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We examined the osteolytic ability of metastatic cells and the role of tumour matrix metalloprotei- 
nases (MM&) in bone degradation. The histomorphometry of experimental bone metastases of B161 
Fl melanoma cells showed that osteolysis was associated with a 90% decrease in osteoclast number 
and predominance of cancer cells overlaying resorption pits. In z)itro, B161Fl cells and their con- 
ditioned medium (CM) degraded 3H-proline-labelled extracellular matrices from osteoblast-like 
cells and 45Ca-labelled calvariae. Using bone slices, we observed morphological evidence of degra- 
dation by B161Fl cells. A role for tumour MMPs in bone degradation was supported by inhibition of 
degradation by l,lO-phenanthroline, collagen I degradation by tumour cells and the presence of 
TPA-inducible M, 90000, 84000 and 64000 gelatinolytic, and 54000 caseinolytic bands in B16/Fl-CM. 
These studies indicate that metastatic cancer cells degrade bone matrix directly and that this is par- 
tially mediated by MMPs. 0 1997 Published by Elsevier Science Ltd. 
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INTRODUCTION 
SKELETAL METASTASES are a common problem in patients 
with cancer of the breast, prostate and other malignancies, 
presenting as osteolytic lesions with pain, fractures and 
hypercalcaemia [ 11. Osteoclasts, tumour-associated macro- 
phages and cancer cells have been identified as cellular me- 
diators [2]. Although the mechanisms by which osteolysis 
occurs have not been completely elucidated, osteoclast me- 
diation has been extensively examined, especially in cancer- 
associated hypercalcaemic syndromes [3]. In these con- 
ditions, cancer cells may activate osteoclasts by secreting 
hormones, growth factors or cytokines [4]. Tumour-associ- 
ated macrophages [5] and tumour cells can directly degrade 
bone matrix by releasing hydrolytic enzymes [6, 71. 
However, the mechanisms by which this phenomenon 
occurs have not been elucidated. 

Tumour-derived enzymes that degrade extracellular 

matrix have been described in the context of tumour inva- 
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sion and metastasis. Type I collagen, the most predominant 
protein in bone matrix [8], is degraded by interstitial col- 
lagenases and gelatinase A [9]. These enzymes belong to 
the family of matrix metalloproteinases (MMPs), are se- 
creted by cells as proenzymes and activated by extracellular 
components including plasmin. Upon activation, and in the 
presence of divalent cations, these enzymes degrade their 
substrates. 

We have used histomorphometry to demonstrate that 
osteolysis occurs in experimental bone metastases of murine 
melanoma cells. Our findings suggest that tumour cells 
directly degrade bone matrix. This study shows that B 16iFl 
cells degrade bone-related and mineralised bone matrices in 
vitro, and provides evidence that tumour-derived MMPs 
mediate this phenomenon. 

MATERIALS AND METHODS 
Zntra-arterial injection of B16iFl cells 

Murine melanoma B16/Fl cells [lo] were cultured as 
monolayers in Minimum Essential Medium (MEM) sup- 
plemented with 10% fetal bovine serum (FBS), 100 units/ 
ml penicillin G sodium and 100 ug/ml streptomycin sul- 
phate, at 37°C in 5% COa. Intra-arterial injections followed 
procedures by Argue110 and associates [l 11. Subconfluent 
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cells were harvested with 0.01 M ethylenediaminetetra- 
acetic acid (EDTA) and rinsed in Hanks’ balanced salt sol- 
ution (pH 7.4) to assure removal of FBS. Ten-week-old 

inbred C57BU6 female mice (Charles River, Montreal, 

Quebec, Canada) were anaesthetised by intramuscular injec- 
tion of 32 mg/kg ketamine hydrochloride (Rogarsetic@‘, 
RogariSTB, London, Ontario, Canada) and 32 mg/kg xyla- 
zinc hydrochloride 64 (AnaSed , Lloyd Laboratories, 
Shenandoah, Iowa, U.S.A.). A left parastemal longitudinal 

skin incision was performed to locate the second intercostal 
space. A 30-gauge needle was inserted through the thoracic 
wall until bright pulsating blood was observed in the cath- 
eter. From the suspension, 0.1 ml containing lo5 cells was 
injected within 20 seconds and followed by skin suture. 
After the animals showed hind leg paralysis, autopsies were 
performed and viscera examined macroscopically and micro- 
scopically. The left tibia (proximal third), left femur (distal 
third), left humerus (proximal third), lumbar vertebrae, 
maxillae and mandible were dissected, decalcified and pro- 
cessed for light microscopy. 

