
Secreted Hsp90 Is a Novel Regulator of the Epithelial to
Mesenchymal Transition (EMT) in Prostate Cancer*□S

Received for publication, June 6, 2012, and in revised form, September 17, 2012 Published, JBC Papers in Press, September 18, 2012, DOI 10.1074/jbc.M112.389015

Michael W. Hance‡, Krystal Dole‡1, Udhayakumar Gopal‡1, Jessica E. Bohonowych‡, Agnieszka Jezierska-Drutel‡,
Carola A. Neumann‡, Haibo Liu§, Isla P. Garraway§, and Jennifer S. Isaacs‡2

From the Departments of ‡Cell and Molecular Pharmacology, Medical University of South Carolina, Charleston, South Carolina
29425 and the §Department of Urology, David Geffen School of Medicine, University of California, Los Angeles, California 90095

Background: Epithelial to mesenchymal transition (EMT) correlates with increased metastatic potential and poor
prognosis.
Results: Secreted eHsp90 induces EMT, matrix metalloproteinase activity and cell motility.
Conclusion: EMT inducing activity of eHsp90 provides a mechanistic basis for its tumorigenic and metastatic function.
Significance: The requirement for eHsp90 in supporting tumorigenic events indicates that targeting eHsp90 may represent a
therapeutic approach to improve prostate cancer patient survival.

Prostate cancer (PCa) is themost frequently diagnosedmalig-
nancy inmen, and the secondhighest contributor ofmale cancer
related lethality.Diseasemortality is due primarily tometastatic
spread, highlighting the urgent need to identify factors involved
in this progression. Activation of the genetic epithelial to mes-
enchymal transition (EMT) program is implicated as a major
contributor of PCa progression. Initiation of EMT confers inva-
sive and metastatic behavior in preclinical models and is corre-
latedwith poor clinical prognosis. ExtracellularHsp90 (eHsp90)
promotes cell motility and invasion in cancer cells andmetasta-
sis in preclinical models, however, the mechanistic basis for its
widespread tumorigenic function remains unclear. We have
identified a novel and pivotal role for eHsp90 in driving EMT
events in PCa. In support of this notion, more metastatic PCa
lines exhibited increased eHsp90 expression relative to their lin-
eage-related nonmetastatic counterparts. We demonstrate that
eHsp90 promoted cell motility in an ERK and matrix metallo-
proteinase-2/9-dependent manner, and shifted cellular mor-
phology toward a mesenchymal phenotype. Conversely, inhibi-
tion of eHsp90 attenuated pro-motility signaling, blocked PCa
migration, and shifted cell morphology toward an epithelial
phenotype. Last, we report that surface eHsp90 was found in
primary PCa tumor specimens, and elevated eHsp90 expression
was associated with increased levels of matrix metalloprotei-
nase-2/9 transcripts.We conclude that eHsp90 serves as a driver
of EMT events, providing a mechanistic basis for its ability to
promote cancer progression and metastasis in preclinical mod-
els. Furthermore, its newly identified expression in PCa speci-
mens, and potential regulation of pro-metastatic genes, sup-
ports a putative clinical role for eHsp90 in PCa progression.

One of the greatest challenges associated with the wide-
spread and early diagnosis of prostate cancer (PCa)3 in men
(1–3) is the inability to accurately distinguish which subset of
patients with apparently localized disease will progress to met-
astatic disease. The propensity of tumor cells to metastasize to
bone, rendering the disease incurable (4), is largely responsible
for PCa as the second leading cause of male cancer associated
lethality (5). Although rising levels of the serum protein pros-
tate-specific antigen are indicative of tumor growth, its expres-
sion can be nonspecifically modulated by a number of benign
conditions (6, 7) such that this metric alone risk cannot accu-
rately predict risk for progression. Similarly, Gleason score can-
not accurately predict disease progression, relapse, or response
to treatment (8, 9). These clinical limitations illustrate the
pressing need to utilize new and improvedmolecular indicators
of PCa progression.
Activation of the evolutionarily conserved developmental

epithelial to mesenchymal transition (EMT) genetic program
(10, 11) is implicated as a significant contributor to PCa pro-
gression. A universal hallmark of EMT is loss of epithelial cell
polarity and acquisition of elongated mesenchymal morphol-
ogy, concomitant with disruption of cell adhesion, increased
cell migration, invasion, and metastasis (12). The adherens
junction protein E-cadherin acts as a gatekeeper in suppressing
EMT events, and corresponding cell motility and dissemina-
tion, by maintaining the cuboidal phenotype and architecture
that defines the morphology of normal epithelium (10, 11, 13).
As such, loss of E-cadherin function is a conserved and funda-
mental hallmark associated with early EMT events (10, 11).
Multiple preclinical models provide strong support for EMT

in mediating PCa progression. Pathological EMT events have
been shown to potentiate the transition from localized prostate
adenocarcinoma to invasive carcinoma and subsequent metas-
tasis (14–19). Conversely, repression of EMT events blocks the
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metastatic potential of PCa cells (20). In clinical specimens,
measures of cancer progression correlate with loss of E-cad-
herin and up-regulation of EMT-inducing transcriptional fac-
tors (18, 20–23). EMT events are correlated with metastatic
recurrence following surgery (18, 24), and have recently been
observed concurrently following androgen withdrawal therapy
(25). Therefore, the ability to identify primary tumor cells with
an increased propensity to undergo EMT-like events would
improve diagnostic approaches to discriminate patients at risk
for progression.
Hsp90 is a well known intracellular chaperone responsible

for mediating the ATP-dependent folding and signaling func-
tion of numerous client proteins, many of which exhibit pro-
tumorigenic functions (26–28). In addition to its intracellular
localization, Hsp90 is also a secreted and cell surface protein.
Extracellular Hsp90 (eHsp90) exhibits distinct function from
the intracellular chaperone with its signal transducing activity,
in tandemwith its receptor lowdensity lipoprotein-related pro-
tein (LRP1) (29, 30). eHsp90 supports cell motility and invasion
in several cancer cell lines (31–34), and promotes metastatic
spread in preclinical models (35–38). Clinically, eHsp90 was
first reported as a tumor antigen (39, 40), and more recently
found in the serum from patients afflicted with a variety of
tumor types (37), including metastatic PCa (41). Although
these reports strongly implicate eHsp90 in disease progression,
a mechanistic basis for this putative function remains largely
unknown.
The present study identifies eHsp90 as a pivotal regulator of

