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Abstract

Background aims. Bone marrow-derived mesenchymal stromal cells (BMSC) have been shown to migrate to injury,
ischemia and tumor microenvironments. The mechanisms by which mesenchymal stromal cells (MSC) migrate across
endothelium and home to the target tissues are not yet fully understood. Methods. We used rat BMSC to investigate the
molecular mechanisms involved in their tropism to tumors i vitro and n vivo. Results. BMSC were shown to migrate
toward four different tumor cells iz vitro, and home to both subcutaneous and lung metastatic prostate tumor models
in vivo. Gene expression profiles of MSC exposed to conditioned medium (CM) of various tumor cells were compared
and revealed that matrix metalloproteinase-2 (MMDP-2) expression in BMSC was downregulated after 24 h exposure to
tumor CM. Chemokine (C—X-C motif) Receptor 4 (CXCR4) upregulation was also found in BMSC after 24 h exposure
to tumor CM. Exposure to tumor cell CM enhanced migration of BMSC toward tumor cells. Stromal Cell-Derived Fac-
tor (SDF-1) inhibitor AMD3100 and MMP-2 inhibitor partly abolished the BMSC migration toward tumor cells iz vitro.
Conclusions. These results suggest that the CXCR4 and MMP-2 are involved in the multistep migration processes of
BMSC tropism to tumors.
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Introduction . . . .
tissue repair processes, which can attract specific

Bone marrow-derived mesenchymal stromal cells
(BMSC) have been shown to migrate to injury,
ischemia and tumor microenvironments 7 vivo and
in wvirro. Intravenous delivery of BMSC results in
their specific homing to sites of injury and improves
recovery in animal models of skin injury (1), stroke
and myocardial infarction (2). Mesenchymal stromal
cells (MSC) have also been used for targeted delivery
of therapeutic gene products to tumor microenviron-
ments in animal models (3) and the therapeutic use
of MSC is being explored for various disease conditions (4).
Considered as wounds that never heal (5), tumor
microenvironments share many similarities with

homing of MSC (6,7). Taking advantage of MSC
homing properties, MSC may be isolated, expanded
and modified ex vivo and used as delivery vehicles
for anti-tumor agents. Understanding the factors
that regulate MSC homing/migration and engraft-
ment into target tissues such as tumors will help
to improve the application of MSC as therapeutic
anti-tumor vehicles (7).

Chemokines are key mediators of selective cell
migration in neurodegenerative diseases and related
inflammatory processes. Human MSC express CC,
CXC and CX3C receptors, such as CCR1, CCR2,
CCR7, CCR8, CXCR1, CXCR2, CXCR3, CXCR,
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CXCR6 and CX3CRI, at both gene and protein levels
(8-12). Many cytokines and their receptors are involved
in regulating the migration of MSC, such as Toll-like
receptors (13), hepatocyte growth factor (HGF) (14),
insulin-like growth factor (IGF) types 1 and 2 (15-17),
Vascular Eendothelial growth factor (VEGF) (18),
platelet-derived growth factor (PDGF) -BB and -AB,
epidermal growth factor (EGF), heparin-binding-like
growth factor (HB-EGF), transforming growth factor
(TGF)-alpha, fibroblast growth factor (FGF)-2 and
thrombin. PDGF-BB has shown the greatest effect
on MSC migration in some studies, and various com-
binations of these factors have further enhanced the
migration of MSC (19). As the tumor environments
secret some of these cytokines and chemokines, they
may guide the migration of MSC to tumors (6,20).
Expression and synthesis of matrix metalloproteinase
in BMSC is also necessary for their mobilization and
homing processes, which require invasion through
extracellular matrix (ECM) barriers (21). Although
some molecules have been identified in the MSC hom-
ing process, the mechanisms by which MSC migrate
across endothelium and home to the target tissues are
not yet fully understood.

The homing of MSC is a multistep process that
depends on a timely and spatially orchestrated inter-
play between chemokines, cytokines and proteases.
With this study, we aimed to test the migration
mechanisms of BMSC toward tumor cells i wvirro
and examine the distribution of systemically delivered
BMSC in tumor-bearing animals.

Methods
Isolation and culture of BMSC

Green fluorescent protein (GFP)-transgenic rats
(SLC Inc., Shizuoka, Japan) or normal Spraque—
Dauley rats were raised and killed under an animal
license issued by the Hong Kong SAR Government
and local ethical committee. Bone marrow was har-
vested from the long bones and layered onto Lymphop-
rep™ (1.077 g/mL; Nycomed, Birmingam, UK) for
centrifugation at 850 g, 25 min. The isolated mono-
nuclear cells, suspended in Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal bovine serum
(FBS), 100 U/mL penicillin, 100 mg/mL streptomy-
cin, 2.5 pg/mL fungizone and 2 mm r-glutamine
(Invitrogen, Paisley, UK), were seeded intoT'75 flasks
(Iwaki, Chiba, Japan) at a density of 1 X 10° cells/cm?
and incubated at 37°C in a humidified atmosphere
with 5% CO,/95% air. Expanded cultures of BMSC
were analyzed for chondrogenic, osteogenic and adi-
pogenic differentiation . vitro to determine multipo-
tency according to standard conditions as described
previously (22).