Histomorphomety of bone metastases 

Histological sections stained with haematoxylin and eosin 
were evaluated. The left distal femoral eiphysis of each 

mouse was selected for morphometric analysis, since it is a 
common site for metastases after intra-arterial injection of 

melanoma cells [ll]. With a Merz eyepiece graticule [12], 
three different parameters were determined: (a) cross-sec- 
tional areas of bone, bone marrow and tumour, expressed 
as percentages of total area examined; (b) proportions of 
cell subpopulations (osteoblasts, osteoclasts, tumour cells 
and resting cells) overlaying trabecular surfaces, expressed 
as percentages of total number of line intercepts; and (c) 

proportions of resorption pits overlaid by osteoclasts or can- 
cer cells. Seven mice without bone lesions were used to 
determine histomorphometric parameters in control bones. 

These mice had been injected with B16/Fl cells in sites 
other than the left ventricle, and did not have bone metas- 
tases as determined by histological examination of seven 
different long or flat bones. 

Detection of tartrate-resistant acid phosphatase activity (TRAP) 

in bone sections 

To assure preservation of enzymatic activity, femurs were 
fixed in 80% ethanol for at least 24 h and plastic-embedded 
without decalcification, Staining for TRAP was accom- 
plished by incubation of the sections at 37°C for 75 min 

with a solution containing acetate solution, naphthol AS-B1 
phosphoric acid and tartrate solution (Sigma Diagnostics, 
St. Louis, Missouri, U.S.A.). This was followed by rinsing 

and counterstaining with acid haematoxylin solution. The 
number of osteoclasts in ten microscopic fields was then 
determined. 

Degradation of osteosarcoma-derived extracellular matrices 

Radiolabelled extracellular matrices were prepared by cul- 
turing human osteosarcoma Saos-2 and U-2 OS cells 
(ATCC, Rockville, Maryland, U.S.A) in MEM sup- 
plemented with FBS and antibiotics, plus 5 uCi/ml 3H-pro- 
line (NEN, Boston, Massachusetts, U.S.A.) on 96-well 
plates for 5 days. Cells were lysed with 20 mM NH40H at 
37°C for 20 min and the radiolabelled matrix remained at 
the bottom of the wells [13]. After rinsing with phosphate- 

buffered saline (PBS), matrices were incubated with lo5 
B16IFl cells per well or 200 ul fresh conditioned medium 

(CM) per well. This conditioned medium was collected by 
incubating subconfluent B16IFl monolayers in MEM under 
serum-free conditions for 24 h. Release of 3H was deter- 
mined 24 h later by collecting 50 ul aliquots of medium 
into scintillation fluid (Ready Safe@, Beckman, Fullerton, 

California, U.S.A.) and counted in a Beckman LS1801 
liquid scintillation beta counter (Beckman, Irvine, 
California, U.S.A.). Each value was expressed as the 
mean + SEM of eight replicates. Mineralisation of Saos-2 
matrices was obtained by incubation with 10 mM B-glycero- 
phosphate (Sigma) for 2 weeks [14]. Crystal formation was 
evident with Saos-2 but not U-2 OS cells. Dependence of 
matrix degradation on divalent cations was determined by 
adding O-50 nM l,lO-phenanthroline (Sigma) to the 
samples of B16/Fl-CM prior to the degradation assay. 

Degradation of rat fetal calvariae 

To prepare radiolabelled calvariae, pregnant Sprague- 
Dawley rats were injected subcutaneously with 10 uCi 45Ca 
on day 16 of gestation [ 151. On day 20, fetal calvariae were 
dissected, immersed in serum-free MEM and frozen at 
-20°C to induce death of bone cells. After 24 h, calvariae 
were thawed, rinsed and incubated with lo5 B16IFl cells or 
1 ml fresh B16/Fl-CM medium per bone for 24 h at 37°C. 

45Ca release was determined as described above. Each value 
was expressed as the mean & SEM of four replicates. 