E-cadherin function in PCa. Importantly, we demonstrate that
modest, physiologically relevant expression of secreted eHsp90
reduces the expression and alters the localization of E-cadherin
in phenotypically epithelial cell lines. In addition, eHsp90mod-
ulates numerous genetic events consistent with activation of
EMT, as well as promoting diminished cell adhesion, conver-
sion to a more mesenchymal morphology, and increased cell
motility. In addition to its role in initiating EMTevents, eHsp90
is also essential for sustaining the mesenchymal properties and
behavior of more aggressive PCa cell types. Finally, we report
that surface eHsp90 is found in primary PCa tumor specimens
and is correlated with markedly elevated expression of a subset
of pro-tumorigenic eHsp90-regulated transcripts. This newly
identified role for eHsp90 as amediator of EMTevents provides
amechanistic basis for its ability to promote cancer progression
andmetastasis in a variety of preclinical models. Moreover, the
newly identified expression of eHsp90 in PCa specimens, cou-
pled with its potential role in modulating gene expression,
implicates a clinical role for eHsp90 in PCa progression.

MATERIALS AND METHODS

Western Blot and Antibodies—Cell extracts forWestern blot
analysis were prepared and performed as described (30) and all
blots are representative of a minimum of two independent
experiments. Antibodies for N-cadherin (ab12221), Slug
(ab27568), Snail (ab63371), and Vimentin (ab8978) were pur-
chased fromAbcam.Mouse and rabbit Hsp90 antibodies (ADI-
SPA-830, ADI-SPS-771) were from Enzo Lifesciences. E-cad-
herin (3195), ERK1/2 (4695), P-ERK1/2 (4370),MEK1/2 (9122),
P-MEK1/2 (9121), and ZO-1(5406) were from Cell Signaling.

FAK (AHO0502) and P-FAK (44–624G)were from Invitrogen.
V5 antibody (NB600-381) was from Novus Biologicals. Twist
(sc-15393) was from Santa Cruz Biotechnology, and anti-�-
tubulin antibody (T6074) was from Sigma. Mouse monoclonal
LRP1 antibody (11H4) was purified from a hybridoma cell line
(CRL 1936) purchased from ATCC. The hybridoma superna-
tant was concentrated with a Vivacell 70 concentrator (Sarto-
rius Biolab Products) and purified with an NAb protein G anti-
body purification kit (Thermo Scientific) according to the
manufacturer’s instructions, and aliquots were stored at
�20 °C.
Reagents—Recombinant Hsp90� protein was obtained from

Enzo Life Sciences (ADI-SPP-776). Geldanamycin was
obtained from the Experimental Therapeutics Branch,
National Cancer Institute, DMAG-N-oxide modified geldana-
mycin (or nonpermeable GA, NPGA used at 1 �M) was synthe-
sized by Chris Lindsey and Craig Beeson (Pharmaceutical Sci-
ences, Medical University of South Carolina). MMP inhibitors
GM6001 (CC1010 used at 1 �M), MMP-2/9 inhibitor IV
(444274 used at 1�M), andMMP-3 inhibitor IV (444243 used at
5 �M) were obtained from EMD Millipore Chemicals. MEK
inhibitor U0126 (V112A used at 10 �M) was obtained from
Promega.
Cell Culture, Plasmids, and Transfection—The prostate can-

cer cell linesDU145 andLNCaPwere obtained fromATCC, the
ARCaP cell pair was purchased from Novicure Biotechnology,
andC4–2Bwas obtained fromViromed. The P69/M12 cell pair
was a gift from Joy Ware. The ARCaP and P69/M12 cell pair
was maintained in T-media supplemented with 5% heat-inac-
tivated fetal bovine serum, and the LNCaP and C4-2B pair was
maintained in their specified media supplemented with 1%
HEPES and 1% penicilin/streptomycin in a 5%CO2-humidified
atmosphere. The plasmid for shLRP1 was as previously
described (29, 30). The sequence for Hsp90� was cloned in-
frame to a 5� signal peptide to direct its extracellular localiza-
tion, and 3� to a V5 tag and His6 epitope, with each epitope
separated by a flexible linker. The product was assembled in a
Gateway entry vector and recombined (CRE) into Plenti6.3V5-
Dest (Invitrogen). To obtain viral particles for LRP1 suppres-
sion and constitutive eHsp90 secretion, 293FT cells (Invitro-
gen) were co-transfected with the viral packaging plasmids
vesicular stomatitis virus G and P�R 8.71, along with the cor-
responding lentiviral vector. All plasmid transfections were
performed with Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s specifications. Following viral plasmid
transfection, cell medium was harvested at 48 h, the lentiviral
supernatant was concentrated by ultracentrifugation, titered,
and 5 � 104 particles were used to infect the recipient cells in
the presence of Polybrene (8 �g/ml). Cells transduced with
eHsp90 virus were selected in blasticidin (Invivogen), whereas
GFP-shLRP1-transduced cells were selected by flow cytometry
to isolate the highest GFP expressing cells. Selection for
eHsp90-transduced cells was performed for 2 weeks, where-
upon surviving cells were pooled.
Patient Samples—Human prostate tissuewas obtained via an

approved research protocol with informed written consent of
all participants. Adjacent tissue specimens were snap frozen in
liquid nitrogen or fixed in formalin and paraffin-embedded for
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histological analysis. Tumor tissue specimens were mechani-
cally and enzymatically digested as previously described (42)
and dissociated tissue was filtered and passed repeatedly
through a 23-gauge needle to generate single cell suspensions.
Cells were resuspended and incubated (15 min at 4 °C) with
either isotype-matched control or anti-Hsp90 antibody (SPS-
771-PE, 1:50), and subjected to FACS analysis (BD FACSAria II
system). Cell populations corresponding to eHsp90high and
eHsp90low subtypes were gated and isolated (minimum signal
threshold set at 10e2).
RNA Isolation and Real Time-PCR Analysis—RNA purifica-

