Blakeley, R. Newby, P. Ghazal, L. Hen-

nighausen, and S. Bourgeois. Forskolin inducibility

and tissue-specific expression of the fibronectin

promoter. Molecular and cellular biology, 9(4):1498–

1506, 1989. 18

[248] C. R. Alonso, J. George, C. Pesce, D. Bissell, and

A. R. Kornblihtt. Fibronectin transcription in

liver cells: promoter occupation and function

in sinusoidal endothelial cells and hepatocytes.

Biochemical and biophysical research communications,

295(5):1077–1084, 2002. 18

[249] D. Gradl, M. Kuhl, and D. Wedlich. The Wnt/Wg

signal transducer β-catenin controls fibronectin

expression. Molecular and cellular biology, 19(8):5576–

5587, 1999. 19, 58

[250] C. Yang and A. Sorokin. Upregulation of fibronectin

expression by COX-2 is mediated by interac-

tion with ELMO1. Cellular signalling, 23(1):99–9104,

2011. 19

[251] W. Liu, T. Lan, X. Xie, K. Huang, J. Peng, J. Huang,

X. Shen, P. Liu, and H. Huang. S1P2 recep-

tor mediates sphingosine-1-phosphate-induced

fibronectin expression via MAPK signaling path-

way in mesangial cells under high glucose condi-

tion. Experimental cell research, 318(8):936–943, 2012.

19, 62

[252] J. S. Tyagi, H. Hirano, and I. Pastan. Modulation of

fibronectin gene activity in chick embryo fibrob-

lasts transformed by a temperature-sensitive

strain (ts68) of Rous sarcoma virus. Nucleic acids

research, 13(22):8275–8284, 1985. 19

[253] L. Devriese, A. Bosma, M. v. d Heuvel, W. Heemsbergen,

E. Voest, and J. Schellens. Circulating tumor cell

detection in advanced non-small cell lung cancer

patients by multi-marker QPCR analysis. Lung

cancer (Amsterdam, Netherlands), 75(2):242–247, 2012.

19

[254] S. Yang, Q. Dong, M. Yao, M. Shi, J. Ye, L. Zhao, J. Su,

W. Gu, W. Xie, K. Wang, Y. Du, Y. Li, and Y. Huang.

Establishment of an experimental human lung

adenocarcinoma cell line SPC-A-1BM with high

bone metastases potency by (99m)Tc-MDP bone

scintigraphy. Nuclear medicine and biology, 36(3):313–

321, 2009. 19

[255] S. Yang, J. Shin, K. H. Park, H. C. Jeung, S. Y. Rha, S. H.

Noh, W. I. Yang, and H. C. Chung. Molecular basis of

the differences between normal and tumor tis-

sues of gastric cancer. Biochimica et biophysica acta,

1772(9):1033–1040, 2007. 19

[256] E. A. Clark, T. R. Golub, E. S. Lander, and R. O. Hynes.

Genomic analysis of metastasis reveals an essen-

tial role for RhoC. Nature, 406(6795):532–535, 2000.

19

[257] F. Wang, G. Song, M. Liu, X. Li, and H. Tang. miRNA-

1 targets fibronectin1 and suppresses the mi-

gration and invasion of the HEp2 laryngeal

squamous carcinoma cell line. FEBS letters,

585(20):3263–3269, 2011. 19

[258] J. Meredith, B. Fazeli, and M. Schwartz. The extra-

cellular matrix as a cell survival factor. Molecular

biology of the cell, 4(9):953–961, 1993. 20, 66

[259] U. K. Laemmli et al. Cleavage of structural proteins

during the assembly of the head of bacteriophage

T4. nature, 227(5259):680–685, 1970. 23

[260] H. Towbin, T. Staehelin, and J. Gordon. Elec-

trophoretic transfer of proteins from polyacry-

lamide gels to nitrocellulose sheets: procedure

and some applications. Proceedings of the National

Academy of Sciences, 76(9):4350–4354, 1979. 23

[261] T. Heinemeyer, E. Wingender, I. Reuter, H. Her-

mjakob, A. Kel, O. Kel, E. Ignatieva, E. Ananko,

O. Podkolodnaya, F. Kolpakov, N. Podkolodny, and

N. Kolchanov. Databases on transcriptional regu-

lation: TRANSFAC, TRRD and COMPEL. Nu-

cleic acids research, 26(1):362–367, 1998. 27, 39
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5

Appendix

5.1 Cytotoxicity assays

In order to determine the concentration at which different compounds used in this study

were toxic to Hs578T cells, WST-1 cell proliferation assays were conducted. Hs578T

cells were treated with different concentrations of GA, NOV and rapamycin. WST-1

reagent was added to each well after 48 h of treatment and was incubated for for 4

h at 37 °C. Absorbance was then measured and the data obtained were analysed in

GraphPad Prism 4 and EC50 values were calculated. Data for each compound are

displayed as dose response curves, with percentage cell survival plotted against the log

treatment concentration.

