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Abstract
Transforming growth factor beta 1 (TGF-β1) is secreted as a latent complex, which consists of
latency associated peptide (LAP) and the mature ligand. The release of the mature ligand from
LAP usually occurs through conformational change of the latent complex and is therefore
considered to be the first step in the activation of the TGF-β signaling pathway. So far, factors
such as heat, pH changes, and proteolytic cleavage are reportedly involved in this activation
process, but the precise molecular mechanism is still far from clear. Identification and
characterization of the cell surface proteins that bind to LAP are important to our understanding of
the latent TGF-β activation process. In this study, we have identified Heat Shock Protein 90 β
(HSP90β) from the cell surface of the MG63 osteosarcoma cell line as a LAP binding protein. We
have also found that MG63 cells secrete HSP90β into extracellular space which inhibits the
activation of latent TGF-β1, and that there is a subsequent decrease in cell proliferation. TGF-β1-
mediated stimulation of MG63 cells resulted in the increased cell surface expression of HSP90β.
Thus, extracellular HSP90β is a negative regulator for the activation of latent TGF-β1 modulating
TGF-β signaling in the extracellular domain.
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Introduction
Transforming growth factor-beta 1 (TGF-β1) is a multifunctional cytokine that regulates cell
proliferation, migration and differentiation, as well as synthesis of the extracellular matrix
[1–5]. TGF-β1 is abundant in skeletal tissue, where it is stored in the bone matrix and
promotes bone formation [6,7]. Recent findings showed that there is an abnormally high
expression of TGF-β in osteosarcoma, which is the most common bone cancer in young
adults [8,9].

TGF-β1 is transcribed as a proprotein consisting of three distinct parts: the signal peptide,
the latency-associated peptide (LAP), and the mature peptide. The disulfide-bonded
homodimer, in which the LAP and the mature peptide are non-covalently linked, is secreted
either alone (as a small latent complex: SLC), or in combination with a latent TGF-β binding
protein (LTBP) as a large latent complex (LLC) [10–12]. In order for TGF-β1 to bind to its
receptor and activate the downstream signaling pathway, it is necessary that the mature
ligand be released from the latent complex. Many mechanisms for the activation of latent
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TGF-β1 have been described, including binding to ανβ6 integrin or thrombospondin-1
(TSP-1), and proteolytic processing by plasmin or metalloproteinases (MMPs) [13,14].
Interestingly, a recent report indicated that ανβ6 integrin, one of the major activators of the
latent TGF-β1 complex, requires LTBP1 for its activity. This suggests that ανβ6 integrin
prefers LLC but not SLC [15].

Most types of cells secrete TGF-β1 in the form of LLC; in contrast, bone cells secrete most
of the TGF-β1 as SLC [7]. Thus, in bone cells such as osteosarcoma and osteoblasts, the
activation mechanisms of latent TGF-β1 are considered to be regulated differently.
Therefore, to identify novel regulators of latent TGF-β1 activation in bone cells, we have
isolated extracellular proteins that bind to recombinant LAP from the osteosarcoma cell line,
which is made up of MG63 cells. We found that heat shock protein 90 beta (HSP90β) bound
to the TGF-β1 latent complex and inhibited the TGF-β1 signaling pathway. Furthermore, we
observed that HSP90β was secreted into the extracellular space in MG63 cells, and this
secretion was mediated by TGF-β1 stimulation. In the present study, we provide the first
evidence that extracellular HSP90β secretion is induced by TGF-β signaling, and that
extracellular HSP90β interacts with the TGF-β1 latent complex in MG63 cells and inhibits
the TGF-β signaling pathway through a negative feedback loop.

Material and methods
Tissue Culture

MG63 cells (ATCC) and 293 EBNA cells (Invitrogen, Carlsbad, CA) were maintained in
DMEM (Dulbecco’s modified Eagle’s medium; Invitrogen), supplemented with 10% fetal
bovine serum (FBS) (HyClone, Logan, UT), 100 units/ml penicillin, and 100 mg/ml
streptomycin (Invitrogen) at 37°C in a humidified, 5% CO2, 95% air atmosphere.