Resorption pit assay 

Longitudinal bovine cortical bone slices from the femoral 
midshaft were prepared according to Chambers and associ- 

ates [16]. Slices (5 x 5 x 2 mm) were cut with an Isomet 
low-speed diamond-edged saw (Buehler Instruments, 
Evanston, Illinois, U.S.A.), cleaned by ultrasonication for 

30 min, washed in ethanol, dried and stored. After the slices 
were presoaked with serum-free medium, lo5 B16/Fl cells 
were placed on to the slices and incubated for 60 min at 
37°C to allow cell attachment. Non-adherent cells were 
removed by rinsing with serum-free medium. Incubation in 
5 ml MEM with 10% FBS and antibiotics was allowed at 
37°C for 3-7 days. After cancer cells were removed with 
0.1% Triton X-100 in Ha0 for 6 h, the slices were fixed 
with 10% formaldehyde or 2.5% glutaraldehyde in PBS. 
Slices were stained with 1% toluidine blue for light mi- 

croscopy according to Ritchie and associates [ 171, or pre- 
pared for scanning electron microscopy by ethanol 

dehydration, critical point drying and gold sputter-coating. 

Degradation of type I collagen 

Purified rat type I N-[propionate-2,3-3H]propionylated- 
collagen (DuPont, Markham, Ontario, Canada) was dis- 
solved in 0.01 N acetic acid and placed on plastic wells at a 
concentration of 5 ug/cm2 at 37°C. After 24 h, the wells 
were rinsed with PBS and exposed to lo5 B16IFl cells or 
200 ul fresh CM per well for 24 h at 37°C. Release of 3H 
into the medium was measured as described. 

Enzymography of B 16lF1 -derived CM in gelatin- and casein- 
embedded gels 

Cancer cells were cultured to near-confluency in serum- 
supplemented MEM. Rinsing with PBS was followed by in- 
cubation with serum-free MEM and antibiotics with O-400 



920 O.H. Sanchez-Sweatman et al. 

r&ml 12-O-tetradecanoylphorbol- 13-acetate (TPA) for 24 
h. Samples of B16/Fl conditioned medium were collected 
and centrifuged to remove cell debris. Protein-standardised 
samples were resolved at 4°C in 10% SDS-PAGE contain- 
ing 1 mg/ml gelatin or casein (Sigma) [18]. Incubation with 
2.5% Triton X-100 for 30 min was followed by enzymatic 

degradation of the substrate in a buffer containing 0.1 M 
Tri-HCl (pH 8.0), 5 mM CaC12 and 0.04% NaN3, for 48 
h at 37°C. Gels were stained with 2.5% Coomassie Blue for 
30 min, and destained with methanol/acetic acid/water 
(40: 1050). Densitometry of the gelatinolytic bands was per- 
formed on photographic negatives of the gels with a Bio- 
Rad Model 620 Video Densitometer (Bio-Rad, Richmond, 
Virginia, U.S.A.). 

Statistics 

Each experiment was performed at least twice. 

Significance of differences between medians (ranges) was 
determined by the Mann-Whitney test and between 
means + SEM by unpaired Student’s t-test. 

RESULTS 
In vivo evidence for bone matrix degradation by B16lFl cells 

To examine osteolysis in metastatic lesions, 7 mice were 
each intra-arterially injected with lo5 murine B16/Fl mela- 
noma cells. Two weeks later, macroscopic and microscopic 
examination identified metastases in bones (100% of ani- 
mals), ovaries (lOOoh), adrenals (71%), lungs (57%), brain 
(43%) and kidneys (14%). The most frequently affected 
bones were femurs, tibias, mandible and maxilla in 100% 

mice, lumbar vertebrae (71%) and humerus (43%). 
Histomorphometry of bone metastases showed approxi- 

mately a 70% decrease in bone matrix compared with 

tumour-negative bones (9 + 2% versus 28 + 4%, respect- 
ively; P< 0.0026, Table 1). This was associated with repla- 
cement of the bone marrow by tumour cells (P < 0.0001). 
Metastatic cells were frequently observed in immediate con- 
tact with resorbed bone surfaces (Figure 1). In metastatic 
bones, 71 _+ 8% of trabecular bone surfaces were covered by 
cancer cells (Table 1). This was associated with a 90% 
decrease in the proportion of osteoclasts, from 9 k 3% in 

normal bones to 1 + 1% in metastatic bones (PC 0.05) and 
virtual elimination of osteoblasts (P < 0.0001). Additionally, 

96 _t 4% of all resorbed areas were covered by cancer cells, 
in contrast with 4 f 4% located below osteoclasts (Table 1). 
To assess the presence of osteoclasts in bone metastasis 
further, TRAP activity was detected on plastic-embedded 
femurs recovered 5, 10 and 15 days postinjection of lo5 
B16IFl cells. The proportion of TRAP-positive osteoclasts 
was reduced from 49 f 3% in non-tumoral bones, to 
7 + 7% in metastatic bones at day 15 (PC 0.01; Figure 2). 

