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Abstract Stromal derived factor-1 (SDF-1 or CXCL12)

expressed by osteoblasts and endothelial cells, and its

receptors CXCR4 and CXCR7/RDC1 are key molecular

determinants in prostate cancer (PCa) metastasis. What

drives PCa cells into the extravascular marrow space(s)

once they make contact with the blood vessel endothelium,

however remains unclear. Here, we evaluated whether

degradation of CXCL12 facilitates PCa cell entry into the

marrow cavity by locally lowering CXCL12 levels intra-

vascularly. To explore this possibility, co-cultured

conditioned media from PCa cells and endothelial cells

were evaluated for their ability to degrade biotinylated

CXCL12 (bCXCL12). Co-culture of PCa cells/endothelial

cells resulted in greater digestion of CXCL12 than was

achieved by either cell type alone, and this activity regu-

lated invasion in vitro. The ability to degrade CXCL12 was

not however observed in PCa and osteoblasts co-cultures.

Fractionation and inhibitor studies suggested that the

activity was CD26/dipeptidyl peptidase IV (DPPIV) and

possibly other cysteine/serine proteases. By inhibiting

CD26/DPPIV, invasion and metastasis of PCa cell lines

were enhanced in in vitro and in vivo metastasis assays.

Together, these data suggest that the degradation of

CXCL12 by CD26/DPPIV may be involved in the meta-

static cascades of PCa, and suggests that inhibition of

CD26/DPPIV may be a trigger of PCa metastasis.
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Abbreviations

SDF-1 or CXCL12 Stromal derived factor-1

PCa Prostate cancer

DPPIV Dipeptidyl peptidase IV

HSC Hematopoietic stem cells

GAG Glycosaminoglycan

G-CSF Granulocyte colony-stimulating

factor

HBME Human bone marrow endothelial

cells

FBS Fetal bovine serum

HUVEC Human umbilical vein endothelial

cells

HDMEC Human dermal microvascular

endothelial cells

CM Conditioned medium

ELISA Enzyme-linked immunosorbent

assay
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bCXCL12 Biotinylated CXCL12

HRP Horseradish peroxidase

ECL Enhanced chemiluminescent

NIH National Institutes of Health

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide

SCID Severe combined immunodeficiency

QPCR Real-time polymerase chain reaction

MAPK Mitogen-activated protein kinase

ERK Extracellular signal-regulated kinase

Introduction

One of the most severe complications of prostate cancer

(PCa) are skeletal metastases. Identifying the molecular

mechanisms that regulate metastases is of clinical impor-

tance to determine those individuals at greatest risk. Yet

many of these events remain unclear. In some cases, the

anatomy of the efferent venous and lymphatic drainages

have been put forth as potential mechanisms, however, it is

also clear that anatomy alone is insufficient to explain

metastatic patterns [1]. It has been recently appreciated that

the expression of tissue-specific vascular ‘addresses’ that

regulate leukocyte trafficking to specific vascular beds may

be critical for the regulation of tumor metastasis [2–4].

Likewise, the metastatic process is functionally similar

to the migrational or ‘homing’ behavior of hematopoietic

stem cells (HSC) to the bone marrow. Numerous molecules

have been implicated in regulating HSC homing, partici-

pating as both chemoattractants and regulators of cell

growth. Our previous work in this field has drawn heavily

on establishing parallels between the HSC homing and the

PCa metastasis to the marrow. As a result, we identified

that PCa cells use the CXC chemokine stromal derived

factor-1 (SDF-1 or CXCL12) and its receptors CXCR4

[5–8] and CXCR7/RDC1 [9] as key elements in metastasis

and growth in bone. We have observed that CXCR4

expression relates to increasing tumor grade [6] and that

CXCL12 signaling through CXCR4 triggers the adhesion of

PCa to bone marrow endothelial cells [5], possibly by acti-

vating and increasing the expression of avß3 integrins [10]

and CD164 [11]. Moreover, a positive correlation exists

between tissue levels of CXCL12 and sites where metastatic

PCa lesions are observed suggesting a selective effect [7].

Critically, antibody to CXCR4 significantly reduces the

number of bone metastasis of PCa in vivo [7]. More recently

we have demonstrated that annexin II expressed by osteo-

blasts and endothelial cells plays a critical role not only in

HSC niche selection [12], but PCa metastasis [13].

