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Abstract The objective of this study was to determine

the role of Hsp90a in regulating the migration of mesen-

chymal stem cells (MSCs) and to investigate the underly-

ing mechanisms of this effect. MSCs migration was

assessed by wound healing assay and transwell migration

assay. Hsp90a expression was silenced in MSC by siRNA

(sirHsp90a). The activity of secreted metalloproteases

MMP-2 and MMP-9, and their expression levels in MSC

were evaluated using gelatin zymography, Western blot

analysis and real-time PCR. Gene expression of VCAM-1

and CXCR4 cytokines was evaluated by real-time PCR.

Akt and ERK activity were analyzed by Western blotting

using antibodies against phosphorylated forms of these

proteins. Treatment with Hsp90a significantly enhanced

MSC migration, and this effect was blocked by transfecting

MSC with sirHsp90a. Treating the cells with recombinant

human Hsp90a (rhHsp90a) enhanced gene expression and

protein levels of MMP-2 and MMP-9, as well as their

secretion and activity. MSC incubated with rhHsp90a
exhibited increased gene expression of CXCR4 and

VCAM-1. Finally, the levels of phosphorylated Akt and

Erk were markedly increased by rhHsp90a treatment.

These findings indicate that Hsp90a promotes MSCs

migration via PI3K/Akt and ERK signaling pathways, and

that this effect is possibly mediated by MMPs, SDF-1/

CXCR4 pathway, and VCAM-1.
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Introduction

Bone marrow mesenchymal stem cells (MSCs) are plu-

ripotent stem cells that localize in the stromal compartment

of the bone marrow, where they support hematopoiesis and

differentiate into mesenchymal lineages such as bone,

cartilage, muscle, ligament, tendon, and adipose tissues [1–

6]. MSCs possess migratory capacity, and are attractive

candidates for cardiovascular therapy because of their

ability to facilitate myocardial repair and neovasculariza-

tion in animal models of cardiac injury [7]. MSCs are able

to migrate into the injured myocardium from the circula-

tion and contribute to cardiac repair post myocardial

infarction (MI) [8].

Recent clinical studies showed that the main benefit of

stem cell therapy is due primarily to the ability of stem

cells to secrete paracrine factors [9]. The appropriate

homing of these cells, therefore, is the first and essential

step to enable paracrine factors to function in tissue repair,

since relatively high local concentrations of these factors

are required to enhance their short-range activity. The

efficiency of engrafted cells migration into the infarcted

myocardium is no more than 1.5 % [10], therefore, there is

a great need for further researching the ways to enhance

MSC migration efficiency in order to improve clinical

application of stem cell research.
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Heat shock protein 90 (Hsp90) is a highly conserved,

constitutively expressed chaperone that accounts for 1–2 %

of total protein in unstressed cells, rising to 4–6 % when

cells are stressed [11]. There are two predominant Hsp90

isoforms in eukaryotic cells: Hsp90a and Hsp90b, both

essential for cell viability. The function of Hsp90 is to

maintain the stability and activity of numerous proteins

referred to as client proteins which include the oncogenic

tyrosine kinase v-Src [12], the mutated oncogene Bcr/Abl

[13], the receptor tyrosine kinases ErbB2 [14] and c-Met

[15], and the serine/threonine kinase Raf-1 [16]. Sidera

et al. [17] reported that treating human breast cancer cells

with a function-blocking monoclonal antibody against

Hsp90 (mAb 4C5) altered actin dynamics, inhibited cell

invasion by disrupting surface Hsp90/Her-2 interactions,

inhibited heregulin-induced Her-2/Her-3 heterodimer for-

mation, and reduced Her-2 phosphorylation. Tsutsumi et al.

[18] reported using a specific Hsp90 inhibitor, DMAG-N-

oxide, to significantly attenuate tumor cell migration and

integrin/extracellular matrix-dependent cytoskeletal reor-

ganization. Our previous study showed that Hsp90 protects

rat MSCs against hypoxia and serum deprivation-induced

apoptosis via the PI3K/Akt and ERK1/2 pathways [19].

However, whether Hsp90 plays an important role in regu-

lating MSCs migration is still unclear.

In the present study, we hypothesized that Hsp90 may

be involved in the migration of MSCs in vitro. Our data

provides new mechanistic insights into the Hsp90-mediated

migration of MSCs. Furthermore, we also elucidated new

perspectives in the development of MSCs therapeutic

strategies by showing that Hsp90 preconditioning enhances

cell migration.