Tumor cell lines

The human tumor cell lines used for this study
were breast cancer (MCF-7) and prostate cancer
(PC3 and DUI145); all were obtained from the
American Tissue Culture Collection (ATCC, LGC,
Standards, Middlesex, UK). The murine tumor cell
line, RIF-1, was obtained from Cancer Research UK:
London, England, UK. All cells were cultured in
RPMI-1640 medium (Gibco Life Sciences, Grand
Island, NY, USA) supplemented with 10% FBS, 100
U/mL penicillin, 100 mg/mL streptomycin and 2.5
ug/mL fungizone at 37°C in 5% CO,/95% air.

Vector design and plasmid constructs

For construction of the Lentivirus (Lenti)-Luciferase
(Luc)-Topo plasmid, a luciferase cassette was cloned
by polymerase chain reaction (PCR) methods from
the plasmid containing luciferase (a kind gift from
Yao-Cheng Li, PhD, The Salk Institute for Biological
Studies Gene Expression Laboratory, La Jolla, CA,
USA). The primers used were: sense primer ACCA
TGGAAGACGCCAAAAACA and antisense primer
TTACTTGTACAGCTCGTCCA. The PCRproduct
of 2395 bp was purified and ligated directly with the
Lenti-Topo plasmids (Invitrogen). The constructed
plasmids were identified by restriction enzyme diges-
tion and confirmed by sequencing analysis.

Lenti-virus production and gene transduction

Vector particles were produced in 293T cells by transi-
ent co-transfection involving a four-plasmid expres-
sion system. Briefly, 293T cells were plated into
10-cm? plates (2 X 109 cells/well) and 24 h later
transfer vector plasmid (such as Lenti-Luc-GFP) DNA
(8 ug), helper plasmid plp-1 DNA (5.28 ug), helper
plasmid plp-2 DNA (4 ug) and envelope plasmid
plp-VSVG DNA (2.8 ug) added. Transfection by
calcium phosphate in the presence of 25 um chloro-
quine was carried out for 12-15 h. The medium was
replaced and virus particles released into the medium
were harvested 48—72 h after transfection. Virus par-
ticles were concentrated by centrifugation at 25 000
r.p.m. (30 000 g) at 4°C for 2 h using a Beckman
SW28 rotor. Virus was titered by limited dilution
of 293T cells according to protocols provided by
Invitrogen. The gene transductions were carried out
at the appropriate Multiplicity of infection (MOI)
(10 for 293T or tumor cells, 50 for BMSC) in the
presence of 8 ug/mL Polybrene. The transduced
tumor cells and BMSC were selected further with
10 ug/mL Blasticidin. The stable transduction of the
cells was confirmed by luciferase assay for luciferase
expression.
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Two-color flow cytometry analysis
of luciferase-transduced BMSC

All antibodies used were purchased from Dako
Cytomation Ltd (Cambridge, UK), unless otherwise
specified. Luciferase-GFP-transduced BMSC were
used for flow cytometric analysis. The cells were
washed in cold phosphate-buffered saline (PBS)
buffer containing 5% bovine serum albumin (BSA;
Sigma, Poole, UK). Separate aliquots of 1 X 10°
luciferase-labeled BMSC, which were collected after
2 weeks of Blasticidin selection, in a final volume of
50 uL were used for incubation with antibodies for
30 min at 4°C in the dark. The antibodies used were
10 UL polyclonal goat anti-rat CD31, CD44, CD45
and CD90, followed by 2 UL secondary phycoeryth-
rin (PE)-conjugated rabbit anti-goat antibodies, and
cells without treatment of primary antibodies served
as negative controls. The flow cytometry analysis was
performed using a BD LSRFortessa™ cell analyzer
with BD FACSDiva™ software.

Human prostate cancer xenograft animal model and
systemic injection of luciferase BMSC

To investigate the distribution of BMSC in tumor
models, subcutaneous tumor implants were estab-
lished by subcutaneous injection of 2 X 107 PC3 or
DU145 cells at three dorsal sites in nude mice (Nu/
Nu nude mouse, 6 weeks old, male; Charles River,
Wilmington, USA; three mice for PC3 and three
mice for DU145). A lung tumor metastasis model
was established in nude mice (z = 3) by intravenous
(i.v.) injection of 5 X 10° PC3 cells in 200 uL. PBS
through the tail vein. Rat-GFP-Luc-BMSC were
injected as a suspension of 106 cells in 200 uL. PBS
at day 7 after tumor cell administration. The num-
ber of tumor cells implanted or injected was decided
based on pilot experimental data. For subcutaneous
injection, at least 1 X 107 tumor cells were used
to ensure tumor growth within 2 weeks; as for the
tumor cell systemic injection, the maximal number
we could inject safely was 5 X 10° cells, and care had
to be taken regarding the injection speed, to make
it as slow as possible to avoid sudden death of the
animals caused by cells clotting in the blood vessels
of the heart or other organs.