What drives PCa cells into the extravascular spaces once

they make contact with the endothelium remains unclear.

Binding and immobilization of chemokines to glycosami-

noglycan (GAG) side-chains of proteoglycans is believed

to establish chemotactic gradients for chemokines present

at very low concentrations [14]. Recent reports have also

suggested a unique function for CXCR4 expressed on bone

marrow endothelial cells, which efficiently internalizes

circulating CXCL12, resulting in translocation of CXCL12

into the bone marrow [15].

Chemokine activity is known to be regulated by receptor

expression and shedding, plasma membrane trafficking and

proteolysis [14]. For example it is known that granulocyte

colony-stimulating factor (G-CSF) treatment induces stem

cell mobilization in the bone marrow by stimulating the

CXCL12 degradation by leukocyte elastase [16]. CXCL12 is

also known to be inactivated through cleavage by CD26/

dipeptidyl peptidase IV (DPPIV) [17, 18], metalloprotein-

ases [14] and serine proteases [19]. In addition, CD26/

DPPIV has been reported to regulate G-CSF induced stem

cell mobilization [20, 21], and inhibition of CD26/DPPIV

has been demonstrated to improve hematopoietic stem cell

engraftment during bone marrow transplantation [22].

CD26/DPPIV is a 110 kDa cell surface glycoprotein that

belongs to the serine protease family. CD26/DPPIV is

expressed on a variety of tissues including T lymphocyte,

endothelial cells, and epithelial cells [23]. CD26/DPPIV also

appears to play an important role in tumor progression [23].

In this study we determined if degradation of CXCL12 by

CD26/DPPIV regulates PCa metastasis. We demonstrate

that PCa cells and human endothelial cells together up-reg-

ulate their expression of CD26/DPPIV and degraded

CXCL12 in co-culture. We also found that the inhibition of

CD26/DPPIV in vitro was involved in PCa invasion. Using a

novel in vivo PCa metastasis model recently developed by

our group [24], we observed that inhibition of CD26/DPPIV

increased metastatic seeding to peripheral organs. Thus, we

believe that the degradation of CXCL12 by CD26/DPPIV

may be involved in the metastatic cascades of PCa.

Materials and methods

Cell cultures

PC3 (CRL-1435) and LNCaP (CRL-1740) PCa cell lines

were obtained from the American Type Culture Collection

(Rockville, MD). PC3 was originally isolated from a ver-

tebral metastasis and LNCaP was isolated from a lymph

node of a patient with disseminated bony and lymph node

involvement. C4-2B was derived from the parental LNCaP

cell lines that were serially passaged in mice to obtain a

more metastatic cell line [25]. The human bone marrow

endothelial cells (HBME) were isolated from a normal

Caucasian male and immortalized with SV40 large
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T-antigen [26]. PC3, LNCaP, C4-2B, and HBME were

cultured in RPMI 1640 (Invitrogen, Carlsbad, CA), sup-

plemented with 10% (v/v) fetal bovine serum (FBS;

Invitrogen), 1% (v/v) penicillin-streptomycin (Invitrogen),

and 1% (v/v) l-glutamine (Invitrogen). Primary human

umbilical vein endothelial cells (HUVEC) and human

dermal microvascular endothelial cells (HDMEC) were

cultured as suggested by the vendor (Cambrex, Walkers-

ville, MD). Human osteoblasts were established by explant

culture from normal human trabecular bone obtained from

patients undergoing orthopedic surgery in accordance with

the University of Michigan’s Investigational Review

Board, as previously described [27]. All cultures were

maintained at 37�C, 5% CO2, and 100% humidity.

Generation of co-culture conditioned medium (CM)

Human endothelial cells or human osteoblast cells were

seeded at a concentration of 2 9 105 cells per well in 500

ll of RPMI 1640 supplemented with 10% (v/v) FBS on 24-

well tissue culture plate. After 24 h, PCa cells in 500 ll of

RPMI 1640 supplemented with 10% (v/v) FBS were

overlaid at 2 9 104 cells per well onto the endothelial cells

or osteoblast cells. PCa cells alone (without endothelial or

osteoblast cells) were maintained as additional controls. At

12, 24, or 48 h of co-culture, supernatant was collected,

cleared from any free-floating cells by centrifugation for 5

min at 1,000g, and then stored at -80�C.

