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Abstract

A major barrier towards the study of the effects of drugs on Giant Cell Tumor of Bone (GCT) has
been the lack of an animal model. In this study, we created an animal model in which GCT
stromal cells survived and functioned as proliferating neoplastic cells. A proliferative cell line of
GCT stromal cells was used to create a stable and luciferase-transduced cell line, Luc-G33. The
cell line was characterized and was found that there were no significant differences on cell
proliferation rate and recruitment of monocytes when compared with the wild type GCT
stromal cells. We delivered the Luc-G33 cells either subcutaneously on the back or to the tibiae
of the nude mice. The presence of viable Luc-G33 cells was assessed using real-time live
imaging by the IVIS 200 bioluminescent imaging (BLI) system. The tumor cells initially
propagated and remained viable on site for 7 weeks in the subcutaneous tumor model. We also
tested in vivo antitumor effects of Zoledronate (ZOL) and Geranylgeranyl transferase-I inhibitor
(GGTI-298) alone or their combinations in Luc-G33-transplanted nude mice. ZOL alone at
400mg/kg and the co-treatment of ZOL at 400mg/kg and GGTI-298 at 1.16 mg/kg reduced
tumor cell viability in the model. Furthermore, the anti-tumor effects by ZOL, GGTI-298 and the
co-treatment in subcutaneous tumor model were also confirmed by immunohistochemical
(IHC) staining. In conclusion, we established a nude mice model of GCT stromal cells which
allows non-invasive, real-time assessments of tumor development and testing the in vivo
effects of different adjuvants for treating GCT.
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Introduction

Giant cell tumor of bone (GCT) is a common neoplasm in

Chinese patients, constituting 20% of all benign bone tumors

(1). The tumor usually affects young adults between the ages

of 20–40 and is typically located at the articulating ends of the

long bones such as the distal femur proximal tibia, the

humerus and even the pelvis. GCT is treated with intralesional

curettage and local adjuvants but is prone to recurrence with

reported rates ranging from 0% to 65% (2,3). Wide resection

of GCT can reduce the rate of local recurrence but the

surgical procedure requires the sacrifice of a larger segment

of the bone, necessitating an obligatory reconstruction of the

bone defect or a large prosthetic reconstruction of the whole

joint, eventually compromising limb function. GCT is also

largely unresponsive to systemic chemotherapy that has

systemic toxicity and even potential life-threatening side

effects. Given that GCT is a benign bone tumor, we aim to

achieve an adequate local tumor clearance but yet maximally

preserve the surrounding normal bone for better limb

function. Therefore, adjuvant therapies for GCT, i.e. bispho-

sphonates have been investigated (4,5). Bisphosphonates have

been shown to not only decrease the rate of tumor recurrence

but also exert anti-tumor effect, leading to tumor stabilization

and less aggressive recurrence. Consequently, subsequent

need of repeated surgeries and the scale of each surgery is

reduced.

We have previously shown that a combination of the

bisphosphonate, Pamidronate (PAM) with a protein prenyla-

tion inhibitor, Geranylgeranyl transferase-I inhibitor (GGTI-

298) results in a dual inhibition of cell viability and

proliferation in the GCT stromal cells, may partly through

suppressing the protein prenylation pathways (6). Further

animal studies are warranted before clinical application,

however, the difficulty of replicating an animal model of GCT

is well known. When GCT stromal cells were subcutaneously

injected into immunocompromised mice, they did not recruit

monocytes and induce giant cell formation (7–9). Some

studies showed that, when GCT tissues were implanted into

subcutaneous area or thigh muscle of athymic nude mice, the

implants induced formation of a shell of new bone enclosed
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by the host vascularized fibrous tissue (10,11), and the tumor

tissue was resorbed up to 35 days post-transplantation. We

have developed instead an alternative model in which the

GCT stromal cells continue their neoplastic proliferation by

using a three-dimensional (3D) hydrogel to deliver the

luciferase-transduced GCT stromal cells either subcutane-

ously on the back or to the tibiae of the nude mice. The 3D

matrix provided a well-contained, growth-enhancing envir-

onment in which the tumor cells initially propagated and

remained viable; and the luciferase transduction of the GCT

stromal cells allowed real-time, non-invasive biolumines-

cence imaging of the tumor growth. This shall provide an

invaluable platform for studying the in vivo effects of drugs

on the neoplastic cells of the GCT.