In vitro evidence for bone matrix degradation by B16lFl cells 

To investigate the mechanisms involved in direct osteoly- 
sis by tumour cells, we used in vitro models of matrix degra- 
dation. Since human osteosarcoma cell lines conserve the 
osteoblastic phenotype at various stages of differentiation 

[I919 we used 3H-proline-labeIled extracellular matrices 
from human Saos-2 and U-2 OS cells as substrates for 
degradation. Exposure of these matrices to lo5 B16IFl cells 
or their CM increased ‘H release over control (Table 2). 
Cells induced higher matrix degradation than CM 
(P < 0.05). When Saos-2 derived extracellular matrices were 

Table 1. Histomorphometric evaluation of Bl6lFl bone 

metastasis 

Tumour Tumour 
positive* negative t-test 

n=7 n=7 

Mean _+ SEM Mean _+ SEM P value 

Area? 

Bone 9*2% 28 f 4% <0.0026 

Bone marrow 1 * 1% 72 k 4% <0.0001 

Tumour 90 + 2% 

Cells on trabecular 

surfaces$ 

Osteoblasts o+o% 30 k 6% <0.0001 

Osteoclasts 1* 1% 9&3% <0.0480 

Tumour cells 71*8% 

Resting 28*7% 61 k 1% <0.0060 

Resorption pits4 

Osteoclasts 4 & 4% 100 + 0% <0.0001 

Tumour cells 96&4% 

*Seven C57BU6 mice were injected intra-arterially with lo5 B16/ 

Fl melanoma cells. Two weeks later, the animals were killed and 

the right distal femoral epiphysis decalcified and histologically pro- 

cessed. Seven sex- and age-matched animals without bone tumours 

were used as controls. tValues represent areas of bone, bone mar- 

row and tumour, expressed as percentages of total area examined. 

$Values represent proportions of cell subpopulations on the trabe- 

cular surfaces, expressed as percentages of the total number of sur- 

faces counted. The surfaces counted were those intersected by lines 

in the Merz graticule. @‘alues represent proportions of bone resorp- 

tion pits overlaid by cancer cells or osteoclasts, expressed as percen- 

tages of total number of pits counted. Resorption pits counted were 

those intersected by lines in the Merz graticule. 

mineralised in the presence of 10 mM p-glycerophosphate 

[14], TPA-inducible degradation by B16iFl cells and their 
CM was observed (Table 2). 

Radiolabelled rat fetal calvariae were used to determine if 
B16iFl cells could degrade mineralised bone matrix. 
Consequently, 45Ca-labelled calvariae were prepared and 
frozen/thawed to eliminate the possibility of interactions 
between tumour and bone cells. Devitalised calvariae were 
then exposed to lo5 B16IFl cells or their CM for 24 h. 

Figure 1. Experimental femoral bone metastasis by B16/Fl 
cells 14 days after intra-arterial injection of lo5 cells. 
Melanoma cells are located directly over a partially-resorbed 
bone surface (arrow). Osteoclasts, osteoblasts or bone mar- 
row cells are noticeably absent. x2.50, haematoxylin and 

eosin. 
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Figure 2. Proportion of bone and tumour cells in bone 
metastasis. Detection of TRAP activity was performed in 
plastic-embedded femurs on days 0, 5, 10 and 15 after intra- 
arterial injections of lo5 murine B16/Fl melanoma cells. The 
number of osteoclasts was reduced in metastatic bones on 

days 10 and 15 (PC 0.01). 

