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Abstract
It has become increasingly evident that chemotherapy regimens used to condition patients prior to
bone marrow transplantation damage the hematopoietic microenvironment as dose-escalation reveals
problems with hematopoietic recovery or engraftment. We have previously demonstrated that bone
marrow stromal cells (BMSCs) exposed to dose escalated etoposide (VP-16) have reduced support
of CXCR4+ cell chemotaxis and diminished stromal cell derived factor-1 (CXCL12) in the
supernatants. Based on the identification of CXCL12 as a matrix metalloproteinase-2 (MMP-2)
substrate, we investigated potential dysregulation of MMP-2 expression or activity in chemotherapy-
treated BMSCs. BMSC exposure to VP-16 resulted in an immediate, but transient, increase in MMP-2
followed by reduced MMP-2 protein expression correlated with diminished CXCL12 protein and
reduced chemotactic support. Consistent with these observations, BMSCs derived from MMP-2
knockout mice had significantly less chemotactic support of CXCR4+ cells than wild-type controls.
Inhibition of BMSC MMP-2 activity by the specific inhibitor, OA-Hy, also reduced chemotactic
support and CXCL12 protein detected in supernatants. VP-16-induced reduction of BMSC support
of hematopoietic cell migration was restored by supplementing cultures with physiological levels of
recombinant MMP-2 protein. These data suggest that MMP-2 is sensitive to chemotherapy-induced
stress, and may regulate BMSC support of hematopoietic cell chemotaxis through diverse
mechanisms. Increased MMP-2 expression during the acute phase of chemotherapy potentially
mediates inactivation of CXCL12. Subsequently, chronic exposure to chemotherapy, with the
associated downregulation of MMP-2, interrupts CXCL12 release from the extracellular matrix.

Introduction
Chemotaxis of hematopoietic progenitor or stem cells to the bone marrow microenvironment
is essential for efficient hematopoietic recovery following bone marrow transplantation1,2.
CXCL12 is the primary chemokine released by BMSCs that promotes chemotaxis of
transplanted progenitors to the bone marrow microenvironment 3,4. Following migration to
the bone marrow, hematopoietic progenitors interact with BMSC, which provide support to
developing hematopoietic cells through the production of soluble cytokines and chemokines,
and adhesion molecules that facilitate physical interaction 5,6. In addition, BMSCs cells
deposit extracellular matrix that provides structural support and stabilizes hematopoietic
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growth factors in concentrated niches 7-10. CXCL12 is concentrated and stabilized in the bone
marrow microenvironment on heparin sulfated proteoglycans produced by BMSCs 11.

Preparative regimens used prior to transplantation are aggressive, and have the potential to
damage the hematopoietic microenvironment 12-15. One chemotherapeutic agent, etoposide
(VP-16), has previously been shown to negatively influence BMSC support of hematopoiesis,
in part, by diminishing vacsular cell adhesion molecule (VCAM-1) protein 16. Studies from
our own laboratory have shown that VP-16 exposure also results in reduced ability of BMSCs
to support pro-B cell chemotaxis 17. Together, these observations highlight the vulnerability
of BMSCs to chemotherapy damage, and prompted our investigation of the mechanisms by
which chemotherapy reduces efficiency of pro-B cell chemotaxis.

MMPs have traditionally been considered in the context of extracellular matrix regulation,
however additional roles have been identified, including 18-20 regulation of hematopoiesis.
Based on studies by others that documented the ability of MMP-2 to cleave and inactivate
CXCL12 21, we determined whether VP-16 exposure increased MMP-2 activity or expression
in BMSCs, contributing to reduced chemotactic support. An immediate increase in MMP-2
activity following initiation of VP-16 exposure was observed, that was pronounced and
transient. BMSCs exposed to greater than 5 hours of chemotherapy expressed less MMP-2
protein than control BMSCs. Coincident with reduced MMP-2 expression is a reduction of
CXCL12 protein and chemotactic support capacity. These observations position MMP-2 as a
factor in the bone marrow microenvironment that can respond to external stresses, including
chemotherapy, and influence support of hematopoietic reconstitution through regulation of the
CXCL12 gradient.

