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Abstract

The characteristic bone destruction in giant cell tumour of bone (GCT) is largely attributed to the 

osteoclast-like giant cells. However, experimental analyses of bone resorption by cells from GCT 

often fail to exclude the neoplastic spindle-like stromal cells, and several studies have 

demonstrated that bone resorption by GCT cells is increased in the presence of stromal cells. The 

spindle-like stromal cells from GCT may therefore actively contribute to the bone resorption 

observed in the tumour. Type I collagen, a major organic constituent of bone, is effectively 

degraded by three matrix metalloproteinases (MMPs) known as the collagenases: MMP-1, MMP-8 

and MMP-13. We established primary cell cultures from nine patients with GCT and the stromal 

cell populations were isolated in culture. The production of collagenases by primary cultures of 

GCT stromal cells was determined through real-time PCR, western blot analysis and a multiplex 

assay system. Results show that the cells produce MMP-1 and MMP-13 but not MMP-8. 

Immunohistochemistry confirmed the presence of MMP-1 and MMP-13 in paraffin-embedded 

GCT tissue samples. Medium conditioned by the stromal cell cultures was capable of proteolytic 

activity as determined by MMP-1 and MMP-13-specific standardized enzyme activity assays. The 

spindle-like stromal cells from GCT may therefore actively participate in the bone destruction that 

is characteristic of the tumour.
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Introduction

The pathogenesis of giant cell tumour of bone (GCT), a rare primary osteolytic bone tumour, 

remains a matter of some controversy. The GCT microenvironment is characterized by three 

cell types; namely, the osteoclast-like multinucleated giant cells [1,2], the mononuclear 

CD68-positive round cells of monocytic-macrophage origin [2,3], and the mononucleated 

spindle-like stromal cells of mesenchymal origin [4–7]. Although the localized tissue 

destruction observed in patients with GCT is often attributed to the multi-nucleated giant 

cells [8–13], few reports of bone resorption by this tumour have excluded the stromal cells 

from their analyses, which proliferate rapidly and ultimately dominate the cell population 

when grown in vitro. Indeed, the stromal cells are considered the neoplastic component of 

the tumour [7], and several studies have reported that the overall bone resorption by GCT 

cells is enhanced by the presence of stromal cells [12,14,15]. The stromal cells, therefore, 

may also actively participate in the bone destruction that is characteristic of GCT.

Previous research has demonstrated that the stromal cell population from GCT produces 

various matrix metalloproteinases (MMPs) that are known to degrade an assortment of 

components comprising the extracellular matrix [16–19]. MMPs are a family of zinc-

dependent proteases that have been characterized in a multitude of organisms and are 

prominently involved in such regulatory processes as embryonic development, wound repair, 

and bone remodeling [20]. Although MMPs share several distinguishing features, they can 

be classed according to their domain structure and substrate specificity into subgroups that 

include the collagenases (MMP-1, MMP-8, MMP-13), the gelatinases (MMP-2, MMP-9), 

and the stromelysins (MMP-3, MMP-10), among others. Despite a wealth of information 

concerning MMPs in GCT, there is minimal data on the collagenases.

Collagen is considered the major organic component of normal bone [21–23]. Although 

several species of collagen have been described, the dominant form found in bone is that of 

type I collagen, which comprises approximately 90% of the entire collagen content [24]. An 

investigation into the bone degradation that is characteristic of GCT must therefore include 

an examination of the tumour’s ability to degrade type I collagen. Type I collagen consists of 

three polypeptide chains in the form of [α1(I)]2α2(I) and, in bone, is largely arranged in an 

insoluble fibrillar structure where it contributes to the structural integrity of the skeleton. 

However, only certain enzymes are capable of cleaving native fibrillar type I collagen. In this 

report, we investigated the ability of patient-derived GCT stromal cells to degrade type I 

collagen by evaluating the production and activity of the three collagenases known to 

degrade such collagen: MMP-1, MMP-8 and MMP-13.

