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ABSTRACT Deregulated accumulation of hypoxia-inducible factor-10 (HIF-1a) is a hallmark
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of many solid tumors. Directly targeting HIF-1a for therapeutics is challenging. Our finding Kunxin Luo o
that HIF-1a regulates secretion of heat shock protein-90a (Hsp90a) for cell migration raises gg;‘é‘:{:;y of California,

the exciting possibility that targeting the secreted Hsp90a from HIF-10—positive tumors has
a better clinical outlook. Using the HIF-10—positive and metastatic breast cancer cells MDA-
MB-231, we show that down-regulation of the deregulated HIF-1a blocks Hsp90a secretion
and invasion of the cells. Reintroducing an active, but not an inactive, HIF-1a into endoge-
nous HIF-1o~depleted cells rescues both Hsp90a secretion and invasion. Inhibition of Hsp90a
secretion, neutralization of secreted Hsp90a action, or removal of the cell surface LRP-1 re-
ceptor for secreted Hsp90a. reduces the tumor cell invasion in vitro and lung colonization and
tumor formation in nude mice. Furthermore, we localized the tumor-promoting effect to a
115-amino acid region in secreted Hsp90a called F-5. Supplementation with F-5 is sufficient
to bypass the blockade of HIF-1a depletion and resumes invasion by the tumor cells under
serum-free conditions. Because normal cells do not secrete Hsp90a in the absence of stress,
drugs that target F-5 should be more effective and less toxic in treatment of HIF-10a~positive
tumors in humans.
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INTRODUCTION

In normal cells under normoxia (~8% oxygen level in tissues), the
hypoxia-inducible factor-1a (HIF-1ar) protein is constantly synthe-
sized and immediately subjected to an O,-dependent prolyl
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hydroxylation. This modification then targets HIF-1a: to the ubiquit-
ination-proteasome machinery for degradation (Semenza, 2003). As
a result, the overall steady-state level of HIF-1a. is kept low. Under
hypoxia, however, HIF-1a. hydroxylation and subsequent degrada-
tion are suppressed, resulting in a rise in the HIF-1a. level in the cells.
The increased HIF-10. then forms a functional heterodimer with the
constitutively present HIF-1B (ARNT), the master transcriptional
complex, called HIF-1. HIF-1 translocates into the nucleus and regu-
lates expression of hypoxia response element-containing genesin a
p300/CBP-dependent manner (Arany et al, 1996). In contrast,
HIF-Tow proteins are kept at a constitutive level in many tumors. This
is caused by the tissue hypoxia generated by outgrowth of the rap-
idly proliferating tumor cells over the surrounding vascular network,
creating a distance that is longer than the reach of the oxygen sup-
ply from the nearest blood circulation (Bertout et al., 2008). Under
constant ischemia, the tumor cells then undergo genetic changes to
adapt alternative and self-supporting mechanisms for continued
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survival, expansion, and progression until neovascularization around
them is complete. Thus action of oncogenes, inhibition of tumor
suppressor genes, and deactivation of the enzymes involved in
HIF-Tow ubiquitination and degradation could all contribute to the
deregulated expression of HIF-To. in tumor cells (Majmundar et al.,
2010). The deregulated HIF-1a. plays a crucial role in tumorigenesis
in animal models. Down-regulation of deregulated HIF-1a. expres-
sion or inhibition of the HIF-1a action slows tumor growth and ren-
ders the tumor more susceptible to killing by radiotherapy and che-
motherapy (Majmundar et al., 2010). In humans, the constitutively
expressed HIF-1a is linked to large tumor size, high grade, and
lymph node—negative metastasis, which make the tumor less acces-
sible to radiotherapy and chemotherapy (Hutchison et al., 2004).
Therefore the constitutively expressed HIF-1a. in tumor cells has be-
come a marker to predict possible outcomes of patients with tumor
metastasis. Whereas sabotaging the deregulated HIF-1o. in tumor
cells could in concept prevent tumor progression, directly targeting
the intracellularly located HIF-1o. or the enzymes that regulate
HIF-1a: stability is challenging (Poon et al., 2009).

The human heat shock protein-90 (Hsp90) chaperone family in-
cludes four confirmed members—the cytosolic Hsp90c and Hsp90B,
the endoplasmic reticulum GRP74, and the mitochondrial TRAP1,
which are encoded by distinct genes (Chen et al., 2005). As with the
overexpression (accumulation) of HIF-1a. in tumor cells, Hsp90a has
also been found either quantitatively overexpressed or qualitatively
overactivated in a variety of tumors (Kamal et al., 2003). These "ex-
tra” or “overactive” Hsp90o. proteins are believed to bind and pro-
tect the stability of oncogene products inside the cell (Welch and
Feramisco, 1982; Grenert et al., 1997; Neckers and Neckers, 2002).
Such a seemingly higher degree of protection by Hsp%0a. in tumor
cells than their proto-oncoprotein counterparts in surrounding nor-
mal cells has been taken as the basis for a strategy for developing
anticancer drugs (Whitesell et al., 1994; Trepel et al., 2010). Geldan-
amycin (GM, or benzoquinone ansamycin) and its derivatives, which
bind and block the ATP-binding and ATP hydrolysis functions of
Hsp90, have been the focus of drug development for more than a
decade (Neckers and Neckers, 2002). GM proved to be too toxic
even in animal models (Supko et al., 1995). A modified form of GM,
benzoquinone ansamycin 17-allylaminogeldanamycin (17-AAG),
showed promising efficacy at a dose range with tolerable toxicity in
preclinical studies and has entered several phase 1 and phase 2/3
clinical trials since 1999 (Solit and Chiosis 2008; Trepel et al., 2010).
Several newer generations of chemically modified and less toxic
GM-related drugs are being developed in ongoing clinical trials.
However, the main hurdle for these drugs remains as how to selec-
tively target the oncogene-protecting activity of Hsp90 in tumors
and spare the physiological function of Hsp90 in normal cells.