Materials and Methods
Reagents

VP-16 (etoposide, Bristol Laboratories, Princeton, NJ) was stored at a stock concentration of
33.98 mM at -20°C and was diluted in α-Modification of Eagles Medium (α-MEM, GIBCO,
Grand Island, NY) immediately prior to use. MMP-2 Inhibitor I (Cis-9-Octadeconyl-N-
hydroxylamide, OA-Hy, Calbiochem, San Diego, CA) was reconstituted in DMSO at 10mM
immediately prior to use. Recombinant human MMP-2 (Biomol International L.P., Plymouth
Meeting, PA) and recombinant murine MMP-2 (R&D Systems Inc., Minneapolis, MN) were
diluted in media at the indicated concentrations. Mouse anti-human MMP-2 (Ab 3) monoclonal
antibody was obtained from Calbiochem, Boston, MA.

Cell lines and culture conditions
Stromal cell cultures were initiated from human bone marrow from consenting donors, with
approval by the West Virginia University Institutional Review Board, as previously described
15. All primary BMSC cultures were initiated from donors with no previous chemotherapy
exposure. BMSCs were maintained in α-MEM supplemented with 10% fetal bovine serum
(Hyclone, Logan, UT), 1% L-glutamine (GIBCO, Grand Island, NY), 1% Penicillin/
Streptomycin (Sigma, St. Louis, MO), and 0.1% 2-beta-mercapthanol (Sigma, St. Louis, MO).

Murine BMSC line S10 was provided by Dr. Kenneth Dorshkind (University of California
Los, Angeles). Characterization and maintenance of S10 has been previously described in detail
22. S10 BMSCs were grown to confluence in α-MEM supplemented with 2.5% fetal bovine
serum, 1% L-glutamine (GIBCO, Grand Island, NY), 1% Penicillin/Streptomycin (Sigma, St.
Louis, MO), and 0.1% 2-beta-mercapthanol (Sigma, St. Louis, MO).

Murine pro-B cell clone C1.92 was provided by Dr. Kenneth S. Landreth (West Virginia
University). Derivation of C1.92 has been previously described 23. C1.92 was maintained in
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the presence of the BMSC line S-10 and 50U/mL recombinant murine IL-7 (mIL-7, Biosource
International, Westlake Village, CA).

MMP-2-/- and wild type (WT) BMSCs were initiated from femurs isolated from C57BL/6 WT
and C57BL/6 MMP-2 knockout mice (kindly provided by Dr. Farrah Kheradmand; Baylor
College of Medicine) 24. WT and MMP-2-/- BMSCs were cultured in α-MEM supplemented
with 2.5% fetal bovine serum, 1% L-glutamine (GIBCO, Grand Island, NY), 1% Penicillin/
Streptomycin (Sigma, St. Louis, MO), and 0.1% 2-beta-mercapthanol (Sigma, St. Louis, MO).

Gelatin Zymography
BMSC supernatants were collected following 2 hours treatment in serum free α-MEM
(GIBCO, Grand Island, NY) with 100μM VP-16 (Bristol Laboratories, Princeton, NJ).
Supernatants were concentrated 10X using Amiconfi Ultra-15 Centrifugal Filters (Millipore,
Billerica, MA). Samples were resolved in SDS-PAGE gels containing 1mg/mL gelatin (Sigma,
St. Louis, MO). Following electrophoresis, gels were incubated for 30 minutes in 2.5% Triton-
X-100 (Mallinckrodt, Inc., Paris, KY) and subsequently incubated overnight at 37°C in 1X
developing buffer (1.2% Tris Base, 6.3% Tris HCl, 11.7% NaCl, 0.7% CaCl, 0.2% Brij 35).
Gels were then stained with 0.5% Coomassie Blue R-250 (Bio-Rad Laboratories, Richmond,
CA) for 30 minutes at room temperature and then destained (50% Methanol, 10% acetic acid,
40% dH20) until clear bands were detected indicative of MMP-2 and/or MMP-9.

