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Abstract
Bone marrow-derived mesenchymal stromal cells (MSCs) localize to solid tumors. Defining the
signaling mechanisms that regulate this process is important to understanding the role of MSCs in
tumor growth. Using a combination of chromatography and electrospray tandem mass spectrometry
we have identified novel soluble signaling molecules that induce MSC chemotaxis present in
conditioned medium of the breast carcinoma cell line MDA-MB231. Previous work has employed
survey strategies using ELISA assay to identify known chemokines that promote MSC chemotaxis.
While these studies provide valuable insights into the intercellular signals that impact MSC behavior,
many less well-described, but potentially important soluble signaling molecules could be overlooked
using these methods. Through the less directed method of column chromatography we have identified
novel candidate MSC chemotactic peptides. Two proteins, cyclophilin B and hepatoma-derived
growth factor were then further characterized and shown to promote MSC chemotaxis.
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Introduction
Multipotent mesenchymal stromal cells (MSCs) are bone marrow-derived plastic-adherent
cells that were initially described by Friedenstein and colleagues [1,2]. They have a fibroblast-
like phenotype[1,2] and can be differentiated along osteoblastic, chondrocytic, adipogenic, and
myofibroblastic lineages[3,4]. MSCs within the bone marrow support hematopoiesis and the
recent identification of MSCs in the peripheral blood[5–8] as well as tissues such as fat[9] and
placenta[10] support the hypothesis that MSCs have important functions outside of the bone
marrow. Systemically delivered MSCs localize to areas of active inflammation including sites
of bone fracture[11], cutaneous incisional wounds[12], myocardial infarction[13] and solid
tumors[14–16] indicating that these cells are involved in tissue repair and growth.

While the propensity of MSCs to migrate to tumors and areas of tissue damage has been well-
documented, the molecular signals guiding this movement are not completely defined. MSCs
are known to respond to a number of chemotactic factors including stromal-derived factor-1
(SDF-1)[17,18], vascular endothelial growth factor A (VEGF-A)[18,19], platelet derived
growth factor (PDGF)[20], Monocyte chemoattractant protein-1 (MCP-1), macrophage
inflammatory protein 1-alpha (MIP-1α, and interleukin 8 (IL-8) [21]. Tumor cells are a
potential source of MSC chemotactic factors and we have previously shown that tumor cell
line conditioned medium promotes MSC chemotaxis [22].

Proteoglycans are found on cell surfaces and within the extracellular matrix and have been
implicated in several aspects of cell-to-cell communication including the interaction of
chemokines with cell surface receptors, protection of signaling peptides from degradation, and
facilitating the formation of chemokine gradients[23–25]. We therefore hypothesized that
factors that induce MSC chemotaxis may bind proteoglycans and used heparin sulfate column
chromatography as the basis for enrichment of pro-chemotactic molecules from tumor-
conditioned medium. Peptides within the fraction of conditioned medium with chemotactic
activity were identified using electrospray tandem mass spectometry protein sequencing. Of
these, cyclophilin B and hepatoma-derived growth factor were further investigated and found
to promote MSC chemotaxis.

Using proteomic techniques we have identified candidate chemotactic molecules for MSCs
that have not been previously recognized using molecular genetic or ELISA-based
identification strategies.

Materials and Methods
Antibodies

The monoclonal antibody against CypB (4E11G1) was obtained from Invitrogen (Carlsbad,
CA). The anti-CD147 antibody (HIM6) was purchased from BD Biosciences (Franklin Lakes,
NJ). The HDGF-blocking antibody (C-14) and anti-osteocalcin antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA).

Isolation and culture of Mesenchymal Stem Cells
Rat MSCs were isolated as previously described[22]. Briefly, rats were euthanized by CO2
inhalation and the bilateral femora and tibias were dissected under aseptic conditions and
washed in phosphate-buffered saline (PBS) containing 2% fetal bovine serum (FBS)
(Invitrogen, Carlsbad, CA). Bone marrow cells were extruded by flushing media through the
bone, and cells filtered through a 70 μm nylon mesh. The cells were then plated in T150 or T
75 cm2 flasks with Minimum Essential Medium alpha medium (α MEM) (Invitrogen, Carlsbad,
CA) containing 10% fetal bovine serum (FBS) and penicillin/streptomycin. The cultures were
incubated at 37°C in a humidified atmosphere containing 5% CO2. Nonadherent cells were
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removed after 24 h, and the medium was changed every other day. Adherent cells were detached
from the flasks by treatment with 0.05% trypsin and ethylenediaminetetraacetic acid (EDTA)
and subcultured every 4 to 5 days and aliquots from passage 3 to 5 were frozen in liquid nitrogen
for future use. MSC preparations used in subsequent experiments all demonstrated in vitro
myogenic, osteogenic, and adipogenic differentiation under appropriate stimuli as we have
previously described[26]. Additionally, both the rat and human MSC preparations were tested
for the presence of osteogenic committed cells by staining for osteocalcin. Staining for
osteocalcin before differentiation was not observed (data not shown).

