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Abstract: Heat shock protein 90 (HSP90) is an evolutionarily conserved chaperone protein that controls
the function and stability of a wide range of cellular client proteins. Fibronectin (FN) is an extracellular
client protein of HSP90, and exogenous HSP90 or inhibitors of HSP90 alter the morphology of the
extracellular matrix. Here, we further characterized the HSP90 and FN interaction. FN bound to the
M domain of HSP90 and interacted with both the open and closed HSP90 conformations; and the
interaction was reduced in the presence of sodium molybdate. HSP90 interacted with the N-terminal
regions of FN, which are known to be important for matrix assembly. The highest affinity interaction
was with the 30-kDa (heparin-binding) FN fragment, which also showed the greatest colocalization
in cells and accommodated both HSP90 and heparin in the complex. The strength of interaction
with HSP90 was influenced by the inherent stability of the FN fragments, together with the type of
motif, where HSP90 preferentially bound the type-I FN repeat over the type-II repeat. Exogenous
extracellular HSP90 led to increased incorporation of both full-length and 70-kDa fragments of FN
into fibrils. Together, our data suggested that HSP90 may regulate FN matrix assembly through its
interaction with N-terminal FN fragments.
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1. Introduction

The 90-kDa ATP-driven chaperone family protein, heat shock protein 90 (HSP90), is widely
distributed in eukaryotes, and creates a proteostasis hub inside the cell [1–4]. HSP90 is mostly found
in the cytoplasm and constitutes almost 2% of the cellular protein content [5–7]. Each monomer of the
HSP90 dimer has three domains, namely an N-terminal domain (NTD) that binds and hydrolyses ATP, a
middle domain (MD/M domain) connected to the NTD via a charged linker, and a carboxy (C)-terminal
domain that is vital for dimerization and possesses the tetratricopeptide repeat (TPR)-binding motif,
EEVD [4,8–12]. The M domain is believed to be the major client-binding site and discriminates
between different types of client proteins [13–15]. The charged linker which connects the NTD to the
MD operates in client activation and co-chaperone binding [6,15–17]. HSP90 regulates the stability
of a substantial proportion of the cellular proteome, including numerous signaling intermediates,
kinases, and transcription factors [2,7,18,19]. HSP90 function is best characterized in the cytoplasm,
although it is now clear that HSP90 is also exported to the extracellular space where it functions in the
regulation of the immune response and cellular processes like migration and invasion [3,20–24]. In
this way, extracellular HSP90 (exHSP90) potentiates the aggressiveness of cancer by promoting cancer
progression and metastasis [20]. Compared to the wide range of intracellular clients, fewer exHSP90
clients have been identified, but those that have been identified include a number of extracellular
matrix-associated proteins like matrix metalloproteases (MMP2 and MMP9), tissue plasminogen
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activator (TPA), and fibronectin, which provide a mechanistic link for the role of exHSP90 in migration
and invasion [22,25–27]. Current dogma suggests that HSP90 identifies client proteins through
recognition of unstable conformations, rather than sequence-based motifs [28,29]. Compared to
intracellular client proteins, a relatively few studies have studied the interaction of HSP90 with
extracellular client proteins in any depth.

Our previous work identified the extracellular matrix protein fibronectin (FN) as a client protein
of HSP90, and demonstrated a role for extracellular HSP90 in regulating matrix assembly and turnover
via the extracellular receptor low density lipoprotein receptor-related protein-1 (LRP1/CD91) [30,31].
Tumors with a high level of FN expression are associated with a higher chance of metastasis, and
elevated HSP90 and FN are correlated with decreased survival in breast cancer patients [32–36].
N-terminal inhibition of HSP90 with either geldanamycin or AUY922 increased FN expression, while
AUY922 reduced FN secretion in prostate cancer which was linked to a reduction in invasion and
migration [37]. Beyond cancer, increased expression of FN and extracellular matrix (ECM) are associated
with idiopathic pulmonary fibrosis (IPF) [38]. Elevated extracellular HSP90α levels were associated
with increased severity of IPF, where HSP90α secretion increased with increased matrix stiffness [38].
Therefore, HSP90 modulation may provide a mechanism by which to treat disorders associated with
dysregulated FN and ECM. In addition to therapeutic potential, the regulation of FN ECM is also
interesting from a protein folding perspective, since FN is synthesized and exported in a soluble form,
which subsequently undergoes cell-mediated unfolding and self-association (in addition to numerous
other interactions) to form an insoluble extracellular matrix [39–43]. This process involves substantial
protein conformational regulation [41,44,45], and hence it is not surprising that HSP90 may play a
role. The mechanism by which the HSP90–FN interaction regulates FN assembly or turnover remains
undefined. Part of defining that mechanism is our current study aimed at understanding the molecular
basis for the interaction between HSP90 and FN in more detail.

2. Materials and Methods

2.1. Proteins, Antibodies, and Plasmids

The 120-kDa cell-binding FN fragment (henceforth referred to as FN120) was from Merck Millipore
(F1904, Burlington, MA, United States) and full-length FN (FL-FN) was from Santa Cruz Biotechnology
(SC29011, Dallas, TX, United States). The 70-kDa N-terminal FN fragment produced by cathepsin D
treatment of full-length FN (1–6FNI1–2FNII7–9FNI; henceforth referred to as FN70) (F0287); and the
N-terminal FN 30-kDa heparin-binding fragment (1–5FN1, henceforth referred to as FN30) (F9911)
and the 45-kDa gelatin-binding FN fragment (6FNI1–2FNII7–9FNI, henceforth referred to as FN45)
(F0162) produced by tryptic cleavage of the 70-kDa fragment were from Sigma-Aldrich (St. Louis,
MO, United States) (Figure 1). The details of all antibodies, together with conditions of usage in
the study are provided in the Supplementary Files. Recombinant full-length His-HSP90α and the
glutathione S-transferase (GST)-tagged HSP90α domains (Figure 1) were purified from Escherichia coli
using established protocols, the detail of which can be found in the Supplementary Files.
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Figure 1. Schematic diagram of HSP90 and fibronectin (FN) domains. (A) HSP90 domain boundaries
indicated by numbering and recombinant fragments used in this study. (B) Domain structure of
full-length fibronectin and proteolytic fragments thereof. The squares labeled 1, 2, and 3 refer to the
type-I, type-II, and type-III FN domains, respectively. The binding sites of FN interactors are labeled
above, while the sites of proteolytic cleavage of full-length FN are indicated by dotted lines and they
give rise to the smaller 120, 70, 45, and 30 kDa fragments used in this study.

2.2. Plasmids

pGEX-4T-1-GST-HSP90M (Addgene plasmid #22482; http://n2t.net/addgene:22482; RRID:
Addgene_22482), pGEX-4T-1-GST-HSP90C (Addgene plasmid #22483; http://n2t.net/addgene:22483;
RRID: Addgene_22483), and pGEX-4T-1-GST-HSP90N (Addgene plasmid #22481; http://n2t.net/
addgene:22481; RRID: Addgene_22481) were a gift from William Sessa [46]. pHLSec2-FN-YPet
(Addgene plasmid #65421; http://n2t.net/addgene:65421; RRID: Addgene_65421) was a gift
from Harold Erickson [47]. pBiFC-VC155 (Addgene plasmid #22011; http://n2t.net/addgene:
22011; RRID: Addgene_22011), pBiFC-VN173 (Addgene plasmid #22010; http://n2t.net/addgene:
22010; RRID: Addgene_22010), pBiFC-bfosVC155 (Addgene plasmid #22013; http://n2t.net/
addgene:22013; RRID: Addgene_22013), and pBiFC-bJunVN173 (Addgene plasmid #22012;
http://n2t.net/addgene:22012; RRID: Addgene_22012) were a gift from Chang-Deng Hu [48].
pCherry.90beta (Addgene plasmid #108223; http://n2t.net/addgene:108223; RRID: Addgene_108223)
was a gift from Didier Picard [49]. pcDNA-Flag-HSP90α-WT, pcDNA-Flag-HSP90α-Y313E/F,
pcDNA-HA-HSP90α-WT, and pcDNA-HA-HSP90α-E47A were a gift from Len Neckers [50,51].
pcDNA-Flag-HSP90α-D93A was a gift from Mehdi Mollapour [52].

The coding sequences of FN30 and FN70 including the signal sequence were cloned into
pBiFC-VC155 in-frame with a haemagglutinin (HA) tag via the ApaI site, whereas HSP90α and
HSP90αM were cloned into the pBiFC-VN173 plasmid in-frame with a Flag tag via the BglII/SalI and
SalI site, respectively. For enhanced green fluorescence protein (EGFP)-fusion FN fragment-expressing
plasmids, the coding sequences of FN70 and FN30 were cloned into pcDNA3-EGFP via the BamHI/EcoRI
sites in-frame with C-terminal EGFP. The FN short repeats encoding either 3 type-I repeats (1–3FNI)
or 2 type-II repeats (1–2FNII) were synthesized by GenScript (Hong Kong) with C-terminal HA and
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hexahistidine (His) tags, and were subcloned into the pcDNA3 plasmid via the BamHI/EcoRI sites. The
His-HSP90α-M domain was constructed by subcloning from pGEX-4T-1-GST-HSP90M into pQE80L
in-frame with an N-terminal His tag at BamHI/SalI site. The codon-optimized HSP90α-coding region
was synthesized and inserted into the pET16b expression plasmid in-frame with an N-terminal His
tag by GenScript (Hong Kong). Further details on PCR parameters, primers, recombinant protein
expression, and purification protocols can be found in the Supplementary Files.

2.3. Cell Line Maintenance and Transfection

The HEK293T cell line was maintained in Dulbecco’s modified Eagle’s medium (DMEM) with
10% (v/v) fetal bovine serum (FBS), 1% (v/v) L-glutamine, 0.1 mM non-essential amino acids (NEAA),
1 mM sodium pyruvate, 100 U/mL penicillin, streptomycin and amphotericin (PSA), and 500 µg/mL
G418. Hs578T breast cancer cells were maintained in DMEM supplemented with 10% FBS, 2 mM
GlutaMAX™, 100 U/mL PSA, and 2 mM insulin (Novo Nordisk A/S, Bagsværd, Denmark). Mouse
embryonic fibroblasts (MEFs) were maintained in DMEM supplemented with 10% (v/v) FBS, 2 mM
GlutaMAX™, and 100 U/mL PSA. All cell lines were maintained at 37 ◦C in a humidified chamber with
9% CO2. Cells were transfected at 50% confluency with X-tremeGENE HP DNA transfection reagent
(Roche, Manheim, Germany; 6366244001) according to the protocol provided.