Methods

Reagents and Chemicals

All the reagents and chemicals were purchased from Sigma

(St. Louis, CA, USA) unless specified otherwise.

Animals and Cell Preparations

Male Sprague–Dawley rats (80–100 g) were purchased

from the Experimental Animal Center of Zhejiang Acad-

emy of Medical Sciences (Hangzhou, China). All studies

were performed with the approval of Zhejiang University

Institutional Animal Care and Use Committee. Rat bone

marrow-derived MSCs were harvested from femora and

tibiae by density gradient centrifugation. MSCs were then

purified and cultured in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10 % (v/v) heat-

inactivated fetal calf serum (FCS), 100 U/ml penicillin,

and 100 lg/ml streptomycin (Gibco, USA). Cells at pas-

sages 3–5 were labeled with FITC conjugated anti-rat

CD44, anti-rat CD45, anti-rat CD90 antibodies (Caltag

Laboratories Inc, USA) and characterized by fluorescence

activated cell sorting (FACSCalibur, Becton-Dickinson,

USA) [20].

Wound Healing Assay

The MSCs (1.5 9 105) were seeded in a six-well plate and

cultured to at least 95 % confluence. Monolayers of cells

were washed with PBS twice, scraped with a plastic 200 ll

pipette tip to simulate wound formation, and returned to a

5 %CO2 incubator at 37 �C. When required, cells were

preincubated with Hsp90 inhibitor 17-(allylamino)-17-

demethoxygeldanamycin (17-AAG, Sigma, USA

Cat#A8476, 40 nmol/l), PI3K inhibitor wortmannin

(Alexis Pharmaceuticals, USA Cat#350-020, 10 lm), or

MEK1/2 inhibitor U0126 (CST, USA Cat#9904, 10 lm)

for 1 h, and cell migration was documented by digital time-

lapse microscopy at various time points (0 and 24 h after

the treatment). Results are expressed as the mean ± SD.

Experiments were repeated at least three times.

Transfection of sirHsp90a

The MSCs were cultured as described above. Small-inter-

fering RNA to Hsp90a (sirHsp90a) was obtained from

Guangzhou RiboBio Co Ltd (Guangzhou, China). Cells

were grown to 60–70 % confluency on six-well tissue

culture plates and transfected with 100 nM of sirHsp90a or

control siRNA using siPORTTM NeoFXTM Transfection

Agents (Ambion, Austin, TX, USA), according to the

manufacturer’s instructions. After transfection cells were

grown for additional for 24–48 h, and total RNA was

extracted from transfected cells and assessed for expression

levels of Hsp90a using real-time PCR as described below.

Primers for sirHsp90a were purchased from Guangzhou

RiboBio Co. Ltd. China and are as listed as follows:

sense: 50 GCUGCACAUUAAUCUCAUU dTdT 30

antisense: 30 dTdT CGACGUGUAAUUAGAGUAA 50

GAPDH as control:

sense: 50 TGAAGGTCGGAGTCAACGG 30

antisense: 30 TAGGGTAGTGGTAGAAGGT 50

The PCR products were resolved on agarose gel.

Transwell Migration Assay

The assay for cell migration was performed in transwell

chambers (Costar, MA, USA). Briefly, 200 ll of medium

(DMEM ? 1 %FCS) containing MSCs (2 9 104), or

MSCs transfected with sirHsp90a, was seeded on the upper
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chamber of a porous polycarbonate membrane (pore size:

8 lm). 500 ll of DMEM ? 1 %FCS containing recombi-

nant human Hsp90a (rhHsp90a 10 lmol/l Assay Designs,

USA), or medium alone (as control), was then added to the

lower chamber. The chambers were incubated at 37 �C in

5 % CO2 for 24 h. When indicated, cells were pre-treated

with 17-AAG (40 nmol/L), wortmannin (10 lm), or U0126

(10 lm) [19] for 1 h before the incubation with rhHsp90.

At the end of the incubation, the cells on the upper side of

the membrane were mechanically removed. Cells that had

migrated to the lower side of the membrane were fixed for

30 min with 11 % glutaraldehyde and stained with

Wright’s stain. Five to ten random fields were counted for

each membrane.

