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Abstract

Focal adhesion kinase (FAK) acts as a regulator of cellular signaling and may promote cell

spreading, motility, invasion and survival in malignancy. Elevated expression and activity of FAK

frequently correlate with tumor cell metastasis and poor prognosis in breast cancer. However, the

mechanisms by which the turnover of FAK is regulated remain elusive. Here we report that heat

shock protein 90β (HSP90β) interacts with FAK and the middle domain (amino acids 233–620) of

HSP90β is mainly responsible for this interaction. Furthermore, we found that HSP90β regulates

FAK stability since HSP90β inhibitor 17-AAG triggers FAK ubiquitylation and subsequent

proteasome-dependent degradation. Moreover, disrupted FAK-HSP90β interaction induced by 17-

AAG contributes to attenuation of tumor cell growth, migration, and invasion. Together, our

results reveal how HSP90β regulates FAK stability and identifies a potential therapeutic strategy

to breast cancer.
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INTRODUCTION

Breast cancer is a major cause of morbidity and mortality in women, accounting for 22.9%

of the total cancer cases and 13.7% of the cancer deaths (1). Most of the deaths are primarily

due to metastasis to distant organs. Metastasis is a multistep process requiring numerous

interactions of tumor cells with the surrounding matrix, including adhesion, invasion of

basement membrane, survival in circulation, and colonization to a secondary site.

Interrupting the metastatic process is key to reducing breast cancer mortality.

Focal adhesion kinase (FAK) is a non-receptor and non-membrane associated protein

tyrosine kinase that is activated at the sites of cell-matrix adhesions and integrin clustering

by auto-phosphorylation (at Tyr397), Src and other tyrosine kinases (2). FAK controls

several cellular signaling pathways, including cell spreading, proliferation, motility,

angiogenesis, invasion and survival (3). Elevated FAK levels are detected at early stages of

breast cancer tumorigenesis before tumor invasion and metastasis (4, 5). Studies of human

breast tumor samples revealed that up-regulation of FAK is observed in 88% of invasive and

metastatic tumors, and FAK level correlates with the invasive potential (2, 6). Because of its

critical role in the biological processes of cancer cells, FAK has been proposed as a potential

target for cancer therapy. Among the FAK inhibitors developed, TAE226, PF562271 and

PF573228 are best characterized. TAE226, the first small molecule inhibitor of FAK

identified, blocks the ATP binding site and inhibits FAK phosphorylation (7, 8). PF573228

interacts with FAK in its ATP-binding pocket and effectively blocks the catalytic activity of

recombinant FAK protein or endogenous FAK expressed in a variety of normal and cancer

cell lines (9). Unlike PF573228, PF562271 blocks the ATP binding sites of both FAK and

Pyk2 (protein-rich tyrosine kinase 2) - another non-receptor tyrosine kinase known to bind

and activate Src (10, 11). FAK as an anti-cancer target prompts researchers to study related

signaling pathways and mechanisms. However, little is known about how FAK interacts

with its signaling partners as well as its regulation.

Heat shock protein 90 (HSP90) is an ATPase-directed molecular chaperone that comprises

1–2% of total cellular protein content (12). It has two isoforms, HSP90α and 90β. HSP90β is

slightly larger and less inducible than HSP90α (13). HSP90 regulates a variety of molecular

processes including protein folding, protein degradation, maturation of client proteins, and

signal transduction. In cancers, tumor cells rely on HSP90 chaperone machinery to protect

an array of mutated and/or over-expressed oncoproteins from misfolding and degradation.

Therefore, HSP90 is recognized as a crucial facilitator of oncogene addiction and cancer cell

survival (14). Since HSP90 level and activity are up-regulated in cancer cells (15), the

effects of the inhibitor of HSP90 on tumorigenensis have been evaluated. Recent studies

showed that inhibition of HSP90 by geldanamycin (GA) or 17-(allylamino)-17-

demethoxygeldanamycin (17-AAG) leads to apoptosis in various tumor cell types including

solid tumors (16, 17).
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A large number of HSP90 client proteins have been shown to be pivotal for the

development, proliferation and survival of specific types of cancers (18, 19). In the past

decades, more than 200 client proteins of HSP90 have been identified (see http://

www.picard.ch/downloads/Hsp90interactors.pdf). Early work on HSP90 clients mainly

focused on two classes: protein kinases and nuclear receptors (20–22). However, as a

tyrosine kinase, FAK had not yet been generally considered as a client of HSP90. The

relationship of HSP90 and FAK was investigated by limited in vivo and in vitro studies (23–

25). In human studies, enhanced expression of HSP90 and FAK are associated with high

risk of transformation and poor survival in acute myeloid leukemia (26). Furthermore, high

levels of HSP90 and FAK are predictive of resistance to chemotherapy in acute myeloid

leukemia (27, 28). In vitro, HSP90 inhibitor GA blocked tyrosine phosphorylation of FAK,

assembly of focal adhesions, actin reorganization, and cell migration, all of which were

reversed by overexpressing HSP90 in activated HUVEC (29). Pharmacologic inhibition of

HSP90 leads to decreased FAK signaling and, consequently, displays growth-inhibitory and

anti-metastatic effects similar to FAK inhibition alone in SiHa cervical xenografts (23).