2.4. Sodium Dodecyl Sulphate–Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Western Blot Analysis

Cells were lysed in CelLyticTM M (Sigma-Aldrich, St Louis, MO, USA) and total protein quantified
was using absorbance at 280 nm on a Nanodrop 2000 spectrophotometer. Equal amounts of protein
were loaded into each well and separated in discontinuous SDS-PAGE according to the accepted
modified protocol of Laemmli (1970) [53]. Resolved proteins were transferred onto a nitrocellulose
membrane for western blot analysis using the method of Towbin and Gordon (1979) [54]. For the list of
antibodies and dilutions used in this study, please see the Supplementary Materials.

2.5. Solid Phase Protein–Protein Interaction Assay

Solid phase protein–protein interaction assays were performed according to the published
protocol [30]. Briefly, high binding plates were coated with 100 µg/mL of either full-length FN or
FN30, FN45, FN70, or FN120 fragments, and incubated for 6 h at 22 ◦C before blocking with 3% (w/v)
bovine serum albumin (BSA) in Buffer A [30]. The interacting protein (HSP90α or HSP90α N, M or C
domain) was added and incubated overnight at 4 ◦C. Plates were washed three times with 1% (w/v)
BSA in Buffer A and treated with primary antibody in Buffer A. Plates were washed with 1% (w/v) BSA
and incubated with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibody
solution. A 3,3′,5,5′, tetramethylbenzidine TMB substrate solution (0.1 mg/mL TMB in 25.7 mM citric
acid, 48.6 mM disodium phosphate, and 0.01% (v/v) hydrogen peroxide) was added to each well and
the reaction was stopped by adding 2 M sulfuric acid. Absorbance values were recorded at 450 nm
and data were processed using GraphPad Prism software version 4.0.

2.6. Gelatin and Heparin Agarose Pull-Down Assay

A 20 µL aliquot of either gelatin agarose or heparin agarose beads was incubated with a
dose-dependent amount (0, 1, 5, and 50 µg) of purified His-HSP90α protein. Each bead–protein
mixture was mixed with 200 µg VC-FN70-transfected cell lysates in a 600 µL total reaction volume in
phosphate buffered saline (PBS), and incubated overnight at 4 ◦C with rotation. PBS-T (PBS containing
0.05% (v/v) Tween 20) with 50 mM phenylmethanesulfonyl fluoride (PMSF) was used to wash the
beads, before eluting the complex by boiling in SDS loading buffer with 5% (v/v) β-mercaptoethanol
and analyzing the complex by SDS-PAGE and western blot.
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2.7. Immunoprecipitation and Nickel Affinity Pull-Down Assay

Transfected mammalian cell lysates were incubated with anti-EGFP or anti-HA conjugated beads
overnight at 4 ◦C with shaking. Beads were washed with PBS-T (0.05% (v/v) Tween 20 with 50 mM
PMSF) for three times. Subsequently, protein complexes were eluted by boiling in SDS loading buffer
for 5 min. For isolation of His-tagged proteins from transfected cells, cell lysates were incubated with
nickel conjugated nitrilotriacetic acid (Ni-NTA) beads overnight at 4 ◦C. Ni-NTA agarose beads were
washed with a His wash buffer (20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 20 mM imidazole, and
50 mM PMSF). Proteins were eluted by boiling in the SDS loading buffer with β-mercaptoethanol and
analyzed by western blot.

2.8. Protein Thermal Shift Unfolding Assay

Thermal scanning of protein unfolding was adapted from published protocols using the CFX
Connect thermal cycler system (BioRad, Hercules, CA, United States) [55,56]. For the unfolding assay,
a 5x final concentration of SYPRO Orange dye was mixed with 2 µM protein in a 20 µL reaction volume
in standard 25 mM sodium phosphate buffer. A stepwise temperature increment (0.7 ◦C) from 25 ◦C to
95 ◦C with 3 min hold times and an initial 2 min hold time was applied and fluorescence signal was
detected using a VIC filter set. The melting temperature (Tm) of unfolding was generated from raw
fluorescence values using GraphPad Prism 4.

2.9. Confocal Microscopy for Colocalization and Biomolecular Fluorescence Complementation (BiFC) Assay

HEK293T cells were seeded onto poly-L-lysine-coated glass coverslips and allowed to adhere
overnight. For either colocalization analysis [30] or BiFC assay [48], cells were transfected with
appropriate plasmids at 60% confluency. Following 48 h transfection, cells were fixed with freshly
prepared 3.7% (w/v) paraformaldehyde and stained with 1 µg/mL Hoechst 33342 before mounting with
DAKO mounting medium and analysis by confocal microscopy (Carl Zeiss, Jena, Germany).

2.10. Confocal Microscopy Analysis of FN Matrix

Protocols for ECM production and harvest from Hs578T breast carcinoma cells were adapted
from published protocols [57]. Ethanol-sterilized coverslips in a 6-well plate were incubated with 0.2%
(w/v) sterile gelatin for 1 h at 37 ◦C. Gelatin was crosslinked with 1% (v/v) sterile glutaraldehyde in PBS
for 30 min at room temperature. Wells were washed thrice with PBS, 5 min each time. Crosslinker was
quenched with 1 M sterile ethanolamine for 30 min at room temperature. Wells were again washed
thrice with PBS, 5 min each time. Cells were seeded onto the prepared 6-well plates (at a density of
6 × 105 cells/well or such that the next day 100% confluency was observed). Upon confluency, the
media was replaced with 50 µg/mL ascorbic acid-containing media and was changed every second day
thereafter. After 6 days of culture, wells were treated for 24 h with BSA or HSP90β as described in figure
legends. The following day, cells were washed with PBS and incubated with 50 mM EDTA for 10 min at
37 ◦C. Cells were washed twice with PBS and then incubated with an extraction buffer (20 mM NH4OH
and 0.5% (v/v) Triton-X in PBS) preheated to 37 ◦C until complete cell lysis (as observed by assessing
whether all cells had lifted using an inverted light microscope). Without removing the extraction buffer,
PBS was added to each of the wells and placed at 4 ◦C overnight to improve the stability of the newly
extracted matrices. To remove DNA, wells were incubated with 10 µg/mL of DNase I (Roche, Basel,
Switzerland) for 30 min at 37 ◦C. Wells were washed three times with PBS. Cell-derived matrices were
processed for immunostaining and confocal microscopy as described previously [31].

For the treatment of Hs578T cells with fluorescently labeled FN and FN70, commercial sources
of FL-FN and FN70 resuspended in PBS were fluorescently conjugated to a DyLight dye by an
N-hydroxysuccinimide (NHS) ester moiety. FL-FN and FN70 were conjugated to DyLight 488
(Catalog number: 53025) and DyLight 555 (Catalog number: 53044), respectively, according to the
manufacturer’s instructions. Hs578T cells were seeded on glass coverslips and grown for 48 h.
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FL-FN-488 was added to cells for 24 h. Cells were then left untreated or treated with either HSP90β or
BSA, together with the addition of FN70-555, to the existing medium containing FL-FN-488 for the
time periods indicated in figure legends. Coverslips were harvested at the various time points and
fixed with 4% (w/v) paraformaldehyde. Nuclei were stained with Hoechst-33342 dye. Images were
captured using the Zeiss LSM780 Meta laser scanning confocal microscope (Zeiss, Munich, Germany)
and analyzed using the Zen Blue Software (Zen2, blue edition).

2.11. Cell Migration Assays

For the scratch assays, MEF-1 and Hs578T cells were plated in 24-well culture plates to form a
confluent cell monolayer. Using a sterile toothpick, a scratch was made in the monolayer to create
wounds. The wells were washed once with medium to remove non-adherent cells and incubated in
fresh medium containing various HSP90 inhibitors as indicated in figure legends. Images were taken
with a Zeiss Primovert inverted light microscope at the time of initiation of the wound (t = 0 h) and
again after 12 h migration (t = 12 h). Distances migrated were calculated by subtracting the wound
width at t = 12 h from the wound width at t = 0 h. For migration assays from a plated monolayer, cells
were plated into 4-well culture inserts (ibidi, Lochhamar, Schlag 11|82166 Grafelfing, Germany; Catalog
number: 80469) to achieve confluency. Cells were left untreated or treated with the HSP90 inhibitor,
novobiocin, for 16 h. Inserts were removed and the migration of cells outward from the monolayer
edges was measured by capturing images at the start (t = 0 h) and end of the 12 h migration (t = 12 h)
period. The distance migrated was calculated by measuring the distance of migrating cell border from
the original cell border.

2.12. Statistical Analysis and Reproducibility

All data represent a minimum of three independent experiments, unless otherwise stated.
Statistical analysis using unpaired t-tests, one-way ANOVA, and two-way ANOVA with Bonferroni
post-test were performed in GraphPad Prism 4 and a p-value below 0.05 was considered to be
statistically significant.

3. Results

3.1. Identification of the Interaction Domains in HSP90 and FN

Structurally, HSP90 is composed of three domains which regulate its function. The N-terminal
domain is required for ATP binding and hydrolysis, while the M domain is the primary binding site
of client proteins and the C-terminal domain mediates dimerization and co-chaperone interactions
(Figure 1).

We previously reported the direct interaction of full-length fibronectin (FL-FN) with both full-length
HSP90α and HSP90β. We first aimed to identify which domain of HSP90 binds FL-FN. We used
recombinant GST-tagged HSP90α domains or GST as a control (Figure 1A), and commercially available
FL-FN in a direct protein–protein binding assay. Only the GST-HSP90αM domain bound to FL-FN
with greater affinity than the GST control. The N- and C-terminal domains of GST-HSP90α bound
with similar or lower affinity compared to the GST control, suggesting that the observed interaction
was attributable to GST (Figure 2A).

Having shown the association of GST-HSP90αM with FL-FN, we attempted to identify the
region of FL-FN binding to HSP90αM. FN is made up of two identical 250-kDa subunits, which are
interconnected by a pair of antiparallel disulfide linkages at the C-terminal end. FN is a modular
protein, composed of repeating units of three types of domains, namely 12 FN type-I repeats, 2 FN
type-II repeats, and 15 FN type-III repeats, each having a unique affinity and binding site based on
cellular requirements (Figure 1B). Proteolytic treatment of full-length FN with cathepsin D gives rise
to a 70-kDa N-terminal fragment (FN70, 1–5FNI1–2FNII6–9FNI) which is involved in FN assembly
and can be cleaved by tryptic digest into two smaller fragments of 30 kDa (1–5FNI) and 45 kDa
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(6FNI1–2FNII7–9FNI) that have the ability to bind heparin and gelatin, respectively. The 120-kDa
fragment (1–11FNIII) contains the integrin recognition site (RGD peptide) and the synergy site involved
in cell binding required for unfolding and matrix assembly (Figure 1B).