The distribution of Luc-BMSC was examined
using an In Vivo Imaging System (IVIS 200; Xeno-
gen, Alameda, CA, USA), following the manufac-
turer’s instructions. In brief, p-luciferin (150 mg/kg)
was administrated through intraperitoneal injection
5 min before the imaging examination. The animals
were anesthetized using 3% isoflurane (Abbott Lab-
oratories, North Chicago, IL., USA) and placed on
a warmed stage inside a camera box. The animals
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received continuous exposure to 3% isoflurane to
sustain sedation during imaging. Imaging times
ranged from 10 s to 3 min, depending on the bio-
luminescence of the BMSC. The light emitted from
the bioluminescent tumor cells was digitized and dis-
played electronically as a pseudo-color overlay on the
gray-scale animal image. Regions of interest (ROI)
from the displayed images were drawn around the
tumor and quantified as photons/second (ph/s) using
Living Image software provided with the IVIS 200
system. Background bioluminescence was in the range of
3—6 X 10% ph/s. For the last time-point, after luciferin
injection animals were killed and tissues of interest
were excised, placed on black paper and imaged for
1 min. Tissues were subsequently fixed in 4% para-
formaldehyde and prepared for paraffin embedding
and standard histology and immunohistochemistry
evaluations.

Actin polymerization assay

PC3 cells were trypsinized and suspended in serum-
free DMEM at a concentration of 1 X 107/ mL. Low-
melting point agarose (Invitrogen) was dissolved
in serum-free DMEM at a final concentration of
2% w/w. The cell suspension was mixed with agarose
medium at 37°C in a 2-mL syringe. The mixture
(c. 1 mL) was then injected on to a plate with growth
medium at room temperature (about 22°C), where a
cell-agarose pellet was formed. The pellets were then
transferred to the wells of six-well plates, in which
the BMSC were plated in the adjacent areas and
co-cultured at 37°C, 5% CO,, 95% air for 24 h.
The co-culture was stopped by adding three volumes
of 3.7% paraformaldehyde at room temperature for
10 min, followed by washing with PBS and permea-
bilization on ice for 2 min with 0.1% Triton-HEPES
(20 mm HEPES, 300 mmMm sucrose, 50 mm NaCl,
3 mm MgCl,, 0.1% Triton X-100). Cells were then
stained with fluorescein isothiocyanate (FITC)—
phalloidin (2 mg/ml; Sigma) for 30 min at room tem-
perature, washed and examined under a fluorescent
microscope.

Cell migrarion and chemotaxis assays

Conditioned media (CM) from tumor cells were
harvested after 24 h culture, filtered and stored
at —80°C for further use. Rat BMSC within pas-
sage 3 were detached and made into a single-cell
suspension of 106 cells/mL. To assess cell migration,
1 X 10° BMSC were dispersed onto the inserts of
chemotaxis transwell dishes (Falcon 353097, 8.0-um
pore size) and allowed to adhere for 1 h at 37°C.
The transwell inserts were then transferred to the
bottom chamber, which contained CM of the chosen
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tumor cells. Normal culture medium only was used
in the bottom chamber of a control group to measure
the background migration of BMSC. For chemot-
axis assay of CXCR4-luciferase-transduced BMSC,
105 cells were dispersed on to the transwell insert and
Stromal Cell-Derived Factor (SDF)-lalpha (100
ng/mL; PeproTech, Rocky Hill, US) added in the
lower well, with normal BMSC serving as a control.
AMD3100 (CXCR4-specific inhibitor; Sigma) and
matrix metalloproteinase-2 (MMP-2) inhibitor (Cal-
biochem-Novabiochem Ltd, Nottingham, UK) were
added into the transwell system to test the effect on
BMSC migration. Each experiment was repeated three
times. Cells were cultured in the transwell chambers
for 12 h at 37°C in 5% CO,/95% air. Cells remain-
ing attached to the upper surfaces of the filters were
removed carefully with cotton swabs. Cells that had
migrated to the lower surfaces of the filters were fixed
with 95% alcohol, stained with Giemsa buffer and
counted. Cells were randomly selected in five fields
on each filter and the total number of cells from all
fields was calculated and compared.

The chemotaxis assay was confirmed using the
DUNN chemotaxis system for PC3 and DU145
tumor cells, as described previously (23). Briefly,
10% tumor cells were put into the outer ring of the
chamber as the chemo-attractant, and the migration
of BMSC was observed and recorded with a Nikon
time-lapse microscope once every 10 min for an
11-h period.The cell migration was analyzed by AQM
2001 software (Kinetic Imaging Ltd, Manchester,
UK) and Mathematic® 3.0 (Wolfram, Champaign,
IL, USA).

Wound healing assay

A wound scrape migration assay was performed
as described previously (24). Briefly, BMSC were
plated in 3.5-cm culture dishes and grown to con-
fluence, and a line wound in the middle of each well
was made by scraping the cell layers with a 200-uL
plastic pipette tip. After washing with PBS, medium
was changed to conditioned medium from tumor
cells. For each experiment, the width of the cell-free
area at six marked sites per well was measured in
triplicate wells using inverse phase—contrast micros-
copy. Wound closure was quantified as the percent-
age of the starting distance between the wound edges
after 12 and 24 h (analyzed by Image-Pro Plus 5.02;
Media Cybernetics, Bethesda, MD, USA).