Inhibition of cell surface HSP90 suppresses FAK/Src activity and reverses the cell invasion

stimulated by FAK overexpression. And FAK knockdown by siRNA treatment in the

presence of HSP90 antibody further suppresses invasion of human prostate cancer cell line

PC3 (30). However, there is little evidence for the direct interaction between HSP90 and

FAK, as well as the consequent effects of the HSP90-FAK interaction on tumorigenesis. Our

study focused on the contribution of HSP90 to FAK stability, the HSP90-FAK binding and

its functional role in human breast cancer cell. We explored one mechanistic basis for the

controlling of cell motility and invasion by FAK in MDA-MB-231 human breast cancer cell.

We found that pharmacologic inhibition of HSP90β leads to decreased FAK stability and, as

a result, reduced cancer cells growth and metastasis. Moreover, we demonstrated that

HSP90β protects FAK from proteasome-mediated degradation.

MATERIALS AND METHODS

Reagents, Constructs and Antibodies

Protein-G agarose (11243233001) was obtained from Roche. Glutathione Sepharose 4B

(17-0757-01) was from GE Healthcare. Goat anti-mouse IgG conjugated with Alexa Fluor

488 (A21026), goat anti-rabbit IgG conjugated Alexa Fluor 594 (A11012), and blasticidine

(R210-01) were from Invitrogen. Recombinant human FAK protein (31168) was from

Active Motif (Carlsbad, CA). PF573228 (sc-204179) was from Santa Cruz. U0126 (9903)

was from Cell Signaling. Protease inhibitor cocktail (P8340), 17-AAG (A8476), Lubrol-PX,

DMSO, and other chemicals were from Sigma (St. Louis, MO). HSP90β miRNAi constructs

were generated using the BLOCK-iT Pol II miR RNAi Expression Vector Kit (Invitrogene,

K4936-00). Oligonucleotide sequences for miRNAi constructs are 90β-1205 5′-ATA AAG

TTG AGG TAC TCA GGT-3′ (31), and FAK-1763 5′-ATC ATT TGA AGA CAC CAG

AAC-3′ (32). A scrambled sequence shRNA that is not homologous to any human gene was

used as control. Antibodies were purchased from Santa Cruz (FAK, sc-558; actin, sc-1616),

Cell Signaling (p-Tyr397-FAK, 3283S; p-Tyr118-paxillin, 2541; B-Raf, 9434; Raf-1, 9422),

Invitrogen (HSP90β, 37-9400; Myc, 132500), Chemicon international (GAPDH, MAB374),
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Thermo Scientific (rabbit IgG, 31460; mouse IgG, 31430), Sigma (Flag, F3165; paxillin,

P1039).

Cell Culture and Transfection

MDA-MB-231, HEK293T, and H4 cells were obtained from American Type Culture

Collection (ATCC, Manassas) and maintained in DMEM (Gibco) supplemented with 10%

fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA), 100 units/ml penicillin G, and 100

μg/ml streptomycin. Cells were incubated in a humidified incubator at 37°C with 5% CO2.

HEK293T cells were seeded on 10 cm culture dish and allowed to grow till 50–60%

confluence, and transfected with the appropriate plasmid using calcium phosphate

precipitation methods (33). Forty eight hours after transfection, cells were solubilized in the

extraction buffer (0.5% Lubrol-PX, 50 mM KCl, 2 mM CaCl2, 20% glycerol, 50 mM Tris-

HCl, and inhibitors of proteases and phosphatases, pH 7.4) and subjected to

immunoprecipitation and/or immunoblotting. MDA-MB-231 cells were plated in 12-well

plates and transfected with the appropriate plasmid using Lipofectamine 2000 (Invitrogen).

Six hours after transfection, cells were switched to DMEM containing 10% FBS for 48 h.

Then cells were collected, and incubated in selection medium containing 7 μg/ml

blasticidine for 2–3 weeks. The stable clones were selected by immunoblotting and

immunofluorescence for protein expression.

Immunoprecipitation, Immunoblotting, and in vitro Protein Interaction

Cell lysates were cleaned by centrifugation at 12,000 rpm for 15 min and subjected to

immunoprecipitation with indicated antibodies and protein-G beads at 4°C overnight. Bound

proteins were resolved by SDS-PAGE and analyzed by immunoblotting as described

previously (34, 35). Quantification of immunoblots was done by scanning films containing

nonsaturated signals with an Epson 1680 scanner and analyzed with Image J software (31).