tion from patient samples was performed according to the
manufacturer’s recommendations (Qiagen RNeasy Plus Micro
kit; 74034). RNA purification from cells was performed follow-
ing a TRIzol/chloroform extraction (Qiagen miRNeasy kit;
217004). mRNA from cells and patient material was converted
into complimentary DNA (OriGene first strand cDNA synthe-
sis kit; NP100042, and Bio-Rad iScript advanced cDNA synthe-
sis kit; 170–8842, respectively) and amplified. Array samples
were prepared according to the manufacturer’s instructions
(Qiagen RT2 first strand kit; 330401), and further analyzed
using an EMT profiler array (Qiagen; PAHS-090A). Biological
replicates were utilized for the initial array analysis, and select
results were validated with additional biological replicates.
Primers (supplemental Table S1) were purchased from IDT.
Cell Motility Assays—Wounding assays were performed as

previously described (30). Briefly, a thin sterile pipette tip was
used to create a scratch wound in confluent cell monolayers.
Pictures were taken at 0 and 16–20 h with an inverted Nikon
eclipse TE 2000-Smicroscope with�10magnification, and the
extent of migration was calculated by measurement of the gap
area using Image J software. For all motility experiments, mito-
mycin C (5 �g/ml) (Sigma) was added at the time of plating to
suppress proliferation.
Gelatin Zymography Assay—The gelatinolytic activity of

MMP-2 andMMP-9 was determined by gelatin zymography in
0.1% gelatin, 10% acrylamide gels. Samples were prepared by
plating cells at 50% confluence, and conditioned medium
(0.25% serum in DMEM) was collected after 36 h. 1 mMO-phe-
nanthroline monohydrate was added to halt MMP activity.
Conditioned medium was incubated with gelatin-Sepharose
beads (GE Healthcare, 17-0956-01) and the eluted samples
were run in nonreducing conditions. Gels were washed with
2.5% Triton X-100 renaturing buffer, incubated in a Tris-HCl/
Brij 35 developing buffer (42 °C for 24 h), and subsequently
stained with a 5% Coomassie solution.
Hsp90� ELISA—To detect expression of secreted Hsp90�,

equivalent cell numbers (7.5 � 105) were plated overnight and
replenished with complete media 24 h prior to harvest. Condi-
tioned medium was collected, debris was removed by centrifu-
gation (5 min, 1200 � g), and Hsp90� levels was detected by
ELISA (Enzo Life Sciences). Values are presented as fold-
change of Hsp90/ml of conditioned medium with the standard
deviation shown.
Immunofluorescence—To evaluate cellular localization of

E-cadherin and ZO-1, equivalent cell numbers (2.5� 104) were
plated overnight and replenishedwith completemedia for 24 h.
Cells were then treated with NPGA, GM6001, MMP-2/9, and

MMP-3 inhibitors for the specified times. Cells were fixed with
4% paraformaldehyde and permeabilized with 0.1% Triton
X-100 in PBS. Immunofluorescence was performed as
described (30).
Statistical Analysis—All cell motility and quantitative real

time-PCR were performed in triplicate. Data shown are pre-
sented as mean � S.D.; differences in treatment groups are
defined as statistically significant at p� 0.05 value, as calculated
from Student’s t test.

RESULTS

An eHsp90-LRP1 Signaling Pathway Initiates Prostate Can-
cer Cell Motility—Although eHsp90 has been implicated in
promoting cancer cell motility, invasion, and metastasis in sev-
eral models (30–34, 36–38, 43), its role in PCa has not yet been
explored. To investigate whether eHsp90 supports PCa motil-
ity, we examined the effects of eHsp90 inhibition in PC3 cells.
To inhibit eHsp90, PC3 cells were treated with two different
anti-Hsp90 antibodies, an effective approach to neutralize
eHsp90 activity and diminish eHsp90 driven cell motility (30,
35–37). As an additional means to inhibit eHsp90 function,
cells were treated with NPGA, a small molecule inhibitor spe-
cific for eHsp90 (30, 36, 44). Exposure of PC3 cells to either
NPGA or blocking antibodies to Hsp90� and � isoforms or to
Hsp90� similarly suppressed cell migration over 50% (Fig. 1A
and supplemental Fig. S1A). The similar results elicited by these
three distinct eHsp90 targeted approaches validate the impor-
tance of eHsp90 in PCa motility.
It has been shown that eHsp90 elicits autocrine signaling

throughLRP1 (29, 30).We reasoned that if eHsp90was eliciting
its pro-motility effects through LRP1, then treatment of cells
with either NPGA or suppression of LRP1 would similarly
impair cell migration. In support of this notion, treatment of
DU145 PCa cells with either NPGA or shLRP1 comparably

FIGURE 1. An eHsp90-LRP1 signaling pathway initiates prostate cancer
cell motility. A, representative results from a scratch wound assay with PC3
prostate cancer cells following treatment with NPGA (1 �M) or either of two
eHsp90 targeting antibodies (SPA-830, Ab1; SPS-771, Ab2). B, similar assay
with DU145 cells transduced with either scrambled (scr) shRNA or shLRP1. C,
Pharmacologic targeting of eHsp90 with NPGA (1 �M, 16 h) and effects upon
FAK and ERK activity in DU145. D, comparison of shLRP1 and NPGA upon FAK
and ERK activity. UT refers to untreated vehicle control. Asterisks (*) indicate
significance of p � 0.05.
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blocked cell motility (Fig. 1B and supplemental Fig. S1B).
NPGA did not further block cell motility in LRP1-suppressed
cells, indicating impairment of a similar pathway.
LRP1 has been shown to be required for activation of the

pro-motility proteins extracellular signal-regulated kinase
(ERK) and focal adhesion kinase (FAK) (45–47). Treatment of
DU145withNPGA inhibited phosphorylation of both FAK and
ERK (Fig. 1C). To provide further evidence for an eHsp90-LRP1
signaling pathway, the activation status of FAK and ERK was
evaluated in LRP1 suppressed cells. As shown, LRP1 suppres-
sion inDU145 cells dramatically diminished both FAKandERK
phosphorylation, with no further effect elicited byNPGA treat-
ment (Fig. 1D). These data indicate that eHsp90-LRP1 plays an
essential role in regulating the activation status of pro-motility
effectors and supporting the migratory potential of PCa cells.
eHsp90 Is Elevated in More Aggressive PCa Cell Types and Is