Enzyme-linked immunosorbent assay (ELISA)

CXCL12 and CD26/DPPIV levels of CM were determined

by double-antibody sandwich method assembled with

commercially available components (R&D systems, Min-

neapolis, MN), according to the directions of the

manufacturer. Data were normalized to the total cell

numbers.

CXCL12 degradation assay

CM (30 ll) were incubated with 200 ng/ml biotinylated

CXCL12 (bCXCL12; R&D systems) for 2.5 h at 37�C.

After incubation, the medium were run on 20% Tricine

gels and the detection of the remaining bCXCL12 was

accomplished by using strepavidin–horseradish peroxidase

(HRP) and enhanced chemiluminescent (ECL). In some

cases, CM were incubated with protease inhibitors (2.0

mM), at different concentrations (0.002–2.0 mM) of CD26/

DPPIV inhibitor (diprotin A; Peptide Institute, Osaka,

Japan) or 1 lg/ml of rhCD26/DPPIV (R&D systems) for 1

h at 4�C before bCXCL12 incubation. The densities of the

bands were quantified with Image J software (version 1.40;

National Institutes of Health (NIH), Bethesda, MD).

Immunohistochemistry

HBME and PC3 cells were either cultured alone or co-cul-

tured on Lab-Tek II 4-chamber slides (Nalge Nunc

International, Naperville, IL). HBME was cultured at 5 9

105 cells/chamber. After 24 h, PC3 cells were plated onto the

HBME at 5 9 104 cells/chamber. At 48 h, the cells were fixed

in 4% paraformaldehyde for 25 min at room temperature,

washed and endogenous peroxidase activity quenched with

75 mM NH4Cl and 20 mM glycine in PBS at room temper-

ature for 10 min. Thereafter, the cells were incubated with a

1:50 dilution of either the anti-CD26/DPPIV antibody (clone

M-A261, BD Pharmingen, San Jose, CA) or an IgG1 mat-

ched isotype control antibody (clone G18-145, BD

Pharmingen) for 1 h at room temperature. Antibody detec-

tion was performed by using a mouse HRP-AEC staining kit

(R&D Systems). The staining intensities of the slides were

quantified with Image J software, and data were normalized

to the total cell numbers.

Invasion assays

Cell invasion assays were performed by using matrigel

coated invasion chambers (BD Biosciences, San Jose, CA).

PC3 cells were placed in the upper well (1 9 105 cells/well)

in 100 ll of serum free RPMI 1640, and 600 ll of RPMI 1640

with or without CXCL12 (200 ng/ml) or 600 ll of CM was

added to the bottom well. In some case, 2 mM of diprotin A

were incubated with the CM for 30 min at 4�C. Invasion

chambers were incubated at 37�C for 24 h. Thereafter, 40 ll

(5 mg/ml) and 80 ll of 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT; Sigma-Aldrich, St

Louis, MO) were added to the top and the bottom well,

respectively, and then incubated for further 4 h. At the ter-

mination of the assay, the cells on the upper side of the

membrane were removed with a cotton swab and the cells on

the lower surface were released with 1 ml of isopropanol

(Sigma-Aldrich) for 30 min. The 100 ll of extracts from each

well were read on a multi-well scanning spectrophotometer

(Molecular Devices, Sunnyvale, CA) at OD450.

In vivo PCa metastasis assay

Minimal PCa metastases that were observed in the severe

combined immunodeficiency (SCID) mouse were assessed

by using real-time polymerase chain reaction (QPCR), as

previously described [24].

Male 5- to 7-week-old CB.17. SCID mice (Charles River,

Wilmington, MA) were implanted with 2 9 105 cells of PC3

cells in sterile collagen scaffolds (3 9 3 9 3 mm3, Gelfoam;

Pharmacia & Upjohn, New York, NY) in the mid dorsal

region of each mouse. Thereafter, 5 lmol of diprotin A in 100

ll of 0.9% (w/v) saline (Fisher Diagnostics, Middle town,
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VA) was administered subcutaneously twice a day. A control

group was administered equal volume of 0.9% (w/v) saline

on the same schedule. The animals were then sacrificed, and

tissue samples from the animals’ left organ/tissue (the ori-

ginal scaffold, brain, liver, spleen, periaortic lymph nodes,

kidney, adrenal gland, prostate, calvaria, mandible, humeri,

femur, tibia, pelvis, spine, and peripheral blood) were dis-

sected and stored at -80�C until genomic DNA extraction.