Western blot analysis
Confluent BMSCs were treated with 25-100μM VP-16 for 24 hours. To determine protein
stability, confluent BMSCs were set up in duplicate and treated with both 100μM VP-16 and
25:g/mL cycloheximide or VP-16 alone for 2 to 24 hours. Supernatants were collected
following treatment and concentrated 10x using Amicon® Ultra-15 Centrifugal Filter Devices
(Millipore, Billerica, MA). Media was centrifuged at 3,000xg for 10 minutes at room
temperature. Concentrated supernatants were resolved on SDS-PAGE gels and transferred to
nitrocellulose membranes (Schleicher & Schuell bioscience, Inc., Keene, NH). Membranes
were blocked in TBS/5% nonfat dry milk/0.1% Tween-20 at room temperature for 1 hour and
probed with mouse anti-human MMP-2 monoclonal antibody. Proteins were detected by
incubation with horseradish peroxidase-conjugated secondary antibody and visualized with
ECL reagents (Amersham, Pharmacia Biotech, Piscataway, NJ).

Confocal Microscopy
BMSCs were grown to confluence on glass coverslips and treated with 100μM VP-16 for 24
hours. Following treatment, BMSCs were rinsed in autoclaved 1X PBS and fixed in 1:1
methanol: acetone for 20 minutes. Non-specific antibody binding was blocked by incubation
of BMSCs for 15 minutes in autoclaved 1X PBS/5% BSA. Intracellular MMP-2 was evaluated
by incubation of BMSCs with MMP-2 monoclonal antibody for 1 hr. PE conjugated secondary
antibody was then added to BMSCs for 60 minutes and coverslips were inverted on slides and
evaluated by confocal microscopy (Zeiss LSM 510, Thornwood, NY)

RNA Isolation
Total RNA was isolated from BMSCs using the Micro-to-Midi Total RNA Isolation kit
following the recommendations of the manufacturer (Invitrogen, Carlsbad, CA). Pelleted
BMSCs were lysed by centrifugation through QIA shredder Spin Columns (QIAGEN Inc,
Santa Clarita, CA). RNA was treated with 1U DNAse for 30 minutes at 37°C and samples were
quantitated at 260nm (GENESYS-10UV, Spectronic Unicam, Rochester, NY).
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PCR
To evaluate MMP-2 and β-actin RNA levels, semi-quantitative “One-Step” RT-PCR
(QIAGEN Inc., Valencia, CA) was completed using 0.1μg RNA isolated from untreated or
VP-16 treated BMSCs. Reverse transcription was completed by incubation of samples at 42°
C for 90 minutes and amplification initiated by a hot start at 95°C for 5 minutes, followed by
35 cycles of 94°-1 minute, 55°-1 minute, and 72°-1 minute (Perkin-Elmer GeneAmp PCR
System 9600). Actin and MMP-2 primer (0.1μg/sample) were added to each reaction. Actin
specific primers included 5’TGACGGGGTCACCCACACTGTGCCCATCTA-3’ and
5’TAGAAGCATTTGCGGTGGACGATGGAGGG-3’ (Stratagene, La Jolla, CA) to generate
an amplicon of 661 base pairs. MMP-2 primers were 5’-GGCCCTGTCACTCCTGAGAT3’
and 5’-GGCATCCAGGTTATCGGGGA-3’ (Biosource International, Camarillo, CA) to
generate an amplicon of 474 base pairs. MMP-2 to actin ratios were quantitated by EagleSight
Version 3.21 (Stratagene, La Jolla, CA) densitometric analysis. The linear range of
amplification was determined for each primer set prior to use.

RNAse protection assay
Confluent BMSC layers were treated with 25, 50 or 100μM VP-16 for 24 hours. RNAse
protection assays were performed using an RPAIII kit according to the protocol of the
manufacturer (Ambion Inc., Austin, TX). 10μg of RNA from each sample was hybridized to
32P-labeled MMP-2, GAPDH, and L-32 specific probes. Anti-sense 32P-RNA probes were
generated using T7 RNA polymerase-directed synthesis from RiboQuant DNA templates
(PharMingen, San Diego, CA). Nucleic acids were treated with RNAse A and T1 to digest
unhybridized sequences. Protected RNA fragments that corresponded to MMP-2 and GAPDH
were visualized by exposure to Phospho Imager cassettes (Molecular Dynamics, Sunnyvale,
CA). MMP-2 band intensities were normalized to GAPDH or L-32 controls in each treatment
group.