Reverse transcription—polymerase chain reaction
examination

Reverse transcription (RT)-polymerase chain reac-
tion reverse transcriptase (PCR) primers for genes of

interest were designed with the software Primer Pre-
mier 5 (Premier Biosoft International, Palo Alto, CA,
USA). Preparation of RNA was carried out using Trizol
(Invitrogen, Carlsbad, CA, USA) methods according
to the manufacturer’s instructions. RT were performed
using a ImProm-II reverse transcription system (Pro-
mega, UK Ltd, Southampton, UK). The RT reaction
mix was incubated at 25°C for 5 min for annealing and
at 42°C for 1 h for RT. The RT was then thermally
inactivated at 70°C for 15 min. The cDNA was ampli-
fied by a hot start enzyme, Promega PCR master mix,
at 94°C for 2 min. The PCR cycles were 25 cycles of
denaturation at 94°C for 30 s, annealing at 56°C for
45 s and extension at 72°C for 30 s, with finally 1 cycle
at 72°C for 5 min and then holding at 4°C. The PCR
products were run in 1% agarose gel (Invitrogen) and
quantified using a gel scanner and software. The prim-
ers used in this study are listed in Table 1.

Western blot

Western blot examination was carried out as described
previously (25). Briefly, after co-culture with tumor cells
in a six-well transwell insert (0.2 um; Nunc, Thermo
Fisher Scientific, Kamstrup, Denmark), total cellular
proteins were extracted with buffer containing 62.5 mm
Tris-HCI (pH 6.8), 2% Sodium dodecyl sulfate (SDS), 1
mum Phenylmethanesulfonyl fluoride (PMSF) and Protease
inhibitor cocktail (Roche, Indianapolis, IN, USA). Protein
content was quantified with a bicinchoninic acid (BCA)
protein assay kit (Pierce Technology, Perbio Science UK
Ltd, Cramlington, UK) and equal amounts of protein were
resolved by 10% SDS-PAGE. The protein was then trans-
ferred from the gel to PVDF membranes. Polyvinylidene
fluoride PVDF membranes were incubated with primary
antibodies, mouse monoclonal anti-rabbit antibodies of
rabbit anti-human CXCR4 (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA), rabbit anti-rat MMP-2
(Santa Cruz) and mouse anti B-actin (Sigma) overnight
at 4°C, followed by PBS washes and immune detection
with horseradish peroxidase-conjugated mouse anti-
rabbit or rabbit anti-mouse immunoglobulins.

Statistics

Values were presented for each group as means = SD
or expressed as a mean percentage of control = SD.
The Student’s -test was used for comparison of mean
values between different groups. Significance was
considered when the P-value was less than 0.05.

Results
MSC characterization

The multidifferentiation potentials of rat MSC were
confirmed for their osteogenesis, chondrogenesis and
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Table I. Primers used.

Name Primers Gene bank ID Product size (bp)