Figure 2. HSP90M and FN N-terminal domains are involved in direct interactions of the proteins.
(A) Interaction of full-length FN (100 µg/mL; coated on plate) with HSP90α domains or GST control
(varying concentration in solution). Binding was detected using an anti-GST antibody. (B) Interaction
of HSP90 full-length and M domain with FN fragments. (C) Interaction of HSP90M domain (100 µg/mL;
coated on plate) with FN 30, 45, 70, and 120 kDa fragments (varying concentrations in solution).
(D) Effect of inhibitors on the interaction between FN 30-kDa fragment and full-length HSP90α. Data
represent averages (±SD, n = 3). Statistical analysis was conducted by two-way ANOVA and Bonferroni
post-test, where * p < 0.05, ** p < 0.01, *** p < 0.001 and ns = not significant.

Using the N-terminal fragments, we conducted a single point assay to identify the FN domain
interacting with both full-length HSP90α and the M domain. The FN30 and FN70 fragments bound
significantly more to the full-length HSP90α than the full-length FN. All of the FN domains and the
full-length FN showed higher binding to the HSP90α domain alone than to the full-length protein,
with the FN30 domain showing the highest binding (Figure 2B). Next, we conducted a dose-dependent
analysis using the FN fragments and HSP90αM domain. In this analysis, FN30 had a dissociation
constant (Kd) value that was 3-fold lower than that of FN45 and 8-fold lower than that of FN70,
suggesting a strong physical association (Figure 2C). FN45 also bound to HSP90αM with lower affinity
than FN30, but with greater affinity than FN70. We did not observe any significant direct binding of
FN120 to HSP90αM.

Next, we tested the effect of HSP90 modulators on the interaction with FN30. The HSP90
inhibitor 17-DMAG (N-terminal ATP competitive inhibitor) reduced, but did not significantly alter, the
interaction, while novobiocin (C-terminal inhibitor) had no effect. Sodium molybdate (NaMb), which
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retains the HSP90 client complex in a pseudo ATP bound state, significantly reduced the interaction of
HSP90α and FN30 equivalent to that of 17-DMAG (Figure 2D).

3.2. Colocalization of Fibronectin and HSP90α in Cells

Soluble FN is processed through the Golgi apparatus and the secretory pathway to the extracellular
matrix (ECM); hence, the protein exists both as intracellular and extracellular forms. Therefore, we
assessed the colocalization of HSP90α and FL-FN, FN30, and FN70 in cells. HEK293T cells were
co-transfected with fluorescent fusion proteins of FN and HSP90β (Figure 3). mCherry-HSP90
colocalized in cells expressing all the FN proteins, with the FN30-EGFP fragment showing the highest
degree of colocalization (Pearson’s correlation coefficient, Rr = 0.9 ± 0.07), followed by FN70-EGFP
(Rr = 0.71 ± 0.12) and FN-YPET (yellow fluorescent protein variant) (Rr = 0.5 ± 0.10). Interestingly,
despite the morphology of the staining, we did not observe any significant colocalization of FN-YPET
with a marker of the Golgi apparatus, while FN30-EGFP, which interacted and colocalized more with
HSP90 showed the highest degree of colocalization with the Golgi apparatus (Figure S1).

Figure 3. HSP90 and fibronectin fragments colocalize in cells. Colocalization analysis of
mCherry-HSP90β (red) and full-length FN-YPET, FN30-EGFP, and FN70-EGFP (green) by confocal
microscopy. Scale bar is 10 µm and data shown are representative of independent biological triplicate
experiments. The Rr shows the average Pearson’s correlation coefficient (±SD, n ≥ 3) between HSP90
and FN signals.

3.3. Analysis of FN and HSP90α Interaction by Biomolecular Fluorescence Complementation (BiFC) Assay

Solid-phase binding assays provide details on direct in vitro interaction, but do not provide
information on the interaction in cells. Colocalization suggests that proteins are located in similar
cellular regions to permit interaction, but does not guarantee direct physical association in cells.
We therefore wanted to investigate the direct binding in cells using the biomolecular fluorescence
complementation (BiFC) assay [48] (Figure 4).
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Figure 4. HSP90 and fibronectin interact directly in cells. Biomolecular complementation (BiFC) assay
using split mVenus tagged FN and HSP90 proteins in HEK293T cells. (A) Schematic diagram of the BiFc
method for measuring protein–protein interactions in cells. Images shown co-transfection of (B) empty
vectors pBiFC-VN173 (VN) and pBiFC-VC155 (VC) (negative control), (C) pBiFC-VN173-HSP90α
(VN-90α) and VC (negative control), (D) pBiFC-VC155-FN70 (FN70-VC) and VN (negative control),
(E) pBiFc-VN173-bJun (VN-Jun) and pBiFC-VC155-delbFos (VC-Fos) (positive control), (F) VN-90α
and pBiFc-VC155-CDK4, (G) VN-90α and VC-FN70, (H) pBiFc-VN173-90α M domain (VN-90αM)
and VC-FN70, (I) VN-90α and VC-FN30, and (J) VN-90αM and VC-FN30. In all cases, endogenous
fluorescent signal (GFP; green) was captured by confocal microscopy using the EGFP filter set. Scale
bars are equivalent to 5 or 10 µm and data shown are representative of biological triplicate experiments.

In this assay, potential interacting partners are fused to the N or C terminus of the mVenus protein
(denoted VN or VC, respectively). The split mVenus fluorophore is able to form if the two fusion proteins
interact within a specific distance of 10 nm or less [58] (Figure 4A). HEK293T cells were co-transfected
with BiFC plasmids encoding FN fragments or HSP90α, or relevant controls (see Supplementary File
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for details) and the endogenous GFP signal was analyzed by confocal microscopy. To confirm that
the BiFC assay was working, we co-transfected the empty backbone plasmids (encoding only VN or
VC) (Figure 4B), or an empty backbone plasmid together with the corresponding plasmid encoding
either VN-HSP90α or VC-FN as negative controls (Figure 4C,D). These controls either produced low
GFP fluorescence that was diffuse in the cells or no GFP fluorescence. In contrast, the positive control
with known interactors, VN-Fos and VC-Jun, produced a strong GFP signal in the nucleus as expected
(Figure 4E). We further confirmed that the BiFC could be used to identify chaperone–client interactions
by co-transfection of VN-HSP90α with VC-CKD4, a well-known HSP90 client protein (Figure 4F).
Supporting the initial observation in solid-phase interaction assays, BiFC showed a similar trend of
binding for HSP90α and FN fragments. We obtained a strong signal in BiFC from VC-FN70 and
VC-FN30 with either VN-HSP90α or HSP90αM which was above the background signals (Figure 4G–J).
The distribution of the GFP signal in the HSP90α and FN30/FN70 transfections was similar to that
observed in colocalization analyses (Figure 3). Clear puncta were observed around the nucleus and
near the cell membrane in cells transfected with VC-FN30 and VN-HSP90αM or HSP90α. The signal
from the VC-FN70 and VN-HSP90αM or VN-HSP90α was weaker and more diffuse, thus supporting
our initial finding of stronger interaction of HSP90 with FN30 than FN70. The intensity of the signal
was not linked to expression, since all the proteins showed similar expression levels (Supplementary
Figure S2).

3.4. Analysis of the Effect of FN Fragment Stability on HSP90 Interaction

HSP90 client proteins are thought to be metastable and the degree of instability is linked to
the requirement for HSP90 interaction. Following the biochemical analysis of the FN and HSP90
interaction, we tested the stability of the FN fragments using the SYPRO Orange-based thermal shift
assay (Table 1). In this assay, SYPRO orange fluorescence increases as it binds to hydrophobic regions
which are exposed during a gradual heating of a protein solution. A lower Tm of unfolding indicates a
less stable protein. FN30 had the lowest Tm of unfolding, followed by FL-FN, FN45, and FN70, the
latter was surprisingly more stable than the full-length protein. The low Tm for FN30 suggested that it
is the least stable and correlates with the strongest HSP90 interaction.

Table 1. Analysis of stability of FN fragments by thermal shift assay.

Average Tm of Unfolding ± SD (◦C) (n = 3)

FN30 FN45 FN70 FL-FN

74.9 ± 1.7 77.6 ± 2.7 80.0 ± 4.5 76.4 ± 1.2

3.5. FN70 and HSP90 Interaction in the Presence of Heparin and Gelatin

Our data from in vitro and BiFC analyses suggested that HSP90α could interact with FN70 and
the two smaller FN30 and FN45 proteolytic fragments. We therefore attempted to refine the binding
site for HSP90α in FN70 by using the ability of the FN30 and FN45 regions to selectively bind heparin
and gelatin, respectively. Additionally, HSP90 has previously been shown to bind heparin [59], which
allowed us to assess if HSP90 binding to heparin would be competitive with FN70. FN70-transfected
cell lysate was added to heparin beads and the level of endogenous HSP90 in the heparin-bound protein
complex was determined (Figure 5A). FN70-transfected cells were found to contain more endogenous
HSP90α than non-transfected cells, suggesting that the binding of these proteins to heparin was not
mutually exclusive. Next heparin-conjugated and gelatin-conjugated agarose beads were used to
expand the binding analysis. We monitored the amount of recombinant HSP90 and FN70 from cell
lysates that could be recovered from the heparin/gelatin bound beads. HSP90α bound to heparin
agarose in the absence of FN70, but was increased in the heparin complexes in the presence of FN70
(Figure 5B, upper panel). Interestingly, at the highest amount (50 µg) of HSP90α, there was a slight,
but consistent, reduction in FN70 binding. HSP90 bound to gelatin in the absence of FN70 only at the
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highest concentration, and the trend of binding did not change in the presence of FN70 (Figure 5B,
lower panel). Taken together, these data suggested that despite binding the FN30 and FN45 domains,
HSP90 does not disrupt interactions of FN70 with heparin or gelatin, indicating that the interaction
sites do not overlap.

Figure 5. FN interaction with HSP90 and heparin is not mutually exclusive. (A) FN70 and HSP90
interaction in the presence of heparin and gelatin. (B) Heparin (upper panel) and gelatin (lower panel)
agarose pull-down assay using whole cell lysate (WCL) from HEK293T cells transfected with VC-FN70
and exogenous recombinant purified His-HSP90α. Complexes were analyzed by western blot with an
anti-HA antibody to detect VC-FN70 and an anti-His antibody to detect His-HSP90α. Data shown are
representative of two independent replicates.

