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Heat shock protein 90-� (Hsp90�) is an intracellular molecular chap-
erone. However, it can also be secreted with the underlying regula-
tory mechanism remaining far from clear. Here we show that the
secreted Hsp90� is a C-terminal truncated form and its secretion is
regulated by the C-terminal EEVD motif via interacting with proteins
containing tetratricopeptide repeat domains. We also demonstrate
that secretion of Hsp90� is determined by the phosphorylation status
at residue Thr-90, regulated by protein kinase A and protein phos-
phatase 5. We further demonstrate that the secretion of Hsp90� is a
prerequisite for its proinvasiveness function and blocking the se-
creted Hsp90� results in significant inhibition of tumor metastasis.
Meanwhile, the level of plasma Hsp90� is positively correlated with
tumor malignancy in clinical cancer patients. In sum, our results reveal
the regulatory mechanism of Hsp90� secretion, and its function in
tumor invasiveness, indicating it can be a promising diagnostic
marker for tumor malignancy in clinical application.

heat shock protein 90-� � extracellular �
nonconventional protein secretion � MMP-2 � tumor marker

The eukaryotic heat shock protein 90-� (Hsp90�) is an essential
and ubiquitous molecular chaperone with remarkably versatile

functions involved in homeostatic control under both normal and
stress conditions (1, 2). Noticeably, over 100 Hsp90� client proteins
identified so far are typically associated with the cellular signal
transduction pathways (3–5). Due to its key roles in modulating the
signal transduction, especially in tumor cells, Hsp90� has become
a novel therapeutic target in cancer therapy. The inhibitors of
Hsp90�, notably Geldanamycine and its derivatives, exhibit very
potent antitumor effect (6–8).

As one of the most abundant cellular proteins (approximately 1%
of total proteins), Hsp90� mainly resides in the cytosol, and
previous studies about Hsp90� have mostly focused on its cytosolic
functions. Also, although less studied, Hsp90� can be released to
the extracellular space (9–11). The existence of extracellular
Hsp90� has long been observed and its secretion is considered to
be in an unconventional way due to the lack of N-terminal classic
secretion signal peptide (12, 13). However, the regulatory mecha-
nism of Hsp90� secretion, such as what signaling cascades and
direct regulators are involved in this process, is still poorly under-
stood. More recently, it was discovered that Hsp90� secretion was
enhanced under stress conditions such as hypoxia and oxidative
stress (13–15). The question then arises of how those different
stimuli converge to stimulate Hsp90� secretion.

On the other hand, it was reported recently that secreted Hsp90�
by fibrosarcoma tumor cells could interact with matrix metal-
loproteinase-2 (MMP-2) and thus facilitate the maturation of
MMP-2, promoting tumor invasiveness (10). MMP-2 is a member
of the matrix metalloproteinases, dysregulation of which has been
linked with diseases such as tumors (16). However, it is still unclear
whether the proinvasive function of Hsp90� is mainly attributed by
the secreted Hsp90�; whether or not the secreted Hsp90� mainly
relies on MMP-2 to exert its pro-invasive function; and whether the
secreted Hsp90� is linked with tumor malignancy.

To answer these questions, we investigated the secretion of Hsp90�
by tumor cells and the underlying regulatory mechanism of this process.
Wealso explored therelationshipbetweenHsp90�andMMP-2,aswell
as the function of secreted Hsp90� in tumor invasiveness and the
correlation of its level in plasma with tumor malignancy.