CXCL12 and MMP-2 ELISA
Confluent BMSCs were treated with 1μM OA-Hy or 100μM VP-16 for 24 hours. 100μL of
24-hour BMSC conditioned supernatant was collected from each well to evaluate CXCL12 or
MMP-2 protein by ELISA, following the recommendations of the manufacturer (R&D
Systems, Inc, Minneapolis, MN). All samples were evaluated in triplicate. Colorimetric values
were read on a plate reader (Biotek Instruments, Inc., Winoski, VT) and analyzed by KC Junior
software with reference wavelengths set at 450nM and correction wavelengths set at 540nM.

Intracellular CXCL12 Staining
BMSCs were grown to confluence and exposed to 100μM VP-16, 1μM OA-Hy or DMSO for
24 hours. Following treatment, BMSCs were trypsinized, collected, and fixed in 10%
formaldehyde for 30 minutes. BMSCs were rinsed in 1X PBS and permeabolized in 70% EtOH
for 30 minutes on ice. To prevent non specific antibody binding, BMSCs were blocked in PBS/
5% BSA for 15 minutes and subsequently incubated with 2ug of CXCL12 specific antibody
or isotype control for 20 minutes. PE conjugated secondary antibody was added to BMSCs for
20 minutes. BMSCs were rinsed, evaluated by flow cytometry and data were analyzed using
CellQuest (Becton Dickinson, San Jose, CA).

Chemotaxis assay
Confluent BMSC layers, grown in 24-well tissue culture plates (Becton Dickinson, Franklin
Lakes, NJ), were treated with 100μM VP-16, 1μM OA-Hy, or left untreated for 24 hours.
BMSCs were then rinsed with fresh medium and 350μL of medium, or medium supplemented
with 10ng/mL recombinant murine MMP-2 or 25ng/mL recombinant human MMP-2 was
placed in the bottom chamber of each well for 2 hours. In addition, C57BL/6 WT or
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MMP-2-/- BMSCs were grown in 350μL α-MEM in 24-well tissue culture plates for 24 hours.
Following incubation, transwells with 5μ pores (Corning Inc., Corning, NY) containing
1.5×105 C1.92 were placed into each well. Following incubation at 37° C for 4 hours, cells
migrating to the lower chamber were enumerated by flow cytometry (number of events/30-
second collection). Recombinant CXCL12 (100ng/mL R&D Systems Inc., Minneapolis, MN),
and medium alone served as the positive and negative control respectively. All samples were
evaluated in triplicate.

Statistical Analysis
Statistical analysis was performed using Student’s T-test to detect differences among means
(SigmaStat Version 4.0 software, SPSS Inc., Chicago, IL). All statistical comparisons represent
treated samples compared to control levels. Statistically significant differences are indicated
by and asterisk on appropriate graphs.

Results
MMP-2 expression is regulated distinctly during acute and chronic VP-16 exposure.

To evaluate alterations in MMP-2 protein, we performed gelatin zymography on supernatants
from BMSCs that were exposed to VP-16. Following treatment, BMSC MMP-2 levels
increased at 30 minutes and subsequently began to diminish following 5 hours of VP-16
exposure (Figure 1A).

To determine whether VP-16 alters BMSC production of MMP-2 during long-term exposure,
we evaluated several primary human BMSC lines by ELISA following 24 hours of exposure
to VP-16. MMP-2 protein was diminished in supernatants of BMSCs to approximately 12%
to 58% of that in untreated controls (Data not shown). MMP-2 protein was also evaluated by
western blot and the amount of active and latent MMP-2 protein in concentrated supernatants
was determined to be reduced by VP-16 exposure compared to untreated controls (Figure 1B).
MMP-2 protein was not altered in BMSCs treated with VP-16 solvent control (Data not shown).
Reduction of MMP-2 protein in BMSCs exposed to VP-16 for 24 hours was not due to
intracellular accumulation (Figure 1C) or reduced protein stability (Figure 1D).

In contrast to MMP-2 protein, MMP-2 mRNA was not reduced during VP-16 exposure. Semi-
quantitative RT-PCR (Figure 2A) illustrates that BMSCs treated with 100μM VP-16 do not
have diminished MMP-2 mRNA. This result was confirmed by RNAse protection (Figure 2B).