Gelatin Zymography

To detect the activity of MMP-2 and MMP-9 from the

supernatant of the cells, gelatin zymography was performed

as described by Heussen and Dowdle [21]. In brief, medium

samples underwent electrophoresis on 10 % polyacrylamide

gels containing 0.1 % gelatin. The volume of each sample

applied was normalized by the cell number (1.5 9 105).

After electrophoresis, the gels were washed twice for 30 min

each time in washing buffer containing 2.5 % Triton X-100

at room temperature, and then incubated in substrate reac-

tion buffer (50 mM Tris–HCl, 5 mM CaCl2, 0.02 % NaN3,

pH 8.0 at 25 �C) for 16–20 h at 37 �C with gentle shaking.

The gels were then fixed and stained with 30 % methanol,

10 % acetic acid, and 0.5 % Coomassie brilliant blue for

1–2 h, destained briefly in 30 % methanol with 10 % acetic

acid, and fully destained in water overnight. Proteolytic

activity was detected by the appearance of clear bands that

indicated lysis of the gelatin substrate. Quantitation of the

bands was carried out using a Molecular Dynamics Inc.

scanning laser densitometer (Sunnyvale, CA, USA) and

ImageJ software (version 1.17, NIH Bethesda, USA).

Western Blot Analysis

Proteins were extracted from the cells with ice-cold lysis

buffer (1 % Triton X-100, 20 mM HEPES, 5 mM MgCl2,

1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM phe-

nylmethane-sulfonylfluoride, and 1 mg/ml each of leu-

peptin, aprotinin, and pepstatin), followed by

centrifugation at 13,0009g at 4 �C for 25 min. Samples

were subjected to 10 % SDS-PAGE and transferred to

polyvinylidene difluoride membranes (PVDF). Filters were

then blocked in 5 % non-fat milk-Tris buffered saline

(TBS)-0.05 % Tween 20 for 1 h and incubated with the

following primary antibodies overnight: mouse polyclonal

antibody to MMP-2, rabbit polyclonal antibody against

MMP-9 (1:1,000 Abcam, Cambridge, MA, USA), ERK1/2,

phospho-ERK1/2, Akt, and phospho-Akt monoclonal

antibodies (1:1,000 Cell Signaling technology, Danvers,

MA, USA). Membranes were washed four times in TBS-

Tween 20 and incubated for 2 h with the appropriate

horseradish peroxidase-conjugated goat anti-rabbit or anti-

mouse IgG (1:5,000 Santa Cruz Biotechnology, CA, USA)

antibody. Bands were visualized using an enhanced

chemiluminescence kit (Biological industries, Israel),

exposed to Kodak radiographic film, and then analyzed by

densitometry using Image J. 17-AAG, Wortmannin, and

U0126 inhibitors were used where indicated. b-Actin was

used as an internal control.

Reverse Transcription-PCR (RT-PCR)

Total RNA was extracted from frozen specimens using

Trizol reagent (Invitrogen, Gaithersburg, MD, USA), and

first strand cDNA was synthesized using a PrimeScript II

1st Strand cDNA Synthesis Kit Oligo d (T) 18 (TaKaRa,

Dalian, China). Real-time PCR was conducted using a

BioEasy SYBR green I RT-PCR kit (Bioer Technology,

Hangzhou, China). Primers used were as listed:

MMP-2f: 50AGCTCCCGGAAAAGATTGAT30

MMP-2r: 50TCCAGTTAAAGGCAGCGTCT30

MMP-9f: 50CCACCGAGCTATCCACTCAT30

MMP-9r: 50GTCCGGTTTCAGCATGTTTT30

CXCR4f: 50GCTGAGGAGCATGACAGACA30

CXCR4r: 50GATGAAGGCCAGGATGAGAA30

VCAM-1f: 50TGACATCTCCCCTGGATCTC30

VCAM-1r: 50CTCCAGTTTCCTTCGCTGAC30

GAPDHf: 50TGAAGGTCGGAGTCAACGG30

GAPDHr: 50TGGAAGATGGTGATGGGAT30

GAPDH was used as an internal control. Relative

quantification was calculated using the DDCt method

Statistical Analysis

All data were expressed as mean ± SEM. For analysis of

differences between two groups, Student’s t test was per-

formed. For multiple group comparisons, one-way

ANOVA of variance followed by Bonferroni post hoc test

was carried out using SPSS version 13.0 (Chicago, IL,

USA). P \ 0.05 was considered statistically significant.