Isolation of LAP binding proteins
To prepare the recombinant LAP protein, LAP TGF-β1 cDNA was amplified and cloned
into the pCEP4-Mul-PURD expression vector [16,17]. The recombinant LAP expression
vectors were then transfected into 293/EBNA cells and the N-terminal His-tagged
recombinant LAP proteins were purified as described previously [16]. The cell surface
proteins of MG63 cells were extracted using ProteoExtract® Native Membrane Protein
Extraction Kit (EMD Chemicals Inc., Gibbstown, NJ). The extracted proteins were then
mixed with or without His-tagged-LAP proteins, and protein complexes were precipitated
by nickel-charged magnetic beads (Qiagen, Valencia, CA). The precipitants were washed
and loaded onto SDS-PAGE gel under reducing conditions and the gels were stained with
silver staining. The specific band in the precipitants mixed with recombinant LAP was
identified by mass spectrometry performed by Alphalyse, Inc., Palo Alto, CA.

Solid phase binding assay
96-well, flat bottom microtiter plates (Inmunolon 2HB, Thermo Fisher Scientific, Waltham,
MA) were coated with a 0.1 µg/well of recombinant HSP90β (SignalChem, Vancouver, BC)
and incubated overnight at 4 °C. After washing, plates were blocked with 3% BSA and then
recombinant LAP was added in triplicate in a serial dilution with PBS and incubated
overnight at 4 °C. The next day, plates were washed and then incubated with anti-LAP
antibodies (R&D, Minneapolis, MN AF246A)(1:3000) for 90 min at RT. Anti-goat
antibodies conjugated with HRP (1:1000) in PBS were incubated for 1 h at RT. After
washing, 3, 3, 5,5’-tetramethyl benzidine substrate solution (TMB, Pierce, Rockford, IL)
was added to the wells and incubated for 30 min at RT. After the addition of 2 N H2SO4 to
stop the colorimetric reaction, optical density was measured at 450 nm using a microplate
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reader. Control plates were prepared by coating them with 0.1 µg/well of BSA instead of
HSP90β, and used for binding assays along with HSP90β-coated wells.

Co-immunoprecipitation assay
293/EBNA cells and His-tagged LAP-stably-transfected 293/EBNA cells were transfected
with an HA-HSP90β expression vector. The medium was replaced 6 h later, and 48 h later
the medium was collected and centrifuged at 1000 × g for 1 min. One half of the collected
medium was mixed with Ni-NTA agarose beads and centrifuged at 1000 × g for 1 min, and
then precipitants were washed by 0.1% Triton-PBS and then 10 mM imidazole PBS. Finally,
precipitants were eluted by 500 mM imidazole and then reduced with DTT. The rest of the
collected medium was mixed with anti-HA antibody bound to Protein G beads (Invitrogen),
and precipitants were washed by 0.1% Triton-PBS and eluted by boiling with a reducing
agent. Both eluted samples were loaded onto SDS-PAGE, electrophoresed, and transferred
onto PVDF membranes (Invitrogen). The membranes were incubated with anti-HA to detect
HSP90β, or anti-His to detect LAP, respectively. The immunoreactive proteins were
identified using Supersignal chemiluminescent substrate (Pierce).

Biotinylation of cell surface proteins and lysis of cells
MG63 cells were washed twice with ice-cold PBS and incubated with 0.25 mg/ml cell-
impermeable Sulfo-NHS-SS-biotin (Pierce) in PBS for 30 min on ice. Cells were then
washed with quenching solution and washed twice with PBS before being scraped into an
ice-cold lysis buffer containing a protease inhibitor cocktail (Complete-Mini; Roche, Basel,
Switzerland). The cells were then sonicated and placed on a shaker for 2 h. Samples were
centrifuged at 12,000 × g for 20 min and the pellets were discarded. The protein
concentration of the resulting supernatant was determined using a BCA kit (Pierce).

Streptavidin pull-down
Streptavidin beads (50 µl; Invitrogen) were washed three times with PBS. Lysed
biotinylated samples were added to the beads (50 µg total proteins), and volumes of up to 1
ml were made with lysis buffer and mixed on a shaker overnight. Beads were then
centrifuged at 1000 × g for 1 min. They were washed three times with 1 % Triton-PBS. A
loading buffer was added to the washed beads and then heated at 70 °C for 12 min, and
beads were centrifuged at 1000 × g for 1 min. The supernatant was loaded onto SDS-PAGE.

Luciferase activity
MG63 cells were transfected with both the (CAGA)12-luciferase reporter plasmid [18] and
the pRL-TK control vector utilizing LipofectAMINE 2000 with LTX (Invitrogen). After 24
h, they were pre-treated with recombinant HSP90β or anti-HSP90β antibody, and then
treated with 200 ng/ml latent TGF-β1 (R&D). After 24 h, cells were lysed and assayed for
luciferase activity using the Dual Luciferase Reporter Assay System (Promega Corporation,
Madison, WI), and luciferase activities were normalized based on Renilla luciferase
expression from the pRL-TK control vector.