MMP-2 protein is necessary for optimal stromal cell support of chemotaxis.
To determine if MMP-2 protein is necessary for BMSC support of pro-B cell chemotaxis we
compared control BMSCs with BMSCs treated with OA-Hy or BMSCs derived from WT and
MMP-2-/- mice. Addition of OA-Hy to BMSCs resulted in approximately 50% reduction in
the ability of human primary (P151) and murine S-10 BMSCs to support C1.92 pro-B cell
chemotaxis (Figure 3A). Direct addition of OA-Hy to CXCL12 did not reduce support of
chemotaxis (Figure 3A). MMP-2-/- BMSCs also had diminished ability to support chemotaxis
compared to WT control BMSCs (Figure 3B). Addition of recombinant CXCL12 restored
MMP-2-/- BMSC support of chemotaxis to approximately 93% of control BMSCs. (Figure
3B).

CXCL12 protein is diminished in supernatants following MMP-2 inhibition.
To determine whether MMP-2 is required for release of CXCL12 protein into supernatants of
adherent BMSCs, BMSCs were treated with 1μM OA-Hy for 24 hours. CXCL12 protein was
diminished in OA-Hy treated BMSC supernatants compared to DMSO solvent control treated
BMSCs (Figure 4A). The reduction of CXCL12 in supernatants was not due to intracellular

Clutter et al. Page 5

Exp Hematol. Author manuscript; available in PMC 2007 January 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



accumulation of CXCL12 protein (Figure 4B). CXCL12 mRNA was not altered by OA-Hy
treatment, determined by RT-PCR (Data not shown).

Recombinant MMP-2 protein restores VP-16 treated BMSC support of chemotaxis.
To determine whether addition of MMP-2 protein could restore VP-16 treated BMSC support
of chemotaxis; we first determined the amount of MMP-2 protein that primary human BMSC
line (P156) and C57BL/6 BMSCs produced at steady state (Data not shown). Based on our
ELISA results, we added 25ng/mL rhMMP-2 to VP-16-treated P156 BMSCs or 10ng/mL
rmMMP-2 to C57BL/6 MMP-2-/- BMSCs to approximate physiological levels. Addition of
MMP-2 restored VP-16-treated and MMP-2-/- BMSC support of chemotaxis to greater than
100% of untreated human P156 BMSCs (Figure 5A) and 85% of that supported by WT murine
BMSCs (Figure 5B).

Discussion
In the current study we found that BMSC MMP-2 is affected differentially by acute and chronic
exposure to VP-16. Increased MMP-2 expression was transient in VP-16 treated BMSCs.
Subsequent to the acute response, MMP-2 protein was reduced when BMSCs were exposed
to VP-16 for longer periods of time. The consequence of chronic exposure of BMSCs to VP-16
is the main focus of the current study. Our data suggest that chemotherapy down regulates
MMP-2 protein expression and disrupts CXCL12 supported chemotaxis, potentially, by
inhibiting CXCL12 release from the BMSC surface. This novel role for MMP-2 in CXCL12
regulation broadens the context in which MMPs may influence hematopoiesis. Further, it
contributes to our understanding of factors that may impact on chemotactic support by the bone
marrow microenvironment following aggressive chemotherapy.

We have previously shown that VP-16 induces many alterations in BMSCs that reduce BMSC
support of hematopoiesis 16,17. In the current report, we show that VP-16 treatment (100μM)
increases, and then subsequently reduces, the amount of MMP-2 protein detected in BMSC
supernatants (Figure 1). VP-16 exposure rapidly increases BMSC ROS generation, potentially
allowing for immediate activation of MMP-2 through conformation changes resulting in auto-
catalytic cleavage of MMP-2’s pro-domain (unpublished data). The mechanism of diminished
MMP-2 protein during chronic VP-16 exposure is not due to reduced MMP-2 mRNA or
intracellular accumulation of protein (Figure 1, 2). Further, the stability of MMP-2 protein is
not reduced by VP-16 (Figure 1).

Based on this study, future investigations will focus, in part, on disruption of translation
efficiency of MMP-2 transcripts in VP-16 treated BMSCs. In other models VP-16 has been
shown to blunt phosphorylation of Eukaryotic Initiation Factor 4α (EIF4α)25 which is
necessary for MMP-2 translational initiation to occur 26. Additionally, VP-16 treatment of
Swiss 3T3 fibroblast cells increased association of cap binding protein eIF-4E with its
inhibitory binding protein 4E-BP 27. Unsequestered eIF-4E is also necessary for efficient
translation of MMP-2 message 26. These observations suggest that disrupted translation may
be one consequence of VP-16-induced damage, resulting in potentially diverse effects on
BMSC function.