Results

RhHsp90a Treatment Enhanced Rat MSC Migration

In Vitro

We first evaluated the ability of Hsp90a to enhance MSC

motility. We used wound healing and transwell
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migration assays to evaluate the migration potential of

MSCs. MSCs treated with RhHsp90a for 24 h exhibited

over 4.5-fold increase in the amount of cells migrated to

the wound and to the lower compartment (Fig. 1c, g, i)

as compared to the untreated control cells (Fig. 1a, b, g,

h; **P \ 0.01). Addition of 17-(allylamino)-17-deme-

thoxygeldanamycin (17-AAG, 40 nmol/l), a specific

inhibitor of Hsp90, resulted in the reduction of migration

to a level similar to the control (Fig. 1d, g, j), indicating

that the inhibitor blocked the effect of RhHsp90 on cell

migration (##P \ 0.01). Similarly, treatment with wort-

mannin (10 lm), an inhibitor of PI3K/Akt, or with

U0126 (10 lm), an inhibitor of ERK, also blocked the

stimulation effect of RhHsp90 on cell migration (Fig. 1).

Together these data suggest that RhHsp90a can enhance

MSC migration, a process that can be blocked by

inhibiting Hsp90, as well as PI3K/Akt and ERK signal-

ing pathways.

SiRNA Hsp90a Decreased Rat MSCs Migration

To further investigate the role of Hsp90a in MSC migra-

tion, we silenced Hsp90 expression in MSC by transfecting

the cells with siRNA for Hsp90a. Knocking down Hsp90a
resulted in 88.1 ± 3.5 % decrease in Hsp90 mRNA levels

as comparing to non-specific siRNA control (Fig. 2a, b).

As indicated by the transwell migration assay, Hsp90a
silencing resulted in a significant decrease in the number of

migrating MSC as compared to control cells (**P \ 0.01;

Fig. 3a, b).

Hsp90 Increased MMP-2 and MMP-9 Expression

and Activity

The ability of cells to migration requires the activity of

matrix-degrading enzymes, especially matrix metallopro-

teinases MMP-2 and MMP-9. To investigate whether

Fig. 1 RhHsp90a treatment

enhances rat MSCs migration

in vitro. Rat MSCs migration

was evaluated by healing assay

(a–f) and transwell migration

assay (h–l). Cells were cultured

for 24 h on six-well tissue

cultures plates or in transwell

plates as described in

‘‘Methods’’ section, and were

either left untreated (control, a,

h), treated with 1 %FCS (b),

incubated with rhHsp90a, or

pre-treated with 17-AAG (d, j),
wortmannin (e, k), and U0126

(f, l), respectively. After 24 h,

migrated cells were quantified

using microscopy, three wells

were counted for each condition

and three independent

experiments were performed

(g). Data represent mean ± SD

of a single representative

experiment; n = 3; **P \ 0.01;
##P \ 0.01
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MMPs are involved in Hsp90a-induced MSC migration,

we evaluated the expression of MMP-2 and MMP-9 in

MSC, treated with rhHsp90, by Western blot analysis and

real-time PCR, and assessed their secretion and activity by

gelatin zymography of the cell supernatant, a simple

method to analyze proteolytic activity of enzymes, capable

of degrading gelatin.

Treating the cells with rhHsp90a significantly up-regu-

lated activity of both MMP-2 and MMP-9 secreted into cell

supernatant (Fig. 4). Pre-treating the cells with 17-AAG,

Fig. 2 Knock-down of Hsp90a expression in MSC. Cells at 60–70 %

confluency were transfected with 100 nM of siRNA Hsp90a
(sirHsp90) and control siRNA using siPORTTM NeoFXTM transfec-

tion agents, accordingly to the manufacturer’s instructions. The

expression level of Hsp90a was assessed by real-time PCR (a), and

agarose gel electrophoresis (b). GAPDH was used as a normalizer.

**P \ 0.01

Fig. 3 Hsp90a knock-down

decreases MSCs migration

in vitro. The effect of Hsp90a
silencing by sirHsp90 on the

migration of MSCs was

analyzed by transwell migration

assay (a), and quantified by

microscopy (b). Data represent

mean ± SD; n = 3; **P \ 0.01
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wortmannin or U0126 completely abolished the effect of

rhHsp90 on the activity of MMP-9 but failed to bring down

the activity of MMP-2 (Fig. 4). rhHsp90a treatment led to

increase in the protein levels of MMPs in MSC (Fig. 5a).