The figure of 1-2% of the total cellular proteins has been widely
used to describe the unusual abundance of Hsp90 protein inside
most types of mammalian cells. If one takes ~7000 proteins per cell,
that content of Hsp90 proteins would be 70- to 150-fold higher than
that of any of other cellular proteins. Csermely et al. (1998) argued
that, if intracellular chaperoning were the only assigned function for
Hsp90, such an overproduction of a single protein in cells would not
be well tolerated by evolution. They speculated that the major cel-
lular function of Hsp90 might be another, yet-unrecognized one that
would require such an abundant storage of the protein. Recent
studies have discovered a surprising need for normal cells to secrete
the “overstocked” Hsp90a. for tissue repair (Li et al., 2011) and for
tumor cells to constitutively secrete Hsp90a: for invasion and meta-
stasis (Tsutsumi and Neckers 2007). Secretion of Hsp90 and/or its
role in invasion and/or metastasis have been reported in more than
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a dozen human tumors (Li et al., 2011). Kuroita et al. (1992) reported
purification of Hsp90a. from conditioned media of human hybri-
doma SH-76 cells. Eustace et al. (2004) reported Hsp900., but not
Hsp90B, in conditioned media of HT-1080 fibrosarcoma cells. Wang
et al. (2009) reported secretion of Hsp90a by MCF-7 human breast
cells. Suzuki and Kulkarni (2010) found Hsp90p secreted by MG63
osteosarcoma cells. Chen et al. (2010) reported secretion of Hsp90a
by the colorectal cancer cell line HCT-8. Work by Trutrumi and col-
leagues implied secretion of Hsp90a. by a variety of tumor cell lines
(Tsutsumi et al., 2008).

What is the relationship between HIF-1o and secretion of Hsp90?
HIF-Tou is a key upstream regulator of Hsp?0o secretion (Li et al.,
2007; Woodley et al., 2009). Because constitutive accumulation of
HIF-10, occurs in >40% of the tumors in humans (Dales et al., 2005;
Poon et al., 2009), the secreted Hsp90a: could be a new and effec-
tive target for treatment of these HIF-1o~positive tumors. In the
present study, we have tested this possibility by using the estrogen
receptor (ER)-negative and aryl hydrocarbon (Ah)-nonresponsive
breast cancer cell line MDA-MB-231. We proved the importance of
the "HIF-Toe > Hsp90a. secretion” axis in control of cancer cell mi-
gration and invasion for the first time. More important, we identified
a critical 115-amino acid epitope, F-5, in secreted Hsp90a: that pro-
vides potentially a new therapeutic target for HIF-1o—positive breast
cancers and likely beyond.

RESULTS

Constitutively expressed HIF-1a. is essential for invasiveness
of breast cancer cells

We wanted to identify a tumor cell line with deregulated expres-
sion of HIF-1a and use this cell model for identifying new down-
stream effectors of the deregulated HIF-1a essential for cell inva-
sion in vitro and tumor formation in vivo. After screening various
tumor cell lines (listed in Materials and Methods), we focused on
the triple negative breast cancer cell line MDA-MB-231, previ-
ously isolated from pleural effusion obtained from 51-year-old
patient with invasive and metastatic cancer (Cailleau et al., 1974).
This choice also reflected the clinical data showing that ~30% of
invasive breast cancer samples are hypoxic (Dales et al., 2005;
Lundgren et al., 2007). The untransformed human epithelial cells
HBL-100 (Gaffney, 1982) were included as a control. As shown in
Figure 1A, in HBL-100 cells, the HIF-1a level was undetectable
under normoxia (Figure 1A, a, lane 1). A time-dependent accumu-
lation of HIF-1a. protein was detected from the cells under hy-
poxia (lanes 2-5). Under identical conditions (equal protein load-
ing, side-by-side operations, and enhanced chemiluminescence
[ECL] processes), however, a constitutive basal level of HIF-1o ex-
pression could be detected in MDA-MB-231 cells even under nor-
moxia (Figure 1A, c, lane 1). Whereas hypoxic treatment of the
cells caused a transient increase in HIF-1q, the level reached a
plateau between 3-6 h and then declined to the basal level by 14
h (lanes 2-5 and data not shown). Although the significance of
this short-term induction of HIF-1a. in response to hypoxia in
MDA-MB-231 cells remains to be studied, the constitutive pres-
ence of HIF-1a is consistent with the increased anti-HIF-1a anti-
body staining of many human breast tumor tissue specimens
(Dales et al., 2005; Lundgren et al., 2007).