Initial observations that preceded this study indicated that the addition of OA-Hy to established
BMSC pro-B cell co-cultures resulted in diminished adhesion of pro-B cells to BMSCs, a
subsequent accumulation of pro-B cells in G0/G1 phase of cell cycle, and increased apoptosis
(Data not shown). Clearly, the effects of OA-Hy on the co-culture may be due to a direct effect
of MMP-2 inhibition on BMSC function, pro-B cell proliferation or survival, or a combination
of effects on both cell types. The current study was aimed at isolating the effects of diminished
MMP-2 on BMSCs influence of hematopoietic support capacity.

Clutter et al. Page 6

Exp Hematol. Author manuscript; available in PMC 2007 January 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



B lymphopoiesis has not been evaluated in MMP-2-/- mice. However, MMP-2-/- mice have
been used to study antibody induced asthma, arthritis, and Experimental Autoimmune
Encephalomyelitis (EAE) 28-30. Increased incidence of EAE in MMP-2-/- mice is due to an
increase in T-cell MMP-9 expression. B cells were not evaluated in this model so no conclusion
can be drawn regarding B lymphopoiesis in the absence of MMP-2 in vivo 28. However, it has
become increasingly evident that MMPs influence hematopoietic cell support in the bone
marrow microenvironment from other studies. One report indicates that MMP-9 is required to
release soluble Kit-ligand within the bone marrow microenvironment, which regulates stem
cells movement from quiescent to proliferative niches 31. This study is just one that provides
precedent for MMPs function within the bone marrow microenvironment as a regulator of
growth-factor availability.

To determine whether diminished MMP-2 expression in BMSCs exposed to VP-16 contributes
to reduced support of chemotaxis, we treated BMSCs with OA-Hy, and quantitated the ability
of treated BMSCs to support pro-B cell chemotaxis. Consistent with VP-16 exposure, MMP-2
inhibition by OA-Hy diminished BMSCs support of chemotaxis (Figure 3A). Because the use
of chemical inhibitors has the limitation of non-specific effects, we chose to further investigate
MMP-2 in a more specific manner. To do so, we established BMSCs from MMP-2 knockout
mice. MMP-2-/- BMSCs used in this study were established from the only MMP-2-/- mice
currently available to our laboratory (femurs generously provided by Dr. Farrah Kheradmand).
This MMP-2-/- was generated on the C57BL/6 background. We have previously noted that
C57BL/6 BMSCs are very resistant to chemotherapy and display enhanced support of pro-B
cells when compared to human or Balb/c derived BMSCs (unpublished data). MMP-2-/-

BMSCs were less able to support pro-B cell chemotaxis than stromal cells established from
wild-type control mice, further supporting a role for MMP-2 protein in CXCL12 directed
migration of pro-B cells (Figure 3B).

OA-Hy treated BMSCs secrete less CXCL12 protein than controls (Figure 4A), however, we
have confirmed that this is not due to intracellular accumulation of the CXCL12 protein (Figure
4B). This suggests that MMP-2 may regulate release of CXCL12 from the BMSC surface.
Potentially, when MMP-2 protein is below physiological levels, as observed following VP-16
exposure or OA-Hy treatment, proteoglycan bound CXCL12 is not efficiently released and an
optimal chemotactic gradient is not established. Consistent with a role for MMPs in regulating
chemokine gradients, MMP-2-/- mice used in an antibody-induced asthma model have
inflammatory cells sequestered in lung parenchyma resulting in asphyxiation. Notably, MMP-2
protein is required for release of eotaxin chemokine (CCL11) 24 which is necessary for directed
migration of inflammatory cells out of the lung parenchyma.