Table 2. Degradation of Saos-2 and U-2 OS extracellular 

matrices by B16IF1 melanoma cells* 

Conditions 

Saos-2 
matrix 

u-2 OS 
matrix 

Saos-2 

matrix 
plus 

P-GPO4 II 

Unconditioned medium 99 +_ 6 251 rt_24 780 + 41 

B16/Fl-CM 123+9t 313_f16 1199+63 

B16/Fl cells 115+2t 614 + 109$ 1511 It 33 

TPA-treated cells 144+ 15t 859+ 1105 1998k88 

CM from TPA-treated cells _ _ 1504*39 

*Extracellular matrices from human Saos-2 and U-2 OS osteosar- 

coma cells were metabolically labelled with 3H-proline. Cells were 

then lysed with 20 mM NH,OH. Matrices were incubated with 

either 200 ~1 B16/Fl-CM, lo5 B16/Fl cells or lo5 B16/Fl cells 

treated with 400 @ml TPA. Twenty-four hours later, release of 3H 

was determined from medium aliquots. Each value represents the 

mean + SEM of eight independent replicates and is expressed as 

disintegrations per minute. tF< 0.05 for test conditions versus 

unconditioned medium. $I’< 0.05 for B16/Fl cells versus un- 

conditioned and CM. gP< 0.0001 for TPA-treated cells versus 

unconditioned medium. IlPartial mineralisation of Saos-2 matrices 

was obtained by incubating Saos-2 cells in the presence of 10 mM 

p-glycerophosphate (B-GPO,) for 2 weeks [14]. Crystal formation 

was evident after 1 week of incubation. PC 0.0001 for B16/FI-CM 

and cells versus unconditioned medium. P< 0.005 for B16/Fl 

cells versus CM. P< 0.0001 for B16IFl cells treated with 400 

ng/ml TPA versus untreated cells. P< 0.05 for CM from B16/ 

Fl cells treated with 400 ng/ml TPA versus CM from untreated 
cells. 

B16IFl cells and their CM significantly increased 45Ca 
release (373 k 10 cpm and 403 + 8 cpm, respectively) from 
control release (329 k 10 cpm; P< 0.01 and I’< 0.0001, re- 

spectively). To determine if B16/Fl cells could form resorp- 
tion pits on mineralised bones, we used cortical bone slices 
as substrates. As observed in Figures 3 and 4, pit formation 
was evident in bones exposed to B16/Fl cells for 3-10 days. 
These pits were focal depressions surrounded by a continu- 
ous rim and with a maximal diameter of 12-15 lrn (area, 
113-178 pm’). Pits were not observed in bones incubated 

with medium alone (Figure 3a). 

In vitro evidence for a role of matrix metalloproteinases in 

matrix degradation by B16lFl cells 

Since activation of MMPs depends on the presence of 
divalent cations, the use of a chelator as enzymatic inhibitor 

Figure 3. Resorption pits on bone surfaces exposed to B16/Fl 
melanoma cells. Scanning electron microscopy of the surface 
of longitudinal bovine cortical bone slices displayed de- 
pressions demarcated by a continuous rim and with a diam- 
eter of 12-15 pm (b). Pits were not observed in bones 

incubated with medium alone (a). Bar = 10 pm. 
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No Cells Day 3 Day 5 Day 10 

Figure 4. Presence of bone resorption pits on bovine bone 
slices exposed to B16/Fl melanoma cells. The per cent area 
of bone slices with resorption pits was determined by light 
microscopy according to Ritchie and associates [17]. The 
presence of tumour cells was associated with a time-related 
increase in the areas of bone slices displaying resorption pits. 
Values represent the mean_+ SEM of the proportion of 

resorption pits present in three bones per time period. 

denotes a role of these enzymes or other metalloproteinases 

in functional assays [20]. Degradation of 3H-proline-labelled 

extracellular matrices by B16/Fl-CM was inhibited by l,lO- 

phenanthroline. As observed in Table 3, addition of l-50 

mM l,lO-phenanthroline reduced matrix degradation up to 

43% from control (P < 0.0001). 

Degradation of native type I collagen is known to be cata- 

lysed by interstitial collagenase, collagenase-3 [2 l] and gela- 

tinase A [9]. Thus, we used tritiated native type I collagen 

as an in vitro substrate for tumour cells. B16/Fl-CM 

increased type I collagen degradation 4-fold over back- 

ground (PC 0.0001; Figure 5). This degradation was 

further enhanced with B16/Fl-CM from cells pretreated for 

24 h with 400 ngiml TPA (PC 0.001). Also, B16/Fl cells 

induced higher degradation than B16IFl-CM (P < 0.05). 