MMP-2 Forward GCCTTTGCTCGGGCCTTA NM_031054 107
Reverse TGCTCCCATCGACCAAAGTT

MMP-9 Forward ACCCCATGTATCACTACCACGAG NM_031055 91
Reverse TCAGGTTTAGAGCCACGACCAT

MMP-14 Forward TCTTGGTGGCTGTGCATGA NM_031056 101
Reverse CTCGGTGTCCATCCACTGGTA

TIMP1 Forward CCTTGCAAACTGGAGAGTGACA NM_053819 91
Reverse AGGCAAAGTGATCGCTCTGGT

TIMP2 Forward ACCCAGTCTCCCTCAGGTCTAAG NM_031055 102
Reverse CTTCCATTCACGGACGTCTGT

MMP-30 Forward TGACCCAGATCATGTTTGAGACC NM_031144 91
Reverse GTGGTACGACCAG AGGCATACA

CCRI1 Forward CAGGTGACTGAAGTGATTGCCT NM_020542 122
Reverse AGCGGTATAGCCACATGCCT

CCR2 Forward CTGTGTGGTTGACATGCACTTAGA NM_021866 84
Reverse TTTGGCAATGTGCTTTCTGAA

CCR3 Forward GGCATCCAACGAAGAGGAACT NM_053958 151
Reverse GACGATGAACACCAGGGAATACA

CCR4 Forward GTTTGTGCTGTCTCTCCCGTT NM_133532 101
Reverse AGCCCACCAGGTACATCCAT

CCR5 Forward TCAACCCTGTCATCTATGCCTT NM_053960 126
Reverse GATCAGGATTGACTTGCTGGAA

CCR6 Forward TCACTTTCAATCCCCCTGTGA NM_001013145 151
Reverse TTGGCCTCGGTGAAATTCAT

CCR7 Forward ACCGTGGCCAATTTCAACA NM_199489 152
Reverse AGGTCGCTGCGGAACTTG

CCR9 Forward CCATTTCCACCAACATTGACAT NM_172329 151
Reverse TGGCTAATGCATCCCAGGTT

CX3CRI1 Forward GTGGCCTTTGGGACCATCT NM_133534 151
Reverse CGCTCAAGGCCAGGTTCA

CXCR3 Forward CCTGCCTCCGCTGTTTTAGA NM_053415 92
Reverse CCTCTTCTCACACAGGGATGG

CXCR4 Forward TGGCTGACCTCCTCTTTGTCA NM_022205 151
Reverse AGGCTGATGAAGGCCAGGAT

PDGFRb Forward TTGGCCTCTAAGAACTGTGTTCAC AY090783 70
Reverse CCAACTTGCCCTCACAGATGA

EGFR Forward TGGACAACCCTCATGTATGC M37394 100
Reverse ACATAGTCCAGGAGGCAACC

HGFR Forward GTCTTCAAGTAGCCAAGGGC NM-031517 82
Reverse AACATGCAGTTTCTTGCAGC

GAPDH Forward ATGACTCTACCCACGGCAAG DQ403053 89

Reverse CTGGAAGATGGTGATGGGTT
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adipogenesis differentiation (Figure 1A-F). The phe-
notype of Lenti—luciferase-transduced GFP rat MSC
did not change before and after gene transduction.
The transduced MSC-GFP-Luc were positive for
CD44 and CD90 and negative for CD45 and CD31,
having similar phenotypes to the non-treated MSC
(Figure 1G).

Transwell, Dunn chamber chemotaxis assay, wound
healing and action polymerization assays

The membrane surface inside the bottom chamber
facing the tumor cells was stained for the presence
of migrated BMSC after 12 h co-culture. The num-
bers of BMSC migrating toward tumor cells (pass-
ing through the insert membranes) were significantly

higher compared with the control group (P < 0.05).
The BMSC migration potential was significantly
enhanced when they were exposed to the tumor cell
CM prior to the transwell assay in all tumor cells
(Figure 2A). Neither of the two inhibitors totally
inhibited BMSC migration toward the tumor cells.
For the Dunn chemotaxis chamber assay, only
randomly dispersed trajectories were recorded for
the BMSC in the control group, where only medium
was added to the outer ring of the chamber,
suggesting the absence of a chemotactic response
(Figure 2Ba). In contrast, BMSC showed direc-
tional migration toward DUI145 and PC3 cell
CM (P < 0.01; Figure 1Bb,c). Twelve and 24 h after
scratching, the distances between the wound edges
were significantly reduced in all the tumor CM-treated
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Figure 1. MSC differentiation assays and phenotype confirmation. (A) Rat BMSC reached confluence (X200). (B) For chondrogenic
induction, collagen type II was detectable by immunostaining in 2-dimensional (2-D) culture cells at day 22 (X200; inset, negative control
and Western blot of type II collagen). (C) After 4 weeks of chondrogenic induction culture, the cell pellets were sectioned and stained
with Alcian Blue to show typical chondrocytes (X200). (D) For osteogenic induction, the cells were positive for alkaline phosphatase (ALP)
staining at day 14 (X400). (E) The bone nodules were formed at day 28 as shown by Alizarine Red S stain (X200). (F) For adipogenic
induction, the accumulated lipid vacuoles were stained with Oil Red O at day 13 (X200). (G) The phenotype of Lenti-luciferase-transduced
GFP rat MSC did not change before and after gene transduction. The transduced MSC-GFP-Luc were positive for CD44 and CD90
and negative for CD45 and CD31, having similar phenotypes to the non-treated MSC.

groups compared with the control group (P < 0.01;
Figure 2C).

Placement of MSC adjacent to PC3 cells
induced characteristic re-organization of actin
filaments, as detected by immunofluorescence,
which was not observed in BMSC cultured in the
control agarose pellet-only group, and the F-actin
filaments were randomly organized (Figure 2D).
In the presence of the PC3 tumor cell pellet, most
of the actin filaments were parallel-oriented toward

tumor cells, and BMSC were an elongated rod
shape (Figure 2E).

Expression of chemokine, cytokine receptrors and
MMP in BMSC with tumor CM stimulation

Nineteen chemokine/cytokine receptors and MMP
[CCR1, CCR2, CCR3, CCR4, CCR5, CCR6, CCR7,
CCR9, CX3CRI1, CXCR3, CXCR4, Human growth
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Figure 2. (A) Transwell migration of BMSC toward tumor cells with or without tumor CM pre-treatment. The dark bars represent migration
to tumor cells after CM treatment while the lighter bars represent migration without CM treatment for the BMSC. Significantly more
BMSC migrated through the membranes when the BMSC were pre-treated with CM of tumors cells compared with cells without CM
pre-treatment (P < 0.01). Data are presented as mean = SD, *z = 2.803, At = 2.419, Ar = 3.126, ¢z = 5.078, P < 0.01. (B) The Dunn
chemotaxis assay results. Circular histograms show the proportion of cells with a direction of migration lying within a given 20° interval.
The arrows and the black segment represent the mean significant direction of migration with a 99% confidence interval (? < 0.01, Rayleigh
test, with (a) normal culture medium in the outer ring showing random cell movements and (b) 1 X 10° DU145 cells in the outer ring
and (c) 1 X 10° PC3 cells in the outer ring all showing BMSC movement toward tumor cells. ‘N’ denotes the total cell numbers tracked
each time and a minimum of 30 was required for statistical analysis. ‘Horizon’ represents the distance from the starting point to a virtual
horizon, which was chosen to be 30 um for all the experiments and only cells migrating to this distance or beyond were used for data
analysis. (C) Wound and healing assay showed that the scratching gap distances were significantly reduced at 12 and 24 h in the groups
treated with tumor CM in the various tumor cell lines tested. (D) PC3 tumor cell-agarose pellet and BMSC co-culture system for the
actin polymerization assay. The actin filaments in the BMSC-only culture were randomly arranged. (E) Exposure of MSC to PC3 tumor
cells altered F-actin filament organization; all F-actin filaments were arranged perpendicular to the tumor cells, indicating their migration
toward tumor cells. Bar = 20 um.