Results
The C-Terminal EEVD Motif Interacts with Proteins Containing Tetra-
tricopeptide Repeat (TPR) Domains to Regulate Hsp90� Secretion. To
elucidate the regulatory mechanism of Hsp90� secretion, we took the
strategy of studying the secretion behavior of exogenously overex-
pressed Hsp90�. The full-length human Hsp90� was constructed with
N-terminal Myc and C-terminal Myc-His tags (hereafter referred to as
Myc-H) for detection (Fig. S1). Very unexpectedly, the secreted exog-
enous Hsp90� in the conditioned media (CM) could only be detected
with the anti-Myc antibody but not the anti-His antibody, while the
exogenous Hsp90� in the total cell lysate (TCL) could be detected by
both (Fig. 1A, lanes 1–2, 4–5), which implies that the secreted Hsp90�
is cleaved somewhere in the C terminus. To demonstrate this hypoth-
esis, we added another His tag to the N terminus of the Myc-H,
hereafter referred as His-Myc-H (Wild Type, WT-Hsp90�) (Fig. S1),
and found that both Myc and His tags could be detected in the secreted
exogenous Hsp90� (Fig. 1A, lanes 3 and 6). We also observed that in
the CM, the difference in the molecular weights between the exogenous
and endogenous Hsp90� was much smaller than that in the TCL (Fig.
1A, Lower), which indicates that the secreted Hsp90� is truncated. To
determine the location of this cleavage event, we constructed a plasmid
expressing an Hsp90�-GST fusion protein, hereafter referred as H-
GST (Fig. S1), and found that the GST cleaved from the intact fusion
protein could only be detected in the TCL (Fig. S2A), which suggests
that this cleavage occurs intracellularly. To further elucidate the cleav-
age mechanism, we made several C-terminal deletion mutants of
Hsp90� and found that mutants lacking the C-terminal 25, 12, 8, or 4
residues could be secreted directly without the cleavage of the C-
terminal tags (Fig. 1B and S2B). We then performed point mutations
at the last 4 residues of EEVD (EE-�AA, VD-�AA, EEVD-�All
Ala) and found that they were all secreted without the cleavage (Fig.
1B) while mutations ahead of this motif had no such effect. These
observations demonstrate that the cleavage is mediated by the last 4
residues, namely the EEVD motif. We then made a specific polyclonal
antibody against MEEVD and found that it could only recognize the
TCL Hsp90� but not the CM Hsp90�, which suggests that this motif is
deleted or at least partially deleted in the secreted Hsp90� (Fig. S2C).

The EEVD motif of Hsp90� can specifically interact with a
family of proteins containing the TPR domains (17). The interac-
tions of these proteins with Hsp90� have been studied extensively,
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but none of them was reported to be linked with Hsp90� secretion.
Since we found that the EEVD motif was involved in regulating
Hsp90� secretion, we then speculated that whether these TPR-
domain-containing proteins were also involved in this process. To
test this hypothesis, we chose 4 of these proteins—CHIP, cyclophi-
lin 40 (Cyp 40), protein phosphatase 5 (PP5), and FK506-binding
protein 52 (FKBP52)—as representative proteins due to their
different functions with Hsp90� (17–20). We found that knocking
down any of these genes expression using siRNA resulted in
increased Hsp90� secretion to different extents (Fig. 1C and Fig.
S2H). The efficiency of siRNA was examined by qRT-PCR and
Western blotting (Fig. S2 D–H). This result indicates that the
regulation of Hsp90� secretion by these proteins is a generic
mechanism. Since knocking down the expression of PP5 resulted in
the most profound increase of Hsp90� secretion (Fig. 1C), we next
chose PP5 to confirm this TPR-EEVD inhibitory effect. Treatment

of 3 independent and effective siRNAs of PP5 on 3 different cell
lines all resulted in increased Hsp90� secretion (Fig. 1D and Fig.
S2H). Consistently, overexpression of the WT PP5 inhibited
Hsp90� secretion, while overexpression of the PP5 mutant K32A/
R101A, which could not interact with Hsp90� (Fig. S3) (21),
showed no inhibitory effect (Fig. 1E). Another enzymatically
inactive mutant of PP5-H304A (22), whose interaction with Hsp90�
was not affected, behaved the same as the WT PP5 (Fig. 1E and Fig.
S3). Moreover, overexpression of the PP5 TPR domain alone also
dramatically attenuated Hsp90� secretion (Fig. 1F). Collectively,
we propose that EEVD acts as an intrinsic docking motif recog-
nized by the TPR-containing proteins, trapping Hsp90� inside the
cell (namely EEVD-TPR occupancy) and making it unavailable for
secretion. Secretion of Hsp90� requires a presently unidentified
mechanism to remove this EEVD motif.