TPA-pretreatment of B16IFl cells with TPA enhanced their 

ability to degrade type I collagen. 

Matrix metalloproteinase release by B16iFl cells was 

documented by enzymography of B 16/Fl-CM. Gelatinolysis 

was observed at n/i, 90 000, 84000 and 64 000 (Figure 6), 

Table 3. Effects of l,lO-phenanthroline on the degradation of 

U-2 OS rnatrik by conditioned medium from BlGIFl melanoma 

cells 

Conditions* 
3H-proline Percentage 

release inhibition P value 

Serum-free MEM 384 + 14 
B16/Fl-CM 922 + 31 _ Ref. category 
B16/Fl-CM + 1 mM PNAT 837 + 58 9% NS 
BlG/Fl-CM + 10 mM PNAT 751 + 34 19% 0.0029 
B16/Fl-CM + 50 mM PNAT 530 _+ 19 43% <0.0001 

‘bExtracellular matrices from human U-2 OS osteosarcoma cells 
were metabolically labelled with ‘H-proline. Cells were then lysed 
with 20 mM NH*OH. Matrices were incubated with 200 1~1 B161 
Fl-CM in the presence of increasing concentrations of l,lO-phe- 
nanthroline, for 24 h at 37 C. Release of 3H was then determined 
from medium aliquots. Each value represents the mean of eight 

independent replicates and is expressed as disintegrations per 

minute. 

CLS+TPA TPA-CM 

Figure 5. Degradation of type I collagen by B16/Fl cells. 
Conditioned medium or B161Fl cells placed onto 3H-labelled 
type I collagen induced radiolabel release (PC 0.0001 for test 
conditions versus unconditioned medium). Challenge of the 
tumour cells with 400 ng/ml TPA further increased collage- 
nolysis (PC. 0.001 for CM from TPA-treated cells versus B16/ 
Fl-CM). CLS, cells; CM, conditioned medium; MEM, 

serum-free Minimum Essential Medium. 

and caseinolysis at M, 54000 (data not shown). The mi- 

gration patterns of these bands correspond to those of gela- 
tinases A and B, and interstitial collagenase or stromelysin 

[22]. These bands disappeared after gel incubation with 

chelators of divalent cations such as EDTA (15 mM) or 

B16Fl 

0 20 100 400 

TPA (ng/ml) 

Figure 6. Gelatin enzymography of B16/Fl-derived con- 
ditioned medium. Unstimulated B161Fl cells displayed gelati- 
nolytic activity at M,. 90000, 84000 and 64000. These activities 
were enhanced by exposure to increasing concentrations (O- 

400 nglml) of the phorbol ester TPA. 
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Table 4. Induction of matrix metalloprotenase release by treating 
B16IFl cells with TPA 

Molecular TPA TPA TPA 
weight” 20 ngimlt 100 ngiml 400 ng/ml 

90 000 Da 7% (O-14) 16% (11-19)f 19% (16-24)f 

84 000 Da 5% (Z-7) 10% (7-12) 9% (7-11) 

64000 Da 1% (O-6) 5% (O-12) 6% (O-14) 

“Cancer cell monolayers were incubated with serum-free medium 
in the presence of 20-400 ng/ml TPA for 24 h. Samples of B16/Fl- 
CM were then collected. Protein-standardised samples were 
resolved by electrophoresis in a 10% SDS-PAGE containing 0.3%1 
gelatin. Gels were partially digested with 2.5% Triton X-100 for 30 
min. Enzyme degradation of the substrate was allowed to occur in a 
buffer containing 0.1 M Tris-HCl pH 8.0, 5 mM CaC12 and 
0.04% NaN3, for 48 h at 37 C. Gels were then stained with 2.5% 
Coomassie Blue for 30 min, and destained with methanol/acetic 
acid/water (40: 10:50). Densitometry of the gelatinolytic bands was 
performed on negative photographs of the gels. TResults represent 
percent increases over control (TPA 0 ng/ml), and are expressed as 
median (range) from six different experiments. ZSignificantly differ- 
ent from untreated cells by Mann-Whitney test. P< 0.05 for TPA 
100 ng/ml and P < 0.0 1 for TPA 400 ng/ml. 

l,lO-phenanthroline (10 mM) for 48 h at 37’C (data not 
shown). Since phorbol esters induce synthesis and release of 
MMPs in a variety of cell lines, and TPA increased matrix 
degradation by El 6iFl cells, we exposed these cells to 20- 

400 ng/ml TPA for 24 h and performed enzymography of 

their CM. As observed in Figure 6 and Table 4, induction 
of three gelatinolytic species of BlG/Fl-derived MMPs was 

observed, corresponding to the secreted and activated forms 
of gelatinase B and activated form of gelatinase A (PC 0.01 
for the M, 90 000 band). A similar induction was observed 

with &I,. 52 000 caseinolytic band. 