Cell-proliferation assay
MG63 cells were plated at a density of 2.5 × 103 cells/well in a 96-well plate and cultured in
0.1% FBS medium. After 24 h, cells were incubated with 200 ng/ml latent TGF-β1 with
various concentrations of recombinant HSP90β. Before and after 48 h, cells were lysed and
the total active cell number was compared by CellTiter-GloTM Luminescent Cell Viability
Assay (Promega), which is based on the quantitation of ATP levels present in the cells.
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Real-Time PCR
RNA was extracted from MG63 cells using the TRIzol method. RNA samples were
quantified and reverse-transcription reactions were performed using Superscript III reverse
transcriptase (Invitrogen). All Real-Time PCR reactions were prepared with iQ SYBR
Green supermix and carried out in a PTC-200 thermal cycler (Bio-Rad Laboratories, Inc.,
Hercules, CA).

Results
Isolation and characterization of LAP binding protein in MG63 cells

To identify the cell surface proteins that can bind to LAP, we incubated the customized
recombinant LAP protein with the cell surface proteins of MG63 cells, and found one
intense band of about 90 kDa (data not shown). We then analyzed this band with mass
spectrometry and amino acid sequencing, which revealed its identity to be HSP90β (Fig.
1A). Next, we confirmed HSP90β and recombinant LAP binding by solid phase binding
assay (B) and co-immunoprecipitation assay (C). As shown in Fig. 1B, the binding of LAP
to HSP90β was dose-dependent, suggesting that HSP90β can bind to LAP directly.
Furthermore, as shown in Fig. 1C, we performed a co-immunoprecipitation assay using the
293/EBNA cells, which were transfected with His-LAP and HA-HSP90β. We detected an
HA-HSP90β-specific band in the His-LAP precipitants only when 293/EBNA cells were
transfected with His-LAP and HA-HSP90β, but not transfected with HA-HSP90β alone.

HSP90β is expressed on the cell surface and extracellular space of MG63 cells
HSP proteins are known to be present inside the cells. In order to investigate whether
HSP90β was present on the surface of MG63 cells, we examined the cell surface expression
of HSP90β using the biotinylation method, as described above. HSP90β was detected in the
precipitants of streptavidin beads only when cell surface proteins were biotinylated (Fig.
2A). We loaded the total cell lysate to show the amounts of proteins used for biotin-
streptavidin precipitate. We could not detect HSP90α on the MG63 cell surface when
utilizing the same method (data not shown). Finally, immunoblotting of the conditioned
medium of MG63 cells with HSP90β antibodies showed that HSP90β was present in the
medium (Fig. 2B).

HSP90β inhibition of latent TGF-β1-induced transcription and cell proliferation
To explore the functional significance of the interaction between HSP90β and LAP, we
investigated the effects of HSP90β on latent TGF-β1-mediated transcriptional responses. For
this purpose, we used the TGFβ-smad3-responsive reporter CAGA12-Lux assay [18], and
found that the MG63 cells treated with recombinant HSP90β (20 µg/ml) displayed a twofold
decrease in latent TGF-β1-induced transcription (Fig. 3A). We also investigated the role of
endogenous extracellular HSP90β in regulating transcriptional activation by TGF-β1. As
shown in Fig. 3B, addition of the HSP90β specific antibody to a conditioned medium
resulted in a 1.4-fold increase in TGF-β1-induced transcription, confirming the inhibitory
effects of HSP90β. To confirm the inhibitory role of extracellular HSP90β in latent TGF-β1-
induced transcription, we analyzed its effect on the latent TGF-β1-induced proliferation of
MG63 cells. The cell numbers of MG63 cells were counted 48 h after the addition of latent
TGF-β1 with or without HSP90β. As shown in Fig. 3C, cell numbers were significantly
increased by latent TGF-β1 treatment at day 2 (1.5-fold). This effect was inhibited by the co-
addition of HSP90β in a dose-dependent manner, with a significant inhibition at 10 and 20
µg/ml of HSP90β. Next, we examined mRNA expression of C-myc, a common pro-
proliferative factor, in MG63 cells. As shown in Fig. 3D, latent TGF-β1 induced the C-myc
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expression level approximately twofold. However, the co-addition of HSP90β (20 µg/ml)
significantly inhibited C-myc expression.