Phosphorylation at Residue Thr-90 Regulates Hsp90� Secretion. Se-
cretion of Hsp90� is believed to be a highly regulated process
(12–15). Indeed, we observed that both the cell membrane Hsp90�
and secreted Hsp90� were significantly decreased in starved cells
compared with proliferating cells (Fig. S4 A–C), and this could be
restimulated (i) by the treatment of cytokines such as VEGF, SDF
and PDGF (Fig. S4A) and (ii) under stress conditions such as
hypoxia (Fig. S4B). Since the prosurvival or stress conditions
normally result in the activation of signaling cascades, especially
kinases, we then wondered whether the phosphorylation of Hsp90�
could regulate its secretion. We chose Scansite (23) to predict the
phosphorylation sites of Hsp90�, and also referenced previous
reports (24, 25). Then we used the construct of WT Hsp90� to make
the mutants T90A, S231A, and Y309A to mimic loss of function.
We found that the T90A mutant could not be secreted, while the
secretion of S231A and Y309A mutants behaved the same as the
WT Hsp90� (Fig. 2A). We then examined the secretion behavior
of a phosphorylation mimic mutant T90E and found that this
mutant could not be secreted either (Fig. 2B). This suggests that the
mutation of threonine to glutamic acid residue may not efficiently
mimic the conformational change induced by the naturally added
phosphate group. The fact that the T90E mutant cannot be secreted
further strengthens the specific role of phosphorylation at Thr-90 in
determining Hsp90� secretion. Besides, a double-mutant
(C�12&T90A) could not be secreted either, even in the absence of
the EEVD motif (Fig. S5A), which indicates that phosphorylation
at residue Thr-90 is a prerequisite for Hsp90� secretion. This is also
consistent with the previous report that phosphorylation at Thr-90
regulates the translocation of Hsp90� to the cell membrane (25).
More importantly, using an antibody which can specifically recog-
nize the phosphorylation status of Thr-90 at Hsp90� (25), we found
that the secreted Hsp90� in the CM was indeed phosphorylated at
Thr-90 (indicated as pT90-Hsp90�) (Fig. 2C).

Since phosphorylation of Hsp90� at Thr-90 is catalyzed by
protein kinase A (PKA) (Fig. S5B) (25), we next examined the
effect of PKA in regulating Hsp90� secretion by 2 means. Firstly,
we found that overexpression of PKA resulted in a significant
increase of the cytosolic level of pT90-Hsp90� compared with the
control group and consistently resulted in an increased Hsp90�
secretion in the CM (Fig. 2D). Secondly, we found that siRNA-
mediated specific PKA knocking-down could significantly decrease
the cytosolic level of pT90-Hsp90� compared with the scRNA
control group, and consequently, a decreased Hsp90� secretion in
the CM was observed (Fig. 2D). Treatment of H-89, a specific
inhibitor of PKA, also led to the similar results (Fig. S4D). These
observations together strongly support PKA as direct positive
regulator of Hsp90� secretion acting at the Thr-90 phosphorylation
site. This also explains the aforementioned observations that cyto-
kines or hypoxia stress could stimulate Hsp90� secretion (Fig. S4)
since those stimuli normally result in the activation of PKA (26, 27).

Protein phosphorylation is a reversible process regulated by
kinases and protein phosphatases. We have demonstrated PKA is