hormone-releasing factor (HGRF), Beta-type platelet-
derived growth factor receptor PDGFRb, EGF recep-
tor; epidermal growth factor receptor (EGFR), MMP-2,
MMP-9, MMP-14,Tissue inhibitor of metalloproteinases
TIMP-1 and TIMP-2] and housekeeping genes were tested
by PCR. CCR3, CXCR4, EGFR, MMP-2, TIMP-1 and
TIMP-2 were normally expressed in the BMSC (control
lane, Figure 3A). After 24 h of various tumor CM stim-
ulation, expression of CXCR4 was upregulated; EGFR
expression was downregulated and TIMP-1, TIMP-2,
MMP-2 expression did not differ significantly (Figure
3A). MMP-2 mRNA expression was seen in normal
BMSC and remained unchanged during 24-h tumor
CM treatments. However, Western blot data showed

that MMP-2 protein was not expressed in the BMSC,
but after 2-h exposure to the tumor CM, MMP-2 pro-
tein expression was upregulated in the BMSC in all the
groups and downregulated at 24 h (Figure 3B). The
upregulation of CXCR4 in BMSC after tumor CM stim-
ulation was also confirmed by Western blot (Figure 3B).

Homing of BMSC to tumor sites in vitro and in vivo

The migration of BMSC toward tumor cells was
inhibited significantly by the MMP-2 inhibitor in
all the tumor cells tested, while the CXCR4 inhibi-
tor AMD3100 inhibited BMSC migration toward
PC3, MCF-7 and RIF-1 cells (P < 0.001) but not
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Figure 3. (A) Expression of MMP and their inhibitors, and chemokine and cytokine receptors, before and after tumor CM stimulation.
CCR3, CXCR4, EGFR, MMP-2, TIMP-1 and TIMP-2 were normally expressed in BMSC. After 24 h of tumor CM exposure, PCR
results showed that CXCR4 was upregulated and EGFR was downregulated. (B) The changes in CXCR4 and MMP-2 expression in
BMSC at the protein level were also checked by Western blot. MMP-2 was not detected in normal BMSC; after 2 h exposure to tumor
CM, MMP-2 protein was expressed in the BMSC and it was downregulated after 24 h exposure to tumor CM.

DU145 cells (Figure 4). In the subcutaneous tumor
implantation model, BMSC were mainly engrafted at
the tumor sites as early as 3 days after i.v. injection
and the engrafted BMSC survived and expressed
the luciferase gene for up to 12 days in the tumor
sites (Figure 5A). Some of the BMSC also migrated
into the lung and spleen at the early time-points and
there were redistributions of BMSC in the DU145
tumor model, where more BMSC migrated to the
lung in the later time-points at 9 and 12 days follow-
ing their injection (Figure 5B). The distributions of
systemically administrated BMSC in various organs
of the mice were examined at the termination point,
as shown in Figure 5C. Some BMSC engrafted in
lung, spleen and liver, and none in brain and kidney;
the majority of BMSC were seen in the tumors.
BMSC were further identified with anti-EGFP anti-
body in the tumor stroma and parenchyma in both
PC3 and DU145 tumor masses at day 12 following
MSC administration (Figure 5D).

In the lung metastatic model of PC3 tumor cells,
fter 1.v. infusion of a single dose of BMSC, the distri-
bution of BMSC was monitored by in vivo imaging
over a period of 30 days. The change in distribution of
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Figure 4. Addition of the inhibitor to CXCR4 or MMP-2 in the
culture system resulted in partial inhibition of BMSC migration
toward the tumor cells. In PC3, MCF-7 and RIF-1 cells, both
CXCR4 inhibitor (AMD3100) and MMP-2 inhibitor significantly
inhibited the BMSC migration (P < 0.001). In DU145 cells, only
the MMP-2 inhibitor showed an inhibitory effect on BMSC
migration. The numbers of BMSC migrating toward all tumor
cells even in the presence of CXCR4 or MMP-2 inhibitors were
significantly higher than those in the control group where no
tumor cells were present ("P < 0.001, AP < 0.005, AP < 0.01).
Data are presented as mean * SD.
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Figure 5. (A) Distribution of Luc-BMSC in PC3 (A) and DU145 (B) subcutaneous tumor models. BMSC engrafted into the tumor sites
as early as 3 days. The BMSC survived and expressed the luciferase gene for up to 12 days in the tumors. (B) Redistribution of Luc-BMSC
from the tumor sites to lung and other organs was observed in mice bearing DU145 tumor cells at days 9 and 12. (C) In the subcutaneous
tumor model, the tumor-bearing animals were terminated at 4 weeks following tumor implantation (2 weeks after Luc-MSC systemic
injection) and their internal organs were removed and subjected to iz vivo imaging examinations. It was shown that a few Luc-BMSC
were still engrafted in the lung and liver but the majority of the Luc-BMSC were seen in the tumors. (D) The engraftment of BMSC in
the tumor parenchyma in the PC3 lung metastasis model was confirmed by immunostaining of GFP-positive cells (arrows; a, PC3 tumor

tissues; b, DU145 tumor tissues).