Two samples of purified MSCs from separate lots (Cambrex Bio Science, East Rutherford,
NJ) as well as one sample of MSCs prepared from whole human bone marrow were used in
these experiments. For the isolation of human mesenchymal stem cells unprocessed bone
marrow (36×106 cells/ml) was purchased from Cambrex Bio Sciences (East Rutherford, NJ).
Vacutainer CPT cell preparation tubes (BD Biosciences, Franklin Lakes, NJ) were used to
isolate bone marrow mononuclear cells according to the manufacturer’s instructions. Cells
were then expanded in T75 cm2 and 6 well plate with MesenCult Basal medium (human)
(cat#05401, Stem Cell Technologies, Vancouver, BC) containing MSC stimulatory
supplements (Human) (cat#005402, Stem Cell Technologies, Vancouver, BC) and 10 % fetal
bovine serum (Invitrogen, Carlsbad, CA). The cultures were incubated at 37°C in a humidified
atmosphere containing 5 % CO2. Adherent cells were detached from the flasks by treatment
with 0.05% trypsin and ethylenediaminetetraacetic acid (EDTA) and subcultured every 4 to 5
and the medium was changed every other day. Cells were subcultured every 4 to 5 days and
aliquots from passage 2 to 5 were frozen in liquid nitrogen for future use. Cell surface markers
expressed on these cells include Stro1, CD 105, CD 90, HLA-ABC and CD 44 while they were
negative for CD45, HLA-DR and CD11b as determined by flow cytometry using FITC labeled
Abs (BD Biosciences, Franklin Lakes, NJ).

Transwell chamber migration assays
A Falcon cell culture insert system along with a companion Falcon tissue culture plate with 24
wells was used for the chemotaxis assay. The insert was removed aseptically with sterile
forceps from the package and gently placed in the well with the flanges resting in the notches
on the top edge of each well (Becton Dickinson Labware, Franklin Lakes, NJ). The
polyethylene terepthalate membrane pore size of 8 μm was selected to allow passage of MSCs.
The bottom chamber contained either conditioned medium from tumor cells or control medium
(α MEM plus 2% FBS). The top chamber contained 2.5 x 104 MSCs in α MEM and 10% FBS.
Migration assays were terminated after 16 h and MSCs that had migrated through the
membrane were then stained (after removal of cells remaining on top with a wet Q-tip) using
crystal violet. Stained cells in ten fields were counted under high power magnification (x40).
For the chemotaxis assays, MSCs were acclimated for 72 h in RPMI + 10% heat inactivated
FBS (the growth medium for tumor cell lines) prior to plating in the transwell chambers. Rat
MSCs were used for the migration assay for the protein purification experiments. Human MSCs
(hMSCs) were then used to validate the results obtained with the rat cells and for additional
experiments investigating the chemotactic activity of cyclophilin B and HDGF.