The cDNAs encoding full-length HSP90β and HSP90β fragments (1–232, 233–620, 621–

724) were sub-cloned into the pGEX-6P-1 vector. Expression of GST-HSP90β, GST-

HSP90β fragments or GST alone was conducted in the protease-deficient bacterial strain E.

coli BL21 (DE3). Protein expression was induced for 6–8 h at 25°C with 0.4 mM isopropyl

β-1-thiogalactopyranoside. GST and GST fusion proteins were purified by glutathione

sepharose 4B beads, and incubated with lysates of HEK293T cells expressing Myc-FAK at

4°C overnight. The beads were collected, and the fusion proteins were probed with anti-Myc

antibody by Western blotting.

Cell Migration and Colony Formation Assays

Cell migration was measured by a scratch assay (36). MDA-MB-231 cells were plated in 6-

well plates to create a confluent monolayer after a 12 h culture at 37°C in an incubator with

5% CO2. Then, a p200 pipette tip was used to create a “scratch” in the cell monolayer. After

removing debris and adding fresh media containing 2% FBS, cells were photographed using

converted fluorescence microscope (Olympus, IX71) at 0, 12, 18 and 24 h in the presence or

absence of 17-AAG or PF573228. The wound area was assessed by ImageJ software. A

relative migration rate was calculated by cell relative migration rate for each treatment.
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Colony formation was assessed using a soft agar assay (37). Briefly, cells were suspended in

DMEM containing 0.33% agarose and 10% fetal bovine serum and plated on top of a

solidified layer of DMEM containing 0.67% agarose and 10% fetal bovine serum. The cells

were plated at a density of 1,000 cells/well in a 12-well plate and fed weekly by adding 1 ml

of conditioned DMEM containing 0.33% agarose and 10% fetal bovine serum. After 18–21

days of growth, colonies of >50 cells were scored. The efficiency of colony formation was

determined by counting the number of colonies and calculated as the following: (number of

colonies formed/number of cells plated) × 100% (38).

Cell Invasion Assay

Cell invasion assay was performed in a 24-well transwell chamber (Corning, Inc., Corning,

NY). The 8 μm pore polycarbonate membrane insert was coated with 100 μl of matrigel (BD

Biosciences). The matrigel was diluted to 100 μg/ml with cold DMEM, and applied to the

upper surface of the Inserts (5 μg/Insert), then dried overnight under a hood at room

temperature. Cells (2 × 105 cells/ml) with or without 17-AAG or PF573228 were plated to

the upper chamber, and 700 μl of 10% FBS medium were placed in the bottom chamber.

After incubation at 37°C for 24 h, the upper surface of the insert was swabbed to remove

non-migrating cells. The inserts were washed with PBS, fixed in 4% paraformaldehyde and

stained with crystal violet for 30 min. Photographs were taken and stained cells were

counted under a microscope in five randomly chosen fields and presented as percentage of

the control.

Immunofluorescent Analysis

Cells were grown on coverslips in 12-well plates and fixed with 4% paraformaldehyde for

20 min at room temperature. Cells were permeabilized with 0.1% Triton X-100 in PBS for

10 min and blocked with 10% BSA in PBS for 60 min, and then stained with the indicated

antibodies. Double-labelled immunostaining was done with appropriate fluorochrome-

conjugated secondary antibodies. Images were taken using confocal microscope (Zeiss,

LSM 700). For F-actin staining, cells were placed on glass coverslips in a 12-well culture

plate at 10 × 104 cells/well. The next day cells were treated with 17-AAG or PF573228 for

16 h, and then fixed with 3.7% formaldehyde. Glass coverslips were removed from the plate

and cells were permeabilized with 0.1% Triton X-100 for 3 min and immediately washed

twice in PBS. Coverslips were blocked with 1% BSA for 30 min, and then replaced with

Alexa Fluor® 488 phalloidin (Invitrogen, A12379) containing 1% BSA for 20 min at room

temperature. After washed with PBS, coverslips were air dried and mounted on a

microscope slide. Representative photographs were taken using confocal microscope (Zeiss,

LSM 700).