TGF-β1 increases the cell surface localization of HSP90β in MG63 cells
To analyze the effects of TGF-β1 on HSP90β expression in MG63 cells, we treated these
cells with mature TGF-β1 and found that the cell surface expression level of HSP90β
increased 2.6-fold. However, the total HSP90β expression level was not altered by the
addition of TGF-β1. BMP2, another effective growth factor in MG63 cells, did not affect the
cell surface or the total HSP90β expression level (Fig. 4A). We then performed real-time
PCR analysis to investigate the TGF-β1 dependent regulation of HSP90β expression levels.
We first examined PAI-1 expression, which is commonly known to be induced by TGF-β1.
As expected, the addition of TGF-β1 (5 ng/ml), PAI-1 expression caused a drastic increase
at both 1 h and 72 h after stimulation. However, the HSP90β level remained unchanged by
this addition of TGF-β1 (5 ng/ml) at both stages (Fig. 4B).

Discussion
Our studies demonstrate that HSP90β is identified as a LAP binding protein and
extracellular HSP90β inhibits latent TGF-β1 activation. Our studies also show that TGF-β1
stimulation of MG63 cells results in an increase in the extracellular HSP90β level. This
suggests that HSP90β modulates TGF-β1 signaling through a negative feedback loop in the
extracellular compartment. HSP90β is one of the most abundant cellular chaperones
required for the ATP-dependent refolding of denatured or “unfolded” proteins, and for the
conformational maturation of a variety of key proteins involved in the growth response [19–
21]. Interestingly, recent studies showed that HSP90 proteins could also be identified in the
cell surface and supernatant of certain cells, and that the secreted HSP90 proteins carry out
important extracellular functions, including the enhancement of cell migration, stimulation
of immunological cytokine production, and activation of antigen presenting cells [22–26].
However, the kinds of HSPs, as well as their amounts, vary between cell lines. For instance,
the fibrosarcoma cell line HT-1080 secretes HSP90α but not HSP90β [22], and the
macrophages dominantly express HSP70s [27]. Importantly, there are no reports on HSP
secretion by osteosarcoma cell lines. Thus, we report the presence of extracellular HSP90β
expression in osteosarcoma-derived MG63 cells for the first time (Fig. 2).

We identified HSP90β as a LAP binding protein by protein-protein interaction assay (Fig.
1), and its binding was confirmed by solid phase binding assay and co-immunoprecipitation
assay. We also identified that addition of recombinant HSP90β to culture medium had an
inhibitory effect on the TGF-β1 dependent luciferase transcriptional activity and cell
proliferation (Fig. 3). In this assay, we must consider the possibility that the exogenous
recombinant HSP90β might be endocytosised and somehow influence intracellular TGF-β
related molecules, resulting in inhibition of TGF-β1 signaling. However, unlike extracellular
HSP90β, intracellular HSP90s are known to activate TGF signaling mainly through
chaperoning TGF-β receptors [21]. As per the earlier report, TGF-β induced cell
proliferation and C-myc expression in MG63 cells [28]. It is now clear that HSP90β can bind
to LAP, resulting in inhibition of latent TGF-β1 activation and cell proliferation in MG63
cells. These facts strongly suggest that extracellular HSP90β directly binds to LAP and
inhibits its cleavage, however we cannot exclude the possibility that extracellular HSP90β
might inhibit the activity of LAP activators such as TSP-1, MMPs, and integrin, resulting in
inhibition of LAP activation. Thus, the mechanisms of how HSP90β inhibits the release of
the mature ligand from the latent TGF-β1 complex are still unclear. TSP-1 can bind to the
VLAL site of LAP and release a mature ligand by conformational changes in the latent
complex [29]. Moreover, knock-in mice with mutations in the RGD site of TGF-β1-LAP
recapitulate the phenotypes of TGF-β1 null mice [30]. These observations indicate that LAP
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has several important sites for activation by other molecules. We believe that extracellular
HSP90β might sequester these sites to prevent activators from binding to LAP, which would
result in the inhibition of latent TGF-β1 activation.

The expression level of the regulators of TGF-β signaling, such as Smad7 and asporin, is
induced by TGF-β1 itself and works as a negative feedback loop [31,32]. Thus, we
considered the possibility that TGF-β1 may somehow affect the expression level or pattern
of HSP90β. Interestingly, as shown in Fig. 4, TGF-β1 stimulation increased only the cell
surface expression of HSP90β,. In order to elucidate the mechanisms of extracellular
HSP90β up-regulation, we first analyzed the change in total HSP90β expression and
concluded that TGF-β1 did not affect the total amount of HSP90β protein or mRNA levels.
HSP90s are believed to not secrete through the typical secretion pathway due to a lack of
signal peptides. Previous studies suggest that HSP90s were secreted into extracellular space
through the exosome pathway [33]. We speculate that TGF-β1 stimulation activates HSP90β
secretion through the exosome pathway without any change in the expression level of total
HSP90β. Actually, in MG63 cells, the mRNA expression level of the tumor suppressor
activated pathway-6 (TSAP6) was up-regulated through TGF-β1 stimulation (data not
shown). TSAP6 is the transmembrane protein and is believed to be the essential factor in
HSPs’ exosome secretion [34].