The constitutive presence of HIF-1o alone in MDA-MB-231 cells
is sufficient for maintaining the cells’ high motility and invasiveness
even under serum-free conditions (a mimic of the hypoxic tumor
environment in vivo). We used the lentiviral system FG-12 to de-
liver a U6 promoter—driven short hairpin RNA (shRNA) against hu-
man HIF-1o or HIF-1B into MDA-MB-231 cells. This system enables

| 603

A common tumor target in secreted Hsp90a



HBL-100

C
MDA-MB
231

&

&
N
\/‘D

(¢}
\/0 N
a «HIF-1a
-

1 2

FIGURE 1: Deregulated HIF-1a. is critical for breast cancer cell migration and invasion.

(A) Western blot analysis of the HIF-10. levels in nontransformed breast epithelial cells (HBL-100;
a, b) and breast cancer cells (MDA-MB-231; ¢, d) under either normoxia (21% O, lane 1) or
hypoxia (1% Og, lanes 2-5) over the indicated time points. Note: Equal loadings of all samples
and all procedures side by side. (B) The efficiency of FG-12 lentiviral infection in MDA-MB-231
cells, as indicated by expression of an in-cis CMV-driven GFP gene, followed by FACS analyses.
The same field was shown with either phase contrast (left) or fluorescence lens (right). (C) Specific
down-regulation of HIF-10. (a) or HIF-18 (d) proteins by FG-12-delivered shRNA, as indicated by
Western blot analyses. (D) Twelve-well tissue culture plates were precoated with type | collagen
(20 pg/ml, 2 h). Serum-starved cells were plated (250,000 cells/well) in serum-free medium, and
>90% of the cells attached within 2 h. The wound closure at 16 h was photographed and
quantified as average gap (AG; Li et al., 2004). n = 3, p < 0.05. (E) Down-regulation of HIF-10: or
HIF-1B inhibited MDA-MB-231 cell invasion through a Matrigel barrier (b and c vs. a), according
to manufacturer’s protocol. Note: OD reading (Bio-Rad Protein Assay at 590 nm) on the
penetrated cells only. The data are expressed as means + SD (n = 4, p < 0.05).

>80% gene transduction efficiency in these cells, as indicated by
expression of a cytomegalovirus (CMV) promoter—driven green
fluorescent protein (GFP) gene in the same vector (Figure 1B, right
vs. left). Under this system, as shown in Figure 1C, we achieved
nearly complete down-regulation of HIF-1o (Figure 1C, a, lane 2)
or HIF-1B (Figure 1C, d, lane 2), in comparison to a control shRNA
against LacZ (lanes 1). Moreover, neither of the two shRNAs cross-
reacted nonspecifically between HIF-1o and HIF-1B (Figure 1C, b
and e). When these HIF-1a- or HIF-13- down-regulated cells were
subjected to cell motility (“scratch”) assays, as shown Figure 1D,
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the control MDA-MB-231 cells exhibited a
constitutively high motility even under se-
rum-free conditions (Figure 1D, b vs. a).
However, down-regulation of HIF-1o or
HIF-1B paralyzed the cell motility (Figure
1D, d and fvs. c and e). Similar results were
obtained for in vitro invasiveness of the
same cells. As shown in Figure 1E, control
MDA-MB-231 cells strongly penetrated a
Matrigel barrier (consisting of laminin,
type IV collagen, heparan sulfate proteo-
glycan, and nidogen) under serum-free
conditions (Figure 1E, a). However, the
HIF-10- or HIF-1B-down-regulated cells
exhibited a dramatic reduction in inva-
sion (Figure 1E, b and c vs. a). These re-
sults establish the MDA-MB-231 cell line
as an adequate tumor cell model to study
actions of the deregulated HIF-1a.
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Deregulated HIF-10 causes
constitutive Hsp90o secretion

We used the following three criteria to
find a key downstream and “druggable”
target directly regulated by deregulated
HIF-1a in MDA-MB-231 cells: 1) the pro-
tein is constitutively secreted by the cells;
2) the secretion is under direct control of
the deregulated HIF-1a; and 3) function
of the protein is essential for invasiveness
of the tumor cells. We focused on the se-
creted heat shock protein-900 (Hsp90a).
First, many tumor cells constitutively se-
crete Hsp90o. (Li et al., 2011). Second, hy-
poxia causes various types of cells to se-
crete Hsp90a (Li et al., 2007, 2011;
Woodley et al.,, 2009). Third, secreted
Hsp?0o. is essential for hypoxia-driven
normal cell migration (Woodley et al.,
2009). Therefore we tested the possibility
that the deregulated HIF-1a causes con-
stitutive Hsp90a. secretion, which is cru-
cial for the invasiveness of MDA-MB-231
cells. Serum-free conditioned media
(CM) of HBL-100 and MDA-MB-231 cells
cultured under either normoxia or hypoxia
were analyzed for the presence of Hsp900a..
As shown in Figure 2A, secreted Hsp90a
was detected from the CM of HBL-100
cells incubated under hypoxia (lane 2) but
not normoxia (lane 1). In contrast, an
equal amount of secreted Hsp90a was
detected from CM of MDA-MB-231 cells cultured under either
normoxia (lane 3) or hypoxia (lane 4). The constitutive secretion
of Hsp900. was caused by the deregulated HIF-10. in the cells. It
is shown in Figure 2B that, whereas Hsp90a secretion remained
unaffected in control RNAi-infected MDA-MB-231 cells (Figure
2B, a, lane 1), secreted Hsp900. was undetectable from the CM
of either HIF-10~ or HIF-1B-down-regulated MDA-MB-231 cells
(Figure 2B, a, lanes 2 and 3). This inhibition appeared to be spe-
cific, since under identical conditions, secretion of matrix metal-
loproteinase 9 (MMP9) by the cells was rather slightly increased