Statistical Analyses

Each assay was repeated three times. Data are expressed as the mean ± standard deviation

(SD). The statistical significance of the data obtained was evaluated using the Student’s t-

test. Statistical significance was defined as P < 0.05.
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RESULTS

HSP90β Interacts with FAK in Mammalian Cells

Although the impact of HSP90 on FAK has been investigated by several studies, none of

them provides evidence of direct binding of these two proteins. To evaluate whether

HSP90β protein interacts with FAK, we tansfected Myc-tagged FAK and Flag-tagged

HSP90β into HEK293T cells. As shown in Figure 1A, Flag-HSP90β was detected in

immunoprecipitates of Myc-FAK, suggesting an interaction between FAK and HSP90β. To

confirm that endogenous FAK indeed binds to HSP90β, the immunoprecipitation

experiment was carried out with the endogenous proteins isolated from MDA-MB-231

breast cancer cells. We found that endogenous FAK was immunoprecipitated with

endogenous HSP90β (Figure 1B). To further assess if this interaction was direct, we

performed in vitro GST pull-down assay using GST-HSP90β and recombinant human FAK

protein. The complex was detected by immunoblotting analysis (Figure 1C), suggesting a

direct interaction between HSP90β and FAK. In addition, immunofluorescence studies by

confocal microscopy revealed intense staining of FAK in nuclei while scattered in

cytoplasm (Figure 1D). However, HSP90β was found hyperchromatic in the cytoplasm as

well as at the rim of cell lamellipodia, and markedly co-stained with FAK outside the nuclei.

We found similar distribution of these two proteins in H4 neuronal glioma cells, which have

relatively bigger nuclei and less cytoplasma than MDA-MB-231 cells. Furthermore, as

shown in Figure 1E, the immunoprecipitation assay of HSP90 co-chaperones (HSP70,

HSP40, HOP) and FAK indicates the possible binding between FAK and other HSP90β

partners.

Domains of HSP90β Crucial for Interaction with FAK

Since the results above demonstrated the interaction between HSP90β and FAK, we

wondered which domain is responsible for the binding. HSP90 is known to be composed of

three major structural domains: the nucleotide binding domain in the N-terminal portion

which contains the ATP-binding site; the client binding domain in the middle; and a C-

terminal domain responsible for HSP90 dimerization. To determine the domain(s)

responsible for the interaction with FAK, we obtained a series of HSP90β deletion mutants.

Plasmids bearing Myc-tagged FAK and Flag-tagged HSP90β derivatives were transiently

cotransfected into HEK293T cells. Lysates were immunoprecipitated with antibody against

Myc (Figure 2A, middle). Myc-FAK was able to co-immunoprecipitate with HSP90β full

length and truncation mutants 1–439, 1–620, Δ440–620, Δ233–439, but failed to

immunoprecipitate with 1–232, suggesting that the middle domain of HSP90β is the main

region for the interaction with FAK (Figure 2A, B). Note that truncation mutants of Δ440–

620 and Δ233–439 interacted with FAK, suggesting at least two binding sites in the middle

domain responsible for the binding (Figure 2A, B). Moreover, GST fusion protein of

HSP90β containing 233–620 strongly interacts with Myc-tagged FAK generated by in vitro

translation (Figure 2C, D). The results indicate that the middle domain of HSP90 accounts

for the majority of FAK-binding and two regions (i.e., 1–232, 627–724) also contribute to

the interaction with FAK.
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HSP90β Protects FAK from Degradation through Ubiquitin-proteasome Pathway

The binding of HSP90β to FAK prompted us to investigate the function of HSP90β in FAK

stability. MDA-MB-231 cells were treated with 17-AAG, an inhibitor that competes with

ATP for binding to the N-terminal HSP90 (39). Cycloheximide (CHX) was used to inhibit

protein synthesis for monitoring protein degradation. As shown in Figure 3A, endogenous

FAK is degraded slowly under normal condition, however, 17-AAG markedly accelerated

FAK turnover during 16 h observation. Quantification analysis confirmed the significant

difference between these two groups (Control group: 79.62 ± 5.31% vs 17-AAG group:

52.14 ± 4.61% at 16 h, P < 0.01) (Figure 3B).

Degradation of HSP90 client proteins is thought to be mediated by the 26S proteasome (31).

Therefore, we investigated whether the proteasome is involved in regulating FAK stability.

MDA-MB-231 cells were treated with MG-132, an inhibitor of the 26S proteasome. As

shown in Figure 3C, the degradation of FAK induced by 17-AAG was attenuated partially

when MG-132 was added for 4 h and 8 h. These results suggest that FAK undergoes rapid

degradation by 26S proteasomes without the protection of HSP90β.

Polyubiquitinated proteins are substrates for the 26S proteasome (40). To further investigate

effects of HSP90β on ubiquitin-dependent degradation of FAK, MDA-MB-231 cells were

treated with 17-AAG alone or together with MG-132 for 4 h and 8 h incubation prior to cell

collection. Lysates were immunoprecipitated with FAK and the immunoprecipitates were

probed for ubiquitin (Figure 3D). Lane 1 showed a basal ubiquitination profile of FAK

under normal condition (Figure 3D, lane 1), and 17-AAG enhanced FAK ubiquitination

slightly (Figure 3D, lane 2). MG-132 treatment in the absence of 17-AAG resulted in

significant accumulation of ubiquitinated FAK, confirming ubiquitin/proteasome-mediated

FAK degradation (Figure 3D, lane 5, 6). 17-AAG enhanced FAK ubiquitination markedly

with the combination of MG-132 treatment in comparison with vehicle control (Figure 3D,

lane 3, 4).