BMSC over time is shown in Figure 6A. The majority
of BMSC engrafted in the lung at day 1 of injection
and some of them were retained in the lung till 30
days. The percentage of bioluminescent signals in the
lung compared with the whole body was quantified
using the i vivo imaging software and is shown in

Figure 5B. At day 1 after BMSC infusion, 95.02 *=
4.80% BMSC were in the lung; the number reduced
t0 39.39 £ 14.86% at day 3, 26.63 = 5.05% at day 14
and 36 *= 1.37% at day 30 (Figure 6B). The presence of
BMSC in the lung tumor stroma was confirmed by posi-
tive staining of EGFP antibody at day 30 (Figure 6C).
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Figure 6. In vivo distribution of BMSC in the PC3 cell lung metastasis model. After i.v. infusion of a single dose of Luc-BMSC, bioluminescent
images were taken at nine time-points over 30 days. (A) The change of distribution of BMSC over time. (B) Percentage of BMSC in the
lung compared with total BMSC in the body. More than 95% of the BMSC were trapped in the lung following injection at day 1, and from
day 2 the number of BMSC in the lung dropped to around 40% and the percentage remain unchanged till day 30. (C) The presence of
BMSC in the tumor stroma and parenchyma was confirmed by positive immunostaining of EGFP (brown cells, arrows).

Discussion

BMSC have the ability to migrate to sites of injury,
inflammation and tumors. However, the molecular
events underlying the specific migration of BMSC are
not well defined. Understanding the signaling path-
ways associated with migration of BMSC will help to
define the role of BMSC in tumor growth as well as
use them as delivery vehicles for site-specific therapy.
The present study investigated the migration ability

of BMSC toward tumor cells i wvitro and in vivo,
and the possible cytokines, chemokines and their
receptors involved in the process.

We tested the migration of rat BMSC toward
four tumor cell lines, two human prostate cancer
cell lines (PC3 and DUI145), one human breast
cancer cell line (MCF-7) and a mouse fibrosarcoma
cell line (RIF-1). Among them, PC3, DU145 and
MCF-7 are all metastatic human tumor cell lines,
and RIF-1 is a radiation-induced fibrosarcoma cell
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line from mice. The migration of BMSC toward all
four tumor cell lines was demonstrated in vitro, con-
sistent with previous reports (6). In vivo experiments
further confirmed the homing of rat BMSC to PC3
and DU145 tumor sites in both subcutaneous and
lung metastatic tumor models. The homing of rat
BMSC to the tumor sites occurred rapidly following
their i.v. infusion; most of the cells engrafted in the
tumor sites within 3 days of injection. Although some
of the BMSC were found in organs other than the
tumor, their quantity was low compared with the
tumor sites. Furthermore, the BMSC survived and
expressed functional luciferase gene in the tumor
microenvironments for prolonged period, for exam-
ple 30 days, suggesting that these cells can survive
inside the tumors and are ideal vehicles for delivery
of anti-tumor agents. As shown by us and others,
BMSC were found both in the parenchyma and
stroma of the tumors (26—28), so that the therapeutic
substances secreted by the BMSC could reach most
of the tumor cells to produce maximal effects.

It has been well documented that human MSC
can migrate to human tumors in SCID mice (7,28).
We have also demonstrated that rat MSC can home
to mouse fibrosarcoma developed in the C3H mouse,
and genetically modified rat iNOS-MSC had anti-
tumor effects in a mouse tumor model (29). We and
others have demonstrated that MSC are immuno-
suppressive cells and they do not trigger acute immu-
noresponses (22); even xenogenic MSC can survive
in vivo for prolonged periods (30). Therefore MSC
may share similar tumor-homing characteristics
regardless of their species.