3.6. HSP90 and FN Interaction Involves Type-I FN Motifs

HSP90 is thought to mainly recognize unstable conformations rather than sequence motifs. Given
the modular nature of the FN protein, we wondered if HSP90 would preferentially recognize a particular
repeat type and if this would contribute to the interaction affinity. The FN30 fragment is composed
solely of type-I FN motifs (1–5FNI) (Figure 6A), whereas the FN45 has both type-I and type-II motifs
(6FNI1–2FNII7–9FNI) (Figure 6B). Both repeats contain disulfide-bonded cysteines and are comprised
mainly of β-sheets connected by loop regions (Figure 6). We generated expression plasmids containing
only the type-I (1–3FNI) or type-II FN repeats (1–2FNII) and performed HA co-immunoprecipitation
(Co-IP) to compare the binding affinity of HSP90. We observed that more HSP90 was isolated in complex
with 1–3FNI compared to 1-2FNII, despite substantially higher expression of 1–2FNII (Figure 6C,D).
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Figure 6. HSP90α interacts preferentially with type-I FN repeats. Three dimensional structures of
(A) the second and third type-I FN repeat from the 30/70-kDa domains (PDB: 2CG6) and (B) the first
and second type-II FN repeats from the 45/70-kDa domains (PDB: 3MQL). (C) Co-IP from HEK293T
cells transfected with plasmids encoding the first to third FN type-I repeats (3X-FN-TI-HA) or the
two type-II repeats (2X-FN-TII-HA). (D) Detection of interacting proteins by western blotting (n = 3).
Statistical analysis was performed using two-way ANOVA, where * p < 0.05.

3.7. Interaction of FN with Conformationally Restricted HSP90 Mutants

The ATP-coupled HSP90 chaperone machinery works through sophisticated conformational
changes, where it adopts a ‘closed’ or ‘open’ state in reference to the dimerization of the N-terminal
domains. These different HSP90 conformations are known to interact differently with some client
proteins and co-chaperones. We therefore performed immunoprecipitation from HEK293T cells
transiently co-transfected with wild-type HSP90 or the open (D93A) or closed (E47A) mutants and
the full-length expression plasmid FN-YPET. FN-YPET interacted with both with the ‘open’ and
‘closed’ HSP90 conformation; however, the interaction with the open conformation (D93A) was lower
(Figure 7A–C). In contrast, the 1–3FNI and 1–2FNII FN motifs bound more strongly to both the open
and closed HSP90 conformations compared to the wild-type HSP90, with 1-3FNI consistently binding
more to all HSP90 variants than 1–2FNII (Figure 7D–F).
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Figure 7. FN type-I and type-II repeats interact preferentially with conformationally restricted HSP90
mutants. Co-IP/pull-down linked to western blot analysis from HEK293T cell lysates transfected with
full-length FN-YPET and (A) pcDNA-HA-HSP90α (HA-90WT; wild-type HSP90α), pcDNA-HA-HSP90
E47A (HA-E47A; closed conformation mutant), or pcDNA-Flag-HSP90 D93A (FLAG-D93A; HSP90α
open conformation mutant) or (B) pcDNA-Flag-HSP90 (Flag-90WT; HSP90α wild-type) or FLAG-D93A.
(C) Average relative densitometry normalized to wild-type HSP90 (±SD, n = 2). Co-IP/pull-down
linked to western blot analysis from HEK293T cell lysates transfected with either (D) pcDNA-His-FN
type-I repeats (His-FN-TI) or (E) pcDNA-His-FN type II repeats (His-FN-TI), and HA-90WT, HA-E47A,
or FLAG-D93A. (F) Average relative densitometry (±SD, n = 2). EV indicates empty vector control.
Statistical analysis was performed using two-way ANOVA, where * p < 0.05.
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3.8. Phosphorylation of HSP90-Y313 does not Affect. HSP90–FN Interaction

Phosphorylation has an important role in regulating the HSP90 chaperone cycle through regulation
of ATPase activity, co-chaperone association, and client recognition. The activation of ATP hydrolysis by
the co-chaperone Aha1 (activator of HSP90 ATPase 1) enhances the release of HSP90 client proteins from
the complex. Aha1 recruitment and, by extension, client release are enhanced by Y313 phosphorylation
in the middle domain of HSP90α [52]. Subsequently, we wanted to test if this phosphorylation had
any significant impact on HSP90–FN interaction. An immunoprecipitation assay was performed after
transfection of a phosphomimetic tyrosine mutant (Y313E), a phosphomutant (Y313F), or wild-type
HSP90α. We did not see any significant changes with HSP90A-Y313E or HSP90A-Y313F compared to
wild-type HSP90 (Figure 8A,B).

Figure 8. Mutation of HSP90-Y313 does not alter FN interaction. (A) Co-IP from HEK293T
cells transfected with (A) pcDNA-Flag-90WT (WT), pcDNA-Flag-HSP90Y313E (Flag-Y313E;
phosphomimetic), or pcDNA-Flag-HSP90Y313F (Flag-Y313F; phosphomutant) and (B) associated
densitometry (±SD, n = 3) relative to wild-type HSP90. EV indicates empty vector control.

3.9. Extracellular HSP90 Increases the FN Matrix In Vitro

We have shown previously that HSP90β maintains the stability of the FN matrix, since treatment
of cells with HSP90 inhibitors induced internalization and loss of extracellular FN via a mechanism
requiring LRP1/CD91 [32,33]. Our current data showed that HSP90 interacts with FN via N-terminal
regions, including the 70-kDa assembly fragment. To assess the effect of extracellular HSP90 on
the FN matrix, we generated cell-derived matrices (CDM) from Hs578T breast cancer cells, which
endogenously produce and assemble high levels of FN matrix [32]. Cells were allowed to develop a
matrix over 5 days, and then left untreated or treated for 24 h with exogenous endotoxin-free HSP90β.
After cell removal, the remaining FN cell-free matrix was visualized by immunofluorescence and
confocal microscopy (Figure 9A). Matrices from HSP90β-treated cells had significantly thicker FN
fibrils, whereas untreated matrices had uniformly thin, long fibrils (Figure 9B,C). In addition, FN
matrices in HSP90-treated cells had increased depth compared to untreated matrices (Figure 9D). This
phenotype was exclusive to FN, as the same trend was not seen in collagen fibrils (Figure 9). This
suggested that HSP90 may promote FN fibril assembly.
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Figure 9. HSP90 treatment increases the thickness of FN fibrils in the extracellular matrix of Hs578T
cell-derived matrices. (A) Cell-derived matrices (CDMs) stained for FN (green) or collagen (red). Scale
bars represent 20 µm. (B) The BoneJ plugin [60] in ImageJ was used to calculate fiber thickness, where
pseudocolored spheres that fit along fibers represent intensity maps of fiber thickness. (C) Quantification
of fiber thickness represented as mean thickness (±SD) taken from triplicate independent images.
Statistical significance was determined by unpaired Student’s t-test (** p < 0.01). (D) Depth coding
of representative 3-dimensional z-stack projections of CDM. Scale bar shown below is color-coded to
indicate the depths of matrices in µm.

Fibril changes in the CDM model could be influenced by changes in FN expression or secretion, and
HSP90 has been associated with FN trafficking in LNCaP prostate carcinoma cells [37]. Consequently,
we also assessed the ability of fluorescently labeled exogenous FN to be incorporated directly into ECM
fibrils (Figure 10). Hs578T cells were incubated with exogenous Dylight-488 fluorescent dye-conjugated
full-length human FN (FL-FN-488) for 24 h, followed by the addition of exogenous Dylight-555 red
fluorescent dye-conjugated human FN70 fragment (FN70-555) with or without extracellular HSP90β
for 1 h. The resulting matrices were analyzed by confocal microscopy. We observed increased
incorporation of both full-length FN (green) and FN70 (red) into matrix fibrils in HSP90-treated cells
compared to untreated cells (Figure 10A) and matrices showing increased depth (Figure 10B). The BSA
control treatment resembled the untreated control, suggesting that the increase was not due to the
additional protein, but rather was specific to the addition of HSP90β. Together, these data suggested
that exogenous HSP90β promotes incorporation of soluble FN and FN70 into fibrils, which may be
through the ability to interact with the FN70 fragment.



Cells 2020, 9, 272 16 of 26

Figure 10. HSP90 treatment increases the incorporation of exogenous FN into fibrils. (A) Incorporation
of exogenous fluorescently labeled FN into the matrix of Hs578T breast carcinoma cells. Images
were captured on a Zeiss LSM 780 laser scanning confocal microscope and analyzed using the Zen
Blue software (Zeiss, Germany). Data are representative of triplicate independent studies. Scale bars
represent 10 µm. (B) Depth coding of representative 3-dimensional z-stack projections of matrices.
Scale bar shown below is color-coded to indicate the depths of matrices in µm.

3.10. C-terminal, but not N-terminal, HSP90 Inhibitors Reduce Total FN Levels In Vitro

To support our observations of increased FN matrix in HSP90β-treated cells, we tested
the effect of non-toxic concentrations of HSP90 inhibitors on FN levels by western blot in
both the Hs578T breast cancer cell line and the MEF-1 fibroblast line (given the core role
of fibroblasts in ECM production) (Figure 11). HSP90 inhibitors that bind to the N-terminal
(e.g., geldanamycin and 17-dimethylamino-ethylamino-17-demethoxydeldanamycin (17-DMAG))
and C-terminal (e.g., novobiocin (NOV) and coumermycin (CA1)) domains of the protein have been
identified (Figure 11A). Consistent with our previous studies, N-terminal inhibition of HSP90 with
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17-DMAG did not significantly alter the levels of total FN in MEF-1 or Hs578T cells (Figure 11B).
C-terminal inhibition of HSP90 with CA1 in Hs578T cells resulted in a significant dose-dependent
decrease in total FN levels. Interestingly, in the MEF-1 cell line, low doses of CA1 or NOV led to a
significant increase at low concentrations, followed by a dose-dependent decrease in total FN levels
(Figure 11C).

Figure 11. C-terminal HSP90 inhibitors reduce total FN levels in fibroblasts and breast cancer
cells. (A) Schematic diagram showing the HSP90 domains targeted by inhibitors (NBD: N-terminal
nucleotide-binding domain; MD: middle domain; CTD: C-terminal domain). Treatment of MEF-1
and Hs578T breast carcinoma cell lines with increasing concentrations of the (B) N-terminal HSP90
inhibitor, 17-dimethylamino-ethylamino-17-demethoxydeldanamycin (17-DMAG) or (C) C-terminal
HSP90 inhibitors, novobiocin (NOV) or coumermycin A1 (CA1). Levels of FN in whole cell lysates
were determined by western blot and average densitometry (±SD, n = 3) using ImageJ. Images are
representative of triplicate experiments. Statistical significance was determined using a one-way
ANOVA and Bonferroni post-test in GraphPad Prism 4 (* p < 0.05, ** p < 0.01, ns = not significant).

3.11. C-Terminal Hsp90 Inhibitors Alter Cell Migration In Vitro

We next analyzed if treatments which altered FN levels or morphology would result in changes in
cell migration in the MEF-1 and Hs578T cell lines using the scratch assay (Figure 12A). The N-terminal
HSP90 inhibitor, geldanamycin, did not affect cell migration in the MEF-1 cell line, which was consistent
with no changes observed in the FN levels (Figure 12B). NOV treatment led to an increase in cell
migration at low concentrations, followed by a dose-dependent reduction in migration in both cell
lines. This cell migration response was consistent with the trend in total FN levels in the MEF-1 cell line
(Figure 12C). We also tested the ability of Hs578T cells that had been pre-treated with NOV to migrate



Cells 2020, 9, 272 18 of 26

from the monolayer (Figure 12D). NOV treatment significantly reduced the migration of Hs578T cells
compared to the control. The control Hs578T migrated collectively from the monolayer, while the
NOV-treated cells migrated as single cells (Figure 12D).