Next, we adopted a dominant-negative approach to further investigate the interaction of

HSP90β and FAK. We reasoned that HSP90β(1–620, a fragment that contains the domain

for FAK interaction, may prevent endogenous FAK from interacting with HSP90β. As

shown in Figure 3E, expression of Flag-HSP90β(1–620) reduced expression of endogenous

FAK in HEK293T cells, indicating a disrupted interaction between FAK and endogenous

HSP90β as a result of competitive binding between HSP90β(1–620) and FAK. These data

strongly suggest that HSP90β plays a critical role in FAK stability, likely by means of

inhibiting proteasome-dependent degradation of FAK.

Inhibition of HSP90β or FAK Attenuates Tumorigenesis of Breast Cancer Cells

To explore possible functional effects of HSP90β on the role of FAK in tumurigenesis, we

used MDA-MB-231 cells to perform scratch assays. Cells were pretreated with PF573228 or

17-AAG to inhibit FAK and HSP90β respectively, before wounded by scratching. After

additional 12, 18, and 24 h incubation, repopulation of the open area created by the

“scratch” was markedly reduced in PF573228- and 17-AAG-treated cells compared with

non-treated control cells (Figure 4A, B). Further quantification analysis showed a dose-
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dependent inhibition. In a transwell assay, PF573228- and 17-AAG-treated cells exhibited

reduced cell invasive ability when compared to untreated cells (Figure 4C, D). Consistently,

in anchorage-independent growth assay (Figure 4E and 4F), PF573228 and 17-AAG

inhibited MDA-MB-231 cells colony formation compared with solvent-treated control cells.

To evaluate the specificity of biochemical effect of the HSP90β-FAK interaction, we

presented data of other HSP90 client proteins B-Raf and Raf-1 (C-Raf) that are components

of the Ras/Raf/MEK/ERK signaling module, an FAK-independent pathway that regulates

cell fate (41, 42). As shown in Supplemental Figure S1A, 17-AAG exposure led to

diminished expression of FAK, B-Raf and Raf-1 to different extent. U0126, an MEK1/2

inhibitor, was employed to block the B-Raf and Raf-1 pathway in scratch assay and

transwell assay using MDA-MB-231 cells (Supplemental Figure S1B and S1C). There are

no significant difference between U0126-treated and control cells, supporting the specific

effect of FAK-HSP90 in tumorigenesis of breast cancer cells. From the above, inhibition of

FAK or HSP90β was found to similarly regulate tumor cell growth, invasion and metastasis.

FAK and HSP90β likely work together since FAK interacts with HSP90β.

Repression of FAK and HSP90β Expression Inhibits Cell Migration and Anchorage-
independent Growth

To further assess specific roles of HSP90β and FAK in breast cancer, we generated FAK and

HSP90β miRNAi constructs that inhibited FAK and HSP90β expression, respectively. We

screened several stable cell lines for knockdown of FAK or HSP90β. As shown by

immunoblottings, 3 of 4 cell lines (FAK1763-#1, #3, #4) transfected with miRNAi-

FAK1763 (miR-FAK1763) and all of the 3 cell lines (90β-1205-#1, #2, #3) transfected with

miRNAi-90β-1205 (miR-90β-1205) exhibited lower expression of FAK and HSP90β

respectively, than control cells bearing a vector with random sequences (Figure 5A, B).

Scratch assays showed that repopulation of the open area created by the “scratch” was

markedly attenuated when MDA-MB-231 cells were transfected with either miR-FAK1763

or miR-90β-1205 (Figure 5C, D). However, transient suppression of Raf-1 by siR-Raf-1

(Supplemental Figure S2A) did not affect cell migration and invasion of MDA-MB-231

cells (Supplemental Figure S2B and S2C). In anchorage-independent growth assay, FAK

and HSP90β knockdown cells formed fewer colonies on soft agar than control cells (Figure

5E, F). Together these results established that FAK is stabilized by HSP90β, and the

interaction between HSP90β and FAK plays an essential role in breast cancer cell metastasis

and transformation.