Restoration of diminished BMSC chemotactic support by VP-16 treated BMSCs occurred only
when recombinant MMP-2 protein was added back at physiological levels (Figure 5B). Levels
that exceeded baseline decreased chemotactic support of BMSCS. A previous report indicates
that MMP-2 can cleave and inactivate CXCL12, resulting in reduced chemotactic support
21. Our data suggests that inactivation of CXCL12 by MMP-2 may occur when active MMP-2
is elevated during the acute response to chemotherapy. This may reduce the concentration of
active CXCL12 in the bone marrow microenvironment, contributing to diminished recruitment
of CXCR4+ pro-B cells. Consistent with the report noted above, we found that increased
MMP-2 diminished CXCL12 supported chemotaxis in a dose responsive manner (Data not
shown). Our data suggest that at physiological levels BMSC MMP-2 may release proteoglycan
bound CXCL12 establishing a chemotactic gradient, while inappropriately high levels
observed during tissue damage inactivate CXCL12 protein. Potentially, dysregulation of
MMP-2 that occurs during VP-16 exposure may contribute to diminished BMSC chemotactic
support by this combination of effects on CXCL12 activity and availability.
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Figure 1.
MMP-2 protein is dysregulated in BMSCs exposed to VP-16. (A) BMSC supernatants were
conditioned in serum-free medium for 8 hours. At each time point (30 minutes OE 8 hours)
100:M VP-16 was added to the conditioned BMSCs media. After 8 hours the supernatants
were collected and gelatin zymography performed to detect MMP-2. (B) Supernatants were
collected from VP-16 treated BMSCs and concentrated as described in Materials and Methods.
MMP-2 monoclonal antibody was used to detect MMP-2 protein in VP-16 treated groups
compared to supernatants collected from untreated control BMSCs. Data are representative of
three independent experiments. (C) BMSCs treated with 100μM VP-16 for 24 hours were fixed
and stained with MMP-2 monoclonal antibody and subsequently incubated with PE-tagged
secondary antibody. Fluorescence was detected by confocal microscopy. (D) Confluent
BMSCs were treated with either VP-16 or VP-16 and cycloheximide for 2-24 hours. At each
time point the supernatants were collected, concentrated 10X, and subjected to western blot
with antibody specific to MMP-2.
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Figure 2.
MMP-2 mRNA is not diminished following VP-16 exposure. (A) MMP-2 mRNA is not altered
by VP-16 treatment of BMSCs. BMSCs were treated for the indicated times with 100uM
VP-16. Semi-quantitative RT-PCR was performed to estimate the amount of MMP-2 message
in each sample relative to β-actin. Representative data from three independent experiments are
shown. (B) BMSCs were treated with 50 or 100μM VP-16 for 24 hours, RNA was extracted,
and RNAse protection assay was completed with probes specific for MMP-2 and GAPDH
sequences.
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Figure 3.
MMP-2 is necessary for optimal BMSC support of pro-B cell chemotaxis. (A) Murine S10 or
P151 primary human BMSCs were left untreated or treated with 1μM OA-Hy for 24 hours in
the bottom chamber of a transwell plate. Following 4 hours of chemotaxis towards BMSCs,
media, or rCXCL12, the number of C1.92 cells that migrated to the bottom chamber was
evaluated by flow cytometry. (B) C57BL/6 WT and C57BL/6 MMP-2-/- BMSCs were
evaluated for their ability to support chemotaxis of C1.92 cells. Following 4 hours of
incubation, C1.92 cells were collected from lower wells that contained either adherent WT or
MMP-2-/- BMSC layers. C1.92 cells that migrated to the bottom chamber were enumerated by
flow cytometry (p<.05).
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Figure 4.
CXCL12 protein is diminished in the supernatants of BMSCs with diminished MMP-2 protein
levels. (A) BMSCs were either untreated, or treated with 1μM OA-Hy, DMSO, or 100μM
VP-16 for 24 hours. Supernatants were evaluated by a CXCL12 specific ELISA (p<.01). (B)
CXCL12 intracellular staining was performed on BMSCs exposed to 1μM OA-Hy or DMSO
for 24 hours. All samples were compared to isotype controls.
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Figure 5.
Recombinant MMP-2 protein restores VP-16 treated BMSC support of chemotaxis. P156
primary BMSCs were treated with 100μM VP-16 for 24 hours and C57BL/6 MMP-2-/- BMSCs
were cultured for 24 hours prior to the addition of CXCR4+ cells to the top chamber. P156
BMSCs were then rinsed and either 10 mg/mL murine or 25 ng/mL human recombinant
MMP-2 was added in 350μL of media to C57BL/6 MMP-2-/- or P156 BMSCs respectively for
2 hours. 5μm transwells were placed on top of the cells and 1×106 C1.92 were evaluated for
their ability to migrate into the bottom chamber over a 4-hour period (p<.05).
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