Enrichment of chemotactic factors by chromatography
The breast carcinoma cell line MDA-MB 231 was purchased from American Type Culture
Collection (Manassas, VA) and used in these experiments. We have previously demonstrated
that MDA-MB231 cells produce soluble factors that induce MSC migration in vitro[22]. We
then set out to develop a strategy for the purification and identification of these factors from
the conditioned medium of the MDA-MB231 cells. Cells were grown to confluence in tissue
culture flasks of 175 cm2 in α MEM + 10% heat inactivated FBS. This was followed by
incubation with MEM alpha medium with 2% heat inactivated fetal bovine serum (FBS) in the
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presence of 1% Penicillin and 1% Streptomycin overnight. The conditioned medium was
centrifuged at 200 rcf for 10 min, and the supernatant was then filtered with a 0.22 μm
membrane. A number of affinity resins including heparin Sepharose beads (GE Biosciences,
Piscataway, NJ), reactive green dye 19, reactive red dye 120, type 100, reactive red dye 120,
type 3000, and wheat germ agglutinin crosslinked to agarose beads (Sigma, Saint Louis, MO)
were tested for the ability to bind factors present in the conditioned medium of MDA-MB231
cells that promoted migration of rat MSCs. Each affinity resin (0.2ml) was mixed with 2.5ml
of conditioned medium and incubated for 1 hour at 4 degrees C. The resin was then centrifuged
at 200 rcf for 1 minute and the supernatant was collected and tested for the ability to promote
rat MSC migration. Heparin Sepharose CL-6B and Reactive Green Dye 19 resin cross-linked
to agarose beads reduced the migration-promoting activity of MDA-MB231 conditioned
medium to the basal level and were therefore used in the purification strategy. A Heparin
Sepharose CL-6B column with 20 ml resin was loaded with approximately 3000 ml of
conditioned medium pooled from multiple culture flasks and washed with 50 mM NaCl and
Tris buffer (10 mM Tris-HCl, pH 8). Proteins were eluted in 40ml fractions with a step gradient
of 0.2, 0.4, 0.6, and 0.8 M NaCl in Tris buffer. Each fraction was concentrated 10 fold with
centrifugal filter devices with a molecular weight cutoff of 10kDa (Ultrafree centrifugal filter
device, Millipore, Billerica, MA) and then was brought up to the original volume with Tris
buffer. The activity of each fraction was assayed using the transwell chamber migration assay.
Fractions eluted with 0.4 and 0.6 M NaCl had the greatest activity and were pooled and then
dialyzed against the 10mM Tris PH8.0 buffer using the centrifugal filter device. The pooled
fractions were loaded on 10ml of Reactive Green Dye 19 resin cross-linked to agarose beads
and washed with 50 ml of 10mM tris pH 8.0 buffer. Proteins were eluted in 20 ml fractions
with a step gradient of 0.2, 0.4, 0.6, and 0.8 M NaCl in 10 mM Tris pH 8.0 buffer. Again each
fraction was dialyzed against 10mM Tris buffer using the centrifugal filter devices and assayed
for activity using the transwell chamber migration assay. MSC migration was stimulated most
effectively with column fractions eluted with 0.6M NaCl. The protein profiles of the original
conditioned medium as well as the active fractions after each purification step were analyzed
by gel electrophoresis.

Protein elution from SDS-gel
The green dye column enriched fractions were concentrated by 10-fold using Ultrafree
centrifugal filter devices. The proteins were resolved by 15% SDS gel, followed by incubation
with 20% isopropanol and 10 mM Tris-HCl, pH 8.0 for 30 min. After briefly washing with
water, the gel was incubated with buffer containing 10 mM Tris-HCl, pH 8.0 overnight. The
gel was divided into sections based on molecular size and the gel slices were minced and then
incubated with 1 ml α-MEM medium to elute the proteins for use in the migration assay.

Protein identification by electrospray tandem mass spectrometry
Proteins from the enriched active fraction eluted off of the green dye column were resolved by
12% SDS-PAGE followed by colloidal blue staining according to the protocol suggested by
manufacturer (Colloidal Blue Staining Kit, Invitrogen, Carlsbad, CA). A major band was
present at a molecular weight of approximately 18 kDa (Figure 1D), corresponding to the
peptide size with the greatest activity (Figure 1E). This band was excised from the gel and
subjected to sequence analysis that was performed at the Harvard Microchemistry and
Proteomics Analysis Facility by microcapillary reverse-phase HPLC nano-electrospray
tandem mass spectrometry (μLC/MS/MS) on a Thermo LTQ-Orbitrap mass spectrometer.

Recombinant CypB production and purification
GST-tagged human CypB was produced by growing 500 ml of the bacteria (BL21) transfected
with the CypB-pGex [27,28] expression construct. The bacterial pellet was resuspended in 25
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ml PBS followed by sonication. Triton X-100 was then added to the lysate to a final
concentration of 1%. After incubation at 4 °C for 30 min, the lysate was clarified by
centrifugation at 12000 rcf. The supernatant was incubated with 1 ml Glutathione Sepharose
4B resin (GE Biosciences, Piscataway, NJ) for 1 hr at 25 °C, followed by washing with 20 ml
PBS. The GST-CypB was eluted with elution buffer containing 20 mM glutathione and 50 mM
Tris-HCl, pH 8.0. The purified GST-CypB fusion protein was cleaved by thrombin conjugated
with agarose according to manufacture suggested protocol (Sigma, Saint Louis, MO) at room
temperature for 6 hours. The purified CypB was obtained by removal of GST peptide from the
thrombin-treated protein mixture with glutathione-resin.