This effect coincided with over 1.5-fold increase in the

levels of MMP-2 and twofold increase in the levels of

MMP-9 mRNA expression (Fig. 5b; P \ 0.01) as com-

pared to control. In MSC pre-treated with 17-AAG, there

was a significant decrease in MMP-9 and MMP-2 expres-

sion comparing to rhHsp90a group (Fig. 5b; P \ 0.01 and

P \ 0.05, respectively). U0126 had a similar effect on

MMP-9 and MMP-2 expression, with expression levels of

metaloproteases significantly lower than in rhHsp90a
group (Fig. 5b; P \ 0.01). On the other hand, pre-treating

the cells with wortmannin prior to incubation with

rhHsp90a resulted in markedly decreased MMP-9 expres-

sion levels (P \ 0.01) but had no effect on MMP-2

expression comparing to rhHsp90a treatment group

(Fig. 5b). Pre-treatment of MSC with 17-AAG, wortman-

nin or U0126 was not enough to reduce MMP-2 expres-

sion, elevated by rhHsp90 a, to the levels detected in

control cells (Fig. 5b; P \ 0.01, P \ 0.05, P \ 0.01,

respectively).

RhHsp90a Up-Regulates mRNA Expression

of VCAM-1 and CXCR4

The SDF-1/CXCR4 axis plays a pivotal role in cell

migration. Vascular cell adhesion molecule 1 (VCAM-1)

also modulate cell adhesion and motility. We next inves-

tigated whether rhHsp90a is able to affect gene expression

of VCAM-1 and CXCR4 in MSC. Cells were incubated

with rhHsp90a with or without inhibitors 17-AAG, wort-

mannin, or U0126 for 24 h, and expression levels of

VCAM-1 and CXCR4 mRNA were evaluated using real-

time PCR. Exposure to rhHsp90a significantly increased

the expression of VCAM-1 and CXCR4 (over 1.5- and

3-fold increase, respectively; P \ 0.01) as compared with

the control group (Fig. 6). As shown in Fig. 6, rhHsp90-

induced up-regulation of VCAM-1 expression was mark-

edly reduced following pre-treatment with 17-AAG and

wortmannin to the levels below the untreated control

(P \ 0.01) as compared to cells treated directly with

rhHsp90 a (P \ 0.01). While pre-treating the cells with

17-AAG and wortmannin was able to slightly decrease the

levels of CXCR4 expression, it remained significantly

elevated as compared to control cells (P \ 0.05; Fig. 6).

On the other hand, U0126 efficiently suppressed rhHsp90-

induced up-regulation of VCAM-1 and CXCR4 in MSC to

the levels similar to untreated control (P \ 0.05; Fig. 6).

Fig. 4 The effect of rhHsp90 on the proteolytic activity of MMPs in

MSC. Cells were either left untreated (control), or pre-treated with

17-AAG, wortmannin or U0126 where required, and treated with

rhHsp90 as described above. Proteolitic activity of secreted MMP-2

and MMP-9 in the growth medium was analyzed by gelatin

zymography

Fig. 5 RhHsp90a enhances the protein expression of MMP-2 and

MMP-9. Cells were treated as in Fig. 4. Protein expression levels of

MMP-2 and MMP-9 were detected using Western blot (a). b-Actin

was used as a loading control. Expression levels of MMP-9 and

MMP-2 mRNA were assessed by real-time PCR as described in

‘‘Methods’’ section and normalized to GAPDH expression (b). Data

represent mean ± SD; n = 3; **P \ 0.01, ##P B 0.01, #P \ 0.05,

and ?P \ 0.01

Fig. 6 RhHsp90a causes up-regulation of the VCAM-1 and CXCR4

gene expression. Expression levels of VCAM-1 and CXCR4 in MSC,

treated with rhHsp90 in the presence/absence of 17-AAG, wortman-

nin or U0126 were analyzed by real-time PCR, and normalized to

GAPDH expression. Data represent mean ± SD, n = 3. P values are

specified above
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PI3K/Akt Pathways and ERK Pathways Mediated

rhHsp90a-Induced Cell Migration

We further explored the mechanisms involved in Hsp90a
regulation of MSC migration by analyzing the phosphor-

ylation of Akt and ERK1/2, an indicator of the activity of

PI3K/Akt and ERK signaling pathways. MSC, treated with

rhHsp90a for 24 h, exhibited markedly increased levels of

Akt phosphorylation compared with control group (Fig. 7a;