Essential for CellMotility—Increased cell motility is commonly
associated with cells adopting a mesenchymal morphology (10,
11). We therefore next investigated whether increased eHsp90
expression was associated with more highly motile mesenchy-
mal cell types. To examine this, we analyzed 3 sets of lineage-
related prostate cancer cell pairs, with the mesenchymal deriv-
ative of each pair representing a more tumorigenic and
metastatic derivative of its epithelial counterpart. The ARCaP
model, consisting of ARCaPE and ARCaPM subtypes, recapit-
ulates many of the pathological features of PCa (48), and is one

of the best characterized cell pairs for investigating EMT events
(14, 15, 49). The epithelial ARCaPE disseminates at low fre-
quency, whereas its mesenchymal counterpart ARCaPM is
highly aggressive and metastatic (14, 15, 17). EMT events in
ARCaPE can be initiated following exposure to a variety of sol-
uble growth factors (22, 50, 51), and sustained EMT activation
increases its metastatic potential (19, 51). The cell pair repre-
sented by P69 andM12 is another useful model for monitoring
EMT events. P69 is a normal nontumorigenic immortalized
prostate epithelial cell line, whereas M12 a highly tumorigenic
and metastatic subline (52). P69 expresses E-cadherin and is
responsive to EMT inducing stimuli that confer tumorigenic
properties (53), whereas M12 expresses mesenchymal markers
such as vimentin (17, 53).We confirmed the epithelial andmes-
enchymal nature of these two cell pairs via immunoblot analysis
(supplemental Fig. S2A). We included LNCaP and C4-2B as an
additional lineage-related model with differential metastatic
potential. LNCaP is weakly tumorigenic (54, 55), whereas
C4-2B is an osteogenic derivative that is highly metastatic and
efficiently forms bone metastases (56). Strikingly, we demon-
strate that each of the three metastatic derivatives express sev-
eralfold higher expression of eHsp90 relative to their less met-
astatic epithelial counterparts (Fig. 2A).
We next evaluated whether the secretion of eHsp90 in these

cell pairs influenced tumor cell motility. To assess this, exoge-
nous Hsp90 protein (to mimic eHsp90 secretion) was added to

FIGURE 2. eHsp90 is elevated in more aggressive PCa cell types and is essential for cell motility. A, detection of secreted eHsp90� from the conditioned
media of indicated cell pairs was assessed by ELISA. Each cell pair is lineage related, with the more metastatic derivative in black. B, scratch wound assay
assessed the effects of either exogenous eHsp90 protein (3 day pre-treatment, 3 �g/ml) upon ARCaPE cell motility, or treatment of ARCaPM cells with NPGA.
C, similar treatment of epithelial P69 cells with eHsp90, and NPGA treatment of the metastatic counterpart M12. D, effect of shLRP1 upon eHsp90-mediated cell
motility in ARCaPE. UT refers to untreated vehicle control. Asterisks (*) indicate significance of p value �0.05.
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ARCaPE, whereas eHsp90 in ARCaPMwas targeted by NPGA.
Addition of eHsp90 elicited a greater than 3-fold increase in
ARCaPE cell motility, whereas inhibition of eHsp90 function in
ARCaPM resulted in a 5-fold reduction of cell motility (Fig. 2B
and supplemental Fig. S2B). Similar trends were noted in the
P69/M12 pair (Fig. 2C and Fig. S2C). These findings solidify a
causal relationship between eHsp90 expression and cell
motility.
To establish whether eHsp90 elicited its effects via autocrine

signaling through LRP1, we evaluated the impact of LRP1 sup-
pression upon eHsp90-driven cell motility in ARCaPE. We
show that down-regulation of LRP1 suppressed ARCaPE basal
migration, and completely blocked eHsp90-mediated cell
motility (Fig. 2D and supplemental Fig. S2D). To provide fur-
ther support for eHsp90-initiated pro-motility signaling events,
we evaluated the ability of eHsp90 to stimulate the MEK-ERK
axis, a critical component of cell motility (57). Our results indi-
cate that eHsp90 elicits a rapid activation of MEK-ERK signal-
ing (supplemental Fig. S2E), supporting an autocrine eHsp90-
directed signaling pathway in promoting cell motility.
eHsp90 Induces Molecular andMorphological Changes Con-

sistent with an Epithelial to Mesenchymal Transition—Our
data are consistent with the premise that increased eHsp90
expression is associated with migratory potential and mesen-
chymal morphology. Given this correlation, we next examined
whether eHsp90 functionally regulatedmolecular andmorpho-
logic events consistent with activation of an EMT. We utilized
ARCaPE cells as an EMT responsive model representative of
early disease. Our data indicate that eHsp90 suppressed E-cad-
herin, while increasing the mesenchymal proteins N-cadherin
and Twist (Fig. 3A). Strikingly, addition of eHsp90 also induced
morphological changes consistent with a mesenchymal pheno-
type, such as an elongated fibroblastic morphology, and con-
version froma tightly packed epithelial cobblestone pattern to a
loosely packed scattered phenotype. To assess the possible role

of eHsp90 in supporting the mesenchymal phenotype of
ARCaPM, eHsp90 was pharmacologically targeted by NPGA.
This treatment reduced the mesenchymal marker N-cadherin,
concomitantly reduced the extent of cell elongation, and
increased cell cohesiveness (Fig. 3B). E-cadherin is repressed in
ARCaPM (50) and NPGA treatment was unable to restore this
expression.
To solidify these trends, we next examined the role of eHsp90