0.D.(595 nm
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FIGURE 2: Deregulated HIF-10. uses secreted Hsp90a. for migration and invasion. (A) Serum-free conditioned medium
(CM; 25 pl of 10x concentrated) of HBL-100 (lanes 1 and 2) or MDA-MB-231 (lanes 3 and 4) cells incubated under
normoxia (N) or hypoxia (H) for 14 h was analyzed for the presence of Hsp90a proteins by Western blotting. (B) CM of
HIF-10— or HIF-1B-down-regulated cells was analyzed for the presence of Hsp900. (a, lanes 2, 3 vs. lane 1). A 1.0-ml
amount of 1x CM was concentrated 20 times and subjected to zymography gel analysis (Materials and Methods; b,
lanes 1-3). (C) Approximately 400 ng each of recombinant Hsp90c, Hsp90B, and GRP94 were resolved on duplicate SDS
gels and subjected to either Coomassie blue staining (top) or Western blot using the same anit-Hsp90o. antibody
(bottom). This antibody is specific against Hsp90c.. (D) Reintroduction of wt and CA mutant (a, lanes 2, 3), but not
dominant-negative mutant (b, lanes 4), of HIF-10. rescued Hsp90a: secretion in HIF-1a—down-regulated MDA-MB-231
cells (¢, lanes 2 and 3 vs. lanes 1 and 4). (E) Twelve-well tissue culture plates were coated with type | collagen (40 pg/ml,
2 h). Unattached collagens were removed by washing with Hank’s balanced salt solution buffer. Serum-starved (18 h)
MDA-MB-231 cells were plated (250,000 cells/well) under serum-free medium so that the cell density reached 90%
confluence within 2 h. The “wounds” were made with a p-200 pipette tip. The wound closure was photographed and
quantitation (AG) carried out as described (Li et al., 2004). The results shown here were reproducible in three

independent experiments (n = 3, p < 0.05).

(Figure 2B, b, lanes 2 and 3 vs. lane 1). Note that, unlike intracel-
lular proteins (like B-actin or glyceraldehyde-3-phosphate dehy-
drogenase for intracellular protein standards), there are few reli-
able loading control markers for secreted proteins. The equal
loadings of CM were justified by taking equal volumes of CM
from the same number of cells cultured under identical condi-
tions. Furthermore, the specificity of the anti-Hsp90a was con-
firmed by experiments showing that under the same conditions
this antibody did not cross-react with Hsp90B or Grp94 (Figure
2C), two proteins highly related to Hsp900..

To validate the specific control of Hsp?0a. secretion by HIF-1a,
we carried out HIF-1a. gene rescue experiments. As shown in Figure
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2D, we exogenously reintroduced wild-type (wt) and constitutively
active (CA) HIF-1ainto endogenous HIF-1o—~depleted MDA-MB-231
cells, as detected by anti-HIF-10. antibody immunoblotting analysis
(Figure 2D, a, lanes 2 and 3 vs. lane 1). Because DN-HIF-1a has a
large deletion that most commercial anti-HIF-10. antibodies recog-
nize (Li et al., 2007), we instead proved the expression of the 34-kDa
DN-HIF-1o. by using anti-hemagglutinin tag antibody blotting
(Figure 2D, b, lane 4). From CM of these cells, we found that only
wt-HIF-1Ta and CA-HIF-1o were able to rescue Hsp90ow secretion
(Figure 2D, c, lanes 2 and 3 vs. lane 1), but not DN-HIF-1a. (lane 4).
These results indicated that secreted Hsp900 is a direct downstream
target for deregulated HIF-1a.. More important, the wt-HIF-1a: and
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FIGURE 3: Secreted Hsp90o. is essential for migration and invasion of MDA-MB-231 cells under
serum-free conditions. (A) Colloidal gold migration assays show that anti-Hsp90c: neutralizing
antibodies blocked individual MDA-MB-231 cell motility in a dose-dependent manner (c—e vs. a,
b). The addition of excess amount of recombinant Hsp900. reversed the inhibition by the
antibodies (f). MI, migration index (%) (Li et al., 2004). (B) Anti-Hsp900. neutralizing antibodies
blocked MDA-MB-231 cell invasion through a Matrigel in a dose-dependent manner (c—e vs. a,
b). The addition of excess amount of recombinant Hsp900. reversed the inhibition of invasion by

the antibodies (f). The OD reading is the same as in Figure 1.

CA-HIF-10 (Figure 2E, d and f vs. b), but not DN- HIF-1a (Figure 2E,
h vs. b), were also able to rescue the blocked cell motility of the
endogenous HIF-1o—depleted cells (Figure 2E).