Methods

Reagents

Zoledronate (ZOL) was purchased from Novartis

Pharmaceuticals Ltd. (Basle, Switzerland). Geranylgeranyl

transferase-I inhibitor (GGTI-298) was purchased from Sigma

(St. Louis, MO). A 0.8 mg/ml stock solution of ZOL in

phosphate buffered saline (PBS) and an 11.6 mg/ml stock

solution of GGTI-298 in dimethyl sulfoxide (DMSO) were

kept at �80 �C until use. The stock solution of ZOL and

GGTI-298 were freshly diluted in saline before administra-

tion. Cell culture medium was purchased from Invitrogen Life

Technologies (Carlsbad, CA). Other chemicals and reagents

were of analytical grade.

Primary culture of GCT stromal cells and other cells

The study was approved by the local ethics committee (Prince

of Wales Hospital). GCT specimens were collected from

patients after surgery. Primary culture of GCT stromal cells

was established as previously described (6), and maintained at

37 �C and 5% CO2 in Dulbecco’s Modified Eagle Medium

(DMEM) containing 10% fetal bovine serum (FBS), 1%

penicillin–streptomycin–neomycin (PSN; Invitrogen). Bone

marrow mesenchymal stem cells (MSC) obtained from a

healthy donor were used as the control cells for evaluation in

the drug toxicity test. GCT stromal cell has been reported to

be of the MSC origin (12,13). MSC were isolated by the

method as previously described (14) and cultured in DMEM

containing 10% FBS and 1% PSN. Human monocytes, THP-1

cells were purchased from ATCC, and re-suspended with

completed RPMI1640 medium supplemented with 10% FBS

and 1% PSN. The cells were then cultured at 37 �C in a

humidified atmosphere of 5% CO2 and 95% air.

Virus production and luciferase gene transduction of
GCT stromal cells

Lentiviral particles were produced in 293T cells by calcium

phosphate-mediated transfection involving a four-plasmid

expression system. In brief, 293T cells were plated into

10 cm2 plates at 2� 106 cells/plate for 24 h, and chloroquine

(Sigma) was added to the medium at a final concentration of

25 mM. The transfer vector plasmid (Lenti CMV/TO V5-

LUC) obtained from Addgene (Cambridge, MA), the helper

plasmids plp-1 and plp-2, and the envelope plasmid

plp-VSVG were mixed with calcium chloride (0.25 M) and

HEPES-buffered saline (HBS), and were added into the 293T

cells. The virus particles in the medium were harvested at 72 h

after transfection, concentrated by PEG-it virus precipitation

solution (System Biosciences, San Francisco, CA). GCT

stromal cell line G33 was transduced with the V5-LUC Puro

expression lentivirus vector containing the luciferase gene

coding region and the puromycin resistant gene, in the

presence of polybrene (Sigma). The culture medium was

changed to the complete medium supplemented with 10%

FBS and 1% PSN, 17 h after addition of lentivirus. Stable

cells were selected in the culture medium supplemented with

puromycin. The resulting cell line is referred to Luc-G33.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay

GCT stromal cells (G33), luciferase transduced G33 cells

(Luc-G33) and MSC were seeded at 7000 cells/well in 96-

well plates individually. The three cell lines were treated with

ZOL (0–1.6 mg/ml) and GGTI-298 (0–23.2 mg/ml) alone,

respectively, for 5 days. These dose ranges were selected

according to our previous studies (6,15). For the combination

treatment, three combinations were used: 0.4 mg/ml

ZOL + 5.8 mg/ml GGTI-298, 0.8 mg/ml ZOL + 11.6 mg/ml

GGTI-298; and 1.6 mg/ml ZOL + 23.2 mg/ml GGTI-298. 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) solution at 0.5 mg/ml was added into the cultured

cells, followed by incubation at 37 �C for 3 h in a CO2

incubator. The absorbance at 540 nm was measured using a

microplate reader (Bio-rad 3550).