in the P69/M12 cell pair. Addition of eHsp90 to P69 recapitu-
lated a similar transition toward mesenchymal-like character-
istics, with a modest reduction of E-cadherin and increased
expressionN-cadherin andTwist (Fig. 3C). Addition of eHsp90
elicited similar EMT-like morphological changes, such as cell
elongation and increased cell scattering. Targeting eHsp90 in
the mesenchymal counterpart M12 resulted in decreased
N-cadherin and a less dispersive phenotype, resulting in tight
cellular clusters resembling epithelial cell types. These data
indicate that targeting eHsp90 in mesenchymal cell types facil-
itates a reversal of a subset of EMT events, resulting in at least a
partial mesenchymal to epithelial conversion.
Modest Elevation of eHsp90 Is Sufficient to Suppress E-cad-

herin Function and Promote Cell Motility—Although treat-
ment of cells with eHsp90 consistently elicited EMT-like
events, use of bacterially produced protein is a less than ideal
system, due to confounding factors such as batch variation,
protein instability, the potential presence of endotoxin, or addi-
tional minor protein species in the preparations. To address
these concerns and to create a more physiologically relevant
and reproducible model, we designed a genetic approach for
eHsp90 secretion by fusing a signal peptide to theN terminus of
Hsp90�. This approach has been shown to direct the extracel-
lular localization of proteins (58), including the chaperone pro-
tein Hsp70 (59). Expression of Hsp90� was chosen due to the
relative lack of activity of the Hsp90� isoform in our model
(data not shown). Lentivirus expressing V5-tagged Hsp90 (V5-

FIGURE 3. eHsp90 induces molecular and morphological changes consistent with an epithelial to mesenchymal transition. A, ARCaPE cells treated for
the indicated times (1, 3, or 5 day (d)) with exogenous Hsp90 protein, and immunoblot analysis of epithelial E-cadherin (E-cad) and mesenchymal proteins
N-cadherin (N-cad) and Twist. Phase-contrast images of cell morphology. B, effects of NPGA treatment of ARCaPM upon E- and N-cadherin expression and
corresponding cell morphology. C, analysis of eHsp90 treatment of P69 nontumorigenic cells as in A. D, analysis of NPGA treatment of M12 as in B.
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eHsp90) was used to infect ARCaPE cells, whereas ARCaPE
cells transduced with V5-lacZ served as the control. Stably
transduced ARCaPE (ARCaPE-eHsp90) exhibited a 3-fold
increase in eHsp90 secretion, as determined by ELISA analysis
for Hsp90� protein (Fig. 4A). The increased secretion was fur-
ther confirmed by immunoblot analysis of conditioned media
for Hsp90�, and by V5 detection, the latter of which is specific
for exogenous V5-eHsp90 (Fig. 4A). Intracellular Hsp90 pro-
tein levels were not appreciably elevated in ARCaPE-eHsp90
(Fig. 4B). This model replicated the molecular effects of exoge-
nously added protein, and was able to elicit the characteristic
cadherin switch associated with EMT events (Fig. 4B). Further-
more, relative to control (ARCaPE-LacZ) cells, ARCaPE-
eHsp90 demonstrated a sustained activation of the pro-motility
kinase ERK, demonstrated a more mesenchymal morphology,
and an �2.5-fold increase in cell motility, the latter of which
was suppressed byNPGA (Fig. 4C). Consistent with a pro-EMT
role, blockade of eHsp90 reduced E-cadherin to control levels
(Fig. 4D).
We next investigated whether eHsp90 affected the integrity

of cellular junctional complexes. Loss ofmembrane localization
of the gap junction protein ZO-1 frequently accompanies the
disruption of cell polarity during EMT (50, 60, 61). As clearly
demonstrated, diminished expression and protein mislocaliza-
tion of both E-cadherin and ZO-1 were observed in ARCaPE-
eHsp90 compared with control cells (Fig. 4, E and F). A similar
mislocalization of E-cadherin and ZO-1 was observed in a par-
allel genetic model of eHsp90-transduced P69 cells (P69-
eHsp90) (supplemental Fig. S3A). To confirm the specific role

of eHsp90 in modulating junctional complexes, we evaluated
the ability of NPGA to normalize these structures in the
ARCaPE model. As shown, both E-cadherin and ZO-1 protein
localization was restored to regions of cell-cell contact, corre-
sponding with the restoration of tightly packed cells with epi-
thelial morphology (Fig. 4, E and F).
To explore the possible therapeutic implications of eHsp90

treatment, we next examined whether eHsp90 inhibition in
more aggressive mesenchymal cell lines might restore junc-
tional complex integrity. Although NPGA did not elicit a re-
expression of E-cadherin in ARCaPM, it partially restored
membrane localization of ZO-1 (supplemental Fig. S3B). Phar-
macologic targeting of eHsp90 in M12 cells dramatically
restored the junctional localization of E-cadherin and elicited a
modest effect upon ZO-1 (supplemental Fig. S3B). Taken
together, our results indicate that eHsp90 is a pivotal regulator
of the junctional complexes that influence epithelial and mes-
enchymal morphology.
eHsp90 Modulates the Expression of Multiple Genes Associ-

ated with EMT Activation—To further strengthen the EMT-
initiating role of eHsp90, we evaluated its ability to modulate
additional EMT-associated transcripts. Tomonitor the tempo-
ral effects of eHsp90 action, RNA was harvested from ARCaPE
cells following exposure to eHsp90 protein for the indicated
times. The resultant heat map from a qRT-PCR array demon-
strates that eHsp90 regulates a large number of EMT tran-
scripts (Fig. 5A), including N-cadherin, as supported by our
protein expression data. Longer eHsp90 protein treatments
most effectively increased the core EMTmediators Snail, Slug,