Figure 12. Effect of HSP90 on cell migration of fibroblasts and breast cancer cells. (A) Representative
image of linear wounds created in MEF-1 cells during the scratch assay with NOV treatment. White
lines indicate cell migration borders. Quantitation of migration in scratch assay for (B) MEF-1 fibroblast
line treated with the N-terminal HSP90 inhibitor, geldanamycin and (C) MEF-1 fibroblast line or Hs578T
breast carcinoma treated with the C-terminal HSP90 inhibitor, novobiocin (NOV). (D) Migration
away from a monolayer culture was measured in the Hs578T cell line. White lines indicate cell
migration borders. Average distances (±SD) for migration outward from the cell border at t = 12 h were
measured using ImageJ. Statistical analysis was performed using unpaired two-tailed t-tests, where
* p < 0.05, *** p < 0.001, ns = not significant. Images are representative of averages (±SD) of triplicate
independent experiments.
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4. Discussion

FN is a major constituent of the ECM [61–64]. It is synthesized as a soluble protein and assembled
into an insoluble fibrillar matrix outside of cells [44,65,66]. The FN matrix is dynamic and the extent of
the matrix is governed by balance between fibrillogenesis, which converts soluble FN into insoluble
ECM, and turnover, a process which requires proteolytic cleavage, internalization, and degradation of
the FN ECM [67,68]. The features of this matrix regulate cellular biology and are often perturbed in
diseases, including cancer and fibrosis [69–72]. Therefore, the factors which regulate matrix assembly
and turnover are important in understanding the diseases.

N-terminal HSP90 inhibition was associated with reduction in FN secretion in prostate cancer [37]
and levels of HSP90 in the circulation were correlated with disease severity in patients with idiopathic
pulmonary fibrosis (IPF) [38]. We previously described a link between FN and HSP90, demonstrating
that the two proteins interacted directly in vitro and could be isolated as a complex from cells [30].
HSP90 inhibition led to either a loss in extracellular FN (which was dependent on LRP1 expression)
or an increase in FN expression in vitro, depending on whether C-terminal or N-terminal targeted
inhibitors were used, respectively [30,31,73]. Here, we extend this analysis to identify the molecular
basis for the FN–HSP90 interaction, which provides potential for mechanistic insights into the role of
HSP90 in FN matrix biology. HSP90 directly interacted with FN via the M domain and in both the
open and closed conformations. The HSP90 inhibitors, sodium molybdate and 17-DMAG, reduced
FN–HSP90 association, while phosphorylation of HSP90 at Y313, which promotes recruitment of
Aha1 to the M domain of HSP90 [50,74], did not influence FN binding indicating that the Aha1- and
FN-binding sites on the M domain are distinct. HSP90 preferentially recognized the type-I FN motif
and was able to interact with the N-terminal proteolytic FN fragments (FN70, FN45, and FN70) in vitro
and in HEK293T cells, but did not associate with the FN120 cell-binding fragment. The FN30 fragment
was the least stable and bound HSP90 with the greatest affinity. HSP90 binding did not interfere with
the ability of the FN70 domain to interact with heparin or gelatin, and promoted the incorporation of
both full-length FN and FN70 into the assembled matrix when added exogenously to Hs578T cells
in culture.

HSP90 binds to a wide set of substrate proteins known as ‘clients’, and confers stability to and
promotes proper folding of these proteins [1,7,10,75]. In addition to conformational regulation, HSP90
has been shown to suppress aggregation and promote protein solubility, activities which in vitro
appear to be ATP-independent [76,77]. There are two major deciding factors that define client proteins,
namely, dependence on HSP90 for stability and direct association with HSP90, both of which have been
demonstrated for FN [30]. The ability of HSP90 to undergo conformational changes is central to its
function as a chaperone. These conformational changes are driven primarily by ATP association, and
can be mimicked by specific mutants which trap the chaperone in specific states. In the case of some
client proteins like HSF1 [78] and ERBB2 [51], binding to the closed conformation is preferred. FN,
consistent with other client proteins like HIF1α, MET kinase, and RHOBTB2 bound both the open and
closed conformations of HSP90 [51,79]. In addition, both 17-DMAG and sodium molybdate inhibit the
progression of HSP90 through the chaperone cycle by different mechanisms, and both reduced FN30
association with HSP90, although only the effect of molybdate was significant. The fact that 17-DMAG
disrupted the interaction of HSP90 and FN may be expected from other client protein responses [80–82].
Sodium molybdate, in contrast, retains HSP90 in an ATP bound state [83], which has been shown to
promote complex formation and stabilize other client interactions [84,85]. These data differentiate FN
from other client proteins like steroid receptors and suggest that ATP binding may destabilize the
FN30–HSP90 interaction. This is interesting since the requirement for ATP for extracellular HSP90
functions remains contentious.

HSP90 clients are structurally and functionally diverse and comprise partially folded, disordered,
and folded proteins [6,86–88]. The binding site is not confined to a specific region, but rather involves
several lower affinity binding points, which together form a stable transient state [28]. Client–HSP90
interactions mainly possess binding affinities in the low micromolar range, for example, HSP90–Tau



Cells 2020, 9, 272 20 of 26

interaction in the ATP bound state has a Kd of 4.8 µM [89], while the Kd of the ATP-bound yeast HSP90
to the ligand-binding domain of glucocorticoid receptor (GR-LBDm) is 0.8 µM [90]. The affinity of FN70
for HSP90 was within this range (Kd = ~0.5 µM), while the HSP90–FN30 interaction was significantly
stronger (Kd = ~0.07 µM). This high affinity does not seem consistent with the transient, lower affinity
interactions of HSP90 with clients, despite the fact that the HSP90 M domain, to which FN bound,
is regarded as the major client-binding domain [13,91]. The HSP90 M domain plays a critical role in
client selection and binding [13] and modulates substrate activation. The molecular determinants
for HSP90 recognition across such a diverse group of client proteins remain poorly defined. Most
published reports suggest that HSP90 preferentially binds to metastable protein conformations [92,93]
rather than interacting with linear sequence motifs. From the analysis of complexes of Tau, cyclin
dependent kinase 4 (CDK4), and GR with HSP90 [28,94–96], the chaperone binding regions in client
proteins tend to extend across a larger surface, be less hydrophobic than those recognized by HSP70,
and contain stretches of positively charged residues [89]. The FN30 fragment, which bound HSP90
with the highest affinity, is consistent with interactions involving aggregation-prone proteins like Tau
and transthyretin [28,86], in that FN30 has a basic pI (8.2–8.6) compared to the full-length protein
(pI: 5.5–6.0), making it positively charged at physiological pH. FN30 is comprised solely of repeats
of type-I FN motifs (1–5FNI) [97], which form a disulfide-bonded, triple-stranded, β-sheet connected
by loop regions. An increase in β-sheets has been linked to increased aggregation in a number of
proteins [86] and two adjacent unfolded β-sheets from CDK4 are captured in the hydrophobic core
of HSP90 [89]. In addition, loop regions in kinase clients are important for HSP90 recognition [98].
Interestingly, FN30 has several tandem β-sheets linked by loops that may account for its instability
and recognition by HSP90 during the chaperone cycle [28,86]. The preferential binding of HSP90 to
the type-I FN motif over the type-II motif might appear to explain the higher affinity binding for the
FN30 (1–5FNI) fragment, as well as interaction with the FN45 fragment (6FNI1–2FNII7–9FNI) and lack
of interaction with the FN120 cell-binding fragment (which is comprised solely of type-III FN repeats).
The recognition of the type-I motif is not sufficient to explain the binding of FN to HSP90, since the
full-length FN and FN70 contain more type-I repeats than the FN30/FN45 fragments and yet bind
with lower affinity. This suggests that other factors, notably, the thermal stability of FN fragments
may control the binding affinity for HSP90, as it does for other clients [29]. HSP90 may bind regions
in clients important for both aggregation and folding [89]. Previous reports suggest that the FN30
fragment has a disordered structure [42]. Intrinsically disordered proteins or domains are those that
lack a fixed conformation in the native state and may rather sample or adopt a series of different
conformational states depending on conditions and these are enriched in the ECM [99]. The fact that
HSP90 binds the full-length and FN70 proteins with a lower affinity despite the fact that both of these
regions encompass the FN30 fragment suggests that stability may be the main driver of recognition
and that the disordered motifs of FN30 are somehow different or stabilized in the full-length FN or
FN70. Indeed, it is not known if the FN30 fragment is disordered in the context of full-length FN [42].

While FN30 is the least stable of the FN fragments tested, it is substantially more stable that
other aggregation-prone HSP90 clients like Tau. The formation of insoluble FN is an important
physiological feature of the protein, which distinguishes it from toxic aggregates of proteins like Tau.
As such, the conversion of soluble FN to insoluble is a tightly regulated process, which is still not
fully understood in molecular detail. The addition of exogenous HSP90 increased the extracellular FN
matrix, resulting in thicker fibrils and a more three-dimensional matrix and promoting the assembly of
both full-length FN and FN70 into matrices. Consistent with this and our previous studies [31,73],
C-terminal HSP90 inhibitors, but not N-terminal HSP90 inhibitors, altered both FN levels and cell
migration in breast cancer and fibroblast lines. The change in FN levels was consistent with the
migratory phenotype in that increased levels of FN at low inhibitor concentrations led to increased
migration, while cell migration was inhibited at higher levels and associated with reduced total
FN. The regulation of FN levels and morphology may therefore represent one mechanism by which
extracellular HSP90 regulates migration [21]. HSP90 did not influence collagen morphology, which
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is consistent with the fact that HSP90 does not affect FN interaction with collagen and that collagen
is not required for FN matrix formation. Interestingly, while the integrin-binding regions of FN are
found in the non-HSP90-binding FN120 fragment, the N-terminal regions of FN which bind HSP90 are
required for FN matrix assembly. FN70 binds currently undefined cell surface receptors to promote
FN assembly [100], although excess FN70 also blocked FN assembly. Of particular interest to this
study is that FN lacking the first five type-I motifs (1–5FNI, encompassing the HSP90-interacting FN30
fragment) was unable to form fibrils [101–103]. The deletion of 1-5FNI fragments would potentially
remove the major high affinity HSP90-binding site in FN. These data could therefore also be interpreted
as highlighting a requirement for HSP90 interaction with FN for fibril formation, although this would
still need to be experimentally confirmed; however, what is suggested is that the region and motifs in
FN that interact preferentially with HSP90 are required for fibrillogenesis, providing some insight into
one possible mechanism by which exogenous HSP90 regulates FN matrix assembly and supporting
the modulation of HSP90 activity as a possible therapeutic approach for disorders in which FN
dysregulation is a hallmark [30,31,37,38].
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22. Baker-Williams, A.J.; Hashmi, F.; Budzyński, M.A.; Woodford, M.R.; Gleicher, S.; Himanen, S.V.;