Inhibition of HSP90β or FAK Interferes Invasive Ability and Cytoskeleton of Tumor Cells

Next, we further addressed the effect of HSP90β or FAK on tumor cell invasion and

cytoskeletal reorganization. Like FAK, its downstream target paxillin is a positive regulator

of cell adhesion and migration. Paxilin serves as a platform for the recruitment of numerous

regulatory and structural proteins that together control the dynamic changes in cell adhesion,

cytoskeletal reorganization and gene expression that are necessary for cell migration and

survival (43). 17-AAG reduced expression of paxillin slightly, but diminished

phosphorylation form of paxillin (p-paxillin) drastically (Figure 6A). Cytoskeleton was

visualized by immunofluorescent staining of actin in PF573228- or 17-AAG-treated MDA-
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MB-231 and H4 neuroglioma cells. As shown in Figure 6B, normally, cells displayed

polarized leading edges rich in actin ruffles, and exhibited numerous and thick stress fibers.

However, PF573228 and 17-AAG treatment inhibited actin ruffling at the leading edge of

MDA-MB-231 cells, accompanied by thinner and less stress fibers than those observed in

control cells. Although the actin of PF573228- and 17-AAG- treated H4 cells were stained

intensely at the edges, they usually lacked well-developed polarized leading edges.

Congruously, all the cytoplasm of treated cells was filled with fractured debris of stress

fibers. These results demonstrate a requirement of FAK and HSP90β for breast cancer cell

motility.

Based on the results we obtained, we propose a working hypothesis depicted in Figure 6C.

According to this model, in MDA-MB-231 cells, HSP90β normally interacts with FAK to

form a stable complex, thus ensures the functions of FAK in promoting tumorigenesis.

When HSP90β activity is blocked by 17-AAG, FAK undergoes proteasome-dependent

degradation, resulting in prevention of tumor cell migration and invasion.

DISCUSSION

Our study has demonstrated a novel finding that HSP90β stabilizes FAK through protein-

protein interaction in MDA-MB-231 breast cancer cells, otherwise, FAK encounters

proteasome-dependent degradation when treated with HSP90β inhibitor 17-AAG. We show

that HSP90β regulates FAK stability based on three important findings. First, both

ectopically expressed and endogenous HSP90β directly interact with FAK in mammalian

cells. Under confocal microscopy, overlapped fluorescent staining of HSP90β and FAK can

be observed. Second, treatment of MDA-MB-231 cells with HSP90 inhibitor 17-AAG

results in accelerated degradation of FAK protein. Third, disruption of the HSP90β-FAK

interaction by a dominant-negative approach reduces endogenous FAK level. Our data

suggest a novel regulatory mechanism for FAK in tumor cells as HSP90β protects FAK

from proteasome-dependent degradation.

FAK has been reported to be overexpressed in several cancer types, including tumors

derived from the breast, cervix, head and neck, thyroid, colon and ovary (6, 44–46).

However, noninvasive, hypercellular neoplastic tissues such as parathyroid and

hepatocellular adenomas do not contain elevated FAK (6). Therefore, FAK has been

proposed as a potential target for diagnosis and therapy in malignant cancer. Published

reports have implicated both HSP90β and FAK in the development/progression of cancer, as

their expressions are detectable in many epithelial tumors or patients’ serum and are

associated with unfavorable clinical outcome (2, 6, 26, 27). However, limited data support

the involvement of HSP90β in FAK signaling (47), and the regulatory role of HSP90β on

FAK stability has been unclear (23). Ochel HJ, et al. revealed that GA stimulates the

proteolytic degradation of FAK in several cancer cell lines including breast cancer cell, and

markedly reduces the half-life of newly synthesized FAK protein without altering the level

of FAK mRNA (47). Our data by using GA clinical derivative 17-AAG update that study

and provide additional new findings. We present direct evidence for the HSP90-FAK

interaction as exogenous HSP90β immunoprecipitated with FAK in HEK293T cells, which

is consistent with results from co-immunoprecipitation of endogenous HSP90β and FAK in
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MDA-MB-231 cells (Figure 1A,1B). Our data also reveal that the co-chaperones of

HSP90β-HOP, HSP70, and HSP40 interact with FAK by co-immunoprecipitation,

suggesting that HSP90 does not act alone in FAK regulation, but likely requires the aid of

several co-chaperone proteins.

Moreover, we demonstrated that the main binding site(s) of HSP90β to FAK is in the middle

region, which is known for client engagement (48). Notably, although it is reported that

HSP90 mostly resides in cytoplasm, sometimes HSP90 is also found to be expressed on cell

surface in cancer cells. In our study, cell surface HSP90 was localized at the leading edge of

lamellipodia which is associated with migrating ability of breast cancer cells (Figure 1D),

suggesting that it may play a critical role in form of complex with FAK in cell motility.

However, whether cell surface HSP90 interacts with FAK locally or cytosolic HSP90 is

recruited by FAK related signaling to the rim of lamellipodia is still under investigation.