Recombinant HDGF production and purification
GST tagged human HDGF (GST-HDGF) [29] was expressed in the BL21 (DE3) strain of E.
coli. After overnight culture, 0.1 mM IPTG was added to the culture media and cultured for
another 4 hours. The cells were lysed in PBST plus protease cocktail (Sigma, St. Louis, MO)
through three cycles of freeze-thaw. The lysate was cleared by centrifugation and GST beads
(Amersham Pharmacia Biotech, Uppsala, Sweden) were used for the purification of the GST
tagged protein. After three washes by PBS, the purified GST-HDGF was eluted in 20mM Tris-
HCL, pH 8.0 with 10mM reduced glutathione. To obtain the purified recombinant HDGF, the
same method as described in CypB purification section was used to remove the GST peptide
following thrombin cleavage.

Analysis of F Actin organization in response to CypB and HDGF
Human MSCs were placed on glass slides and allowed to adhere for 24 hours. Fresh growth
medium was added to gently cover the MSCs. MSCs were exposed to CypB or HDGF. A
concentration gradient was created by placing a pipet tip containing the chemotactic stimulus
(1 μg in 10μl PBS) at the end of the slide opposite the MSC plating site, so that the proteins
could slowly released from the fine opening of the tip to generate concentration gradient. After
an additional 18 hours of culture, cells were processed for F-Actin staining. Cells were fixed
with 3.7–4.0% paraformaldehyde for 10 minutes, washed three times in PBS, and permeablized
with 0.1% Triton for 5 minutes. The cells were then blocked with blocking buffer (PBS + 10%
BSA) for 15 minutes. Phalloidin-TRITC (tetramethylrhodamine B isothiocyanate) (Sigma,
Saint Louis, MO) was used at a final concentration of 50ng/ml in blocking buffer and cells
were stained for 60 minutes. Cells were then washed three times in PBS and mounted using
ProLing Gold antifade reagent with DAPI (Invitrogen, Carlsbad, CA). Images were obtained
using EX-C1 Spectral Imaging program from Nikon.

Coverglass Chemotaxis Assay
A chambered coverslip system was used (grace bio-labs from gracebio.com). This system
consists of a coverslip with a removable silicone gasket which separates two 15mm x 15mm
wells at a predetermined distance (1mm). Human mesenchymal stem cells (5X104 cells in
300μl) were plated in α-MEM supplemented with 10%FBS and penicillin/streptomycin in one
well of the coverslip and grown for 24 hours in at 37°C and 5% CO2. After 24 hours to allow
cells to adhere to the coverslip, MSC were washed in 1XPBS to remove nonadherent cells.
Cyclophilin B (1μg) or hepatoma-derived growth factor (1μg) were soaked into a 300μl section
of 2% agarose and the gel piece was placed in the opposite well from the MSCs. The gasket
from the coverslip was then removed. After the gasket was removed, the coverslips were placed
in a 10cm Petri dish and 6–7ml of α-MEM supplemented with 10% FBS and penicillin/
streptomycin was added. The cells were incubated for 72 hours at 37°C and 5% CO2. The
samples were then fixed in 3.7–4%paraformaldehyde for 15 min. Samples were washed in
1XPBS three times. Cells were permeabilized with 0.1%Triton for 5 min and washed 2–3times
in PBS (5 minutes each) then blocked with α-MEM supplemented with 10%FBS for 5–15min.
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Primary antibody (anti-tubulin antibody, Sigma, clone DM1A) was added and samples were
incubated in the dark at room temp for 45 minutes to1hr then washed 2–3X in PBS (5minutes
each). Secondary antibody (goat anti-mouse Alexa 568, Molecular Probes) was added and
incubated in the dark at room temperature for 45 minutes to 1 hour. Samples were washed 2–
3Xin PBS (5 minutes each), mounted and dried overnight and sealed with nail polish. Slides
were then viewed and images obtained using an EX-C1 spectral imaging program from Nikon
and the number of MSCs more than 0.3 mm outside of the original area of the well both toward
the stimulus and away from the stimulus were counted.

Statistical Analysis
At least three independent experiments were performed for each migration assay. Results are
presented as means +/− standard deviation. Statistical significance was determined using the
Student’s t test and a value of p<0.05 was considered statistically significant. Microsoft Excel
software was use for statistical analysis.

Results
Purification and Identification of Pro-migratory Factors from Tumor-conditioned Medium

Using a Boyden chamber migration assay we developed a two-step purification procedure for
the enrichment of heparin-binding molecules that induce MSC migration from tumor-
conditioned medium from the human breast cancer cell line MDA-MB231 (Fig. 1A). Rat MSCs
were used in the migration assay throughout the purification procedure. The tumor-conditioned
medium was first loaded onto a heparin column, protein fractions were eluted using a step
gradient of 0.2–0.8 M NaCl and fractions were assayed for the induction of MSC migration.
The activity was recovered in fractions eluted from 0.4 and 0.6 M NaCl (Fig.1B). These
fractions were combined and applied to a green dye column. The proteins were eluted from
the green dye column with a step gradient of 0.2–0.8 M NaCl. The major pro-migratory activity
was present in fractions eluted at 0.6 M NaCl (Fig. 1C).