All experimental procedures were approved by the

University of Michigan Committee for the Use and Care of

Animals (UCUCA).

Genomic DNA extraction and QPCR

The genomic DNA from the designated tissues was

extracted by using DNeasy Blood and Tissue Kit (Qiagen,

Valencia, CA), according to the manufactural protocol.

PC3 engraftments were assessed by QPCR using for

human Alu sequences (Foward—50-CAT GGT GAA ACC

CCG TCT CTA-30, Reverse—50-GCC TCA GCC TCC

CGA GTA G-30, and TaqMan probe—50-FAM-ATT AGC

CGG GCG TGG TGG CG-TAMRA-30; Applied Biosys-

tems, Foster City, CA).

QPCR analysis was performed using 15.0 ll of Taq-

Man� Universal PCR Master Mix (Applied Biosystems),

1.5 ll of TaqMan� Gene Expression Assay or 3.0 ll of

human Alu (forward and reverse primers at 18 lM and

Taqman probe at 5 lM), 2 lg of the isolated tissue geno-

mic DNA, and RNAse/DNAse-free water in a total volume

of 30 ll. The level of expression was detected as an

increase in fluorescence using an ABI PRISM 7700

instrument (Applied Biosystems). All sample concentra-

tions were standardized in each reaction to exclude false-

positive results. Reactions without template and/or enzyme

were used as negative controls.

Data were normalized to murine tissue b-actin (Taq-

Man� Gene Expression Assays, mm00607939-s1; Applied

Biosystems) and numerical data were determined against a

standard curve established using murine bone marrow

containing log-fold dilutions of human PCa cells [24].

Statistical analyses

All in vitro experiments were performed at least three times

with similar results and representative assay are shown.

Numerical data are expressed as mean ± standard devia-

tion. Statistical analysis was performed by ANOVA or

Student’s t-test using the GraphPad Instat statistical pro-

gram (GraphPad Software, San Diego, CA) with

significance at P\0.05. For the QPCR assays, a Kruskal–

Wallis test and Dunn’s multiple comparisons tests were

utilized with the level of significance set at P \ 0.05.

Results

Alterations of CXCL12 levels in co-cultures

CXCL12 is a critical component in the bone and organ

homing cascade of PCa [6]. In the present study we

explored if the production of CXCL12 by PCa cells or
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Fig. 1 Co-culture of endothelial and PCa cell lines reduce CXCL12

levels. CXCL12 levels were monitored by ELISA at 48 h after the

establishment of cultures of human umbilical vein, dermal or bone

marrow endothelial cells (HUVEC, HDMEC or HBME, respectively)

alone or in co-culture with human PCa cell lines. The data are

expressed as mean ± standard deviation. * Indicates significant

difference from either cell type alone at P \ 0.05. The data

demonstrate that all of the cell lines generate CXCL12 levels, but that

together the levels are less than either cell type alone
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endothelial cells was altered in co-culture as assessed by

ELISA. As reported previously, the LNCaP cell line pro-

duced the most CXCL12 in culture, followed by the

LNCaP subline C4-2B (Fig. 1). PC3 cells generated the

least CXCL12 among the PCa cell lines during the culture

period. Human aortic vascular endothelia cells (HUVEC)

and HBME produced 431 ± 35 and 478 ± 19 pg/ml/104

cells in a 48 h period. Human dermal endothelial cells

(HDMEC) produced the most CXCL12 of any of the cell

lines tested generating 5100 ± 541 pg/ml/104 cells in the

48 h period. Co-culture of the PCa cells with any of the

endothelial cell lines resulted in less CXCL12 detected by

ELISA, than either cell type alone (Fig. 1).