GA treatment of Hs578T cells for 48 h yielded an EC50 value of 4925 nM, NOV

had 282.5 µM in the same assay conditions. Rapamycin treatment showed an EC50

value of 8.838 µM. These concentration values were all at least 5-fold higher than the

concentrations used in the various experiments during the present study.

5.2 qPCR housekeeping gene validation

In order to conduct qPCR analysis using the ∆∆Ct method, two housekeeping genes

must be assayed in addition to the gene of interest. As outlined in the calculation

section below, these are used as normalising (or non-targeting) controls to which the

gene of interest can be compared. For optimal analysis, the levels housekeeping genes

should not change significantly between the control and experimental conditions.
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5.2 qPCR housekeeping gene validation

Figure 5.1: WST1 cytotoxicity assays - Hs578T cells were treated with concentrations

of geldanamycin from 0 nM - 100 µM, novobiocin between 0 µM - 10 mM or rapamycin

between 0 nM - 50 µM. WST-1 reagent was added to each well after 48 h of treatment and

was incubated for for 4 h at 37 °C. Absorbance was then measured and the data obtained

were analysed in GraphPad Prism 4. EC50 values of 492 nM (R2: 0.8491) for geldanamycin

(A), 282.5 µM (R2: 0.8827) for novobiocin (B), and 8.838 µM (R2: 0.8912) for rapamycin

(C) were determined.

Four genes for proteins that conduct cellular housekeeping functions were selected

for analysis; ACTB, GAPDH, HRPT and PPIA. Hs578T cells were treated with 100

µM NOV, 10 nM GA or DMSO. Total RNA was extracted 24 hours after treatment

and cDNA synthesis was conducted. cDNA from equal amounts of RNA from each

treatment were assayed for housekeeping gene levels by qPCR. Data were analysed in

BioRAD CFX Manager 3.1 Software, and is displayed in Figure 5.2.

ACTB and PPIA were the two genes to change the least upon treatment of cells

with Hsp90 inhibitors compared with DMSO treatment, with a standard deviation of

the average Ct values of 0.372201 and 0.425245 respectively. GAPDH did not change

greatly following treatment with GA, however a loss of GAPDH RNA upon NOV

treatment made this gene unsuitable for use as a non-targeting control. HRPT showed

great variability upon GA treatment and had a large average Ct standard deviation

(1.865083) across treatments, and was therefore similarly unsuitable for use as a house-

keeping gene in subsequent qPCR assays. As an additional control for qPCR assays

making use of the ∆Ct method, a housekeeping gene was also analysed, in order to en-

sure equal cDNA loading. Interestingly during experiments in which cells were treated

with rapamycin, PPIA RNA varied greatly between control and test conditions. PPIA

plays an important role in metabolic regulation in hepatic cells, and therefore changes

in RNA levels upon mTOR inhibition might be expected. ACTB was therefore used
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5.3 Cloning of pGL4-pFN1

Figure 5.2: ACTB and PPIA are the most stable housekeeping genes under

Hsp90 inhibition test conditions - Hs578T cells were treated with 100 µM NOV, 10 nM

GA or DMSO. total RNA was extracted and cDNA synthesis was conducted as previously

described. qPCR analyses of the levels of housekeeping genes under treatment relative to

the untreated samples are displayed. The standard deviation in the average Ct values across

treatments were determined: ACTB (0.372201), GAPDH (1.155177), HRPT (1.865083)

and PPIA (0.425245).

for these experiments.