Makedon, A.M.; Friedman, D.; Cortes, S.; Namek, S.; et al. Co-chaperones TIMP2 and AHA1 Competitively
Regulate Extracellular HSP90:Client MMP2 Activity and Matrix Proteolysis. Cell Rep. 2019, 28, 1894–1906.e6.
[CrossRef]

23. Ullrich, S.J.; Robinson, E.A.; Law, L.W.; Willingham, M.; Appella, E. A mouse tumor-specific transplantation
antigen is a heat shock-related protein. Proc. Natl. Acad. Sci. USA 1986, 83, 3121–3125. [CrossRef] [PubMed]

24. Li, W.; Tsen, F.; Sahu, D.; Bhatia, A.; Chen, M.; Multhoff, G.; Woodley, D.T. Extracellular Hsp90 (eHsp90)
as the Actual Target in Clinical Trials. Intentionally or Unintentionally. Int. Rev. Cell Mol. Biol. 2013, 303,
203–235. [PubMed]

25. Stellas, D.; El Hamidieh, A.; Patsavoudi, E. Monoclonal antibody 4C5 prevents activation of MMP2 and
MMP9 by disrupting their interaction with extracellular HSP90 and inhibits formation of metastatic breast
cancer cell deposits. BMC Cell Biol. 2010, 11, 51. [CrossRef] [PubMed]

26. Song, X.; Wang, X.; Zhuo, W.; Shi, H.; Feng, D.; Sun, Y.; Liang, Y.; Fu, Y.; Zhou, D.; Luo, Y. The regulatory
mechanism of extracellular Hsp90α on matrix metalloproteinase-2 processing and tumor angiogenesis.
J. Biol. Chem. 2010, 285, 40039–40049. [CrossRef]

27. McCready, J.; Sims, J.D.; Chan, D.; Jay, D.G. Secretion of extracellular hsp90α via exosomes increases cancer
cell motility: A role for plasminogen activation. BMC Cancer 2010, 10, 294. [CrossRef]

28. Karagöz, G.E.; Duarte, A.M.S.; Akoury, E.; Ippel, H.; Biernat, J.; Morán Luengo, T.; Radli, M.; Didenko, T.;
Nordhues, B.A.; Veprintsev, D.B.; et al. Hsp90-tau complex reveals molecular basis for specificity in chaperone
action. Cell 2014, 156, 963–974. [CrossRef]

29. Taipale, M.; Krykbaeva, I.; Koeva, M.; Kayatekin, C.; Westover, K.D.; Karras, G.I.; Lindquist, S. Quantitative
analysis of Hsp90-client interactions reveals principles of substrate recognition. Cell 2012, 150, 987–1001.
[CrossRef]

30. Hunter, M.C.; O’Hagan, K.L.; Kenyon, A.; Dhanani, K.C.H.; Prinsloo, E.; Edkins, A.L. Hsp90 binds directly to
fibronectin (FN) and inhibition reduces the extracellular fibronectin matrix in breast cancer cells. PLoS ONE
2014, 9, e86842. [CrossRef]

31. Boel, N.M.E.; Hunter, M.C.; Edkins, A.L. LRP1 is required for novobiocin-mediated fibronectin turnover.
Sci. Rep. 2018, 8, 11438. [CrossRef]

http://dx.doi.org/10.1038/nsmb1204-1152
http://www.ncbi.nlm.nih.gov/pubmed/15578051
http://dx.doi.org/10.1016/j.bbamcr.2011.11.009
http://www.ncbi.nlm.nih.gov/pubmed/22155720
http://dx.doi.org/10.1128/MCB.02188-05
http://www.ncbi.nlm.nih.gov/pubmed/16982694
http://dx.doi.org/10.1016/S1097-2765(03)00065-0
http://dx.doi.org/10.1073/pnas.1414073111
http://dx.doi.org/10.1074/jbc.M109.031658
http://dx.doi.org/10.1073/pnas.1114414109
http://dx.doi.org/10.1016/j.canlet.2010.10.014
http://dx.doi.org/10.1016/j.molcel.2015.02.022
http://dx.doi.org/10.1111/j.1349-7006.2007.00561.x
http://dx.doi.org/10.1016/j.celrep.2019.07.045
http://dx.doi.org/10.1073/pnas.83.10.3121
http://www.ncbi.nlm.nih.gov/pubmed/3458168
http://www.ncbi.nlm.nih.gov/pubmed/23445811
http://dx.doi.org/10.1186/1471-2121-11-51
http://www.ncbi.nlm.nih.gov/pubmed/20602761
http://dx.doi.org/10.1074/jbc.M110.181941
http://dx.doi.org/10.1186/1471-2407-10-294
http://dx.doi.org/10.1016/j.cell.2014.01.037
http://dx.doi.org/10.1016/j.cell.2012.06.047
http://dx.doi.org/10.1371/journal.pone.0086842
http://dx.doi.org/10.1038/s41598-018-29531-2


Cells 2020, 9, 272 23 of 26

32. Bae, Y.K.; Kim, A.; Kim, M.K.; Choi, J.E.; Kang, S.H.; Lee, S.J. Fibronectin expression in carcinoma cells
correlates with tumor aggressiveness and poor clinical outcome in patients with invasive breast cancer.
Human Pathol. 2013, 44, 2028–2037. [CrossRef] [PubMed]

33. Multhaupt, H.A.B.; Leitinger, B.; Gullberg, D.; Couchman, J.R. Extracellular matrix component signaling in
cancer. Adv. Drug Deliv. Rev. 2016, 97, 28–40. [CrossRef] [PubMed]

34. Fernandez-Garcia, B.; Eiró, N.; Marín, L.; González-Reyes, S.; González, L.O.; Lamelas, M.L.; Vizoso, F.J.
Expression and prognostic significance of fibronectin and matrix metalloproteases in breast cancer metastasis.
Histopathology 2014, 64, 512–522. [CrossRef] [PubMed]

35. Miles, F.L.; Sikes, R.A. Insidious changes in stromal matrix fuel cancer progression. Mol. cancer Res. 2014, 12,
297–312. [CrossRef] [PubMed]

36. Akiyama, S.K.; Olden, K.; Yamada, K.M. Fibronectin and integrins in invasion and metastasis. Cancer Metast.
Rev. 1995, 14, 173–189. [CrossRef] [PubMed]

37. Armstrong, H.K.; Gillis, J.L.; Johnson, I.R.D.; Nassar, Z.D.; Moldovan, M.; Levrier, C.; Sadowski, M.C.;
Chin, M.Y.; Tomlinson Guns, E.S.; Tarulli, G.; et al. Dysregulated fibronectin trafficking by Hsp90 inhibition
restricts prostate cancer cell invasion. Sci. Rep. 2018, 8, 2090. [CrossRef]

38. Bellaye, P.S.; Shimbori, C.; Yanagihara, T.; Carlson, D.A.; Hughes, P.; Upagupta, C.; Sato, S.; Wheildon, N.;
Haystead, T.; Ask, K.; et al. Synergistic role of HSP90α and HSP90β to promote myofibroblast persistence in
lung fibrosis. Eur. Respir. J. 2018, 51, 1700386. [CrossRef]

39. Theocharis, A.D.; Skandalis, S.S.; Gialeli, C.; Karamanos, N.K. Extracellular matrix structure. Adv. Drug
Deliv. Rev. 2016, 97, 4–27. [CrossRef]

40. Schwarzbauer, J.E.; DeSimone, D.W. Fibronectins, their fibrillogenesis, and in vivo functions. Cold Spring
Harb. Perspect. Biol. 2011, 3, 1–19. [CrossRef]

41. Mao, Y.; Schwarzbauer, J.E. Fibronectin fibrillogenesis, a cell-mediated matrix assembly process. Matrix Biol.
2005, 24, 389–399. [CrossRef]

42. Maurer, L.M.; Ma, W.; Mosher, D.F. Dynamic structure of plasma fibronectin. C Rev. Biochem. Mol. Biol. 2016,
51, 213–227. [CrossRef]

43. Singh, P.; Carraher, C.; Schwarzbauer, J.E. Assembly of Fibronectin Extracellular Matrix. Annu. Rev. Cell Dev.
Biol. 2010, 26, 397–419. [CrossRef] [PubMed]

44. Pankov, R.; Yamada, K.M. Fibronectin at a glance. J. Cell Sci. 2002, 115, 3861–3863. [CrossRef] [PubMed]
45. To, W.S.; Midwood, K.S. Plasma and cellular fibronectin: Distinct and independent functions during tissue

repair. Fibrogenes. Tissue Repair 2011, 4, 21. [CrossRef] [PubMed]
46. Fontana, J.; Fulton, D.; Chen, Y.; Fairchild, T.A.; McCabe, T.J.; Fujita, N.; Tsuruo, T.; Sessa, W.C. Domain

mapping studies reveal that the M domain of hsp90 serves as a molecular scaffold to regulate Akt-dependent
phosphorylation of endothelial nitric oxide synthase and NO release. Circ. Res. 2002, 90, 866–873. [CrossRef]

47. Ohashi, T.; Erickson, H.P. Fibronectin aggregation and assembly: The unfolding of the second fibronectin
type III domain. J. Biol. Chem. 2011, 286, 39188–39199. [CrossRef] [PubMed]

48. Shyu, Y.J.; Liu, H.; Deng, X.; Hu, C.D. Identification of new fluorescent protein fragments for bimolecular
fluorescence complementation analysis under physiological conditions. BioTechniques 2006, 40, 61–66.
[CrossRef] [PubMed]

49. Picard, D.; Suslova, E.; Briand, P.A. 2-color photobleaching experiments reveal distinct intracellular dynamics
of two components of the Hsp90 complex. Exp. Cell Res. 2006, 312, 3949–3958. [CrossRef]

50. Xu, W.; Beebe, K.; Chavez, J.D.; Boysen, M.; Lu, Y.Y.; Zuehlke, A.D.; Keramisanou, D.; Trepel, J.B.;
Prodromou, C.; Mayer, M.P.; et al. Hsp90 middle domain phosphorylation initiates a complex conformational
program to recruit the ATPase-stimulating cochaperone Aha1. Nat. Commun. 2019, 10, 2574. [CrossRef]

51. Prince, T.L.; Kijima, T.; Tatokoro, M.; Lee, S.; Tsutsumi, S.; Yim, K.; Rivas, C.; Alarcon, S.; Schwartz, H.;
Khamit-Kush, K.; et al. Client proteins and small molecule inhibitors display distinct binding preferences for
constitutive and stress-induced hsp90 isoforms and their conformationally restricted mutants. PLoS ONE
2015, 10, e0141786. [CrossRef]