Co-culture of PCa cells with endothelial cells results

in degradation of CXCL12

One mechanism to account for the reduction in CXCL12

detected in the co-culture CM was that CXCL12 was

cleaved and unable to be detected by the ELISA [14]. To

determine if the reduction in CXCL12 was due to

destruction of the molecule, co-culture CM was collected

as before, and incubated with bCXCL12. Thereafter, the

samples were separated on Tricine gels, and bCXCL12 was

detected using strepavidin–HRP in conjunction with che-

moluminescence. As shown in Fig. 2a, b, CM of HBME

produced a small reduction in the levels bCXCL12
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Fig. 2 Co-culture CM of endothelial and PCa cells cleave CXCL12.

In (a) CM was collected at 48 h from cultures of HBME alone or in

co-culture with human PCa cell lines in direct contact or separated in

Transwell� plates (TW). Biotinylated SDF-1 was added to the CM,

and was incubated further for 2.5 h at 4 or 37�C After incubation, the

media were run on 20% Tricine gels and the detection of the bCXC12

was accomplished using strepavidin–HRP and ECL. (b) Quantitative

densitometry of (a). The data are expressed as mean ± standard

deviation of independent studies. # Indicates significant difference

from either cell type alone at P\0.01. In (c) the investigations were

repeated with primary human osteoblasts. (d) Quantitative densitom-

etry of (c). The data are expressed as mean ± standard deviation. The

data demonstrates that CM from PCa/HBME cells cleaves CXCL12,

whereas CM from PCa/osteoblasts does not
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detected by Western blot. In the majority of the cases, PCa

cell CM failed to affect bCXCL12 levels, where as co-

incubation of CM derived from HBME cultured in direct

contact with or separated by a porous membrane with PC3

or C4-2B cells resulted in decreased CXCL12 levels

(Fig. 2a, b). Variable effects were observed when the

experiment was repeated when CM from the PCa cells was

collected and used to stimulate HBME. Likewise, CM

collected from HBME and used to stimulate PCa cells had

little effect on CXCL12 digestion. To determine if the loss

of CXCL12 in co-culture was cell-type specific, co-cultures

of PCa cells with human osteoblasts were established. In

contrast with the PCa cell/endothelial cell cultures, co-

culture of PCa cells with human osteoblasts did not result

in the reduction or loss of CXCL12 observed (Fig. 2c, d).

In vitro invasion assays were performed to evaluate if

the changes in CXCL12 levels detected by ELISA and

Western blot assays corresponds with changes in CXCL12

function. For these investigations CM from the HBME cell

line was chosen for further study since these endothelial

cells best represent endothelial cells that PCa must traverse

in the marrow [28]. CXCL12 (200 ng/ml) stimulated more

invasive activity than medium alone (Fig. 3). HBME CM

alone stimulated some invasive activity but this activity

was abolished when the CM was generated in the presence

PC3 cells, and could not be rescued even when exogenous

CXCL12 was added.

Cysteine or serine proteases degrade CXCL12

To characterize the activity that degrades CXCL12 in co-

culture CM, the previous investigations were again per-

formed, this time in the presence of a series of protease

inhibitors. bCXCL12 was then added to the CM and the

reactions incubated further to determine if any of the pro-

tease inhibitors prevented the cleavage of CXCL12.

AEBSF, a serine protease inhibitor known to inhibit tryp-

sin, chymotrypsin, plasmin, kallikrein and thrombin

prevented the digestion of CXCL12 by the co-culture CM

(Fig. 4a, b). Likewise, calpectin (a membrane permeable

inhibitor of calpain I and II and cathepsin L) and PMSF

(interacts with serine residues to inhibit trypsin, chymo-

trypsin, thrombin and papain) prevented CXCL12

degradation (Fig. 4a, b). EST, a membrane-permeable

thiolprotease inhibitor, did not prevent CXCL12 degrada-

tion, nor did pepstatin, EDTA and the elastase-like serine

protease elastatinal (not shown) (Fig. 4a, b). Protein frac-

tionation using molecular weight cut-off spin columns

were used to determine the size of the activity. Here the

CM was fractionated and normalized to protein content

prior to the addition of bCXCL12. As shown in Fig. 4c,

degradation of bCXCL12 resulted from CM fractions

where the size of the protein is greater than 50 kD.

To verify the inhibitor studies, functional invasion

assays were performed. Both calpectin and EST were able

to maintain the activity of CXCL12 in the invasion assay,

despite reducing the overall invasive activities (Fig. 4d).