Enrichment using a heparin column allowed for an approximately 20-fold purification of the
pro-migratory activity based on the ratio of total protein mass from CM and the heparin-eluted
fraction. Further enrichment by green dye resin greatly increased the purification to 16,000-
fold. The green dye resin-eluted fractions contain major protein bands at approximately 47 and
20 kDa (Figure 1D).

Active fractions from the green dye column were pooled and resolved by the SDS-PAGE. The
gel was divided into sections and proteins were eluted from each gel section. The activity of
the eluted proteins was then assayed to determine the approximate molecular weight of the
chemotactic factors. The results of the migration assay show that the maximum activity is
derived from proteins with molecular weight ranging from 18–25 kDa (Fig. 1E). The 18–25
kDa proteins were then subjected to analysis by electrospray tandem mass spectrometry (ES-
MS/MS). Thirteen different known human proteins were identified (Table 1). To validate this
strategy we further characterized two candidate chemotactic factors. Both cyclophilin B and
hepatoma-derived growth factor were represented by multiple peptides in the ES-MS/MS
analysis (Fig. 2A and 2C) and are reported to have chemotactic activity in other systems[30–
36]. Additionally, both cyclophilin B and HDGF are found in increasing concentrations in the
active fractions from the heparin and green dye columns (Fig 2B and 2D). These two proteins
were therefore subjected to further analysis.

Recombinant Cyclophilin B induces MSC migration
Recombinant bacterially expressed GST-tagged CypB was produced. The protein was purified
and the GST peptide removed by thrombin cleavage (Fig. 3A). The ability of recombinant
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cyclophilin B to induce migration of human MSCs was then determined. Results of a migration
assay show that CypB induces human MSC migration in a concentration-dependent fashion:
CypB concentration at 50 ng/ml is able to exert levels of pro-migratory activity of
approximately fifty percent of the maximal activity obtained using conditioned medium of
tumor cells, and maximum migratory effect (about 90% of the effect of conditioned medium)
is achieved at concentration of 100 ng/ml (Fig. 3B). Inactivation of CypB by boiling abolished
this effect, suggesting that secondary and/or tertiary structures are critical for this function.
These data indicate that CypB can induce MSC chemotaxis.

A specific Cyclophilin B blocking antibody decreases MSC migration in response to tumor-
conditioned medium

Increasing concentrations of a specific anti-cyclophilin B antibody were added to tumor-
conditioned medium used as a stimulus in the migration assay. Human MSC migration was
reduced in a concentration-dependent manner (Figure 3C). Maximum blockade of migration
was achieved with an antibody concentration of 10μg/ml. Heat-inactivated antibody and a
monoclonal antibody against EOT-2, an unrelated chemokine, did not inhibit MSC migration.

Antibody mediated blockade of a cyclophilin B receptor, CD147, impairs MSC migration in
response to tumor-conditioned medium

Cyclophilin B has been reported to induce chemotaxis through its interaction with CD147
[37]. Human MSCs were exposed to increasing concentrations of an anti-CD147 antibody prior
to assaying their migration in response to tumor-conditioned medium. The results of the
migration assay show that CD147 blockade diminishes MSC migration in a concentration-
dependent manner (Fig. 3D). The migration is maximally reduced by the antibody at 10 μg/
ml. Heat denatured antibody did not effect migration. Inhibition of MSC migration by this
antibody suggests that the CD147 is involved in CypB-mediated migration of MSCs.

Hepatoma-derived growth factor induces MSC migration
Hepatoma-derived growth factor (HDGF) is a known chemotactic molecule that is present in
MDA-MB-231 tumor-conditioned medium. It was represented by six distinct peptides in the
ES MS/MS analysis and can be identified in increased amounts in the active column fractions
(Figure 2D and 2E). The ability of HDGF to induce human MSC migration was verified through
the use of both recombinant HDGF in the Boyden chamber assay and the attenuation of the
effect of tumor conditioned medium using a specific antibody to HDGF. Recombinant GST
tagged HDGF was produced and purified using GST beads (Figure 4A). Purified HDGF
stimulates MSC migration to nearly the same extent as conditioned medium at HDGF
concentrations of 50–100ng/ml (Figure 4B). The addition of an anti-HDGF antibody to tumor
cell conditioned medium attenuates MSC migration in a concentration-dependent manner
(Figure 4C).