Fig. 1. The C-terminal EEVD motif regulates Hsp90� secretion. (A) Secretion
of Hsp90� in MCF-7: samples were separated with 7.5% SDS/PAGE and were
blotted with anti-Myc, anti-His, and anti-Hsp90� antibodies, respectively. CM:
conditioned media; TCL: total cell lysate. Exo.: exogenous Hsp90�; Cleaved
Exo.: secreted exogenous Hsp90� in the cleaved form; Endo.: endogenous
Hsp90�. (B) Secretion of the EEVD motif mutants of Hsp90� in MCF-7. (C)
Secretion of Hsp90� upon siRNA treatment of indicated genes in MCF-7
detected by ELISA (Upper) and Western blotting (Lower). Co.St.: Coomassie
Blue staining as a loading control for CM. (D) Secretion of Hsp90� upon PP5
siRNA treatment in MCF-7 with 3 independent siRNA duplexes detected by
ELISA (Upper) and Western blotting (Lower). (E) Secretion of Hsp90� upon
overexpression of the WT or indicated mutants of PP5 detected by ELISA
(Upper) and Western blotting (Lower). (F) Secretion of Hsp90� upon overex-
pression of the TPR domain or full length of PP5 in MCF-7 detected by ELISA
(Upper) and Western blotting (Lower). FL: full length. Error bars represent SD
(n � 3); P value: Student’s t test; *, P � 0.05; #, P � 0.05.
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involved in Thr-90 phosphorylation. We next wondered which
phosphatase was responsible for the dephosphorylation. Since the
overexpression of TPR domain could inhibit the secretion of
Hsp90� just like WT PP5 (Fig. 1F), the increased TPR-EEVD
interaction caused by the overexpression of the enzymatically
inactive PP5 mutant H304A is enough to fully achieve the similar
inhibitory effect. Therefore, although overexpression of H304A can
inhibit Hsp90� secretion (Fig. 1E), we cannot exclude the possi-
bility that the intrinsic phosphatase activity of PP5 might be also
involved in the regulation of Hsp90� secretion. To test whether PP5
is responsible for the dephosphorylation of pT90-Hsp90�, we
examined the phosphatase activity of PP5 toward pT90-Hsp90� in
vitro and in vivo. First, we found that incubation of PP5 with the in
vitro phosphorylated pT90-Hsp90� resulted in an obvious release
of phosphate (Fig. 2E), which could be inhibited by 1 �M okadaic
acid—an inhibitor of the Ser/Thr-phosphatases (19)—indicating
that PP5 can specifically dephosphorylate pT90-Hsp90� in vitro.
Meanwhile, the nonspecific �-protein phosphatase also led to
increased release of phosphate, which served as a positive control
(Fig. 2E). Secondly, we found that overexpression of the WT PP5
could significantly decrease the cytosolic level of pT90-Hsp90�
compared with the control group, while the PP5 mutant K32A/
R101A, which could not interact with Hsp90� (Fig. S3), had no such
effect (Fig. 2F). On the other hand, knocking down the endogenous
PP5 expression resulted in the cytosolic level of pT90-Hsp90�
increased to almost 1.6-fold compared with the control group (Fig.
2F). These results suggest that PP5 can directly dephosphorylate
Hsp90� at Thr-90 in vivo.

Next, we asked whether there is any relationship between the
Thr-90 phosphorylation-dependent Hsp90� secretion and the in-
hibitory effect of PP5 through TPR/EEVD interaction. To address
this issue, we compared the interaction of PP5 with WT Hsp90�
and the Thr-90 (non)phosphomimic mutants, T90A and T90E.
Their interactions were examined using reciprocal coimmunopre-
cipitations in MCF-7 cells cotransfected with PP5 and WT, T90A,
or T90E mutants of Hsp90�, respectively (Fig. S6A). Interestingly,
the nonphosphomimic mutant T90A showed a remarkably de-
creased while the phosphomimic mutant T90E showed a dramat-
ically increased interaction with PP5, compared with the WT
Hsp90� (Fig. S6 B and C). Clearly, PP5 shows a preference to
Thr-90-phosphorylated Hsp90�, which gives a direct link between
the TPR/EEVD interaction of PP5 with Hsp90� and the Thr-90-
phosphorylation status. In sum, these results provide strong evi-

dences that PP5 is an endogenous negative regulator of Hsp90�
secretion and it has dual roles in inhibiting this process.

Secreted Hsp90� Promotes Tumor Invasiveness via MMP-2 and Block-
ade of the Secreted Hsp90� Inhibits Tumor Invasiveness. Secreted
Hsp90� has been linked to tumor invasiveness (10, 28). However,
the underlying mechanism is not clear so far. We next systematically
examined the level of secreted Hsp90�, and its biological function
in tumors. We first examined 5 breast epithelial tumor cell lines with
different malignancies (29) and found that the level of secreted
Hsp90� in more malignant tumor cell lines was much higher than
that of the less malignant ones, while the cytosolic level of Hsp90�
was almost the same (Fig. S7). More interestingly, the expression
level of PP5 was reversely correlated with the level of secreted
Hsp90� (Fig. S7). This is consistent with our conclusion that PP5
is an endogenous negative regulator of Hsp90� secretion (Fig. 1–2).