Materials and methods

Cells and cell culture

Primary cell cultures were established from biopsy and resection specimens from patients 

pre-operatively diagnosed with GCT, following patient consent and approval from our 

institution’s Research Ethics Board (Table 1). Diagnoses of GCT were confirmed post-

operatively by a qualified pathologist and tumours were graded radiographically according 

to the Campanacci method of classification [25]. Tissue samples were macerated with 
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scalpel blades in a sterile glass Petri dish containing Dulbecco’s modified Eagle medium (D-

MEM) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/mL 

penicillin, and 100 μg/mL streptomycin (Invitrogen Canada/Gibco; Burlington, Ontario, 

Canada). Aliquots of media containing cells and macerated tissue were passed through a 24-

gauge needle and transferred to 25 cm2 vented tissue culture flasks and subsequently 

maintained at 37 °C in humidified air with 5% CO2. Following a 24-hour incubation period, 

the cell culture medium was replaced with fresh, supplemented D-MEM following several 

washes with phosphate buffered saline (PBS). Thereafter, cell culture medium was renewed 

every 2 to 3 days. Upon reaching ~80% confluence, cell cultures were digested with a 0.1% 

trypsin-EDTA solution; cells that easily detached from the flask surface were collected and 

maintained in supplemented D-MEM. Following several successive passages, the 

multinucleated giant cells and the CD68-positive monocytes were eliminated from the 

culture, as we have previously reported [16]. Cells used in experiments were analyzed 

between passages 5 and 17.

Simian virus 40 large T antigen-transfected human fetal osteoblast (hFOB) 1.19 cells were 

obtained from the American Type Culture Collection (ATCC # CRL-11372; Rockville, 

Maryland, USA) and maintained in supplemented D-MEM as described for the GCT cells at 

34 °C in humidified air containing 5% CO2. Similarly, human osteosarcoma (HOS) cells 

were obtained from ATCC (# CRL-1543) and maintained in Eagle’s minimum essential 

medium (ATCC) supplemented with 10% fetal bovine serum, 100 U/mL penicillin, and 100 

μg/mL streptomycin (Invitrogen Canada/Gibco) at 37 °C in humidified air containing 5% 

CO2.

Real-time PCR

Total RNA was isolated from stromal cell cultures lysed with lysis buffer (buffer RLT) 

containing β-mercaptoethanol using the RNeasy Mini Kit (Qiagen; Mississauga, Ontario, 

Canada) according to the manufacturer’s instructions. Isolated mRNAs were reverse-

transcribed into cDNAs using the SuperScript II First-Strand Synthesis System (Invitrogen 

Canada; Burlington, Ontario, Canada) as per the manufacturer’s instructions, and employing 

oligo-dT probes. The real-time polymerase chain reaction (PCR) was performed on a Mini-

Opticon Real-Time PCR Detection System (Bio-Rad Laboratories; Mississauga, Ontario, 

Canada) using the iQ SYBR Green Supermix (Bio-Rad), according to the manufacturer’s 

instructions. The reaction was achieved in a total volume of 20 μL, consisting of 1:10 diluted 

cDNA template (2 μL) obtained from RNA (1 μg). Amplification was performed using a 

real-time thermal cycler (Bio-Rad) using 40 cycles of 94 °C for 15 s, 58–60 °C (based on 

individual optimization) for 30 s, and 72 °C for 30 s, with a gradient change in temperature 

to determine the melting curve of the final PCR products. The gene encoding human 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as an internal control. Cycle 

threshold (Ct) values were established and the relative change in expression from GAPDH 

was determined according to the 2−ΔΔCt method of analysis and compared to expression by 

hFOB 1.19 cells.
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Primers were designed using the National Center for Biotechnology Information (NCBI)’s 

GenBank and prepared by Sigma-Genosys Canada (Sigma-Aldrich; Oakville, Ontario, 

Canada). Sense and anti-sense primers are listed in Table 2.