*P \ 0.05). This increase was significantly attenuated by

pre-treating the cells with 17-AAG and wortmannin

(*P \ 0.05) (Fig. 7a). Similarly, RhHsp90a treatment

resulted in the increase in the levels of the ERK1/2 phos-

phorylation as compared to control group (Fig. 7b;

*P \ 0.05). ERK1/2 phosphorylation was specifically

inhibited by pre-treating the cells with 17-AAG and U0126

(P \ 0.05 compared to rhHsp90a treatment group), while

wortmannin had no effect on ERK1/2 phosphorylation

levels (Fig. 7b).

Discussion

The aim of this study was to investigate the mechanisms by

which recombinant human Hsp90a regulates rat MSC

migration in vitro. We demonstrated that in MSC

rhHsp90a stimulated PI3K/Akt and ERK1/2 signaling

pathways, leading to increased cell migration. Activation

of the PI3K/Akt and ERK1/2 pathways by rhHsp90a cor-

related with increased expression, secretion, and activity of

MMP-9 and MMP-2 metalloproteases. The use of specific

inhibitors and silencing Hsp90 expression in MSC with

siRNA confirmed that the effect of rhHsp90a on cell

migration was dependent on PI3K/Akt and ERK1/2

signaling.

Homing and engraftment of MSCs into damaged tissue

are presumably a multistep process, sharing some common

features with leukocyte migration to inflammatory sites,

and the homing of lymphocytes into lymph nodes [22].

Transplanted MSCs, which migrate through the blood cir-

culation, interact with endothelial cells, and these interac-

tions are mediated by the coordinated action of activated

adhesive molecules. Adhesive activation processes are

triggered specifically by chemokines, such as SDF-1, and

vascular ligands, such as VCAM-1 and ICAM-1. Trans-

endothelial migration of cells requires degradation of

basement membrane, which is dependent on the production

of matrix-degrading enzymes capable of degrading type IV

collagen, especially MMP-2 and MMP-9. In this study, we

provide first evidence that Hsp90 can enhance MSC

migration in vitro.

Hsp90 is a chaperone protein, highly expressed in the

G0 phase of cells during neuroectoderm differentiation,

suggesting that it is required to maintain cells in this phase

[23]. Lesko et al. reported that inhibiting Hsp90 with gel-

danamycin (GA) decreased the expression of MET receptor

in rhabdomyosarcoma (RMS) cell lines in vitro, and

inhibited the chemotaxis of RMS cells toward the hepato-

cyte growth factor gradient. Treatment with GA also

blocked the homing of RMS cells into the bone marrow of

mice with severe combined immune deficiency [24].

Hsp90 exists mainly as a constitutive homodimer,

consisting of a and b isoforms, or as a higher molecular

weight oligomer in mammalian cells [25, 26], and its

dimerization domain resides mainly within the 90 car-

boxyl-terminal amino acids. Both Hsp90a and b have a

highly conserved 25 kDa N-terminal domain that is the

ATP-binding pocket and a binding site for GA [27, 28].

ATP binding assists in the dimerization of Hsp90 by

changing its conformation and stabilizing Hsp90 client

proteins [29]. Substrate binding at the N-terminal site is

affected by nucleotides (ATP and ADP) and by drugs such

as GA, which binds to Hsp90 and disrupts the complex

between Hsp90 and certain client proteins such as the

protein kinase Akt [30].

Stromal cell derived factor 1 (SDF-1) is constitutively

expressed on the bone marrow endothelium, and is a

ligand of C-X-C chemokine receptor type 4 (CXCR4) that

is expressed on the surface of many different cell types

such as monocytes, B-lymphocytes, and most T cells.