52. Woodford, M.R.; Sager, R.A.; Marris, E.; Dunn, D.M.; Blanden, A.R.; Murphy, R.L.; Rensing, N.; Shapiro, O.;
Panaretou, B.; Prodromou, C.; et al. Tumor suppressor Tsc1 is a new Hsp90 co-chaperone that facilitates
folding of kinase and non-kinase clients. EMBO J. 2017, 36, 3650–3665. [CrossRef] [PubMed]

53. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature
1970, 227, 680–685. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.humpath.2013.03.006
http://www.ncbi.nlm.nih.gov/pubmed/23684510
http://dx.doi.org/10.1016/j.addr.2015.10.013
http://www.ncbi.nlm.nih.gov/pubmed/26519775
http://dx.doi.org/10.1111/his.12300
http://www.ncbi.nlm.nih.gov/pubmed/24117661
http://dx.doi.org/10.1158/1541-7786.MCR-13-0535
http://www.ncbi.nlm.nih.gov/pubmed/24452359
http://dx.doi.org/10.1007/BF00690290
http://www.ncbi.nlm.nih.gov/pubmed/8548867
http://dx.doi.org/10.1038/s41598-018-19871-4
http://dx.doi.org/10.1183/13993003.00386-2017
http://dx.doi.org/10.1016/j.addr.2015.11.001
http://dx.doi.org/10.1101/cshperspect.a005041
http://dx.doi.org/10.1016/j.matbio.2005.06.008
http://dx.doi.org/10.1080/10409238.2016.1184224
http://dx.doi.org/10.1146/annurev-cellbio-100109-104020
http://www.ncbi.nlm.nih.gov/pubmed/20690820
http://dx.doi.org/10.1242/jcs.00059
http://www.ncbi.nlm.nih.gov/pubmed/12244123
http://dx.doi.org/10.1186/1755-1536-4-21
http://www.ncbi.nlm.nih.gov/pubmed/21923916
http://dx.doi.org/10.1161/01.RES.0000016837.26733.BE
http://dx.doi.org/10.1074/jbc.M111.262337
http://www.ncbi.nlm.nih.gov/pubmed/21949131
http://dx.doi.org/10.2144/000112036
http://www.ncbi.nlm.nih.gov/pubmed/16454041
http://dx.doi.org/10.1016/j.yexcr.2006.08.026
http://dx.doi.org/10.1038/s41467-019-10463-y
http://dx.doi.org/10.1371/journal.pone.0141786
http://dx.doi.org/10.15252/embj.201796700
http://www.ncbi.nlm.nih.gov/pubmed/29127155
http://dx.doi.org/10.1038/227680a0
http://www.ncbi.nlm.nih.gov/pubmed/5432063


Cells 2020, 9, 272 24 of 26

54. Towbin, H.; Staehelin, T.; Gordon, J. Electrophoretic transfer of proteins from polyacrylamide gels to
nitrocellulose sheets: Procedure and some applications. Proc. Natl. Acad. Sci. USA 1979, 76, 4350–4354.
[CrossRef] [PubMed]

55. Huynh, K.; Partch, C.L. Analysis of protein stability and ligand interactions by thermal shift assay. Curr.
Protoc. Protein Sci. 2015, 79, 28.9.1–28.9.14. [CrossRef]

56. Nashine, V.C.; Kroetsch, A.M.; Sahin, E.; Zhou, R.; Adams, M.L. Orthogonal high-throughput thermal
scanning method for rank ordering protein formulations. AAPS PharmSciTech 2013, 14, 1360–1366. [CrossRef]

57. Castelló-Cros, R.; Khan, D.R.; Simons, J.; Valianou, M.; Cukierman, E. Staged stromal extracellular 3D
matrices differentially regulate breast cancer cell responses through PI3K and beta1-integrins. BMC Cancer
2009, 9, 1–19. [CrossRef]

58. Rose, R.H.; Briddon, S.J.; Holliday, N.D. Bimolecular fluorescence complementation: Lighting up seven
transmembrane domain receptor signalling networks. Br. J. Pharmacol. 2010, 159, 738–750. [CrossRef]

59. Snigireva, A.V.; Vrublevskaya, V.V.; Afanasyev, V.N.; Morenkov, O.S. Cell surface heparan sulfate
proteoglycans are involved in the binding of Hsp90α and Hsp90β to the cell plasma membrane. Cell Adhes.
Migr. 2015, 9, 460–468. [CrossRef]

60. Doube, M.; Klosowski, M.M.; Arganda-Carreras, I.; Cordelières, F.P.; Dougherty, R.P.; Jackson, J.S.; Schmid, B.;
Hutchinson, J.R.; Shefelbine, S.J. BoneJ: Free and extensible bone image analysis in ImageJ. Bone 2010, 47,
1076–1079. [CrossRef]

61. Bradshaw, A.D. The Extracellular Matrix. In Encyclopedia of Cell Biology; Elsevier Inc: Amsterdam,
The Netherlands, 2016; Volume 2, pp. 694–703. ISBN 9780123944474.

62. Golden, M. Cell biology of extracellular matrix. J. Vasc. Surg. 1993, 18, 142. [CrossRef]
63. Rishikof, D.C.; Ricupero, D.A.; Goldstein, R.H. Extracellular matrix. In Idiopathic Pulmonary Fibrosis;

CRC Press: Boca Raton, FL, USA, 2003; pp. 481–506. ISBN 9780203913444.
64. Hirschi, S.D.; Gray, S.D.; Thibeault, S.L. Fibronectin. J. Voice 2002, 16, 310–316. [CrossRef]
65. Ohashi, T.; Erickson, H.P. Revisiting the mystery of fibronectin multimers: The fibronectin matrix is composed

of fibronectin dimers cross-linked by non-covalent bonds. Matrix Biol. 2009, 28, 170–175. [CrossRef] [PubMed]
66. Magnusson, M.K.; Mosher, D.F. Fibronectin: Structure, assembly, and cardiovascular implications. Arterioscler.

Thromb. Vasc. Biol. 1998, 18, 1363–1370. [CrossRef]
67. Sottile, J.; Chandler, J. Fibronectin matrix turnover occurs through a caveolin-1-dependent process. Mol. Biol.

Cell 2005, 16, 757–768. [CrossRef] [PubMed]
68. Shi, F.; Sottile, J. MT1-MMP regulates the turnover and endocytosis of extracellular matrix fibronectin. J. Cell

Sci. 2011, 124, 4039–4050. [CrossRef] [PubMed]
69. Ruoslahti, E. Fibronectin in cell adhesion and invasion. Cancer Metast. Rev. 1984, 3, 43–51. [CrossRef]
70. Kumra, H.; Reinhardt, D.P. Fibronectin-targeted drug delivery in cancer. Adv. Drug Deliv. Rev. 2016, 97,

101–110. [CrossRef]
71. Pickup, M.W.; Mouw, J.K.; Weaver, V.M. The extracellular matrix modulates the hallmarks of cancer. EMBO

Rep. 2014, 15, 1243–1253. [CrossRef]
72. Lu, P.; Weaver, V.M.; Werb, Z. The extracellular matrix: A dynamic niche in cancer progression. J. Cell Biol.

2012, 196, 395–406. [CrossRef]
73. Dhanani, K.C.H.; Samson, W.J.; Edkins, A.L. Fibronectin is a stress responsive gene regulated by HSF1 in

response to geldanamycin. Sci. Rep. 2017, 7, 17617. [CrossRef]
74. Panaretou, B.; Siligardi, G.; Meyer, P.; Maloney, A.; Sullivan, J.K.; Singh, S.; Millson, S.H.; Clarke, P.A.;

Naaby-Hansen, S.; Stein, R.; et al. Activation of the ATPase activity of Hsp90 by the stress-regulated
cochaperone Aha1. Mol. Cell 2002, 10, 1307–1318. [CrossRef]

75. Buchner, J. Hsp90 and Co.—A holding for folding. Trends Biochem. Sci. 1999, 24, 136–141. [CrossRef]
76. Wayne, N.; Bolon, D.N. Charge-Rich Regions Modulate the Anti-Aggregation Activity of Hsp90. J. Mol. Biol.

2010, 401, 931–939. [CrossRef] [PubMed]
77. Pursell, N.W.; Mishra, P.; Bolon, D.N.A. Solubility-promoting function of Hsp90 Contributes to client

maturation and robust cell growth. Eukaryot. Cell 2012, 11, 1033–1041. [CrossRef]
78. Kijima, T.; Prince, T.L.; Tigue, M.L.; Yim, K.H.; Schwartz, H.; Beebe, K.; Lee, S.; Budzynski, M.A.; Williams, H.;

Trepel, J.B.; et al. HSP90 inhibitors disrupt a transient HSP90-HSF1 interaction and identify a noncanonical
model of HSP90-mediated HSF1 regulation. Sci. Rep. 2018, 8, 6976. [CrossRef]

http://dx.doi.org/10.1073/pnas.76.9.4350
http://www.ncbi.nlm.nih.gov/pubmed/388439
http://dx.doi.org/10.1002/0471140864.ps2809s79
http://dx.doi.org/10.1208/s12249-013-0026-2
http://dx.doi.org/10.1186/1471-2407-9-94
http://dx.doi.org/10.1111/j.1476-5381.2009.00480.x
http://dx.doi.org/10.1080/19336918.2015.1103421
http://dx.doi.org/10.1016/j.bone.2010.08.023
http://dx.doi.org/10.1016/0741-5214(93)70065-7
http://dx.doi.org/10.1016/S0892-1997(02)00102-9
http://dx.doi.org/10.1016/j.matbio.2009.03.002
http://www.ncbi.nlm.nih.gov/pubmed/19285555
http://dx.doi.org/10.1161/01.ATV.18.9.1363
http://dx.doi.org/10.1091/mbc.e04-08-0672
http://www.ncbi.nlm.nih.gov/pubmed/15563605
http://dx.doi.org/10.1242/jcs.087858
http://www.ncbi.nlm.nih.gov/pubmed/22159414
http://dx.doi.org/10.1007/BF00047692
http://dx.doi.org/10.1016/j.addr.2015.11.014
http://dx.doi.org/10.15252/embr.201439246
http://dx.doi.org/10.1083/jcb.201102147
http://dx.doi.org/10.1038/s41598-017-18061-y
http://dx.doi.org/10.1016/S1097-2765(02)00785-2
http://dx.doi.org/10.1016/S0968-0004(99)01373-0
http://dx.doi.org/10.1016/j.jmb.2010.06.066
http://www.ncbi.nlm.nih.gov/pubmed/20615417
http://dx.doi.org/10.1128/EC.00099-12
http://dx.doi.org/10.1038/s41598-018-25404-w