Cytoskeletal changes in MSCs associated with chemotaxis in response to CypB and HDGF
We investigated the changes in human MSC cytoskeletal organization in response to CypB
and HDGF. The exposure of MSCs to gradients of CypB or HDGF led to characteristic
reorganization of actin filaments as detected by phalloidin staining (Figure 5). In response to
these stimuli MSCs were observed to have F actin filaments organized along the length of the
cell indicative of cytoskeletal reorganization during chemotaxis.

CypB and HDGF induce MSC chemotaxis
We investigated whether MSCs would display chemotaxis in response to a gradient of HDGF
or CypB. Using a chamber coverslip system a gradients of HDGF or CypB were established.
MSCs showed chemotaxis toward both the CypB and HDGF stimuli but no migration away
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from these stimuli (Figure 6). This indicates that MSCs have a directional response to gradients
of CypB and HDGF.

Discussion
Bone marrow-derived MSCs localize to solid tumors and may play an important role within
the tumor stroma. In an effort to understand the molecular signals involved in MSC migration,
factors that promote MSC chemotaxis have been identified using molecular genetic approaches
and ELISA analysis. While important information has been obtained using these methods, less
well-described chemotactic stimuli may be overlooked. We have used heparin binding, a
specific biochemical property common to multiple known chemotactic factors, as the basis for
an enrichment strategy to identify additional molecules that influence MSC localization.

Numerous chemokines bind to proteoglycans and this interaction plays an important role in a
variety of biological processes such as cell surface receptor binding, cell adhesion, and the
formation of signaling gradients[23,24,38–41]. We have used heparin sulfate binding as the
basis for the enrichment of factors that promote MSC chemotaxis from tumor conditioned
medium. Using electrospray tandem mass spectrometry for protein microsequencing candidate
pro-chemotactic molecules were identified. Cyclophilin B and hepatoma-derived growth factor
were subjected to further analysis confirming that these two proteins, present in tumor-
conditioned medium, promote MSC chemotaxis.

Cyclophilin B is a member of the immunophilin family of proteins. These proteins have
peptidyl-prolyl cis-trans isomerase activity and perform roles as chaperones and in cell
signaling[42]. Cyclophilins A and B have been reported to induce the chemotaxis of
hematopoietic cells such as T cells, eosinophils, and neutrophils [30–33]. Because cyclophilin
B was highly represented in our analysis and induces chemotaxis in other systems, we further
investigated the ability of cyclophilin B to promote MSC chemotaxis. Recombinant cyclophilin
B was able to induce MSC chemotaxis and antibody mediated blockade of both cyclophilin B
as well as a known receptor for cyclophilin B, CD147 [37]inhibits MSC migration in response
to tumor-conditioned medium. These data indicate that cyclophilin B may be involved in the
response of MSCs to tumor cells. However, the concentration of recombinant cyclophilin B
needed to stimulate MSC migration was significantly higher than the concentration of
cyclophilin B in the tumor CM. As multiple other factors are know to influence MSC
chemotaxis it is likely that chemotaxis of MSCs in response to tumor CM is due to a
combination of signaling molecules.

Hepatoma-derived growth factor (HDGF) is a known heparin-binding protein that was
originally isolated from the conditioned medium of a human hepatoma cell line. It has sequence
homology with high mobility group protein 1 (HMG 1). HDGF induces the chemotaxis and
growth of smooth muscle cells[34–36]. It also has angiogenic activity[43,44]. Our data show
that HDGF promotes the chemotaxis of MSCs and suggest that HDGF may have a role in the
interplay between tumor cells and stromal elements. However, as with cyclophilin B,
recombinant HDGF does not promote MSC migration as efficiently as tumor-conditioned
medium. It is important to note that identification of the specific role of either Cyp B or HDGF
in the homing of MSCs to tumor sites in vivo awaits further study.

Both cyclophilin B and HDGF are know to bind to glycosaminoglycans (GAGs). The important
role played by GAGs during inflammation is being increasingly appreciated. GAGs appear on
cell surfaces, in the extracellular matrix, and in soluble forms. Interaction with GAGs is
important in the function of signaling molecules such as cytokines[45] and has been implicated
in leukocyte trafficking through activated endothelium[24], the presentation of chemokines to
their cell surface receptors[41,46,47], protection from proteolysis[23,38,48], and the formation
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of chemical gradients[40,49,50]. In the case of cyclophilin B the interaction with cell surface
heparin sulfate proteoglycans may be important in CypB signaling through CD147[31].
Because of the important role of GAG binding in cellular communication this interaction can
be exploited for the isolation of signaling molecules.