Western blotting

GCT stromal cells were plated in 55 cm2 Petri dishes and grown to confluence. Cells were 

scraped and collected in Nonidet P-40 (NP40) lysis buffer (15% NP40, 5 M NaCl, 1 M Tris 

pH 7.4, 0.5 M EDTA pH 8.0) containing protease inhibitor cocktail tablets (Hoffmann-La 

Roche; Mississauga, Ontario, Canada) and maintained at 4 °C for 60 min. The lysate was 

centrifuged at 10,000 ×g for 20 min. Protein concentration was determined by the Bradford 

microassay procedure and 50 μg samples were electrophoresed by 10% sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) at 90 V for 90 min, and then 

transferred to a nitrocellulose membrane using a semi-dry transfer cell (Bio-Rad) at 20 V for 

45 min, as per the manufacturer’s instructions. Blots were blocked overnight with 5% skim 

milk in 1× TBS-T (Tris-buffered saline with Tween 20) and then incubated with monoclonal 

anti-human MMP-1 (Calbiochem; Mississauga, Ontario, Canada), MMP-8 or MMP-13 

antibodies (R&D Systems; Minneapolis, Minnesota, USA) for 3 h at room temperature. 

Recombinant protein standards for MMP-8 and MMP-13 (R&D Systems) served as positive 

controls for those blots, while HOS functioned as a positive control for MMP-1 expression 

and water served as a negative control for all blots. Blots were subsequently incubated with 

appropriate secondary antibody and MMP protein was visualized using enhanced 

chemoluminescence (ECL) detection (Amersham Biosciences/GE Healthcare Bio-Sciences 

Inc.; Baie d’Urfé, Quebec, Canada) according to the manufacturer’s instructions. Antibodies 

were removed using stripping buffer (62.5 mM Tris–HCl pH 6.8, 2% SDS, 100 mM β-

mercaptoethanol) at 65 °C for 30 min and blots were re-probed with monoclonal anti-actin 

(MP Biomedicals; Montreal, Quebec, Canada), which served as a loading control.

Multiplex assay

The Fluorokine MAP Multiplex Assay System with Luminex 100 detection equipment 

(R&D Systems) employs colour-coded microparticles to accurately detect and quantify 

specific analytes within a medium. The microparticles are equipped with analyte-specific 

antibodies and are added to a sample of interest where the antibodies bind to their respective 

substrates. Biotinylated antibodies are subsequently added to the sample and bind the 

microparticle-affiliated analytes. Lastly, a streptavidin–phycoerythrin conjugate is added to 

the sample, which binds the biotinylated antibodies. Quantification of specific analytes is 

achieved using a dual laser approach: one laser is used to determine the specific colours of 

the microparticle, thereby identifying the substrate, while a second laser determines the 

amount of bound analyte by assessing the magnitude of the phycoerythrin signal.

GCT stromal cells were grown to confluence in 55 cm2 Petri dishes. Cell lysates and serum-

free D-MEM conditioned by stromal cell cultures for 24 h were collected separately. Total 

protein content in the lysates was quantified using the Bradford microassay procedure. 

Additionally, the total number of cells present at the time of the conditioned medium 

collection was determined by hemocytometer. Simultaneous quantification of MMP-1, 

MMP-8 and MMP-13 in the conditioned medium and lysates was achieved on the Multiplex 
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Assay System using Flurokine MAP Human MMP kits (R&D Systems), as per the 

manufacturer’s instructions.