To further explore the relationship of secreted Hsp90� with
tumor invasiveness, we then tested the in vivo effect of 2 constructs,
WT and T90A mutant of Hsp90�. We found that overexpression of
the WT Hsp90� stimulated the invasiveness of MDA-MB-231 cells
in a Matrigel invasion assay, while the T90A mutant, which could
not be secreted, showed no such stimulatory effect (Fig. 3A).
Secreted Hsp90� by tumor cells can interact with and facilitate the
activation of MMP-2, thus promoting tumor invasiveness (10). We
next examined whether the proinvasiveness function of secreted
Hsp90� relied on MMP-2. We found that cotransfection of WT
Hsp90�, but not the T90A mutant, with MMP-2 showed a syner-
gistic effect on stimulating tumor cell invasion (Fig. 3A). In contrast,
the treatment of MMP-2 antibody or knocking down MMP2 using
siRNA could abolish the proinvasiveness effect of WT Hsp90�
overexpression (Fig. 3 B–C). These observations demonstrate that
the secretion of Hsp90� is a prerequisite for this protein to exert its
proinvasiveness function which is dependent on MMP-2.

The proinvasiveness function of secreted Hsp90� prompted us to
test whether blocking the secreted Hsp90� would result in the
inhibition of tumor invasiveness. We prepared a monoclonal anti-
body (mAb) against Hsp90� to functionally block the secreted
Hsp90�. We found that the invasiveness but not the proliferation of
MDA-MB-231 cells treated with this mAb was dramatically inhib-
ited in a Matrigel invasion assay compared with the IgG treated
control group (Fig. S8 A and B). Then we examined the in vivo
proinvasiveness function of secreted Hsp90�. Firstly, we tested this
on an orthotopic breast tumor mouse model of MDA-MB-231 cells,

Fig. 2. Phosphorylation at residue Thr-90 reg-
ulates Hsp90� secretion. (A) Secretion of the
WT Hsp90� and phosphorylation-site mutated
constructs: T90A, S231A and Y309A. (B) Secretion
of the Hsp90� phosphorylation-site mutated
constructs: T90A and T90E. Exo.: exogenous
Hsp90�; Cleaved Exo.: secreted exogenous Hsp90�

in the cleaved form; Endo.: endogenous Hsp90�.
(C) Thr-90-phosphorylation status of Hsp90� in the
CM and TCL. pT90-Hsp90� was detected using
anti-phospho-(Ser/Thr) PKA substrate antibody.
(D) Secretion and Thr-90-phosphorylation status
of Hsp90� upon overexpression of Flag-tagged
PKA (Left) or upon siRNA treatment (Right) de-
tected by Western blotting and ELISA. PKA was de-
tected by the anti-Flag antibody in the left panel
and by the PKA antibody in the right panel. Error
bars represent SD (n � 3); P value: Student’s t test; *,
P � 0.05. (E) Phosphatase activity assay of PP5 in
vitro. peptide: RRA(pT)VA, a standard substrate for
the Ser/Thr-phosphatases, was used to verify the
activity of PP5; �PP: non-specific protein phospha-
tase as positive control; OA: Okadaic Acid (1 �M); error bars represent SD (n � 3); P value: Student’s t test; **, P � 0.01. (F) Thr-90-phosphorylation status
of Hsp90� upon overexpression of the WT or MT PP5, or knocking-down of PP5 using RNA interference. MT PP5: K32A/R101A PP5; PKA served as a positive
control.
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in which the breast tumor cells were inoculated into the mammary
fat pad of nude mice. The animals were then treated with mAb of
Hsp90� or control IgG. After the treatment, the primary tumors
and metastasis sites were analyzed. Consistent with the in vitro
results, no obvious primary tumor growth difference was observed
in the 2 groups (Fig. S8C). However, we found that Hsp90� mAb
treatment could potently prevent the stromal invasion in the
primary tumors as the primary tumors from Hsp90� mAb treated
group showed clear boarders without obvious stromal invasion to
the surrounding tissues, while tumors from the IgG treated group
showed significant stromal invasion as indicated by the invasion of
tumor cells into the surrounding muscles and mammary fat pad
(Fig. 3D). Besides, lymph node metastasis (Fig. S8D) and distant
metastasis such as liver metastasis (Fig. 3E) were also inhibited in
Hsp90� mAb treated group.