DISCUSSION 
Bone metastases frequently exhibit osteolysis, a radiologi- 

cal indicator of their presence, and are associated with pain, 

fractures, hypercalcaemia and mechanical alterations. 

Tumour cells have previously been shown to induce bone 
destruction systemically by secreting humoral resorptive fac- 
tors or locally by releasing paracrine mediators of bone 
degradation [2, 31. These factors activate osteoclasts by 
direct interaction with specific receptors or indirectly by sti- 
mulating osteoblasts that will release osteoclast activators 
[23]. Thus, osteoclasts have been considered as major me- 
diators of osteolysis associated with bone metastasis. 
However, it has been suggested that this might not be a uni- 
versal mechanism, since experimental and human studies 
have shown that osteoclasts are only present at early stages 
of metastatic development [24-261 and will eventually be 
replaced by tumour cells. Consequently, tumour macro- 
phages and metastatic cells have been proposed as alternate 

cellular mediators during this “osteoclast-independent 
phase” of osteolysis 15, 271. Specifically, macrophages [28] 
and human breast cancer and leukaemic cells can directly 
destroy bone [6]. In this study, we implicate metastatic mel- 
anoma cells and their matrix metalloproteinases as direct 
mediators of osteolysis. 

Using histomorphometry and an animal model of exper- 
imental bone metastasis by murine melanoma cells, we 
revealed osteolysis at sites of bone metastasis. Osteolysis was 

not only locally associated with a striking reduction in the 
osteoclastic and osteoblastic populations, confirmed by a 

decrease in TRAP-positive osteoclasts, but also occurred in 

TRAP-negative locations where melanoma cells were in 
close association with bone surfaces. These findings demon- 
strate that local osteolysis occurred in this animal model 
and suggests direct involvement by murine melanoma cells. 
The presence of tumour cells close to resorptive surfaces 
does not necessarily mean that these cells are responsible 
for resorption. However, histomorphometric evidence of 
bone degradation together with virtual absence of osteo- 
clasts and a local predominance of tumour cells replacing 
the bone marrow, clearly supports a role of metastatic cells 
as direct mediators of osteolysis at this stage of metastatic 
development. 

Since osteosarcomas have an osteoblastic origin and typi- 

cally produce osteoid rich in type I collagen, we used 
matrices derived from osteosarcoma cell lines as in vitro sub- 

strates for metastatic melanoma cells. Our data showed 
that, under the in vitro conditions used in our experiments, 
B16IFl cells and secreted factors in their conditioned med- 
ium degraded such osteoid-like matrices. The ability of 
B16/Fl cells to degrade mineralised matrices were tested on 

three different bone preparations, including osteosarcoma- 
derived matrices exposed to P-glycerophosphate, rat fetal 
calvariae and bovine bone slices. These experiments indi- 

cated that murine melanoma cells degrade mineralised bone 
matrices. Rat fetal calvariae, labelled with 3H-proline or 

45Ca, have been previously used for studies of osteoclastic 
degradation [ 17, 291. In fact, degradation by tumour cells 

has previously been demonstrated in vitro by Eilon and 
Mundy [6], who showed that human cell lines induced 
release of radioactive calcium from rat fetal calvariae. Our 
experiments confirm their findings with murine melanoma 
cells using osteoid-like and bone substrates as the targets. 

Our evidence for formation of resorption pit assays by 
melanoma cells contrasts with previous studies in which 

tumour cells per se did not appear to degrade bone directly. 
In particular, Boyde and associates [30] based this con- 
clusion on unspecified ultrastructural features of resorption 

pits from a limited number of human spongy bone samples, 
in which tumour and bone cells were removed to identify 
the resorptive areas. Quinn and associates [28] addressed 
this question in vitro and showed that rat osteosarcoma cells 

were able to produce resorption pits in the presence of 
tumour-infiltrating macrophages and active vitamin D. 
Although they did not observe pit formation by carcinoma 
cell lines, details as to the culture conditions do not unequi- 
vocally rule out this possibility. 