Our data demonstrate that both HDGF and CypB can influence the behavior of MSCs in a
simple in vitro system. While the Boyden chamber assay is a rapid and useful assay for the
isolation of pro-migratory stimuli for MSCs, it is unlikely to completely represent the function
of these molecules during in vivo MSC biology. However, a number of other signaling
molecules that induce MSC chemotaxis in vitro have been shown to play an important role in
MSC biology in vivo. Stromal derived factor I stimulates in vitro MSC chemotaxis and has
been shown to be important in MSC growth, release from the bone marrow, and resistance to
apoptosis. Thus in vitro chemotaxis can serve as an assay for the initial identification and
isolation of peptides that may be important in MSC behavior. The influence of HDGF and
CypB on other MSC properties such as growth and resistance to apoptosis as well as their
importance in different in vivo processes such as wound healing and tumor growth remain an
area for additional study.

The tumor stroma is increasingly recognized as a potential therapeutic target for the treatment
of solid tumors. A significant portion of the tumor stroma is made up of bone marrow-derived
cells and disrupting the localization of these cells to the tumor microenvironment is being
investigated in both preclinical settings and early clinical trials. Impairing endothelial
progenitor cell mobilization from the bone marrow has been shown to inhibit tumor growth in
animal models and is being tested in the clinic[51,52]. Pharmacological ablation of
macrophages, another important component of the tumor microenvironment, has also been
demonstrated to impair tumor growth in animal models[53]. Recent evidence suggests that
MSCs are also a critical component of the stroma of some solid tumors[54]. A more complete
understanding of the role of the signaling pathways that lead to MSC localization to solid
tumors may uncover novel strategies for targeting MSCs within the tumor microenvironment.