Secondly, we tested this on B16/F10 melanoma experimental
metastasis mouse model. Similarly, the treatment of Hsp90� mAb
significantly inhibited the lung metastasis (Fig. 3F and Fig. S8F).
Noticeably, the metastasized tumors in the lungs from Hsp90� mAb
treated group were also shown to have clear boarders with the
surrounding normal lung tissues, while tumors from the IgG treated
group infiltrated into the surrounding normal lung tissues without
clear boarders, indicating severe invasion (Fig. S8G). More strik-
ingly, when we examined the lymph nodes of the mice, we found a
total of 13 metastatic colonies in the 5 mice treated with IgG, while
none was found in the Hsp90� mAb treated group (Fig. 3G and Fig.
S8E). These results demonstrate that the secretion of Hsp90� is

essential for its proinvasiveness function, and the blockage of
secreted Hsp90� can efficiently suppress tumor invasiveness.

Plasma Level of Hsp90� Is Positively Correlated with Tumor Malig-
nancy in Clinic. The proinvasiveness function of secreted Hsp90�
suggests it may serve as an indicator of tumor malignancy. To
investigate its clinical relevance, initially, we wondered whether
secreted Hsp90� could be examined in the plasma. We found that
Hsp90� could be detected exclusively in the plasma of tumor
bearing mice, but not normal mice (Fig. 4A). Importantly, the
Hsp90� detected in plasma is secreted by tumor cells but not a
product of immune cells in circulation (Fig. S8H). Then we exam-
ined the plasma from 6 liver cancer patients and found that the
levels of plasma Hsp90� were all significantly elevated compared
with that from normal people (Fig. 4B). We then established an
ELISA to accurately quantify the level of plasma Hsp90� in clinic.
We first detected the plasma Hsp90� by ELISA with the anti-
EEVD antibody to test whether the plasma Hsp90� was in an
EEVD truncated form. The anti-EEVD antibody did not give a
distinctive signal between the normal and cancer patient groups,
while the anti-Hsp90� antibody detection showed a higher signal in
the cancer patient group (Fig. S8J). The fact that elevated plasma
Hsp90� of cancer patient cannot be detected by the anti-EEVD
antibody confirms that the plasma Hsp90� is also truncated at the
C-terminal EEVD motif. Then we used anti-Hsp90� ELISA to
quantify and compare the amount of plasma Hsp90� in normal
people and cancer patients. We chose 50 ng/ml of plasma Hsp90�
as the defining threshold concentration because it was the upper

Fig. 3. Secreted Hsp90� promotes tumor
invasiveness: in vitro and in vivo. (A–C) Ma-
trigel invasion assay of MDA-MB-231 cells
transfected with WT Hsp90� or T90A mu-
tant: cotransfected with MMP2 or control
vector (A); treated with IgG or MMP2 anti-
body (B); treated with MMP2 siRNA or con-
trol scRNA (C). Error bars represent SEM
(n � 3). (D–G) The effect of Hsp90� anti-
body on inhibiting tumor invasiveness in
vivo. (D–E) The orthotopic breast tumor
model (n � 6 mice): H&E-stained sections of
primary mammary tumors. Arrows indicate
muscular invasion and stromal invasion. (D)
MFP: mammary fat pad; N: normal tissue; T:
tumor. (E) H&E-stained sections of livers
from the tumor-bearing mice, indicating
liver metastasis (magnification, a–f: �100;
g–h: �400). (F–G) The B16/F10 melanoma
experimental metastasis model (n � 5
mice): the lung weight of mice treated with
IgG or Hsp90� antibody; error bars repre-
sent SD (n � 5) (F). (G) Representative im-
ages of lymph nodes from the B16/F10 mel-
anoma mice bearing lung metastasis,
treated with IgG or Hsp90� antibody. LN:
lymph node; P value: Student’s t test.
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limit of plasma Hsp90� level in normal people examined. We found
that the levels of plasma Hsp90� in most cancer patients were
statistically higher than the threshold (Fig. 4C), while the levels of
plasma Hsp90� in patients with benign tumors were more or less
the same with that in normal people (Fig. 4C). These results
demonstrate that the increased level of plasma Hsp90� is specific
for malignant tumors and is a generic indicator of tumor malig-
nancy. More importantly, by dividing the tumor patients into
metastasis and metastasis-free groups, we observed that the levels
of plasma Hsp90� in liver or breast tumor patients with metastasis
were much higher than that of patients without metastasis (Fig. 4
D and E), further proving that secreted Hsp90� is highly associated
with tumor malignancy, especially metastasis. These observations
demonstrate that the level of plasma Hsp90� is positively correlated
with tumor malignancy and it may be a potential diagnostic and
prognostic marker in clinic.