In summary, we identified HSP90β as an inhibitor of latent TGF-β1 activation. Since TGF-
β1 is a potent growth factor, it is natural to speculate that TGF-β1 signaling is modulated by
activators and inhibitors at every step. To the best of our knowledge, thus far there are no
reports of proteins that inhibit the release of the mature ligand from a latent TGF-β1
complex. Extracellular HSP90β is the first molecule to be identified as an inhibitor of latent
TGF-β1 activation. Further investigation of how extracellular HSP90β inhibits latent TGF-
β1 activation, as well as which domains of HSP90β are critical for its inhibitory effect, may
provide better insight into the precise roles of extracellular HSP90β.

Abbreviations

TGF-β1 Transforming growth factor-β 1

LAP Latency-associated peptide

HSP90β Heat shock protein 90β
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Figure 1. Isolation of HSP90β as LAP binding protein from MG63 cells
A, The single intense band around 90 kDa is collected and trypsinized, and then sequenced
by mass spectrometry. Blue amino acids were the sequences identified by mass
spectrometry. B, 96-well plates were coated with HSP90β or BSA (100 µg/well). Coated
plates were then incubated with serial concentrations of LAP proteins. The amount of
binding LAP protein was determined by the anti-LAP antibody. Each value represents the
mean of triplicate determinations; bars, SD. C, 293/EBNA and 293/EBNA-His-LAP cells
were transiently transfected with HSP90β-HA. Supernatant was immunoprecipitated (IP)
with the anti-His antibody (1st and 2nd rows) or anti-HA antibody (3rd lane), and then
immunoblotted with anti-HA antibody (1st and 3rd rows) or anti-His antibody (2nd row).
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Figure 2. Secreted HSP90β expression in MG63 cells
A, Surface proteins were biotinylated, and collected by streptavidin beads (upper panel).
Total cell lysate (lower panel), which represents the extracellular and intracellular HSP90β.
Surface proteins and total lysate were immunoblotted with anti-HSP90β. Recombinant
HSP90β (100 ng/ml) was also loaded as positive control B, Serum-free conditioned medium
(25 × concentrated) from MG63 cell culture and recombinant HSP90β were immunoblotted
with anti-HSP90β antibodies.
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Figure 3. HSP90β binding to LAP affects latent TGFβ mediated signaling and cell proliferation
MG63 cells were transfected with (CAGA)12-luciferase reporter plasmid and the pRL-TK
control vector. A, cells were treated with recombinant latent TGF-β1 and different
concentrations of HSP90β for 24 h before lysis. B, cells were pre-treated with anti-HSP90β
antibody or IgG control and then incubated with latent TGF-β1 for 24 h before lysis. C,
MG63 cells were treated with 200 ng/ml latent TGF-β1 with various concentrations of
recombinant HSP90β. Before and after 48 h of treatment, cell numbers were counted. D,
MG63 cells were starved for 24 h and treated with 200 ng/ml latent TGF-β1 with various
concentrations of recombinant HSP90β. Total RNA was extracted from the cells at 24 h
after treatment and analyzed by quantitative real-time PCR. Each value represents the mean
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of triplicate determinations; bars, each value represents the mean of triplicate
determinations; bars, mean + SD. n=3, *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4. TGF-β1 regulates cell surface expression of HSP90β
A, MG63 cells were starved and then incubated with either TGF-β1 (5 or 1 ng/ml) or BMP2
(50 ng/ml). 3 days after incubation, cell surface proteins were biotinylated and cell surface
proteins and total proteins were collected and immunoblotted, as described in Figure 2. The
amount of the proteins used for cell surface precipitant and total HSP90β were quantified by
the amount of β-actin. Each value represents the mean of triplicate determinations; bars,
mean + SD. *P < 0.05 B, MG63 cells were starved and then incubated with TGF-β1 (5 ng/
ml) or BMP2 (50 ng/ml). Total RNAs were extracted from the cells at 1 h and 72 h after
treatment. PAI-1 and HSP90β expression levels were analyzed by quantitative real-time
PCR. Each value represents the mean of triplicate determinations; bars, SD.
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