Immunohistochemistry

Paraffin-embedded tissue samples of GCT were cut and mounted onto slides. Tissue sample 

slides were de-paraffinized in several washes of xylene. Slides were blocked for endogenous 

peroxidase activity by incubation with 3% hydrogen peroxide for 10 min and subsequently 

washed in 1× TBS-T before treatment with 5% normal horse serum for 30 min. Next, 

sample slides were incubated at room temperature for 1 h in a moist chamber with various 

dilutions of primary antibodies that included MMP-1 (Calbiochem), MMP-8, and MMP-13 

(R&D Systems). Slides were then rinsed three times in TBS-T and incubated for a further 30 

min at room temperature with a 1:500 dilution of secondary anti-mouse/rabbit/goat 

immunoglobulin (IgG) (Sigma), as dictated by the primary antibody. Following a further 

wash with TBS-T and ABC conjugation (Vector Laboratories; Burlington, Ontario, Canada), 

substrate colour was developed for 2 to 10 min at room temperature using a liquid 3,30-

diaminobenzidine (DAB) substrate-chromogen solution kit (DAKO Canada; Mississauga, 

Ontario, Canada). Slides were counterstained in hematoxylin, dehydrated in graded ethyl 

alcohol (70%, 90% and 100%), and mounted in Permount. Preparations without the primary 

antibody served as negative controls.

Standardized collagenase activity assays

Serum-free D-MEM conditioned by confluent stromal cell cultures for 24 h was 

concentrated approximately 40 fold using Amicon Ultra-4 Centrifugal Filter Devices 

(Millipore; Etobicoke, Ontario, Canada) and analyzed using SensoLyte Plus 520 MMP-1 

and SensoLyte Plus 520 MMP-13 Assay Kits (AnaSpec; San Jose, California, USA), as per 

the manufacturer’s instructions. The kits employ 96-well cell culture plates coated with 

monoclonal anti-human MMP-1 or MMP-13 antibodies that recognize both the latent and 

active forms of the enzymes. The specificity of the monoclonal antibodies prevents cross-

reactivity with other MMPs. Isolated pro-MMP-1 or pro-MMP-13 is subsequently activated 

by incubation with 4-aminophenylmercuric acetate (APMA) at 37 °C. Proteolytic activity of 

the enzymes is measured using a fluorescence resonance energy transfer (FRET) peptide 

containing a quenched fluorophore. Upon cleavage by MMP-1 or MMP-13, fluorescence of 

the fluorophore was recovered and was measured on a CytoFluor Multi-Well Plate Reader 

series 4000 (PerSeptive Bio-systems/Applied Biosystems; Streetsville, Ontario, Canada) 

following an eight-hour incubation period, with an excitation and emission wavelength of 

485±20 nm and 530±25 nm, respectively. Due to equipment design limitations, the contents 

of each well from the kit’s cell culture plate were transferred to a new 96-well cell culture 

plate immediately prior to quantification.

Statistical Analyses

Statistical analyses for the real-time PCR data were performed using the two-sample 

independent student’s t-test. The average value of MMP gene expression within each 

experiment was expressed relative to the expression of the GAPDH internal control. Results 

from repeated experiments were subsequently compared to the results of hFOB 1.19 cells 

and accepted as significant if P≤0.05.
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Results

Collagenase mRNA expression

Amplification of total mRNA isolated from GCT stromal cell lysates and reverse-transcribed 

into cDNA was evaluated for collagenase expression and quantified by real-time PCR. 

Results are summarized in Fig. 1. Significantly greater MMP-13 expression was detected in 

all nine GCT stromal cell cultures when compared to hFOB 1.19 cells and using the two-

sample independent student’s t-test (P ≤0.05). Furthermore, six cell cultures (GCT-1, -2, -3, 

-5, -8, and -9) similarly expressed MMP-1 mRNA levels that were significantly greater than 

that of hFOB 1.19 cells, and of those, three cultures (GCT-1, -3, and -9) also expressed 

significantly greater MMP-8 levels. The hFOB 1.19 cells were employed for comparative 

reasons due to the mesenchymal origin of the GCT stromal cells [7].