Discussion
As the well-known and abundant intracellular chaperone, Hsp90�
has been found in the extracellular space for 2 decades (9, 11), but
its regulatory mechanism remains largely uninvestigated. In the
present study we found that the secretion of Hsp90� is exclusively
dependent on the phosphorylation status at residue Thr-90 but not
other sites studied here (Ser-231, Tyr-309), and PKA was proven to
be the direct regulator. Activation of PKA has been well-accepted
to be related with cell’s proliferative state (30), and some cytokines
and hypoxia stress have been shown to induce the activation of PKA
signaling pathway either directly or indirectly (26, 27). More im-
portantly, the observation that the generic inhibitory effect of H-89
on Hsp90� secretion, as well as the decreased Thr-90 phosphory-
lation and Hsp90� secretion upon PKA knockdown firmly supports
the hypothesis that PKA is a critical and direct modulator of
Hsp90� secretion. Phosphorylation normally results in conforma-
tional change of proteins. The residue Thr-90 of Hsp90� was
reported to be partially buried within a local structure (31). We
propose that upon phosphorylation, the change of the local charge
may lead to the exposure of the local conformational change, which

may then be recognized by other yet to be discovered cofactors to
initiate the downstream translocation process.

Interestingly, we also found that the C-terminal EEVD motif
functions as a docking motif which signals to keep Hsp90� residing
in the cytosol, and the secretion of Hsp90� requires removing this
motif. It is still unclear what factors are involved in the cleavage
process and how the phosphorylated Hsp90� is recognized if
conformational change indeed occurs. Recently, Keller et al. (32)
found that the unconventional secretion of some proteins (espe-
cially those related with inflammation) is actively regulated by
caspase-1. This raises the question of whether there are other
proteases involved in regulating the unconventional protein secre-
tion and whether this could be generic machinery. Future studies on
the identification of these proteases and cofactors will be of great
value for better and thorough understanding of Hsp90� secretion.

On the other hand, the EEVD is very unique to Hsp90�, because
it acts as an adaptor motif for Hsp90� to interact with a family of
proteins containing TPR domains, such as FKBP52, Cyp40, CHIP,
and PP5 (17–20). Although the interactions and functions of these
TPR-domain containing proteins with Hsp90� have been well
documented, none of them has been related to Hsp90� secretion
(17–20). In this study, we demonstrate that TPR-EEVD interaction
suppresses the Hsp90� secretion. As these TPR-domain containing
proteins reside in different microcompartments in the cytosol, we
propose that the EEVD docking signal of Hsp90� is recognized by
these proteins; therefore, the EEVD-TPR interaction traps Hsp90�
in a bound complex form at different locations in the cytosol. The
Hsp90� in this complex may not be accessible for other cofactors,
thus it becomes unavailable for secretion and stays in cytosol.
Nevertheless, more evidences, such as the identification of these
cofactors, are needed to prove this proposed model.