FIGURE 4. Modest elevation of eHsp90 is sufficient to suppress E-cadherin function and promote cell motility. A, upper panel, ELISA analysis of secreted
eHsp90 protein detected from conditioned media collected from parental ARCaPE cells stably transduced with control (lacZ) or V5-tagged eHsp90� lentivirus.
Lower panel, immunoblot detection of total (endogenous and exogenous) eHsp90�, or V5 detection of transduced eHsp90 protein. B, immunoblot analysis of
cell lysates from ARCaPE-LacZ or ARCaPE-eHsp90 confirmed consistent levels of intracellular eHsp90� (IC Hsp90). Indicated analysis of E- and N-cadherin and
ERK activity. C, representative morphology of the indicated ARCaPE cells. Analysis of cell motility of ARCaPE-eHsp90 either untreated or treated with NPGA. D,
effect of NPGA upon E-cadherin expression in ARCaPE-eHsp90. E, analysis of E-cadherin localization in ARCaPE-LacZ and ARCaPE-eHsp90 untreated cells, or
treated for the indicated times with NPGA. F, membrane localization of ZO1 in ARCaPE-LacZ and ARCaPE-eHsp90 untreated cells, or treated with NPGA for 3
days. Asterisks (*) indicate significance of p value �0.05. Scale bar is 50 �m.
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Zeb1, and Zeb2. Changes were also observed in cytoskeletal,
integrin/ECM proteins, and proteolytic proteins.
To confirm these results, and to more carefully interrogate

temporal effects, a subset of these targets was validated in
ARCaPE in response to protein exposure for 1, 3, or 5 days. As
shown, E-cadherin was progressively suppressed in a time-de-
pendentmanner (Fig. 5B). Transcriptional up-regulation of the
key EMT mediators Snail, Slug, Zeb1, and Zeb2 was also vali-
dated by qRT-PCR. Our findings indicate that Slug and Zeb1
are early responders to eHsp90, whereas Snail and especially
Zeb2 exhibit a delayed response.We next evaluated expression
of these transcripts in our ARCaPE-eHsp90 genetic model.

Whereas the suppression of E-cadherin was consistent, there
was a less dramatic, but statistically significant increase in both
Snail and Zeb1. Transcripts for Slug were decreased, implicat-
ing this effector as eliciting an early and possibly transient role.
A robust increase in Zeb2 suggests that this EMT factormay be
required for later events, a finding in accordance with the later
elevation of this transcript following protein exposure. In addi-
tion to these core EMT transcripts, we also evaluated expres-
sion of MMPs, zinc-dependent endopeptidases that degrade
components of the basementmembrane, promote EMTevents,
and support metastatic spread (62, 63). We found that the
MMP-9 transcript expression was up-regulated greater than

FIGURE 5. eHsp90 modulates the expression of multiple genes associated with EMT activation. A, a focused EMT qRT-PCR array was utilized to assess
EMT-regulated genes modulated by eHsp90 in ARCaPE cells. Samples for array data were derived from two identical biological replicate experiments. B,
transcript expression of E-cadherin and the indicated EMT transcriptional effectors from the array were validated by qRT-PCR in untreated (UT) ARCaPE or cells
treated with eHsp90 protein for 1, 3, or 5 days (upper panel), whereas a similar analysis was performed for control or ARCaPE-eHsp90 genetically modified cells
(lower panel). C, increased expression of proteolytic MMP transcripts was also validated from both protein-treated (upper panel) and ARCaPE-eHsp90-modified
cells (lower panel). Quantitative PCR levels were normalized to GAPDH expression. UT refers to untreated vehicle control. Asterisks (*) indicate significance of p
value �0.05.
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3-fold in both protein-treated ARCaPE and ARCaPE-eHsp90
cells (Fig. 5C). In contrast, MMP-3, which also plays an impor-
tant role in EMT events (64), was preferentially elevated at ear-
lier time points in the protein-treated model, whereas MMP-2
was only up-regulated in the ARCaPE-eHsp90 genetic model.
MMP and ERK Activity Are Required for eHsp90-mediated

Motility and EMT Events—It has been demonstrated that
eHsp90 directly interacts with MMP-2/9 to modulate proteo-
lytic activity and subsequent cell motility (32, 35, 65, 66). We
therefore utilized a standard zymogen gelatinase assay to deter-
minewhether the elevated levels of eHsp90 inARCaPE-eHsp90
would be sufficient to increase MMP activity. As shown,
MMP-2 andMMP-9 activity was increased inARCaPE-eHsp90
cells relative to ARCaPE-LacZ control (Fig. 6A). As expected,
this increase was abrogated by NPGA, demonstrating that
eHsp90 is the initiating stimulus for increasedMMP-2/9 activ-
ity. Given that eHsp90 activates ERK in ARCaPE-eHsp90, and
the demonstrated ability of ERK to regulate MMP-2/9 activity
(67, 68), we evaluated the effects of ERK upon MMP-2/9. ERK
inhibition most effectively blocked this activity, supporting the
premise that eHsp90-mediated ERK activation is an initiating
event for MMP-2/9 activation.
We next evaluated the effect of MMP-2/9, MMP-3, and ERK

upon E-cadherin transcript levels in ARCaPE-eHsp90. As indi-
cated, broad spectrum targeting with GM60001 or MMP-2/9
inhibition robustly increased (�10-fold) E-cadherin message
levels, comparably to NPGA (Fig. 6B). MMP-3 inhibition

weakly induced transcript expression, whereas UO126 elicited
a potent (�35-fold) increase. We further investigated whether
these trends correlated with changes in E-cadherin protein
expression. Inhibition of eitherMMP-2/9 orMMP-3 compara-
bly restored E-cadherin protein expression by 3 days, whereas
UO126 promoted themost dramatic restoration, in accordance
with its effects upon message levels (Fig. 6C). It is unclear why
MMP inhibition diminished E-cadherin at 5 days, as this trend
was not supported via immunofluorescence microscopy (Fig.
6D). It has been shown that E-cadherin may be found in an
insoluble membrane fraction (69, 70) when associated with the
cytoskeletal matrix at apical junctions, offering a potential
explanation. Interestingly, inhibition of either MMP-2/9 or
MMP-3 attenuated ERK activity, with a more dramatic effect
elicited by the former, indicating that these MMPs collaborate
with eHsp90-ERK mediated suppression of E-cadherin.
Given that inhibition ofMMP-2/9,MMP-3, andERK increased

E-cadherin expression, we assessed whether this effect trended
with the restoration of E-cadherin at cellular junctions, a hall-
mark of its EMT suppressive epithelial function. As shown (Fig.
6D), pan-MMP inhibition, or targeted inhibition of MMP-3,
MMP-2/9, or ERK, comparably re-established E-cadherin
expression at the cell membrane in ARCaPE-eHsp90. Func-
tional restoration of junctional complexes was further con-
firmed by the membrane expression ZO-1. These findings
demonstrate that eHsp90-mediated activation of ERK and