Next we examined whether secreted Hsp?00. mediates deregu-
lated HIF-1o~driven MDA-MB-231 cell migration and invasion. We
used a neutralizing antibody against secreted (not intracellular)
Hsp90o.. We applied the colloidal gold migration assay (Materials
and Methods), which measures individual (instead of a population)
cell motility and is more relevant to Hsp90a autocrine signaling. As
shown in Figure 3A, even under serum-free conditions the MDA-
MB-231 cells exhibited constitutive motility (Figure 3A, a). The addi-
tion of control immunoglobulin G (IgG) showed little effect (Figure
3A, b vs. a). However, the addition of increasing amounts of the
neutralizing antibody against Hsp900. into the medium inhibited the
motility of the cells in a dose-dependent manner (Figure 3A, c—e).
This inhibition was Hsp90a specific, since the addition of excess
amounts of recombinant Hsp90a protein reversed the inhibition of
cell migration by the anti-Hsp%00. neutralizing antibody (Figure 3A,
7). Besides its inhibitory effect on cell migration, the same neutraliz-
ing antibody also blocked the ability of MDA-MB-231 cells to invade
through a Matrigel barrier. As shown in Figure 3B, the addition of
increasing amounts of the antibody blocked the cell invasion in a
dose-dependent manner (Figure 3B, c—e), in comparison to medium
alone (Figure 3B, a) or medium with control IgG (Figure 3B, b). Simi-
larly, the addition of excess amounts of recombinant Hsp90a. pro-
tein reversed the inhibition of invasion by the anti-Hsp900. antibody
(Figure 3B, 1). Finally, these findings were further confirmed by a
pharmacological approach. Treatment of the cells with dimethyl
amiloride, a specific inhibitor of protein secretion via the exosome
protein trafficking pathway (Denzer et al., 2000), blocked Hsp90a.
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secretion (Supplemental Figure S1A, lane 3
vs. lane 1) and MDA-MB-231 cell invasion in
a dose-dependent manner (Figure S1B, d).
In contrast, brefeldin A, an inhibitor of the
classic endoplasmic reticulum-Golgi protein
trafficking pathway (Cheng et al., 2008),
showed little effect on Hsp%0o secretion
(Figure S1A, lane 2 vs. lane 1) or cell invasion
(Figure S1B, c). Taken together, the results
lead us to conclude that deregulated HIF-1o
in the tumor cells causes constitutive Hsp?0o.
secretion, which is crucial for migration and
invasion in the absence of any exogenous
growth factors.

R S
0.04 + 0.005

The percentage of Hsp90a protein in
tumor versus normal cells

Although the figure of 1-2% of total cellular
proteins has been widely used for decades,
and half a dozen publications dating from
1984 to 2010 reported various numbers, we
were unable to identify in any of those stud-
ies that a measurement had followed the
required steps for estimation of a protein
amount in the cells (Li et al., 2011). Because
we need to know how much Hsp?0o. each
MDA-MB-231 cell has, we took textbook
procedures to reestablish the percentage
of Hsp90a. protein in reference to total cel-
lular proteins in four normal against four tu-
mor cells, including the MDA-MB-231 cells.
The procedures are as follows. 1) We used a
series of increasing amounts of bovine serum albumin (BSA, ~55 kDa)
to establish a standard curve of the actual amounts (micrograms) of
BSA versus optical dichroism (OD) readings. 2) Increasing volumes
of the total postnuclear extract of a given cell type were subjected
to OD reading, and we converted the OD readings into micrograms
of proteins according to the standard curve. 3) These cell extracts
with known microgram amounts of proteins and a series of known
microgram amounts of recombinant human Hsp?0a protein were
subjected to SDS-PAGE and Western blot with a monoclonal anti-
Hsp90o antibody under exactly the same conditions. (Note: The
entire processes of SDS gel electrophoresis, transferring onto nitro-
cellulose membranes, primary antibody blotting, secondary anti-
body blotting, washing, and ECL reactions of the two sets of sam-
ples were performed in common apparatus and containers and the
same exposure cassette for the exactly same period of time.) 4) The
Hsp90o. protein bands from the cell lysates and the recombinant
Hsp90a: (as shown in Supplemental Figure S2) were subjected to
densitometry scanning with identical parameter settings (Alpha In-
notech FluorChem SP). 5) The densitometry scanning readings of
the recombinant Hsp?0o. bands were used to establish a second
standard curve that converts densitometry scanning readings to ac-
tual amounts (micrograms) of Hsp90a: protein. 6) This second stan-
dard curve was used to convert the densitometry scanning readings
of Hsp90o. bands from the total cell extracts into micrograms of pro-
teins. 7) Finally, the amount of Hsp?0a: (micrograms) in a given vol-
ume of cell extract was divided by total protein amount (micrograms)
from the same cell extract times 100 to give the percentage of
Hsp90a in the total proteins of the given cell type. The means of
calculated numbers from eight pairs of recombinant Hsp?0a: versus
cell extract was taken as the final percentage of Hsp90a in a given

Anti-Hsp90a (10 pg) +
f Hsp90a (30 pg)
R TG PRS- e 2

£-. %8, &%
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Normal cells Cancer cells

Name Origin Percentage of Hsp90aa Name Origin Percentage of Hsp90a
HKC Human keratinocyte 2.35+0.26 SCC-12 Squamous carcinoma 3.29+0.81
MC Human melanocyte 2.25+0.62 M-24 Human melanoma 6.76 £1.06
HDF Human skin fibroblast 2.33+£0.16 A431 Dermal carcinoma 4.52+0.70
HBL-100  Human breast epithelial 3.47+0.24 MDA-MB-231  Human breast cancer 3.66+0.21

The data for each cell line are the result of calculation of three independent experiments (i.e., from cell culture to densitometry). The total protein amount in cell
lysate (with proteins of various molecular mass) is an estimate due to the standard curve made of a single 55-kDa protein (BSA). Based on statistical significance
below p < 0.05, the differences between HKC vs. SCC-12 and between HBL-100 vs. MDA-MB-231 are not significant.