Collagenase protein expression

Western blotting was performed on GCT stromal cell lysates. Both MMP-1 and MMP-13 

proteins were detected in all stromal cell lysates as shown in the representative results of 

Fig. 2. However, MMP-8 was not observed by western blotting, despite positive detection of 

the control peptide. Band sizes for MMP-1, MMP-8 and MMP-13 corresponded with the 

anticipated 54, 75 and 55 kDa sizes of the latent enzymes, respectively. Collagenase protein 

expression was quantified in stromal cell lysates, as well as in media conditioned by the cells 

for 24 h, using a multiplex assay system, as shown in Table 3. Due to the clinical nature of 

the cell lines and the variability in available sample sizes, not all cell lines were available at 

the time of analysis and only the cell lines presented in Table 3 were analyzed. Results are 

given as total pg/mL for each sample. Data were subsequently normalized to pg of MMP per 

100 μg total proteins or per 1000 cells for the lysate and conditioned medium samples, 

respectively. Although overall expression of MMPs in the lysates and subsequent secretion 

into the conditioned medium varied for each cell line, MMP-8 expression was consistently 

negligible, whereas MMP-1 and MMP-13 expression was detected in greater quantities.

Immunohistochemistry analyses of GCT

To evaluate whether collagenase expression in GCT was an artifact of cell culturing, 

immunohistochemical staining of GCT tissue samples with monoclonal anti-human 

collagenase antibodies was performed. As shown in Fig. 3, results from paraffin-embedded 

GCT-8 tissue revealed localization of both MMP-1 and MMP-13 in the stromal cell 

population of GCT. MMP-1 antibody staining was additionally present in many giant cells. 

However, MMP-8 was not detectable in any of the GCT cell types, despite positive staining 

in human breast cancer tissue (data not shown), which has previously demonstrated 

expression of MMP-8 [26]. The collagenase staining pattern observed with GCT-8 was 

confirmed through analysis of 23 archival GCT specimens obtained through our institution 

(data not shown).

Collagenolytic activity

To confirm the functional abilities of the secreted proteases, enzyme-specific activity assays 

that utilize a fluorescently-quenched peptide, which fluoresces upon proteolytic cleavage, 
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were employed. Collagenase activity was measured following activation of latent enzymes 

with APMA. Concentrated media conditioned by GCT stromal cells showed increased 

fluorescence relative to media alone using both MMP-1 and MMP-13-specific assays (Fig. 

4). Media conditioned by HOS cells, which are known to have MMP-1 activity, are shown 

for comparison. The conditioned media all presented a range of fluorescent activity that was 

elevated when compared to serum-free D-MEM. The only exceptions were the GCT-4 

samples, which did not show MMP-1 activity (0.99±0.03) despite positive MMP-13 activity 

(1.39±0.01).

Discussion

A select number of mammalian proteases are capable of cleaving the native fibrillar 

structure of type I collagen. These enzymes are principally cathepsin K [27], membrane-type 

1 MMP (MMP-14) [28], and the interstitial collagenases (MMP-1, MMP-8 and MMP-13); 

however, gelatinase-A (MMP-2) has also shown a weak affinity for fibrillar collagen [29]. 

Although we [16], and others [18,19], have previously reported the production of MMP-2 by 

the GCT stromal cells, this study focused on the secreted collagenases, which function under 

physiologic conditions of neutral pH. In contrast, cathepsin K is active within the acidic pH 

range that is characteristic of an osteoclast environment, and indeed, its production has been 

associated with the multinucleated giant cells [30–32].

Osteoclasts resorb the bone matrix through the combined actions of vacuolar H+-ATPase, 

which demineralizes the crystals of hydroxyapatite [33], and cathepsin K, which largely 

degrades the organic components of bone [31,32]. Physiologically, therefore, cathepsin K 

can be considered the principal protease involved in bone resorption. However, the activity 

of both enzymes is dependent upon the formation of a ruffled membrane in the osteoclast: a 

characteristic morphological change comprised of actin rings. Degradation of type I collagen 

by interstitial collagenases was shown to stimulate the formation of ruffled membranes, 

thereby inciting osteoclast activity [34,35]. Osteoclasts themselves do not produce soluble 

collagenases [34,36], although MMP-13 is detectable at the resorption zone [37,38], 

implying an alternate source for the enzymes such as osteoblasts and other fibroblast-like 

cells [34].