The reasons we used rat MSC as a study tool are:
(a) we have GFP rats readily available and the GFP
is stably expressed in all tissues of the rat, including
BMSC, making them a good cell source for study
because they are easy to harvest and culture, and easy
to trace n vitro and i vivo (with antibody to GFP
on paraffin sections); (b) we have pilot experimental
results both 2 vitro and in vivo demonstrating that rat
MSC have similar tumor tropisms as human MSC
toward human tumor cells; (c) the i vivo tumor
animal model is established using immunocompro-
mised (nude) mice, so there was no concern about
the specie specificity in this study because there was
no immunity issues in the model. Because of these
reasons and based on the pilot data, we carried out
the present study using rat MSC as a study vehicle.
It would have been better if we had used human or
mouse MSC to carry out similar experiments, but the
results obtained from the current study do serve the
purpose of addressing some mechanisms of BMSC
homing to tumor cells 2 virro and i vivo. The data
also clearly demonstrate that MSC, regardless of
species, have similar tumor tropism abilities n vivo.
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The mechanisms by which rat BMSC home and
engraft to human tumors are not yet fully under-
stood or defined; it is likely that tumor tissues express
some specific ligands to facilitate trafficking, adhe-
sion and infiltration of rat BMSC (31). Based on the
microarray data in the literature (6), we selected and
tested 19 chemokines and cytokine receptors in this
study, whose ligands were potentially amongst the
strongest chemo-attractants for BMSC. We found
that CCR3, CXCR4, EGFR, MMP-2, TIMP-1 and
TIMP-2 were expressed in normal BMSC; after
24 h of tumor CM exposure, CXCR4 was upregu-
lated but EGFR was downregulated. Western blot
showed that MMP-2 was upregulated after 2 h expo-
sure with tumor CM and downregulated after 24 h.
The results suggested that the migration of BMSC
is a multistep process. The tumor cells and their
microenvironments secreted chemokines or cytok-
ines, as demonstrated in the CM studies, which
could upregulate the expression of chemokines and
cytokine receptors on the BMSC (10,32). Shortly
after receiving tumor stimuli, some chemokine recep-
tors such as CXCR4 are upregulated in BMSC, as we
and others have demonstrated (14). After tumor CM
stimulation, BMSC had enhanced their migration abil-
ity toward tumor cells, which could be attributed to
the upregulation of CXCR4 on BMSC. The SDF-1
released from the tumor sites may serve as a strong
chemoattractant for the BMSC (33). The morpho-
logic changes of BMSC when placed adjacent to the
tumor cells were revealed by F-actin polymerization
assay, in which we have demonstrated the cytoskele-
tal re-organization of BMSC, a necessary step for cell
migration/movement (34). Some receptors that are
known to control cell proliferation, such as EGFR,
were downregulated in BMSC after tumor CM treat-
ment, and this may prepare the cells to migrate. The
upregulation of MMP-2 at an early stage of CM
stimulation may be a necessary step to prepare the
BMSC for detaching and invading into the extracel-
lular matrices of tumors, which is also observed in
the migration of BMSC and other stem cells across
vascular basement membranes (35,36).

Our data suggest that both CXCR4 and MMP-2
may be involved in the migration of BMSC toward
tumors. However, AMD3100 (the specific inhibitor of
CXCR4) and an MMP-2 inhibitor could not totally
abolish the migration of BMSC toward tumor cells,
suggesting that there must be other factors involved
in the specific migration of BMSC to tumors. Inter-
estingly, the CXCR4 inhibitor did not affect the
migration of BMSC toward DU145 cells, indicating
that different tumors may employ different mecha-
nisms in attracting BMSC. Other molecules, such
as integrin, also play a role in different stages of the
BMSC homing process (37,38). It is unclear whether
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several factors operate synergistically in response to
distinct stimuli such as trauma, inflammation and
tumor. It is, therefore, important to determine the
roles of chemokine/cytokine factors in different types
of tumors and their relation to BMSC tumor homing.
To elucidate further the mobilization mechanisms of
BMSC, detection of cytokines released from the
tumor sites, analysis of receptors on BMSC and the
downstream signal transduction pathways follow-
ing interaction between these receptors and ligands
should be the focus of future studies.

The n wvitro migration assay represents only
a small part of the process of MSC homing to
tumors. The in vivo homing of BMSC is more
complex. The tumor cells could secrete many
cytokines and chemokines to regulate BMSC
homing, as well as the hypoxic conditions inside
the tumor. There are also barriers for BMSC to
pass through during their homing process, such
as the bone marrow endothelium, subendothelial
basement membranes (36), lung barrier (39) and
blood—cerebral barrier (40). A key requirement for
cells to reach the distant target sites is the ability
to traverse the ECM that is present between cells
of all tissue types. Basement membranes represent
a specialized form of the ECM that separates epi-
thelium or endothelium from stroma by a dense
layer of ECM. To overcome these matrix barriers,
migrating cells require specific proteolytic enzymes
(14,21,31). Our data show that MMP-2 protein
was not expressed in normal BMSC, upregulated
after 2 h of tumor CM treatment and downreg-
ulated at 24 h, suggesting that MMP-2 expres-
sion is tightly regulated, probably through tissue
inhibitor of matrix metalloproteinase (TIMMP)-1
and TIMMP-2 at different stages of BMSC
homing/engrafting into tumors. Taken together,
these data suggest that MMP-2, which has the
capacity to degrade a major constituent basement
membrane, collagen IV, and CXCR4 might play
important roles in mediating BMSC migration
toward tumors iz vivo.

In conclusion, we have shown that rat BMSC
are able to migrate toward four different human
and mouse tumor cells in vitro, and home to both
subcutaneous and lung metastatic prostate tumor
models in vivo, suggesting that xenogenic BMSC
are capable of specifically homing into tumor
tissues, similar to autologous MSC. Analysis of
the gene expression revealed that MMP-2 tran-
scripts were upregulated after short-term expo-
sure to tumor CM but downregulated after longer
term exposure. CXCR4 upregulation was also
found in BMSC after 24 h exposure to tumor.
Exposure to tumor CM in vitrro enhanced migra-
tion of BMSC toward the tumors i vivo. SDF-1

inhibitor AMD3100 and MMP-2 inhibitor partly
abolished the BMSC migration toward tumor cells
in wvitro. These results suggest that the CXCR4
and MMP-2 are likely candidates in the multi-
step processes of BMSC homing to tumors, and
modification of their expression may lead to novel
anti-tumor therapies.
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