FIGURE 6. MMP and ERK activity are required for eHsp90-mediated motility and EMT events. A, a gelatin zymography assay was utilized to assay MMP-2/9
activity in control or ARCaPE-Hsp90 cells. For the indicated inhibitors, cells were treated for 2 days prior to media collection. Cells were treated with ERK inhibitor
(UO126, 10 �M), MMP-2/9 inhibitor (SB-3CT, 1 �M), or NPGA (1 �M). B, transcript expression of E-cadherin was evaluated in ARCaPE-eHsp90 following a 3-day
treatment with the following: NPGA (1 �M), pan-MMP inhibitor (GM6001, 1 �M), MMP-2/9 inhibitor (SB-3CT, 1 �M), MMP-3 inhibitor (inhibitor IV, 5 �M), or ERK
inhibitor (UO126, 10 �M). C, immunoblot analysis of E-cadherin and ERK proteins in ARCaPE-eHsp90 following the time-dependent inhibition of the following:
MMP-2/9, MMP-3, or ERK. D, the effect of 3 days of MMP and ERK inhibition upon E-cadherin and ZO-1 localization in ARCaPE-LacZ and ARCaPE-eHsp90 was
assessed by confocal microscopy. Cells were treated as in A, with inclusion of the pan-MMP inhibitor (GM6001, 1 �M) and the MMP-3 inhibitor (inhibitor IV, 5
�M). E, evaluation of MMP and ERK in directing eHsp90 cell motility following a scratch wound assay. Scale bar is 50 �m. UT refers to untreated vehicle control.
Asterisks (*) indicate significance p value �0.05.
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MMPs is required for the loss in cell polarity that accompanies
the transition to a mesenchymal morphology.
We next evaluated whether MMP and ERK activity were

important for eHsp90 directed pro-motility function. As
shown, pan-MMP inhibition with GM6001 blocked eHsp90-
mediated cell motility (Fig. 6E and supplemental Fig. 4). Inter-
estingly, specific targeting of MMP-2/9 or MMP-3 elicited a
similar inhibition, highlighting a prominent role for MMP sig-
naling in eHsp90 directed pro-motility function. ERK inhibi-
tion comparably diminished cell migration. Therefore, MMP
and ERK are critical regulators of the coordinate effects of
eHsp90 upon junctional integrity and cell motility.
Detection of eHsp90 Protein and Regulated Transcripts in

Human Prostatectomy Tumor Specimens—The ability of
eHsp90 to initiate EMT events has important clinical ramifica-
tions. We therefore investigated the potential translational rel-
evance of our results and determined whether eHsp90 was
found in primary PCa tumors. We reasoned that tumor cells
with autocrine eHsp90 functionwould be represented by a sub-
population exhibiting higher cell surface eHsp90. Therefore,
prostatectomy specimens from high risk, locally advanced
patients were subjected to FACS sorting, and tumor cell popu-
lations were isolated by either high or low surface eHsp90�
expression. Interestingly, this approach reproducibly detected
a subpopulation of eHsp90high cells corresponding to �5% of
the total cell number (Fig. 7A). We next investigated whether
surface eHsp90 could be utilized as a marker to define a genet-
ically distinct subpopulation of tumor cells. A modest increase
in MMP-2 and a marked induction of MMP-9 was evident in
these specimens, when comparing the eHsp90high population
of tumor cells, relative to each tumor matched eHsp90low pop-
ulation (Fig. 7B). No increases were observed in MMP-3 tran-

script expression. Intriguingly, these data parallel the trends
observed in our constitutively expressing ARCaPE-eHsp90
geneticmodel (Fig. 5C). Importantly, these findings validate the
clinical presence of eHsp90 in primary patient tumors, and fur-
ther support the notion that eHsp90 may drive genetic events
associated with an increased risk for tumor progression. A
working model for eHsp90-mediated EMT events and tumor
promotion is depicted in Fig. 7C.

DISCUSSION

Although reports demonstrate the ability of eHsp90 to pro-
mote cell motility (30–34) and facilitate metastatic spread in
preclinical models (36–38, 43), a unifyingmechanistic basis for
eHsp90 tumorigenic function has not yet been clearly defined.
To our knowledge, we are the first to identify eHsp90 as a piv-
otal initiator of EMT-like events. We demonstrate that eHsp90
increases the cell motility of epithelial ARCaPE and P69 sever-
alfold. This pro-motility function of eHsp90 is dependent upon
its impairment of E-cadherin, manifest as diminished protein
expression and aberrant cellular localization. Strikingly,
eHsp90 elicited dramatic changes in cell morphology, convert-
ing cells from an epithelial cuboidal clusteredmorphology to an
elongated mesenchymal morphology with loss of cell-cell con-
tacts. Thus, eHsp90 coordinates amultitude of key events asso-
ciated with cancer progression, including impaired E-cadherin
function, loss of junctional integrity, initiation of EMT, and
increased cell motility. Importantly, these events were achieved
with relatively modest increases in eHsp90 expression compa-
rable with levels observed in metastatic PCa tumor cells and
patient sera, further underscoring that eHsp90 is a potent
driver of these processes.