SDF-1 expression is increased in atherosclerotic plaques,

while unstable coronary syndromes are associated with

decreased SDF-1 expression [31]. SDF-1 mediates several

different activities such as chemotaxis, adhesion, prolif-

eration, survival, and apoptosis [32, 33]. Activation of

CXCR4 on the surface of lymphocytes and monocytes

Fig. 7 The effect of rhHsp90a on PI3K/Akt and ERK pathways in

MSC. MSC were pre-treated with 17-AAG, wortmannin, and U0126

when required, and incubated with rhHspa for 24 h. Levels of p-Akt

(a) and p-ERK1/2 (b) were measured by Western blotting and

normalized for total Akt and ERK1/2, respectively. b-Actin was used

as a loading control
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through binding SDF-1 stimulates chemotaxis, resulting

in recruitment to sites of immune and inflammatory

reactions. Hematopoietic and endothelial precursor cells

(EPC) express CXCR4, and the release of SDF-1 by bone

marrow (BM) stromal cells mediates sequestration and

homing of these progenitor cells to BM [34]. SDF-1 and

CXCR4 contribute to the involvement of bone marrow-

derived cells and collaborate with VEGF in the develop-

ment of several types of ocular neovascularization [35].

Abbott et al. reported that, after 48 h intravenous infusion

of donor-lineage bone marrow-derived stem cells

(BMDCs), about 80.5 % BDMCs had migrated within the

infracted hearts compared with sham-operated controls.

Treatment with AMD3100 (a specific blocker of CXCR4)

diminished BMDC recruitment after MI, whereas

expression of SDF-1 in the heart by adenoviral gene

delivery 48 h after MI doubled BMDC recruitment over

MI alone. Also, levels of VEGF, MMP-9, and VCAM-1

were increased after MI, which suggest that these proteins

may act in concert with SDF-1 to recruit BMDCs to the

injured heart [36]. SDF-1/CXCL12 induced chemotaxis of

ESCs, which was enhanced by diprotin A inhibition of

CD26/dipeptidylpeptidase IV. Endogenous and exoge-

nous SDF-1/CXCL12 enhanced embryoid body produc-

tion of primitive and definitive erythroid, granulocyte–

macrophage, and multipotential progenitors [37]. Com-

bined use of Statins and SDF-1 further improved the

reperfusion ratio (0.62 ± 0.08, P \ 0.05). More cell

proliferation, less apoptosis, enhanced EPC incorporation,

and higher capillary density were observed in ischemic

tissues treated with both statin and SDF-1. In vitro mono-

treatment with either fluvastatin or SDF-1 facilitated EPC

proliferation and migration, inhibited EPC apoptosis,

enhanced the expression of MMP-2 and MMP-9, and

increased Akt phosphorylation and nitric oxide production

[38].

VCAM-1 plays a role in the migration of human T

lymphocytes [39] and in the mouse cardiac endothelium

[40]. VCAM-1 induced migration of endothelial cells and

CPCs and prevented cardiomyocyte death from oxidative

stress through activation of Akt, ERK, and p38 MAPK.

Treatment with a specific antibody for very late antigen-4

(VLA-4), a receptor of VCAM-1, abolished the effects of

CPC-derived conditioned medium on cardiomyocytes and

CPCs in vitro, and inhibited angiogenesis, CPC migration,

and survival in vivo [41]. Lu et al. [42] reported that on the

third and seventh day post MI, the activity of ICAM-l and

chemoattractant cytokines (MCP-1) were enhanced, which

facilitate the homing, chemotaxis, and migration of circu-

lating cells into the infarct site. Our results clearly show

that RhHsp90a causes the up-regulation of VCAM-1 and

CXCR4 expression in MSCs, suggesting the role of

VCAM-1 and CXCR4 in modulating rat MSC migration.

Conclusions

In this study, we addressed the role of AKT and ERK1/2

pathways in the effect of rhHsp90a on the migration of rat

MSCs. Stimulation of Akt and ERK1/2 phosphorylation

and activity by Hsp90a was attenuated by wortmannin, a

PI3K/Akt inhibitor, and U0126, an inhibitor of MEK1/2.

Wortmannin and U0126 also inhibited rhHsp90a-induced

MMP-2 and MMP-9 mRNA expression, and the activities

of these secreted proteases in rat MSCs. RhHsp90a
enhanced gene expression of VCAM-1 and CXCR4 in

MSCs, which implies that VCAM-1 and CXCR4 are

involved in regulating the migration of MSC.

To our knowledge, this is the first study that explains the

involvement of Hsp90 in enhancing the migration of rat

MSCs. Our results conclude that Hsp90-induced MSCs

migration is mediated at least in part by the activation of

MMP-2, MMP-9, SDF-1/CXCR4 pathways, and VCAM-1

through AKT and ERK1/2 signaling. Understanding the

mechanisms by which Hsp90 induces MSCs migration may

lead to improved therapies for treating ischemia heart diseases.
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