Interstitial collagenases belong to the family of MMPs 
known to degrade type I collagen. In our study, a role for 
MMPs in tumour-induced osteolysis was demonstrated in 
virro by: (a) abrogation of tumour-induced matrix degra- 
dation by a chelator of divalent cations, (b) degradation by 
melanoma cells of purified type I collagen as a specific sub- 
strate for MMPs, and (c) enhancement of degradation by 
the phorbol ester TPA. Enzymography confirmed that this 
was associated with increased release of active MMPs by 
melanoma cells. Although the migration patterns observed 
in enzymography correspond to those of human gelatinases, 
interstitial collagenase and/or stromelysin, their identifi- 
cation will rely ultimately on the use of specific antimouse 
antibodies. Since TPA is responsible for the induction of 



924 O.H. Sanchez-Sweatman et al. 

many cellular pathways, the degradative induction observed 
may not necessarily be mediated only by MMPs, but rather 
by a combination of multiple mechanisms including these 
enzymes. That other degradative mechanisms are involved 
is also supported by the observation that in vitro inhibition 
of MMPs by a cation chelator only achieved partial inhi- 
bition of matrix degradation. Additional mechanisms also 
responsible for degradation may include other enzymatic 
systems capable of degrading matrix components such as 
the serine, aspartic or cysteine proteinases. Also, since che- 
lating agents inhibit other cation-dependent metalloprotei- 
nases, the use of purified TIMPs would be ideal to 
determine the role of MMPs in this degradative phenom- 
enon. Thus, we suggest that tumour-derived MMPs are me- 
diators, at least in part, of direct osteolysis by murine 
melanoma cells. 

The mechanisms by which cancer cells induce deminerali- 
sation of bone matrix are not known. Osteoclasts degrade 
bone by a combined action of membrane proton channels 
and proteinases, resulting in extracellular acidification, 
matrix demineralisation and degradation [3 11. The presence 
of similar mechanisms on cancer cells has not been 
reported. We speculate that cancer cells may acidify their 
immediate micro-environment by other yet undefined mech- 
anisms, in a less efficient manner than osteoclasts. 
Additionally, although cancer cells express type I collagen- 
binding integrins, it is unlikely that they will produce foca- 
lised degradation analogous to the c&-mediated osteoclas- 
tic osteolysis, since osteoclasts have a complex machinery 
specialised in this task. Therefore, we propose that bone- 
metastasising cells, which secrete MMPs and induce matrix 
demineralisation, can cause direct osteolysis, although it 
may be of differing efficiencies and morphology than that 
due to osteoclastic action. 

Three cellular mediators of osteolysis have been pro- 
posed, namely, osteoclasts [32], tumour macrophages [28] 
and cancer cells [6, 271. The present study demonstrates a 
role of cancer cells and their MMPs in directly causing 
bone matrix degradation. Classic observations in bone 
metastasis by VX2 carcinoma cells led Galasko to propose a 
“two-phase hypothesis” of osteolysis, with an “osteoclast- 
dependent” phase being followed by an “osteoclast-inde- 
pendent” phase, in which tumour cells and/or tumour 
macrophages directly participate in the destructive process 
[25, 33, 341. This “dual nature” of osteolysis is accepted 
but considered applicable only on a tumour-specific basis. 
Our data suggest and support the “osteoclast-independent” 
phase. That MPPs are involved in tumour osteolysis is of 
importance since novel therapeutic approaches could be de- 
rived. Future characterisation of the MMPs responsible for 
bone degradation may involve the use of blocking antibodies 
or specific enzyme inhibitors. This study may help to 
explain why anti-osteoclastic agents do not completely pre- 
vent or abrogate metastasis-associated local osteolysis [35]. 
Since tumour cells cause direct bone degradation, bispho- 
sphonate treatments which inhibit osteoclastic activity 
should be complemented by inhibitors of matrix metallopro- 
teinases. 

In conclusion, this study demonstrates direct bone matrix 
degradation by melanoma cells and suggests this effect may 
be mediated by MMPs. These observations provide evi- 
dence for the concept that osteoclasts, tumour-associated 

macrophages and cancer cells directly participate in local 
bone matrix degradation associated with bone metastasis. 
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