Several HSP90 inhibitors are currently being evaluated for anti-cancer activity in numerous

Phase II and several Phase III clinical trials, both as single agent and in combination with

other cancer drugs (49, 50). Since oncogenes rely heavily on HSP90 to chaperone their

conformation and the inhibitor of HSP90 is able to affect multiple targets and pathways,

HSP90 inhibitors can play a unique role in preventing drug resistance in tumors. However,

because of the overwhelming targets of HSP90, tissue toxicity, and the harmful solvent of

17-AAG, ongoing clinical trials revealed various suggestive maximal tolerated doses and

administration schedules of 17-AAG (51–55). In addition, the data from most phase I

clinical trials with monotherapy of 17-AAG indicated a minor objective anti-tumor

response. Therefore, other derivatives of GA and water soluble HSP90 inhibitors are

required. We aim to find new client protein of HSP90 associated with tumorigenesis and

mechanism of their interaction, thus provide potential agents in combination with HSP90

inhibitors. The pharmalogical inhibitor of FAK, PF573228, exhibits similar inhibitory

effects as 17-AAG on tumor cell growth, metastasis and motility. Small molecule inhibitors

of FAK (e.g., PF-562271, PF-04554878 and GSK2256098, etc.) are already in clinical

testing, and the first FAK inhibitor PF562271 was tested in clinical Phase I trial (56). Our

results support further studies of FAK as a promising therapeutic target.

In summary, this study provides critical insights into the role of HSP90β in FAK

stabilization, and proteasome-dependent degradation of FAK without conformational

protection of HSP90. The direct binding with HSP90β demonstrated that FAK should be a

new oncogenic client of HSP90. Furthermore, breast cancer cells treated with inhibitors of

FAK or HSP90β exhibit decreased cell growth and metastasis, which provides a novel

pathway that may contribute to treating tumors. Together, our results reveal how HSP90β

regulates FAK stability and provided a new potential therapeutic strategy to alleviate breast

cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• HSP90β protects FAK from degradation by the ubiquitin-proteasome pathway.

• Inhibition of HSP90β or FAK attenuates tumorigenesis of breast cancer cells.

• Genetic repression of HSP90β or FAK inhibits tumor cell migration and

proliferation.

• Inhibition of HSP90β or FAK interferes cell invasion and cytoskeleton.
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Figure 1.
Interaction between FAK and HSP90β in cultured cells. (A) Co-immunoprecipitation of

exogenously transfected HSP90β with transfected FAK in cultured HEK293T cells. Cells

were transfected with Flag-HSP90β and Myc-FAK plasmids. Forty-eight hours after

transfection, cell lysates were incubated with antibodies against Myc or rabbit normal IgG as

control to immunoprecipitate FAK complexes, which were subsequently resolved on SDS-

PAGE and immunoblotted with antibodies against Flag. The levels of Myc-tagged FAK and

Flag-tagged HSP90β in lysates were assessed by immunoblotting with anti-Myc and anti-

Flag antibodies, respectively. (B) Interaction of FAK with HSP90β in MDA-MB-231 cells

by co-immunoprecipitation assay. Precipitates and the lysates were probed for HSP90β and

FAK. (C) Direct interaction between FAK and HSP90 was confirmed in vitro by GST pull-

down assay. (D) Colocalization of HSP90β and FAK in MDA-MB-231 and H4 cells. The

samples were fixed and co-stained with antibodies against HSP90β (Alexa Fluor 488, green)

and FAK (Alexa Fluor 594, red). Images were acquired by using a Zeiss confocal

microscope. Arrows indicate colocalization. Scale bar, 10 μm. (E) Immunoprecipitation

assay of endogenous FAK and HSP90 co-chaperones. Immunoprecipitates and the lysates

were probed for HSP70, HSP40, HOP and FAK.
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Figure 2.
Identification of HSP90β domains involved in FAK interaction. (A) Different domains of

HSP90β interact with Myc-tagged FAK in HEK293T cells. Myc-tagged FAK, immobilized

on protein-G agarose beads, was incubated with lysates from HEK293T cells expressing

Flag-tagged HSP90β derivatives. Precipitated proteins and input lysates were

immunoblotted with anti-Flag antibody. IgG H, IgG heavy chain. (B) HSP90β constructs

and FAK binding activity. (C) Direct interaction between HSP90β and FAK. HEK293T cells

expressing Myc-tagged FAK were lysed and resulting lysates were incubated with indicated

GST-fusion proteins immobilized on Glutathione-Sepharose beads. Bound proteins were

probed with anti-Myc antibodies (top). GST-fusion proteins were revealed by SDS-PAGE

method and stained with Coomassie Brilliant Blue (bottom). (D) Structural domains of

HSP90β used in these experiments and FAK binding activity. The corresponding bands are

indicated with stars.
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Figure 3.
Accelerated FAK turnover induced by 17-AAG. (A) Time-dependent reduction of FAK in