Meanwhile, the inhibitory function of PP5 on Hsp90� secretion
is investigated in a more detailed way. We demonstrate that PP5,
in addition to occupy Hsp90� via its TPR domain, can directly
dephosphorylate pT90-Hsp90� thereafter reverse the secretion
process stimulated by PKA. More importantly, PP5 shows prefer-
ence to bind with pT90-Hsp90�, suggesting a link between the

Fig. 4. Plasma level of Hsp90� is positively correlated
with tumor malignancy in clinic. (A) Western blotting
of plasma Hsp90� from tumor bearing mice. (B) West-
ern blotting of plasma Hsp90� in normal people and
liver cancer patients. (C) The level of plasma Hsp90� in
normal people, patients with benign tumors (breast
and uterus) and patients with malignant tumors
(breast, lung, pancreas, and liver) detected by ELISA.
(D–E) The levels of plasma Hsp90� in liver cancer (D) or
breast cancer (E) patients with or without metastasis.
Patients with confirmed pathology verifications about
metastasis were counted for analysis. Error bars rep-
resent SD; P value: Student’s t test.
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TPR-EEVD occupancy and Thr-90 phosphorylation. Although the
interaction between EEVD and TPR domain has been well ac-
knowledged, the regulatory mechanism of how these diversified
TPR-containing proteins interact with Hsp90� and the resulted
physiological consequences are not well documented. To our
knowledge, this is the first time to show that the Thr-90-
phosphorylation status of Hsp90� affects the interaction of Hsp90�
with PP5 and the subsequent biological relevance.

Recently, the presence of Hsp90� on cell surface has been shown
to correlate with melanoma progression (33). In our studies, the
levels of Hsp90� secreted by breast tumor cell lines are found to be
positively correlated with the increased tumor malignancy. Fur-
thermore, we found that the level of plasma Hsp90� in cancer
patients is highly correlated with tumor malignancy, especially the
metastasis. The association of plasma Hsp90� level with the age,
tumor volume, estrogen receptor (ER), and progesterone receptor
(PR) of the breast cancer patients were also assessed, and no
correlation was found (Fig. S8I), which indicates that Hsp90� is an
independent marker for tumor diagnosis and prognosis. Collec-
tively, the level of plasma Hsp90� shows wide-spectrum (in all 4
tumor types examined), tumor type specific (variations among the
tumor types), and high correlation (75% in average) with the tumor
malignancy, suggesting its promising application for tumor
diagnosis.

Inhibition of cell-surface Hsp90� with antibodies or cell-
impermeable Hsp90� inhibitors blocks cell motility and invasion in
vitro (28, 34). In this study, Hsp90� mAb shows inhibitory effect on
primary tumor invasion, tumor metastasis but feeble effect on
tumor growth. These data further strengthen the role of secreted
Hsp90� in proinvasiveness and also imply that the secreted Hsp90�
involves in both regional and distance metastasis, which is mediated
by the lymphatic and blood systems (35, 36). Therefore, the
regulatory mechanism of secreted Hsp90� on stromal invasion,
lymphangiogenesis, angiogenesis, and the association of tumor cells

with the vasculatures, which is also called intravasation and extrav-
asation, all merit further investigation.

In summary, our study presented here for the first time elucidates
the regulatory mechanism of Hsp90� secretion, and open a new
avenue for future studies of Hsp90� secretion. Meanwhile, the
proinvasiveness function of the secreted Hsp90� suggests it be an
effective target in cancer therapeutics especially in preventing
tumor metastasis. The correlation between the levels of plasma
Hsp90� with tumor malignancy indicates that it may not only be a
promising marker for diagnosis of malignant tumors but also a
potential index for prognosis of metastasis.

Methods
Construction of human Hsp90� is described in Fig. S1 and SI Materials and
Methods. Site-directed mutagenesis was performed using QuikChange site-
directed mutagenesis kit according to the manufacturer’s instructions (Strat-
agene). All constructs and mutants were confirmed by sequencing (Invitrogen).
Cells and transfections are described in SI Materials and Methods. siRNA se-
quences are described in Table S1. Immunoprecipitation, Western blotting, and
immunofluoresence analyses were performed in accordance with standard pro-
tocols. All animal studies were performed with the approval of the Scientific
Investigation Board of Tsinghua University, Beijing, China. The plasma samples of
tumor patients were obtained from Beijing Cancer Hospital, Beijing, China, and
The First Hospital of Xiamen (Xiamen, China) along with confirmed pathology
verifications.
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