In summary, we have used an enrichment strategy based on heparin binding to identify novel
factors produced by tumor cells that induce MSC chemotaxis. This strategy allows for the
identification of candidate molecules that may not be evident through screening for known
chemokines using molecular methods or ELISA. A more complete understanding of the
crosstalk between tumor cells and MSCs will allow a better understanding of their in solid
tumor growth.
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Figure 1.
The strategy for enrichment of heparin-sulfate binding pro-migratory factors is shown in A. A
heparin column with 10 ml resin was loaded with 3 L conditioned medium (CM) after 18 h
incubation with MDA-MB-231 cells. The absorbed proteins were then eluted with 20 ml
aliquots of buffer with increasing concentrations of NaCl (0.2, 0.4, 0.6 and 0.8 M). Equal
volume (60 μl each) of the eluted fractions were subjected to MSC migration assay. The activity
of fractions eluted from the heparin sulfate column are shown in B. The activity is presented
as the number of cells migrating in response to each column fraction and compared to the
number of cells migrating in response to MDA-MB231 conditioned medium (CM). The control
medium (control) is α-MEM with 2% FBS. Active fractions from the heparin sulfate column
(0.4 M and 0.6M eluates) were then pooled and loaded on a 10ml column packed with green
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dye. Again, protein was eluted using increasing concentrations of NaCl. The activity of
fractions eluted from the green dye column is shown in C. SDS PAGE was run of column
fractions with MSC pro-migratory activity from the green dye and heparin columns as well as
MDA-MB-231 conditioned medium and protein bands were visualized using staining as shown
in D. The active fraction from the green dye column (0.6M) was subjected to SDS-PAGE and
protein was eluted from gel fragments containing various size proteins. The activity of proteins
eluted from the gel is shown in E. The response to α-MEM with 2% FBS (control) is shown.
Data are representative of one of three experiments with triplicate wells. The chemotactic
activity is presented as the total number of migrating cells in response to eluted proteins. Error
bars represent SD. Statistical significance: *, p< 0.038.
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Figure 2.
The fractions from the green dye column with maximum activity were resolved with SDS-
PAGE and a gel fragment containing peptides in the 18kDa to 25kDa size range was excised.
Proteins were eluted and subject to ES MS / MS. Sixteen peptide fragments corresponding to
cyclophilin B were identified (A) and a Western blot of the active column fractions as well as
the conditioned medium with an anti-cyclophilin B antibody revealed an increasing
concentration of cyclophilin B throughout the enrichment procedure (B). Six peptide fragments
corresponding to hepatoma-derived growth factor were identified (C). A Western blot of the
active column fractions as well as the conditioned medium with an anti-HDGF antibody only
detected in the eluted fraction from green dye column (D).
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Figure 3.
Recombinant cyclophilin B was produced and resolved by 15% SDS-gel with Coomassie Blue
staining (A). Lane 1 shows the purified GST-tagged CypB (0.2 μg) was cleaved by thrombin,
and lane 2 shows the purified recombinant CypB (0.2 μg) after removal of the cleaved GST
peptide. Recombinant cyclophilin B was able to induce MSC migration in a concentration-
dependent manner from 2 to 200 ng/ml. Boiled, recombinant cyclophilin B did not induce MSC
migration (B). Statistical comparisons: *, significantly higher than control, p= 0.03. The
chemotaxis of MSCs in response to MDA-MB231 conditioned medium (CM) and to medium
with 2% FBS (control) are shown. An anti-cyclophilin B antibody blocks the chemotaxis of
MSCs in response to MDA-MB-231 conditioned medium (C). Statistical comparisons: *,
significantly lower than CM, p= 0.05 The anti-cyclophilin B antibody was added to CM at
concentrations from 1 to 10 μg/ml and a concentration-dependent decrease in MSC migration
was observed. Neither boiled antibody nor an antibody to an unrelated protein (Eot-2) had this
effect. MSC migration in response to 2% FBS (control) is also shown. A specific antibody to
a known receptor for cyclophilin B, CD147, was also added to tumor cell CM at concentrations
from 1 to 10 μg/ml and also inhibited migration of MSCs. This effect was not observed when
the anti-CD147 antibody was boiled (D). comparisons: *, significantly lower than CM, p= 0.01
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Figure 4.
Recombinant GST tagged HDGF was produced. This figure shows Coomassie blue staining
of the purified GST-tagged HDGF (1 μg) cleaved by thrombin (A lane 1), purified recombinant
HDGF (0.2 μg) after removal of GST peptide (A lane 2) and purified recombinant protein (0.2
μg) analyzed by Western blotting using the antibodies to the proteins. (A lane 3). Recombinant
HDGF was able to induce MSC migration in a concentration-dependent manner from 0.4 to
100 ng/ml. Migration of MSCs in response to the medium with 2% FBS (control) is shown.
Boiled, recombinant HDGF did not induce MSC migration and addition of an anti-HDGF
antibody at a concentration of 12 μg/ml blocks migration in response to 100ng/mL HDGF
comparisons: *, significantly higher than control, p= 0.01. (B). An anti-HDGF antibody also
blocks the migration of MSCs in response to MDA-MB-231 conditioned medium (C). The
anti-HDGF antibody was added to CM at concentrations from 1 to 12 μg/ml and a
concentration-dependent decrease in MSC migration was observed. Antibody denatured by
boiling did not affect MSC migration. Statistical significance *, significantly lower than CM,
p= 0.002.
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Figure 5.
Cytoskeletal changes in mesenchymal stromal cells (MSCs) exposed to a CypB or an HDGF
gradient. (A): Phalloidin staining shows F actin filament organization of MSCs grown in
medium with 2% FBS. (B & C): MSCs were exposed to CypB (B) or HDGF (C). A
concentration gradient was created by placing a pipet tip loaded with the stimulus at the
opposite edge of the slide from the plated MSCs. After a 24-hour incubation organization of
F-actin along the length of the cells can be seen.
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Figure 6.
Movement of MSCs in response to gradients of CypB or HDGF. Human MSCs were exposed
to a gradient of CypB or HDGF using a chambered coverslip system. After a period of 72 hours
of incubation MSCs were stained for αtubulin and cells that had migrated more than 0.3mm
from the original plating site both toward the stimulus and away from the stimulus were
determined. (A): MSCs are seen migrating from the original plating site toward the CypB
source and with minimal migration out of the original plating area away from the CypB stimulus
(control). (B): MSCs are observed migrating from the original plating site toward the HDGF
source and no cells migrated out of the original plating area away from the HDGF stimulus
(control). (C): Graph showing the number of cells greater than 0.3mm from the original plating
area in response to CypB and HDGF. Controls are the number of cells migrating greater than
0.3mm from the original plating area in the direction away from the stimulus. Error bars show
standard deviation (n=3). Statistical significance *, significantly increased number of cells,
p<0.03.
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Table 1
List of identified known proteins identified by ES-MS/MS analysis

cyclophilin B (peptidylprolyl isomerase B)
hepatoma-derived growth factor
tissue inhibitor of metalloproteinase 1
nucleophosmin 1
nascent-polypeptide-associated complex alpha polypeptide
translation initiation factor IF2
histidyl-tRNA synthetase
apolipoprotein A-I precursor
90 kDa NFAR protein
HMGB1
dyskerin
insulin-like growth factor binding protein 7
S100 calcium binding protein A13
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