TABLE 1: Estimated percentage of Hsp90c. in normal versus tumor cells.

cell type. As summarized in Table 1, our experiments showed that
1) Hsp900: accounts for 2-3% of the total cellular proteins in the four
types of normal cells tested and it goes up to 7% of the total cellular
proteins in certain tumor cell lines, and 2) Hsp90a: is not elevated in
all cancer cells versus their normal counterpart, such as the differ-
ence in Hsp90o. between MDA-MB-231 and HBL-100 cells.

Identification of the key element in secreted Hsp90a that
mediates deregulated HIF-1a~driven invasion

We used systematic mutagenesis to identify the minimum functional
element in human Hsp90a. Initially, eight recombinant peptides of
Hsp90o were generated and tested for stimulation of MDA-MB-231
cell motility under serum-free conditions. Five of the eight peptides
(FL, F-2, F-5, F-6, and F-8), which retained various degrees of the full
promotility of the full-length Hsp900., are schematically shown in
Figure 4A. The purity of the fast protein liquid chromatography
(FPLC)-purified peptides was revealed by SDS-PAGE and staining
(Figure 4B). F-8 is a 27—amino acid synthesized peptide (too small to
show on SDS gel). Because down-regulation of the endogenous
HIF-Tow in MDA-MB-231 cells blocked Hsp90a. secretion and re-
duced invasiveness of the cells, we reasoned that exogenous sup-
plementation of functional peptides of Hsp90a should bypass the
blockade of HIF-1 down-regulation and rescue the invasion defect
of the cells. This rescue approach would allow us to identify the
minimum functional element in secreted Hsp90a. As shown in
Figure 4C, the parental and control LacZ-RNAi-infected MDA-
MB-231 cells showed strong invasion (Figure 4C, a and b), whereas
HIF-To-down-regulated cells were unable to invade (Figure 4C, c).
Supplementation of BSA had little effect on the invasion defect
(Figure 4C, d). However, FL, F-2, and F-5 under their optimized con-
centrations were able to partially rescue the invasion defect of the
cells (Figure 4C, e—q). In contrast, F-6 (Figure 4C, h) and F-8 (data
not shown) showed significantly weaker rescuing effects, even if
they still retained promotility activity. Quantitation of the data, as
shown in Figure 4D, revealed that FL, F-2, and F-5 were equally ef-
fective (Figure 4D, bars e—g). F-6 was virtually unable to rescue (bar
h). Similar results were obtained in HIF-1p-down-regulated MDA-
MB-231 cells, in which F-5 was the shortest peptide that rescued the
invasion defect of the cells (Supplemental Figure S3A). To further
confirm that the rescuing mechanism by these peptides was to by-
pass the blockade of HIF-1o. down-regulation, we found that sup-
plementation of F-5 was unable to rescue the invasion defect of
MDA-MB-231 cells with down-regulated LRP-1, the receptor for ex-
tracellular Hsp90ow signaling (Cheng et al., 2008; Woodley et al.,
2009). As shown in Figure 4E, complete down-regulation of LRP-1
by the FG-12 system (lane 2 vs. lane 1) resulted in dramatic reduc-
tion of the cell invasion (Figure 4F, b vs. a). However, the addition of
F-5 was unable to rescue the LRP-1 depletion-caused invasion de-
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fect (Figure 4F, c). We also found that o-2 macroglobulin, another
natural ligand for LRP-1, did not affect Hsp90a.-driven MDA-MB-231
cell invasion, suggesting that these two proteins bind to distinct
regions at the extracellular domain of LRP-1 (Supplemental
Figure S3B).

F-5 maintains its native structure in Hsp90a

We performed CD spectroscopy to evaluate the secondary struc-
ture content of the F-5 fragment of human Hsp90c., which is highly
conserved in mammals. The first half of F-5 is characterized by con-
secutive Glu and Lys sequence elements (Supplemental Figure
S4A), which are part of the linker between the N-terminal and mid-
dle domains of human Hsp90o. and which we expect to form a dy-
namically disordered structure. For the second half of F-5 (shown in
bold), similar structural propensities as revealed in a recent crystal
structure of residues 293-732 of human Hsp90 (Lee et al., 2011)
may be anticipated (Supplemental Figure S4B). These expectations
were borne out, as shown in Supplemental Figure SAC. Approxi-
mately half of the F-5 fragment is disordered, and the detected sec-
ondary structure content correlates with the Hsp90 crystal structure,
which commences with its middle domain. Thus the F-5 peptide
recapitulates the structural properties of full-length Hsp?0.