Cells 2020, 9, 272 25 of 26

79. Luo, Q.; Boczek, E.E.; Wang, Q.; Buchner, J.; Kaila, V.R.I. Hsp90 dependence of a kinase is determined by its
conformational landscape. Sci. Rep. 2017, 7, 43996. [CrossRef]

80. Jez, J.M.; Chen, J.C.H.; Rastelli, G.; Stroud, R.M.; Santi, D.V. Crystal structure and molecular modeling of
17-DMAG in complex with human Hsp90. Chem. Biol. 2003, 10, 361–368. [CrossRef]

81. Kim, J.G.; Lee, S.C.; Kim, O.H.; Kim, K.H.; Song, K.Y.; Lee, S.K.; Choi, B.J.; Jeong, W.; Kim, S.J. HSP90 inhibitor
17-DMAG exerts anticancer effects against gastric cancer cells principally by altering oxidant-antioxidant
balance. Oncotarget 2017, 8, 56473–56489. [CrossRef]

82. Mellatyar, H.; Talaei, S.; Pilehvar-Soltanahmadi, Y.; Barzegar, A.; Akbarzadeh, A.; Shahabi, A.;
Barekati-Mowahed, M.; Zarghami, N. Targeted cancer therapy through 17-DMAG as an Hsp90 inhibitor:
Overview and current state of the art. Biomed. Pharmacother. 2018, 102, 608–617. [CrossRef]

83. Sullivan, W.P.; Owen, B.A.L.; Toft, D.O. The influence of ATP and p23 on the conformation of hsp90. J. Biol.
Chem. 2002, 277, 45942–45948. [CrossRef]

84. Sullivan, W.; Stensgard, B.; Caucutt, G.; Bartha, B.; McMahon, N.; Alnemri, E.S.; Litwack, G.; Toft, D.
Nucleotides and two functional states of hsp90. J. Biol. Chem. 1997, 272, 8007–8012. [CrossRef] [PubMed]

85. Sun, L.; Prince, T.; Manjarrez, J.R.; Scroggins, B.T.; Matts, R.L. Characterization of the interaction of Aha1
with components of the Hsp90 chaperone machine and client proteins. Biochim. Biophys. Acta Mol. Cell Res.
2012, 1823, 1092–1101. [CrossRef] [PubMed]

86. Oroz, J.; Kim, J.H.; Chang, B.J.; Zweckstetter, M. Mechanistic basis for the recognition of a misfolded protein
by the molecular chaperone Hsp90. Nat. Struct. Mol. Biol. 2017, 24, 407–413. [CrossRef] [PubMed]

87. Keramisanou, D.; Aboalroub, A.; Zhang, Z.; Liu, W.; Marshall, D.; Diviney, A.; Larsen, R.W.; Landgraf, R.;
Gelis, I. Molecular Mechanism of Protein Kinase Recognition and Sorting by the Hsp90 Kinome-Specific
Cochaperone Cdc37. Mol. Cell 2016, 62, 260–271. [CrossRef] [PubMed]

88. Saibil, H. Europe PMC Funders Group Chaperone machines for protein folding, unfolding and disaggregation.
Nat. Rev. Mol. Cell Biol. 2015, 14, 630–642. [CrossRef] [PubMed]

89. Radli, M.; Rüdiger, S.G.D. Dancing with the Diva: Hsp90–Client Interactions. J. Mol. Biol. 2018, 430,
3029–3040. [CrossRef] [PubMed]

90. Lorenz, O.R.; Freiburger, L.; Rutz, D.A.; Krause, M.; Zierer, B.K.; Alvira, S.; Cuéllar, J.; Valpuesta, J.; Madl, T.;
Sattler, M.; et al. Modulation of the Hsp90 chaperone cycle by a stringent client protein. Mol. Cell 2014, 53,
941–953. [CrossRef]

91. Pearl, L.H.; Prodromou, C. Structure and in vivo function of Hsp90. Annu. Rev. Biochem. 2000, 10, 46–51.
[CrossRef]

92. Lackie, R.E.; Maciejewski, A.; Ostapchenko, V.G.; Marques-Lopes, J.; Choy, W.Y.; Duennwald, M.L.; Prado, V.F.;
Prado, M.A.M. The Hsp70/Hsp90 chaperone machinery in neurodegenerative diseases. Front. Neurosci. 2017,
11, 254. [CrossRef]

93. Jaeger, A.M.; Whitesell, L. HSP90: Enabler of Cancer Adaptation. Annu. Rev. Cancer Biol. 2019, 3, 275–297.
[CrossRef]

94. Verba, K.A.; Wang, R.Y.R.; Arakawa, A.; Liu, Y.; Shirouzu, M.; Yokoyama, S.; Agard, D.A. Atomic structure of
Hsp90-Cdc37-Cdk4 reveals that Hsp90 traps and stabilizes an unfolded kinase. Science 2016, 352, 1542–1547.
[CrossRef] [PubMed]

95. Kirschke, E.; Goswami, D.; Southworth, D.; Griffin, P.R.; Agard, D.A. Glucocorticoid receptor function
regulated by coordinated action of the Hsp90 and Hsp70 chaperone cycles. Cell 2014, 157, 1685–1697.
[CrossRef] [PubMed]

96. Dittmar, K.D.; Demady, D.R.; Stancato, L.F.; Krishna, P.; Pratt, W.B. Folding of the glucocorticoid receptor by
the heat shock protein (hsp) 90-based chaperone machinery. The role of p23 is to stabilize receptor·hsp90
heterocomplexes formed by hsp90·p60·hsp70. J. Biol. Chem. 1997, 272, 21213–21220. [CrossRef] [PubMed]

97. Potts, J.R.; Campbell, I.D. Fibronectin structure and assembly. Curr. Opin. Cell Biol. 1994, 6, 648–655.
[CrossRef]

98. Citri, A.; Harari, D.; Shohat, G.; Ramakrishnan, P.; Gan, J.; Lavi, S.; Eisenstein, M.; Kimchi, A.; Wallach, D.;
Pietrokovski, S.; et al. Hsp90 recognizes a common surface on client kinases. J. Biol. Chem. 2006, 281,
14361–14369. [CrossRef]

99. Peysselon, F.; Xue, B.; Uversky, V.N.; Ricard-Blum, S. Intrinsic disorder of the extracellular matrix. Mol. Biosyst.
2011, 7, 3353–3365. [CrossRef]

http://dx.doi.org/10.1038/srep43996
http://dx.doi.org/10.1016/S1074-5521(03)00075-9
http://dx.doi.org/10.18632/oncotarget.17007
http://dx.doi.org/10.1016/j.biopha.2018.03.102
http://dx.doi.org/10.1074/jbc.M207754200
http://dx.doi.org/10.1074/jbc.272.12.8007
http://www.ncbi.nlm.nih.gov/pubmed/9065472
http://dx.doi.org/10.1016/j.bbamcr.2012.03.014
http://www.ncbi.nlm.nih.gov/pubmed/22504172
http://dx.doi.org/10.1038/nsmb.3380
http://www.ncbi.nlm.nih.gov/pubmed/28218749
http://dx.doi.org/10.1016/j.molcel.2016.04.005
http://www.ncbi.nlm.nih.gov/pubmed/27105117
http://dx.doi.org/10.1038/nrm3658
http://www.ncbi.nlm.nih.gov/pubmed/24026055
http://dx.doi.org/10.1016/j.jmb.2018.05.026
http://www.ncbi.nlm.nih.gov/pubmed/29782836
http://dx.doi.org/10.1016/j.molcel.2014.02.003
http://dx.doi.org/10.1016/S0959-440X(99)00047-0
http://dx.doi.org/10.3389/fnins.2017.00254
http://dx.doi.org/10.1146/annurev-cancerbio-030518-055533
http://dx.doi.org/10.1126/science.aaf5023
http://www.ncbi.nlm.nih.gov/pubmed/27339980
http://dx.doi.org/10.1016/j.cell.2014.04.038
http://www.ncbi.nlm.nih.gov/pubmed/24949977
http://dx.doi.org/10.1074/jbc.272.34.21213
http://www.ncbi.nlm.nih.gov/pubmed/9261129
http://dx.doi.org/10.1016/0955-0674(94)90090-6
http://dx.doi.org/10.1074/jbc.M512613200
http://dx.doi.org/10.1039/c1mb05316g


Cells 2020, 9, 272 26 of 26

100. Tomasini-Johansson, B.R.; Annis, D.S.; Mosher, D.F. The N-terminal 70-kDa fragment of fibronectin binds to
cell surface fibronectin assembly sites in the absence of intact fibronectin. Matrix Biology 2006, 25, 282–293.
[CrossRef]

101. Schwarzbauer, J.E. Identification of the fibronectin sequences required for assembly of a fibrillar matrix.
J. Cell Biol. 1991, 113, 1463–1473. [CrossRef]

102. Quade, B.J.; McDonald, J.A. Fibronectin’s amino-terminal matrix assembly site is located within the 29-kDa
amino-terminal domain containing five type I repeats. J. Biol. Chem. 1988, 263, 19602–19609.

103. Sottile, J.; Schwarzbauer, J.; Selegue, J.; Mosher, D.F. Five type I modules of fibronectin form a functional unit
that binds to fibroblasts and Staphylococcus aureus. J. Biol. Chem. 1991, 266, 12840–12843.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.matbio.2006.02.002
http://dx.doi.org/10.1083/jcb.113.6.1463
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Proteins, Antibodies, and Plasmids 
	Plasmids 
	Cell Line Maintenance and Transfection 
	Sodium Dodecyl Sulphate–Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Western Blot Analysis 
	Solid Phase Protein–Protein Interaction Assay 
	Gelatin and Heparin Agarose Pull-Down Assay 
	Immunoprecipitation and Nickel Affinity Pull-Down Assay 
	Protein Thermal Shift Unfolding Assay 
	Confocal Microscopy for Colocalization and Biomolecular Fluorescence Complementation (BiFC) Assay 
	Confocal Microscopy Analysis of FN Matrix 
	Cell Migration Assays 
	Statistical Analysis and Reproducibility 

	Results 
	Identification of the Interaction Domains in HSP90 and FN 
	Colocalization of Fibronectin and HSP90 in Cells 
	Analysis of FN and HSP90 Interaction by Biomolecular Fluorescence Complementation (BiFC) Assay 
	Analysis of the Effect of FN Fragment Stability on HSP90 Interaction 
	FN70 and HSP90 Interaction in the Presence of Heparin and Gelatin 
	HSP90 and FN Interaction Involves Type-I FN Motifs 
	Interaction of FN with Conformationally Restricted HSP90 Mutants 
	Phosphorylation of HSP90-Y313 does not Affect. HSP90–FN Interaction 
	Extracellular HSP90 Increases the FN Matrix In Vitro 
	C-terminal, but not N-terminal, HSP90 Inhibitors Reduce Total FN Levels In Vitro 
	C-Terminal Hsp90 Inhibitors Alter Cell Migration In Vitro 

	Discussion 
	References