5.3 Cloning of pGL4-pFN1

The FN1 promoter was synthesised and obtained in the pUC57 vector. The FN1

promoter sequence was modified at the 5’ end to contain an NheI restriction site, and

at the 3’ end to contain a BglII restriction site. As outlined in the schematic diagram

in Figure 5.3 A, these two enzymes were used to digest the FN promoter insert out

from the pUC57 vector. The same sites were found in the multiple cloning site on

the pGL4.17 vector, upstream of the luc2 luciferase reported gene. These sites were

exploited in order to ligate the FN promoter insert into the pGL4.17 vector in the

correct orientation.

In order to confirm the successful sub-cloning of the FN promoter insert to create

the pGL4-pFN1 vector, the vector produced was digested with Acc65I alone, and with

BglII and NheI in combination. These digests were resolved and visualised on an

agarose gel (Figure 5.3 B) in order to confirm the insertion. The correct orientation of
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5.3 Cloning of pGL4-pFN1

Figure 5.3: The strategy and confirmation restriction digest for sub-cloning of

the FN1 promoter sequence into the promoterless luciferase reporter vector

pGL4.17 - A The synthesised FN1 promoter was contained in the pUC57 vector with a

5’ NheI and a 3’ BglII restriction site at either end of the FN1 promoter. The pGL4.17

promoterless reporter vector (Promega) was digested using NheI and BglII prior to ligation

of the pFN1 promoter insert into the pGL4.17 backbone. The pGL4-pFN1 reporter vector

was confirmed by sequencing. B Successful sub-cloning of the FN promoter insert to create

the pGL4-pFN1 vector was confirmed using restriction digestion of the original pUC57-

pFN1 vector and the product vector and resolution on a 1 % (w/v) agarose gel. pUC57-

pFN1 was digested with both BglII and NheI to yield the pUC57 backbone (2590 bp) and

the pFN1 insert (1340 bp)(A). The pFN1 insert was subcloned into the pGL4 promoterless

reporter vector and the construct pGL4-pFN1 was confirmed with a digestion using both

BglII and NheI to yield the pGL4 backbone (5577 bp) and the pFN1 insert (1340 bp)(B).

(M) was the KAPA Universal DNA Ladder.
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5.4 Chromatin shearing optimisation

the insert was confirmed by sequencing. The pGL4.17 vector was 5,599 bp in size and

the insert was 1,340 bp in size.

5.4 Chromatin shearing optimisation

The optimal duration for digestion of chromatin with DNAseI was determined. Cross-

linked chromatin was extracted from Hs578T cells as previously described. The chro-

matin was then used in a digestion reaction using 0.05 U DNAseI per µg of chromatin

at 37 °C. At 10 min intervals, aliquots of the digestion were removed and the reaction

was stopped by the addition of EDTA to 5 mM. After 100 mins, all of the chromatin

digest aliquots were further heat-inactivated at 95 °C for 60 mins. This heat treatment

also reversed the formaldehyde cross-linking. The resulting prepared chromatin was

resolved on a 2 % (m/v) agarose gel (Figure 5.4). Digestion using DNAseI resulted

in an increasing amount of DNA fragments with a length smaller than 500 bp with

increasing reaction time. After only 10 min of incubation with DNAseI, a substantial

amount of chromatin degradation can be observed (Figure 5.4), with a loss in intensity

in the low MW region as treatment time increases. A persistent high MW band is

visible across all treatment times.

Some chromatin remains inaccessible to DNAseI during the digestion reaction as is

apparent from the visible high MW band in all lanes in Figure 5.4. This is likely due

to proteins cross-linked to the DNA. Total degradation of the smaller DNA fragments

is visible at the 90 and 100 min time points, whereas earlier time points show an

abundance of 500 bp to 100 bp DNA fragments.

Occupancy of purported HSE1 (pHSE1) by HSF1 was tested using a ChIP assay.

Hs578T cells were treated with either DMSO or 100 nM GA ChIP was conducted using

an Imprint UltraChromatin Immunoprecipitation kit (Sigma-Aldrich). The product

of the pHSE1 qPCR product was sent for sequencing in order to confirm its identity

as the relevant region upstream of FN1. The sequencing results were analysed using

BLASTn and the sequence identities of all results are summarised in Table 5.1. The

only matching DNA identified by the alignment tool were from 1295 bp on the 5’ side

of FN1 on chromosome 2 (216307679 bp to 216307756 bp), confirming the HSF1 bound

DNA as HSE1; -965 bp to -951 bp on the FN1 promoter.
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5.4 Chromatin shearing optimisation