17-AAG-treated MDA-MB-231 cells. Cells were treated with CHX (50 μg/ml) alone

(control) or together with 17-AAG for the indicated times. Lysates were probed for FAK

and β-actin (loading control). Shown were representative blots. Quantitative analysis of

relative density was shown in (B) (mean ±SD, n=3; * P < 0.05, ** P < 0.01). (C) FAK

reduction by 17-AAG treatment was reversed by adding MG-132. MDA-MB-231 cells were

treated with vehicle (DMSO) or 17-AAG (5 μM) for 16 h, with or without 20 μM MG-132

for 4 h and 8 h before cell harvest. Lysates were subjected to immunoblotting with indicated

antibodies. (D) FAK is ubiquitinated in response to 17-AAG treatment. MDA-MB-231 cells

were treated with 5 μM 17-AAG alone or following 4 h and 8 h preincubation with 20 μM

MG-132. Lysates were immunoprecipitated with anti-FAK and the immunoblots were

probed for ubiquitin. (E) Diminished FAK levels in HSP90β (1–620)-expressing HEK293T

cells. HEK293T cells injected with empty vector or pIRES2-Flag (1–620) were

homogenized and analyzed for expression of indicated proteins.
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Figure 4.
Reduced migration, invasion and growth of MDA-MB-231 cells treated with PF573228 and

17-AAG. (A, B) Inhibition of FAK by PF573228 or inhibition of HSP90β by 17-AAG

attenuated cell migration in a dose-dependent manner. Cell migration was quantified by

measuring the difference in distance between the leading edge at the initiation of the

experiment and after 12, 18, 24 h of incubation. (C, D) Decreased invasion of MDA-

MB-231 cells treated by PF573228 and 17-AAG. Cell invasion was detected using a

transwell assay. Representative images of inserts stained with crystal violet. Quantification

of invasion cells was shown on the right. The number of invasion cells in control medium-

treated wells across the inserts was set at 100%, and percentage changes over this were

indicated. (E, F) Anchorage-independent growth of MDA-MB-231 cells treated with 0.2, 0.8

μM of PF573228 or 0.05, 0.2 μM of 17-AAG were evaluated by the colony formation

efficiency (CFE). Colonies with more than 50 cells were counted by light microscopy. CFE

is determined by formula as: (number of colonies formed/number of cells incubated) ×

100%. Scale bar indicates 200 μm. Error bars represent the standard deviation of three

independent experiments. ** P < 0.01, compared with control groups.
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Figure 5.
Reduced cell migration and growth of MDA-MB-231 cells by repressing FAK or HSP90β

expression. (A, B) Inhibition of FAK and HSP90β expression by miRNAi constructs. MDA-

MB-231 cells were transfected with miRNAi constructs of FAK or HSP90β. The control

miRNAi encodes scrambled sequences. Forty-eight hours after transfection, cell lysates

were immunoblotted with antibodies against FAK (A), HSP90β (B), or GAPDH for loading

control. (C, D) Migration of cells transfected with miR-FAK1763 or miR-90β-1205 were

reduced. Cell migration was quantified by measuring the difference in distance between the

leading edge at the initiation of the experiment and after 12, 18, 24 h of incubation. (E, F)

Anchorage-independent growth of MDA-MB-231 cells expressed miR-FAK1763 or

miR-90β-1205 were evaluated by the CFE as histograms. Colonies with more than 50 cells

were counted by light microscopy. CFE is determined by formula as: (number of colonies

formed/number of cells incubated) × 100%. Scale bar indicates 200 μm. Error bars represent

the standard deviation of three independent experiments. ** P < 0.01, compared with control

groups.
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Figure 6.
Impaired cell motility and cytoskeletal organization by treatment with FAK and HSP90β

inhibitors. (A) HSP90β inhibition reduced FAK and its downstream effector-paxillin and

phosphorylated paxillin (p-paxillin). (B) PF573228 and 17-AAG inhibited the organization

of actin cytoskeleton in MDA-MB-231 and H4 cells. Fluorescence images of F-actin

staining by Alexa Fluor 488 phalloidin of 17-AAG (2.5 μM) or PF573228 (5 μM) treated

and untreated MDA-MB-231 and H4 cells for 15 h. Error bars represent the standard

deviation of three independent experiments. ** P < 0.01, compared with untreated control

groups. (C) A model for the role of HSP90 in FAK regulation. In MDA-MB-231 cells,

HSP90β helps to stabilize FAK, contributing to cell migration and invasion.17-AAG

disrupts the interaction of FAK and HSP90β, and FAK is recognized by ubiquitin to undergo

proteasome-dependent degradation, thus, attenuating tumor cell migration and invasion.
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