AEBSF, while it was able to inhibit CXCL12 degradation

in the western blots, was not compatible with the invasion

of the PCa cells (Fig. 4a, b, d). Pepstatin, elastatinal

(Fig. 4c) and EDTA (not shown) were inactive. Based

upon these results, the activity generated in PCa cell/

HBME co-culture CM that degrades CXCL12 appears to

be either a cysteine or a serine protease.

CD26/DPPIV degrades CXCL12 in the co-culture CM

Recently it was reported that CD26, a 110-kD cell surface

glycoprotein, also known as DPPIV is capable of cleaving

CXCL12 and cleaving amino-terminal dipeptides with

either L-proline or L-alanine at the penultimate position.

CD26 exists in both soluble and membrane-expressed

forms. Soluble forms of CD26 have been identified in cell

cultures and in human serum [29], although CD26 may be

more active when expressed as an ectoenzyme at high

concentrations on endothelial cells, hepatocytes, kidney

brush border membranes, and leukocytes [29]. To deter-

mine if CD26/DPPIV plays a role in PCa extravasation

through cleavage of CXCL12, our studies were repeated in

the presence or absence of the CD26/DPPIV and an spe-

cific inhibitor of the enzyme, diprotin A [22]. CD26/DPPIV
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Fig. 3 Co-culture CM of endothelial and PCa cells cleave CXCL12

rendering it inactive to support invasion by PCa. Matrigel coated

invasion chambers were used to assess the ability of the presence

(black bar) or absence (white bar) of CXCL12 (200 ng/ml) to support

invasion of PCa cells in combination with co-culture CM. After

removing the non-migrating cells, invasion was quantified by MTT

assay and the data expressed as % invasion ± standard deviation with

100% set for invasion supported by RPMI alone. * P \ 0.05 versus

control. The data demonstrate that CXCL12 is digested by and

rendered inactive to support invasion
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alone or in the presence of CM was able to completely

digest CXCL12 (Fig. 5a, b). Addition of diprotin A was

able to prevent CXCL12 degradation in a dose-dependent

manner (Fig. 5a, b). Functional assays were used to con-

firm these results. As before, CXCL12 stimulated invasion,

but this activity was abrogated when added to co-culture
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Fig. 4 Cleavage of CXCL12 by

co-culture CM of endothelial

and PCa cells is dependent on

serine/cysteine proteases. In (a)

CM was collected at 48 h from

cultures of HBME in co-culture

with PC3 cells. Where indicated

protease inhibitors were added

the CM for 30 min at 4�C, prior

to the addition of bCXCL12.

After 2.5 h incubation at 37�C,

the media were run on Tricine

gels and the detection of the

bCXCL12 was performed using

strepavidin–HRP and ECL. (b)

Quantitative densitometry of

(a). The data are expressed as

mean ± standard deviation.
# Indicates significant difference

from control at P\0.01. In (c),

the CM was fractionated by

using molecular weight cut-off

spin columns. After protein

normalization, bCXCL12 was

added, incubated, and detected

by Western blot. In (d) matrigel

coated invasion chambers were

used in conjunction with

protease inhibitors in the

absence (white bar) or presence

(black bar) of 200 ng/ml

CXCL12. After removing the

non-migrating cells, invasion

was quantified by MTT assay

and the data expressed as %

invasion ± standard deviation

with 100% set for invasion

supported by RPMI alone. * P
\ 0.05 versus control. The data

demonstrate that the co-culture

CM activity responsible

cleavage of CXCL12 is a serine

or cysteine protease which is

[50 kD
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CM of HBME and PC3 cells (Fig. 5c). Addition of diprotin

A to the CM with or without additional CXCL12 increased

the invasive activity.

To verify that CD26/DPPIV levels increase when

endothelial and PCa cells are cultured together, CM was

evaluated by ELISA for the soluble protein, and immu-

nohistochemistry was performed to detect the cell-

associated protein. At 48 h of culture, CD26/DPPIV levels

were below the level of detection of the ELISA for any cell

type when cultured alone. In co-cultures the levels of

CD26/DPPIV rose by 6 h and continued to rise as long as

the investigation was performed (Fig. 6a). Cell associated

CD26/DPPIV levels were also observed in the HBME cells

and PC3 cells as detected by immunohistochemistry

(Fig. 6b, c). These data suggest that CD26/DPPIV may be

a regulator of the CXCL12/CXCR4 chemokine axis in PCa

extravasation and possibly metastasis.