Figure 5.4: Validation of chromatin preparation using DNAseI digestion -

Hs578T cells were treated with either 100 nM GA or the vehicle control. 24 hours post-

treatment the cells were harvested and formaldehyde (1 %) was used to cross-link DNA

and protein. The chromatin was sheared using DNAseI treatment (0.05 U/µg DNA) at 37

°C for different periods of time after which the fragmentation reaction was arrested using

EDTA (5 mM) and heat inactivation for 1 hour at 95 °C which also served to reverse the

cross-linking. Products were run on a 2 % (w/v) agarose gel.
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5.5 RT-PCR of FN mRNA transcript splice variants

5.5 RT-PCR of FN mRNA transcript splice variants

The relative proportions of FN mRNA splice variants was investigated by RT-PCR anal-

ysis of FN mRNA using exon flanking primers adapted from Kilian et al. (2004)(271).

Hs578T cells were treated with Hsp90 inhibitors and RNA processed as previously de-

scribed. The primers were used five separate PCR reactions per cDNA sample and

were conducted such that the reactions were non saturated. Primer pairs were each

expected to yield a number of bands and these anticipated products are detailed in

Table 5.2.

The PCR products were resolved and visualised using agarose gel electrophoresis

and a representative example of the resulting bands are shown in Figure 5.5. A single

band at 419 bp is visible in the III9 lane, corresponding to an exon in the FN primary

transcript which is included in all FN splice variants. In the ED-B and ED-A lanes,

higher and lower MW bands correspond to extra domain exon inclusive, and exclusive

splice variants respectively. Primers CS1 and CS2 produce products from the area of

exon 39 including IIICS 360 bp, IIICS 267 bp, IIICS 192 bp and IIICS 0 bp. Primers

CS1 and CS3 produce two products corresponding to IIICS 360 bp and IIICS 267 bp.

Primer pair CS2 and CS4 also produce two products corresponding to the IIICS 360

bp and IIICS 285 bp splice variants. The relative band intensities of bands in the same

lane were analysed using densitometry in ImageJ 1.42I and the percentage composition

of each alternately spliced exon as a proportion of total FN, as detected by the III9 exon

which is present in all FN splice variants. Calculations are outlined in the calculation

section below.

The PCR products corresponding to the IIICS variable region splice variants were

isolated by gel excision and analysed by direct sequencing. These sequences were then

aligned with the full length FN mRNA transcript (NM 212482) in order to identify the

locations of splice junctions within the IIICS exon. These results are summarised in

Figure 5.6.

Exon 39 of the FN1 primary transcript is 360 bp long and has five splice variants

designated IIICS 0 bp, IIICS 192 bp, IIICS 267 bp, IIICS 285 bp and IIICS 360 bp,

according to the size of the included fragment (Figure 3.9 D). IIICS 0 bp is the complete

exclusion of the exon, and IIICS 360 bp is the complete inclusion. The three partially

included fragments are structured as follows: IIICS 192 bp has both a 5’ 72 bp and a
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5.5 RT-PCR of FN mRNA transcript splice variants
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5.6 Promoter HSE analysis

Figure 5.5: Example of RT-PCR analysis of a single sample - Hs578T cells were

treated and extracted mRNA was analysed according to the RT-PCR splice variant exper-

iments described. The band sizes visualised using agarose gel (1.5 % w/v) electrophoresis

from primer pairs listed in Table 2.5 match the expected products as described in Table

5.2. Band identities were confirmed using direct sequencing.

3’ 90 bp truncation. The IIICS 267 bp splice variant has only the 3’ 90 bp truncation,

and the IIICS 285 bp splice variant has only the 5’ 72 bp truncation (Figure 5.6).

5.6 Promoter HSE analysis

We investigated potential responsiveness of a number of other extracellular matrix pro-

teins (ECMs) to GA treatment. The -2000 bp to +1 bp promoter regions of known

heat-shock inducible genes (HSP90AA1, HSPA1A, HSPB1 (55), stress related tran-

scription factors (HSF1, HIF1A)(30)(272) and a subset of key extracellular matrix

protein genes (lamanin beta 3 [LAMB3 ], lamanin gamma 2 [LAMC2 ], collagen 4 al-

pha 2 [COL4A2 ], collagen 4 alpha 3 [COL4A3 ], elastin [ELN ], vitronectin [VTN ] and

osteopontin [SPP1 ])(141)(140)(273) were obtained from the Ensemble database and

screened for potential HSEs using TFSearch. The results from this analysis are pre-

sented in Table 5.3.