Interruption of Hsp900~LRP-1 signaling in MDA-MB-231
cells blocks their ability for lung colonization and tumor
formation

Colonization of various secondary organs by breast cancer depends
on productive interactions between the tumor cells and the stromal
microenvironment. The lung colonization assay in nude mice is an
accepted model to test such ability of tumor cells. There is lack of
effective and specific inhibitors against secreted Hsp90a actions in
vivo. Genetic knockdown of the entire Hsp90o would not distin-
guish between intracellular and extracellular Hsp900.. Membrane-
impermeable GM-based inhibitors were unstable and toxic to the
animal when they were injected into the circulation (Tsutsumi et al.,
2008; Stellas et al., 2010). Having considered these limitations, we
took an alternative approach to target an immediate downstream
effector of secreted Hsp90a, the LRP-1 receptor. We used the FG-
12 system to permanently knock down LRP-1 in MDA-MB-231 cells.
As shown in Figure 5A, complete down-regulation of LRP-1 was
verified in the exact MDA-MB-231 cells 24 h prior to injection into
nude mice (Figure 5A, a, lane 2 vs. lane 1). In addition, we found that
another breast cancer cell line, MDA-MB-468, lost endogenous
LRP-1 expression (Figure 5B, lane 4). Of interest, like MDA-MB-231
cells, MDA-MB-468 cells maintain constitutive HIF-To expression
and constitutive Hsp90a. secretion (Figure 5C, a and c). Thus we
used MDA-MB-468 cells as natural LRP- cells. All the cell lines,
preengineered to stably express a luciferase gene, were injected via
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FIGURE 4: F-5 epitope in secreted Hsp90a: mediates tumor cell migration and invasion. (A) A summary of truncated
peptides of Hsp90a: that retain either a full or partial promotility activity of full-length Hsp900.. Cell motility data are
summary (%) of colloidal gold motility and “scratch” assays combined (n = 3, each assay, p < 0.05). (B) FPLC-purified,
full-length, F-2, F-5, and F-6 were visualized in SDS gel stained with Coomassie brilliant blue (lanes 1-4), with indicated
amounts of BSA as controls (lanes 5-7). F-8 is a synthetic peptide. (C) The five peptides with their optimized
concentrations were tested for rescuing invasion defect of HIF-10~down-regulated MDA-MB-231 cells. (D) Quantitation
of the invasion data (n = 3, p < 0.05) in C. (E) Lysates of MDA-MB-231 cells infected with vector alone (lane 1) or
lentivirus carrying shRNA against LRP-1 receptor (lane 2) were analyzed by Western blotting with anti-LRP-1 antibody.
(F) LRP-1-down-regulated cells were unable to invade as the control cells (b vs. a), and Hsp900c. was unable to rescue the
invasion defect of the LRP-1-down-regulated cells (n = 4, p < 0.05).

tail vein into circulation of SCID mice on day 0. As shown in Figure or undetectable for the subsequent 4 weeks (2 and 3; 8 and 9; 14
5D, after an initial lung homing observed for all the cell lines (1, 7, and 15). Then the vector-infected MDA-MB-231 cells returned to
and 13), the majority of the cells became either weakly detectable  develop tumors in lung around 42 d in six of seven mice per group
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(Figure 5D, 4-6). In contrast, LRP-1-knockdown MDA-MB-231
cells showed much reduced ability of lung colonization
(Figure 5D, 10-12), which occurred in only two out of seven mice
per group. MDA-MB-468 cells showed little lung colonization in all
mice. Dissection of the mice on day 70 revealed visible tumors only
in lungs of the mice injected with vector MDA-MB-231, but not
with LRP-1-knockdown MDA-MB-231 cells or MDA-MB-468 cells.
Hematoxylin and eosin (H&E) staining of sections across the entire
lung tissue, as shown in Figure 5E, showed large, invading tumors in
the lungs of mice injected with vector MDA-MB-231 (Figure 5E, a
and b), smaller and fewer tumors in lungs of mice injected with LRP-
1-knockdown MDA-MB-231 cells (Figure 5E, c and d), and no visible
tumors in lungs of mice injected with MDA-MB-468 cell (Figure 5E, e
and 1). Quantitation of these data is shown in Figure 5F. LRP-1 (also
called CD91) is a large heterotrimeric protein consisting of a 515-kDa
extracellular domain and an 85-kDa transmembrane subunit (Herz
and Strickland 2001). Besides Hsp90a., several other extracellular
heat shock proteins were reported to also bind LRP-1 (Basu et al.,
2001). Therefore the effect of LRP-1 knockdown on tumor formation
did not necessarily prove that the reduced tumor formation was
specifically due to blockade of secreted Hsp90a signaling through
LRP-1. To address this issue, we tested whether recombinant Hsp70,
gp?6, and CRT, which have also been shown to bind LRP-1, promote
cell migration and whether they could rescue, like Hsp90a, the inva-
sion defect of HIF-1a-down-regulated MDA-MB-231 (Supplemental
Figure S5). In both migration (Supplemental Figure S5A) and invasion
(Supplemental Figure S5B) assays, Hsp70, gp?6, and CRT showed
limited effects. Taken together, these findings support the hypothesis
that the “HIF-1 > secreted Hsp?0a. > LRP-1" autocrine loop plays a
critical role in deregulated HIF-1o—driven tumor progression.