Here we report the expression of MMP-1 and MMP-13 by the stromal cell population of 

GCT from nine affected patients. The enzymes were sufficient for proteolytic activity, as 

determined by standardized activity assays, although stromal cells have previously shown an 

inability to independently resorb dentine slices [14,30]. However, the resorptive activity of 

the osteoclast-like giant cells is enhanced by the presence of stromal cells [12,14,15], 

suggesting that the stromal cells may encourage giant cell activity through the degradation 

of type I collagen. The stromal cells are the neoplastic element of GCT [7], and have 

previously shown an ability to stimulate the formation of multinucleated cells from 

mononuclear cells [6,39–41]. Moreover, the stromal cells may be at least partly responsible 

for the initial recruitment of mononuclear osteoclast precursors to the tumour site [42,43]. 

Taken together, these results suggest that the spindle-like stromal cells of GCT largely 

influence the initiation, propagation and activity of the osteolytic tumour through the 

formation and activation of the giant cells.
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The mRNA expression of each collagenase, as determined by real-time PCR (Fig. 1), largely 

corresponds with the relative protein levels obtained using the multiplex assay system (Table 

3). Although elevated MMP-8 mRNA expression was detected in GCT-1, -3 and -9, the 

results are relative to hFOB 1.19 cells, which are not known to produce MMP-8. 

Accordingly, all other experimental approaches suggest that MMP-8 expression was 

consistently negligible in all GCT stromal cell lines. With respect to MMP-1 and MMP-13, 

the majority of each enzyme was detected in the cell lysates, although it is possible that 

increased amounts of protein in the surrounding medium are achievable if the incubation 

period was sustained beyond 24 h. Indeed, immunohistochemical analyses of GCT tissue 

revealed considerable positive staining of both MMP-1 and MMP-13 in the stromal cell 

population (Fig. 3). Regardless, the amount of collagenase secreted into the media was 

sufficient for proteolytic activity, as determined by the enzyme-specific standardized activity 

assays (Fig. 4).

Due to the limited availability of some clinical specimens, only a select number of GCT cell 

lines were available for analysis by the multiplex assay system and the standardized activity 

assays. Despite this fact, we have demonstrated that MMP-13 is consistently and highly 

expressed by the spindle-like stromal cell population from GCT. These results expand on 

previous isolated reports of interstitial collagenase expression in GCT. Microarray analyses 

of whole GCT samples have demonstrated that MMP-13 is highly expressed by the tumour 

[44,45], and real-time PCR analysis of total GCT mRNA also indicated elevated MMP-13 

expression [30]. Few previous reports have examined MMP-1 expression in GCT. Lindeman 

et al. [30] demonstrated no detectable MMP-1 expression by real-time PCR analysis of total 

GCT mRNA from seven individual tumours. Conversely, we have demonstrated MMP-1 

expression by the stromal cells from GCT using a variety of experimental protocols. The 

variability of MMP-1 expression and activity by these cells suggest that MMP-1 may not be 

present in all GCTs. However, the consistency of MMP-13 expression by the neoplastic 

stromal cells warrants further investigation into what role, if any, these collagenases have in 

the pathogenesis of the tumour.

The variability in collagenase expression amongst the different cell lines is likely a result of 

differences between patients. Indeed, many reports examining GCT samples from different 

patients detail differences in the expression of several genes [46]. These differences may be 

influenced by other factors produced by the stromal cells, including transforming growth 

factor-β1 (TGF-β1) [47], which has demonstrated the ability to stimulate expression of 

MMP-13 in renal carcinoma cells [48]. Although few papers have described the production 

of cytokines by GCT stromal cells, both interleukin-1β (IL-1β) and tumour necrosis factor-

α (TNF-α) are known to stimulate the expression of MMP-1 and MMP-13 in osteoarthritis 

and rheumatoid arthritis [49,50], while interleukin-17 was shown to induce MMP-13 

expression in osteoarthritic chondrocytes [51]. Similar cytokine-mediated mechanisms of 

stimulating collagenase expression may occur in GCT. Furthermore, it cannot be 

conclusively ruled out that there may be contaminating cells in the primary cultures, which 

may influence collagenase expression by the stromal cells, as the cell lines were established 

from individual patients. There was no discernable correlation between collagenase 

expression and aggressiveness of the tumours, as determined by the Campanacci 
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classification. This lack of correlation is not surprising, as many reports have described a 

similar inability to relate aggressiveness to their findings [46].