Inhibition of CD26/DPPIV alters metastasis in vivo

To directly determine if CD26/DPPIV is involved in PCa

metastasis, an in vivo PCa metastasis assay that was

recently developed by our group was utilized [24]. In this

model, primary tumors are established subcutaneously

(s.c.) in immune deficient mice, and over time, cells shed

from the primary tumor are capable of generating meta-

static lesions. Twenty-four hours after establishing the

primary s.c. tumors, one group of animals were treated

twice daily with the CD26/DPPIV inhibitor, diprotin A. A

second group of animals were treated with vehicle only.

Over the 3 week course of the study, no palpable or mea-

surable differences were noted in the size of the s.c. tumor

in the diprotin A treated group compared to controls using

calipers (data not shown).

Next, the levels of PCa cells recovered from a number of

tissues were evaluated by QPCR at 3 weeks.

Diprotin A treatments produced variable levels of tumor

cells in each of the tissues (Fig. 7a, b). Most notably, di-

protin A reduced the number of PC3 cells were found in the

peripheral blood and primary tumor (sponge) (Fig. 7a).

Increasing number of PCa cells were found in each of the

tissues, especially in the osseous tissues (e.g. mandible,

humerus, tibia, pelvis) in the diprotin A treatment group

(Fig. 7b). Together, these findings suggest that the inhibi-

tion of CD26/DPPIV facilitates PCa extravasation into the

marrow and metastasis through CXCL12/CXCR4 chemo-

kine axis in vivo.

Discussion

In this study, we explored whether the local degradation of

CXCL12 at the blood vessel lumen facilitates PCa cell
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Fig. 5 Inhibition of CD26/DPPIV activity by diprotin A prevents

cleavage of CXCL12 by co-culture CM of endothelial and PCa. In

(a) CM was collected at 48 h from cultures of HBME in co-culture

with PC3 cells. Where indicated or rhCD26/DPPIV were added the

CM for 30 min at 4�C, prior to the addition of bCXCL12. After 2.5

h incubation at 37�C, the media were run on Tricine gels and the

detection of the bCXCL12 was accomplished using strepavidin–

HRP and ECL. (b) Quantitative densitometry of (a). The data are

expressed as mean ± standard deviation. * Indicates significant

difference at P \ 0.05. In (c) matrigel coated invasion chambers

were used in conjunction with diprotin A (2.5 mM) in the presence

or absence of 200 ng/ml CXCL12. After removing the non-

migrating cells, invasion was quantified by MTT assay and the data

expressed as % invasion ± standard deviation with 100% set for

invasion supported by RPMI alone. * P \ 0.05 versus control. The

data demonstrate that CD26/DPPIV activity was responsible the

cleavage of CXCL12
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entry into the marrow cavity. Initially, we found that the

CXCL12 levels in CM from co-culture of endothelial cell

and PCa cells were lower than the levels generated by either

endothelial cells or PCa cells alone. Yet, degradation of

CXCL12 did not occur in co-culture of PCa cells with human

osteoblasts—major sources of the protein in marrow [30,

31]. Western blot analysis confirmed that proteolytic deg-

radation of CXCL12 occurred in the co-culture CM.

Inhibitor and size fractionation studies demonstrated that the

activity was primarily a serine or cysteine protease with an

MW of greater than 50 kD. Although AEBSF was able to

inhibit CXCL12 degradation in the western blots, it was not

compatible with the invasion of the PCa cells (Fig. 4a, c).

The reason for this is not clear, but is probably not due to cell

toxicity, which was also the case for PMSF, and therefore

prevented further evaluation of these compounds (data not

shown). Based upon the available data, we explored if CD26/

DPPIV was responsible for the degradation of CXCL12.

Using a specific inhibitor of CD26/DPPIV, we determined

that CXCL12 in the co-culture CM was most likely degraded

by CD26/DPPIV. In vitro invasion assays further confirmed

that CD26/DPPIV is involved in PCa invasion, and that the

level of the protein increased in co-cultures. We also eval-

uated the metastatic effect of the CD26/DPPIV inhibitor by

using in vivo PCa metastasis mouse model. Inhibition of

CD26/DPPIV either had no effect, or increased the number

of metastatic cells in the bones that were evaluated. This

suggests that functionally a gradient could be established in

marrow based upon selective degradation of CXCL12 by

PCa/endothelial cells but not by PCa/osteoblastic cells to

guide PCa cells to endosteal niches (Fig. 8).