5.7 Calculations

5.7.1 qPCR calculations

∆Ct = Ct Target Gene Ct Reference Gene
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5.7 Calculations

Figure 5.6: Sequence for FN1 exon 39 (IIICS / variable region) - Primers CS1 &

CS2, CS1 & CS3, and CS2 & CS4 were used to produce PCR products from the sequence

encoding FN exon 39. These had different MW corresponding to splice variants of the

IIICS variable region; IIICS 360 bp, IIICS 285 bp, IIICS 267 bp, IIICS 192 bp and IIICS 0

bp (Table 5.2 & Figure 5.5). The PCR products corresponding to each splice variant were

isolated and sequenced. Alignment of these products to a full length FN mRNA transcript

was used in order to identify the locations of IIICS splice junctions. IIICS 0 bp is the

complete exclusion of the exon, except the 5’ sequence in bold font which is present in all

isoforms tested. IIICS 360 bp is the complete inclusion of the full sequence given. The

three partially included fragments are structured as follows: IIICS 192 bp has both a 5’ 72

bp and a 3’ 90 bp truncation, including only the underlined sequence and the sequence in

bold font. The IIICS 267 bp splice variant has only the 3’ 90 bp truncation, thus including

the whole sequence given beginning with the underlined sequence. The IIICS 285 bp splice

variant has only the 5’ 72 bp truncation, thus excluding only the sequence between the

underlined sequence and the sequence in bold font.
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5.7 Calculations
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5.7 Calculations

∆Ct Control = Ct Target Gene Ct Reference Gene

∆Ct Test = Ct Target Gene Ct Reference Gene

∆∆Ct = ∆Ct Test ∆Ct Control

Normalised Expression Ratio (NER) = 2−∆∆Ct

Example:

∆Ct = Ct (FN1) Ct (ACTB)

∆Ct DMSO = Ct (FN1) Ct (ACTB)

∆Ct GA (10 nM) = Ct (FN1) Ct (ACTB)

∆∆Ct = ∆Ct GA (10 nM) ∆Ct DMSO

NER = 2−∆∆Ct = Fold change of FN1 with GA, relative to DMSO.

5.7.2 ChIP calculations

Differences in chromatin sample preparation between experiments were accounted for

by normalising to the Ct value of the same qPCR reaction conducted on the input

DNA:

∆Ct Normalised = (Ct Target ChIP - Ct Input DNA - Log2(Input Dilution Factor))

Where the Input Dilution Factor = (fraction of the input chromatin reserved)−1.

e.g. 1 % corresponds to a dilution factor of 100.

The normalized Ct values for each replicate PCR were then averaged for each ChIP,

and these average normalised Ct values were then adjusted to account for signal back-

ground as determined by the isotype control for each ChIP antibody:

∆∆Ct = ∆Ct ChIP - ∆Ct Isotype Control

The fold enrichment for the target over the background signal was then calculated:

Fold Enrichment = 2−(∆∆)Ct

Finally the fold enrichment of each treated ChIP sample was normalised to the

vehicle control:

Normalised Fold Enrichment = Fold Enrichment (GA ChIP) / Fold Enrichment

(DMSO ChIP)
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5.7 Calculations

5.7.3 RT-PCR splice variant calculations

The relative band intensities of bands in the same lane were analysed using densitometry

in ImageJ 1.42I and the percentage composition of each alternately spliced exon as a

proportion of total FN was determined as follows:

Extra Domain Exons -

% ED+ = (Band Area ED+ / (Band Area ED+ + Band Area ED-)) × 100

% ED- = (Band Area ED- / (Band Area ED+ + Band Area ED-)) × 100

Variable Region Exons -

Each band was normalised to the IIICS 360 bp band for that lane. The proportion

of the sum of these values accounted for by a particular band, corresponded to the

proportion of the transcripts containing the corresponding IIICS splice variant.

E.g.:

% IIICS 0 bp = [(436 bp Band Area / IIICS 360 bp Band Area) / (IIICS 285 bp

Band Area + IIICS 267 bp Band Area + IIICS 192 bp Band Area + IIICS 0 bp Band

Area) / IIICS 360 bp Band Area] × 100
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