In the context of GCT, the role of stromal cell-derived MMP-1 and MMP-13 may be giant 

cell stimulation, as described above. However, the collagenases themselves may be 

contributing to bone resorption following demineralization by the giant cells. This intriguing 

consideration may help account for the extensive bone resorption that is characteristic of 

GCT in cases where fewer giant cells are present [52,53]. In point of fact, it is the spindle-

like stromal cells, and not the giant cells, that are present at the margins of the tumour where 

bone resorption occurs [53]. Further, these enzymes may have regulatory functions, as 

MMP-13 was previously shown to activate other latent MMPs [54] and can be activated by 

other proteases found in GCT [55].

In summary, we have demonstrated that the stromal cells derived from patients with GCT 

produce MMP-1 and MMP-13, but not MMP-8, and that the enzymes were sufficient for 

proteolytic activity in vitro. The role of the stromal cell-derived collagenases in GCT 

remains undetermined, although they may aid in bone resorption either directly, or through 

the stimulation of giant cell activity. Future study is required to elucidate the mechanism of 

collagenase expression in GCT and to determine the role of these enzymes in vivo.
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Fig. 1. 
Real-time PCR of cDNA from GCT stromal cell lysates showing expression of MMP-1, 

MMP-8 and MMP-13 relative to hFOB 1.19 cells (“hFOB”). Total cDNA from GCT-1 

through 9 are indicated as 1 through 9, respectively. Results are the average of two replicate 

experiments.
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Fig. 2. 
Representative western blot analyses of GCT stromal cell lysates for MMP-1, MMP-8 and 

MMP-13. The blots show protein expression by HOS and GCT stromal cell lines. 

Corresponding numerical values represent GCT-1 through 9. Controls include serum-free D-

MEM (−) and recombinant protein standards for MMP-8 and MMP-13 (+). HOS serves as a 

positive control for MMP-1. Anti-actin antibodies serve as an internal control. Results are 

each representative of three independent experiments.
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Fig. 3. 
Representative immunohistochemistry staining of paraffin-embedded GCT-8 tissue samples 

with monoclonal anti-human (A) MMP-1 (1:100), (C) MMP-8 (1:50) and (E) MMP-13 

(1:50) antibodies. The negative controls for each antibody are shown in (B) for MMP-1, (D) 

for MMP-8 and (F) for MMP-13. Original magnification × 400.
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Fig. 4. 
Proteolytic activity of (A) MMP-1 and (B) MMP-13 in concentrated media conditioned by 

HOS or GCT stromal cells for 24 h, as determined by protease-specific standardized activity 

assays and relative to serum-free D-MEM (“M”). Quantification was achieved through 

measurement of fluorescence following incubation with a quenched fluorophore that 

fluoresced upon proteolytic cleavage by MMP-1 or MMP-13. GCT cell lines tested are 

indicated numerically and refer to GCT-1, -2, -4, -5, and -9, respectively.
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Table 1

Demographic data for GCT primary cell cultures

Case Gender Age Location Campanacci classification

GCT-1 Female 25 Distal femur Grade II

GCT-2 Male 59 Distal femur Grade II

GCT-3 Male 41 Distal femur Grade III

GCT-4 Male 55 Proximal humerus Grade III

GCT-5 Female 56 Proximal tibia Grade II

GCT-6 Female 31 Distal ulna Grade III

GCT-7 Female 47 Distal femur Grade II

GCT-8 Female 39 Rib Grade III

GCT-9 Male 20 Distal femur Grade II
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