FIGURE 7. Detection of eHsp90 protein and regulated transcripts in human prostatectomy tumor specimens. A, prostate tissue from 2 patients was FACS
sorted for eHsp90low and eHsp90high populations using a phycoerythrin-conjugated antibody specific for Hsp90�. In each instance, the subpopulation of
eHsp90high cells represented �5% of the cell population. Patient 1 was identified as Gleason 3 � 4 (stage T3aNO), whereas Patient 2 was Gleason 4 � 5 (stage
T3bNO). B, RNA was harvested from these subpopulations and transcripts for MMP-2, MMP-3, and MMP-9 were evaluated via qRT-PCR. C, proposed mechanism
for eHsp90-mediated regulation of cell motility and EMT events. Tumor-secreted eHsp90 functions in an autocrine manner via its receptor LRP1 to transduce
ERK phosphorylation. eHsp90-LRP1-ERK signaling subsequently initiates transcription of several pro-EMT transcription factors (Snail/Zeb/Twist), as well as
MMPs. MMP activation serves to reinforce sustained ERK activation and E-cadherin suppression through several potential mechanisms (dotted arrows, see text
for details). These concurrent processes deregulate junctional complexes (E-cadherin and ZO-1), resulting in a loss of cell polarity, increased migratory
potential, and initiation of a subset of EMT events.
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The EMT initiating activity of eHsp90 was further supported
by its ability to modulate a wide array of genetic events consist-
ent with this program, including up-regulation of the EMT
effectors Snail, Twist, Zeb, and Slug. Not surprisingly, these
factors also serve as transcriptional repressors of E-cadherin
(71–74), in accordance with the diminished E-cadherin mes-
sage observed in ARCaPE-eHsp90. The finding that eHsp90
increases transcript expression of the proteolytic enzymes
MMP-2, MMP-3, and MMP-9 is relevant given that sustained
MMP-2/9 activity increases the tumorigenic and metastatic
properties ofARCaPE (19), and initiates EMTevents and tumor
progression in preclinical models of PCa (19, 75). Although a
causal role for MMPs in tumor progression is well known, the
relationship between eHsp90 and MMPs is still unfolding.
Reports demonstrate that eHsp90 increases the proteolytic
activity ofMMP-2/9 via direct protein-protein interactions (32,
35, 65, 66). Our results indicate that eHsp90 plays a dual role in
up-regulating MMP-2/9 transcript expression, as well as
increasing proteolytic function. Given that the eHsp90-regu-
lated EMT transcriptional effectors additionally contribute to
MMP expression (76–78), MMP proteolytic activity may be
further influenced by these factors, as well as by direct eHsp90-
chaperone-mediated mechanisms (79).
Collectively, our data support a model (Fig. 7C), whereby an

eHsp90-LRP1 signaling axis activates ERK andMMP activity to
promote increased cell motility, impairment of E-cadherin
function, and initiation of EMT events. The ability of eHsp90 to
sustain ERK activation is significant, given the reported role of
ERK as a potent effector of EMT, motility, malignant invasion,
andmetastasis (57, 80–83). Our data indicate that the relation-
ships among ERK, MMPs, and EMT are complex. eHsp90 rap-
idly initiates ERK activation, which is required for increased
MMP-2/9 activity, supporting ERK as an upstream regulator of
MMP function. In addition, it was shown that ERK may be
activated by MMP-2/9 in ARCaPE and other cancer models
(19). Our data also indicate that ERKmay additionally function
downstream of MMP-2/9. We therefore propose that eHsp90-
mediated MMP-2/9 activity is required to potentiate and sus-
tain ERK activity, implicating a feed-forward mechanism. Our
data support a contributory role for MMP-3, and MMP-3 has
been implicated in promoting cell motility (64), at least in part
via activation of MMP-9 (84).
Further work is required to clarify the precise contribution of

these proteins to eHsp90-mediated ERK activation and E-cad-
herin suppression. Additional functions for MMP-2/9 may be
considered (Fig. 7C). First,MMP-2/9 signalingmay induce ERK
activation via growth factor-initiated receptor activation (19).
Although we cannot exclude this possibility, LRP1 silencing
precludes ERK activation, indicating that LRP1 plays a domi-
nant role in this process. Second, MMP-2/9 may cleave E-cad-
herin, thereby attenuating its tumor suppressive function (85).
Although this is possible, we did not observe cleavage prod-
ucts,4 and MMP suppressive activity is at least partially due to
its modulation of E-cadherin transcript expression. Third,
MMP-9 is a ligand for LRP1 (86) and may signal through LRP1

in a nonproteolyticmanner to regulate ERK activity (87). None-
theless, our data conclusively establish that MMP-2/9 and ERK
are critical regulators of the coordinate effects of eHsp90 upon
junctional integrity and cell motility.
Hsp90has been detected frompatient serumand ascites fluid

in a number of cancer types (37, 40, 41, 88), yet the source of this
protein remains unclear. In support of a regulated secretory
pathway, surface eHsp90 is detected from patients with meta-
static melanoma tumors (31). Our discovery that Hsp90� is
found on the surface of a subpopulation of primary tumor cells
further reinforces a regulated pathway for Hsp90 secretion. A
striking finding is the increased expression of MMP-2 and
MMP-9 transcripts associated with the eHsp90high population
of tumor cells, which supports trends from our cell-basedmod-
els. Although it is possible that nontumorigenic and/or stromal
cells may be present in these preparations, this does not change
the interpretation of our results that eHsp90 appears to mark a
distinct (presumably tumor) population of cells exhibiting tran-
scripts associated with protumorigenic properties. Our finding
that a relatively small subpopulation of eHsp90 expressing
tumor cells may contribute to PCa progression also highlights
the challenges in identifying a unifying genetic signature indic-
ative of EMT events clinical samples.
Despite its EMT inducing activity, eHsp90 was unable to

enforce a permanent EMT, demonstrated by the ability of
NPGA to reverse EMT like events in ARCaPE-eHsp90. Within
this context, it was remarkable that continued eHsp90 expres-
sion was also required to sustain the aggressive properties of
metastatic PCa cell types, including cell motility, expression of
N-cadherin, and mesenchymal morphology. This constitutive
reliance upon eHsp90 may be widespread, supported by the
reported ability of eHsp90 targeting to suppress the metastatic
potential of breast andother tumor types (35–38). Although the
eHsp90-mediated induction of MMP-2/9 has been implicated
in several of these models (35, 37), the precise eHsp90-directed
molecular events driving metastatic potential remain unre-
solved. A recent report has also implicated a role for N-cad-
herin in the invasion andmetastasis of PCa (89). In light of these
reports, the ability of eHsp90 targeting to attenuate a subset of
EMT events may have clinical utility in blocking or delaying
cancer progression. Althoughmoremechanistic details need to
be elucidated, our data conclusively position eHsp90 as a novel
and pivotal effector of tumor cell EMT plasticity.
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