DISCUSSION

Under constant hypoxia, cancer cells are forced to adapt, via
HIF-1o., alternative and self-supporting mechanisms for continued
survival and expansion. Surface expression and secretion of Hsp90
should be constitutive in these HIF-To—positive tumors. In fact,
many types of tumor cells have recently been shown to secrete
Hsp90 (Li et al., 2011). Therefore targeting the secreted Hsp90 for
treatment could break the boundary of tumor type and subtype
specificities. Take breast cancers as an example; they are tradition-
ally divided into three major subtypes: ER*/PR*, HER2* and TN
(triple negative). The death rate from the disease has dropped
modestly over the past decade due to the availability of multiple
treatment choices: surgery, radiation, hormonal therapy, and che-
motherapy. However, there remains a growing sense of frustration
among breast cancer experts over side effects and unsustainable
results of current treatments, such as resistance of hormone recep-
tor—positive breast cancers to endocrine therapies. It appears that
every breast cancer is genetically unique. Many of the genetic dif-
ferences among individual tumors influence the likelihood that the
cancer will recur (Rosman et al., 2007). Dales et al. (2005) carried
out anti-HIF-1a immunohistochemical assays on frozen sections of
745 breast cancer samples and found that the levels of HIF-1a
expression correlated with poor prognosis, lower overall survival,
and high metastasis risk among both node-negative and node-
positive patients. By using HIF-To expression as a marker, it was
estimated that 25-40% of all invasive breast cancer samples are
hypoxic, suggesting that HIF-1o can be used as a broader marker
for breast cancers. In the present study, we identified a critical
downstream effector of HIF-1o.in breast cancer cells—the secreted
Hsp?0o.. Of the 732-amino acid polypeptide, we narrowed down
a 115-amino acid epitope called F-5 in Hsp?0a that is necessary
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and sufficient for mediating HIF-1o—driven breast cancer cell inva-
sion. We propose a shift of paradigm for anticancer drugs target-
ing Hsp90 from inhibiting the intracellular Hsp?00:. at its ATPase to
targeting the secreted Hsp?0a at the F-5 region, as schematically
summarized in Figure 6.

Toxicity versus efficacy has been a long-standing challenge for
anticancer drugs targeting the ATPase of intracellular Hsp90 in clini-
cal trials. These inhibitors are expected to selectively harm the over-
expressed or overly active Hsp90 in cancer cells that embed in nor-
mal tissues while minimizing potential damages in the physiological
chaperone functions of Hsp?0 in the surrounding normal cells and,
in fact, the entire body. Difficulties in satisfying these obviously con-
tradicting demands have prevented drug developments of this type
from reaching the Food and Drug Administration as fast as they
were hoped for. In contrast, as far as the secreted Hsp90a. is con-
cerned, no physiological roles (regulation of gene expression, me-
tabolism, proliferation, and development) have been reported; in-
stead, secretion of Hsp90a appears to be an emergency response
of normal cells to tissue injury, hypoxia, or irradiation, just to men-
tion a few. However, regardless the environmental status, tumor
cells maintain a constitutive level of HIF-1o. and use it to trigger
Hsp90a: secretion for invasion and metastasis in an otherwise nonliv-
able environment for normal cells (Cheng et al., 2010). Therefore we
propose that new anticancer drugs that selectively target the F-5
region of Hsp90o should achieve higher efficacy and pose less tox-
icity to cancer patients.

What are the downstream targets of secreted Hsp90at? Eustace
et al. (2004) reported that Hsp90a, but not Hsp90B, promotes
cancer cell migration and invasion by binding to and activating
MMP2. Sidera et al. (2004, 2008) showed that a pool of cell mem-
brane-bound Hsp?0a: interacts with HER-2 tyrosine kinase receptor
in breast cancer cells, leading to increased MMP2 activation, cell
motility, and invasion. Gopal et al. (2011) recently reported that ex-
tracellular Hsp90a. stimulates a binding of LRP-1 to EphA2 receptor
during glioblastoma cell invasion. Cheng et al. (2008) used four in-
dependent approaches (neutralizing antibodies, RAP inhibitor,
RNAI, and somatic LRP-1-negative mutant cell line) to demonstrate
that the widely expressed cell surface receptor LRP-1 mediates the
extracellular Hsp90a. signaling. In the present study, we show that
Hsp90a: failed to stimulate migration and invasion of LRP-1-down-
regulated MDA-MB-231 cells in vitro. Consistently, Song et al. (2009)
reported that LRP-1 is required for glioblastoma cell migration and
invasion in vitro. Furthermore, LRP-1-down-regulated MDA-MB-231
or LRP-1-null MDA-MB-468 cells exhibited dramatically reduced
lung colonization and tumor formation in vivo. Understanding how
each of the target proteins contributes to Hsp90a-stimulated inva-
sion would require simultaneous studies of these molecules in a
common cell system.

Despite the various experimental approaches, direct demonstra-
tion of secreted Hsp90a. in tumor progression in vivo still requires
the availability of more-stable and more-specific inhibitors. Tsutsumi
and colleagues used DMAG-N-oxide, a geldanamycin/17-AAG-
derived and cell membrane-impermeable Hsp90 inhibitor, to pre-
treat melanoma cells to block extracellularly located Hsp900., prior
to injecting them into nude mice. They reported that DMAG-N-
oxide—treated cells showed decreased motility and invasion of the
cells in vitro and reduced lung colonization in vivo (Tsutsumi et al.,
2008). There are several limitations of this approach. First, 17-AAG
binds and inhibits the ATPase activity of Hsp90. However, Cheng
et al. (2008) demonstrated that the ATPase domain is dispensable
for the extracellular action of Hsp90. Therefore the inhibitory effect
of 17-AAG is not a direct inhibition of the functional epitope in
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FIGURE 5: Hsp90a signaling is essential for MDA-MB-231 cell lung colonization and tumor formation in vivo.

(A) Lentiviral system, FG-12, mediated shRNA-LRP-1 delivery and down-regulation of endogenous LRP-1 in MDAMB-231
cells (lane 2 vs. lane 1). (B) Western blot screening of normal and cancer cell lines for expression of LRP-1 receptor