CD26/DPPIV is a serine-type exopeptidase that is

secreted by the prostate and increased in PCa [32–34]. Yet

its role in PCa disease is poorly understood. In the present
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study, LNCaP cells were the least able to cleave bCXCL12

suggesting that co-culture of the bone homing PCa with

bone marrow endothelium results in degradation of

CXCL12 (C4-2B, PC3), whereas little degradation was

observed with the non-bone homing cell line (LNCaP).

Phenotyping studies have shown that the LNCaP derivative

cell lines are very dissimilar—early all express CD26/

DPPIV (+), but only approximately 10% of LNCaP cells

are CD26/DPPIV (-) suggesting that the more metastatic

sublines probably arose from CD26/DPPIV (-) LNCaP

cells [35]. Moreover, plasminogen interaction with CD26/

DPPIV initiates a signal transduction mechanism which

regulates expression of matrix metalloproteinase-9 by PCa

cells which is probably involved in invasion [36]. How-

ever, CD26/DPPIV is also known to regulate the stability

of mitogenic peptides and bFGF intracellular signaling

such that increased expression of CD26/DPPIV in PCa is

associated with the induction of apoptosis, cell cycle arrest,

inhibition of in vitro cell migration, and invasion [37]. In

fact, siRNA silencing of CD26/DPPIV results in increased

bFGF levels and restoration of mitogen-activated protein

kinase (MAPK)-extracellular signal-regulated kinase

(ERK) 1/2 activation suggesting that CD26/DPPIV inhibits

the malignant phenotype of PCa cells by blocking bFGF

signaling pathway [37]. Thus tight control of CD26/DPPIV

would appear to be a critical for tumor and metastatic

survival.

Proteolytic degradation of CXCL12 in the bone marrow

is known to have a central role critical in regulating stem

cell and progenitor mobilization into the peripheral circu-

lation [16, 38, 39]. CXCL12 is known to be inactivated by

cleavage of metalloproteinases, leukocyte elastase, serine

proteases and CD26/DPPIV [14, 17–19, 40, 41]. When

exposed to serum, CXCL12 is rapidly altered to be unable

to bind CXCR4. Conceptually, the degradation of CXCL12

at endothelial surfaces once PCa are bound to them is an

attractive model to facilitate egress out of the vasculature

only if there is a constant source of CXCL12 originating at

a site distant to where it is locally cleaved. In fact, this

appears to be the case as osteoblasts are rich sources of the
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774 Clin Exp Metastasis (2008) 25:765–776

123



protein and together with PCa does not generate additional

degradation. This model also would in part explain how

PCa are retained within the marrow.

It is likely that the stability of CXCL12 plays a role in

regulating PCa cell metastasis. We have demonstrated that

CXCL12 stimulates an increase in the expression of CD164

and activated avb3 receptors in two lines of metastatic PCa,

PC3 and LNCaP C4-2B, but does not affect avb3 receptor

expression in non-metastatic LNCaP cells [10, 11]. This in

turn enhances their adhesion and invasion to extracellular

matrix by PCa cells in vitro. Therefore that PCa in con-

junction with HUVEC, HDMEC and HMBE endothelial

cells cleave CXCL12 suggests that this mechanism alone

does not regulate the localization of PCa to the marrow. In

keeping with this notion, are findings that PCa adhere

preferentially to human bone marrow endothelial (HBME)

cells versus other types of vascular endothelial cells [26].

However, tumor cell migration and invasion depends lar-

gely on an enzymatic cascade of proteolysis. Interestingly,

diprotin A reduced the number of PC3 cells were found in

the peripheral blood and primary tumor (sponge) (Fig. 7a),

suggesting inhibition of CD26/DPPIV facilitates transport

of PCa cells from the circulation into peripheral tissues.

Given the ability of CD26/DPPIV to regulate the bio-

availability of CXCL12, which is known to regulate the

PCa cell metastasis, proliferation, and cell motility through

extracellular matrices, these findings add a more complete

comprehension of PCa progression.
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