In vitro bioluminescent imaging (BLI) for cell viability

Prior to implantation, cell viability and presence of luciferase-

transduced GCT stromal cells (Luc-G33 cells) were assessed

using in vitro bioluminescent imaging (BLI). Luc-G33 cells

were seeded at 7000 cells/well in 96-well black-color plates

for 24 h and treated with single ZOL (0–1.6 mg/ml) and GGTI-

298 (0–23.2 mg/ml) treatment respectively for 5 days. For

combined treatments, the drugs were added at the three fixed

concentrations as described in the MTT assay. After treat-

ment, the culture medium was replaced with fresh medium

containing D-luciferin potassium salt at 150 mg/l (Xenogen,

Alameda, CA) and incubated further at 37 �C and 5% CO2 for

10 min and then subjected to BLI by the IVIS 200 BLI

(Xenogen, Alameda, CA). The effect of the combined

treatments was analyzed using the combination index (CI),

as described by Chou and Talalay (16). CI51, ¼1 and 41

indicate a synergism, additive effect and antagonism, respect-

ively. CI values were then used to estimate the dose reduction

index (DRI) for combination of drugs. DRI is a measure of

how many folds the dose of each drug in a synergistic

combination may be reduced at a given effect level when

compared with the dose of each drug alone (17).

Monocytes migration assay

Human monocytes (THP-1 cells) were seeded at a 7� 105

cells/well density in the upper compartment of transwell

chambers (6.5 mm diameter, 8 mm pore size; Corning Costar,

Pittsburgh, PA). The lower chambers contained 600ml of

2 C. P. Y. Lau et al. Connect Tissue Res, Early Online: 1–11
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DMEM plus 10% FBS and 1% PSN; in the absence of the

GCT stromal cells (control), or in the presence of G33 cells or

Luc-G33 cells at a 5� 104 cells/well density, respectively.

The transwell chambers were incubated at 37 �C in air with

5% CO2 and THP-1 cells were allowed to migrate for 120 min

toward the lower chamber. Non-migrated cells were scraped

off from the upper surface of the membrane with a cotton

swab. Migrated cells remaining on the bottom surface were

fixed with freshly prepared 4% paraformaldehyde, and

counted after staining with crystal violet solution. The total

number of cells on each membrane was counted from five

random fields of view.

Cell proliferation assay

G33 and Luc-G33 cells, respectively, were seeded on 96-well

plates (7000 cells/well) for 72 h. The cell proliferation rate

was measured by BrdU incorporation using the Cell

Proliferation ELISA, BrdU (colorimetric) kit (Roche

Diagnostics, GmbH. Mannheim, Germany) according to the

manufacturer’s instructions.

Preparation of synthetic extracellular matrix for cell
transplantation

Luc-G33 cells were resuspended in serum-free medium at

2� 107 cells/ml for each 100 ml injection with hydrogel. The

hydrogel concentration was optimized and each 30 ml of cell

suspension was mixed with 35 ml of Glycosil and 35 ml of

Gelin-S to form a 70 % synthetic hydrogel solution using an

Extracel-X Hydrogel Kit (Glycosan BioSystems Inc., Salty

Lake City, UT). The resulting cell suspension was mixed by

gentle pipetting and supplemented with 20 ng/ml murine

RANKL and 4 ng/ml murine vascular endothelial growth

factor (VEGF) (Peprotech, Rocky Hill, NJ). In the end, 17.5 ml

of Extralink was added to the cell suspension immediately

before injection to the animals.

Transplantation of luciferase-expressing GCT stromal
cells in nude mice and the drug treatment

All the animal experiments were carried out under approval

by the animal experimental ethics committee of the Chinese

University of Hong Kong (CUHK). Forty male (8–9 weeks

old) nude mice were obtained from the Laboratory Animal

Services Centre (LASEC) of CUHK. The nude mice were

initially weighed and anesthetized intraperitoneally with 10%

chloral hydrate at 0.1 ml/30 g live weight. The operative area

was prepared with iodine. Each mouse was then given an

intraosseous (1� 106) and a subcutaneous injection (3� 106)

of Luc-G33 cells in hydrogel into the tibia and under the

dorsal skin, respectively. A preliminary study had been

proceeded on eight mice for observing the duration of the BLI

signals from the Luc-G33 cells in the mice in vivo. Thirty-two

mice after Luc-G33 implantation were randomly divided into

four groups (8 mice/group) with equal average body weight

and drugs were given to each mice three days after cell

injection. Group 1 was then given 0.9% sodium chloride

(Abbott) as the vehicle control treatment; Groups 2–4 were

given ZOL and GGTI treatments at the following dosages:

group 2 treated with ZOL alone at 400 mg/kg; group 3 with

GGTI-298 alone at 1.16 mg/kg; and group 4 with the

combination of ZOL at 400 mg/kg and GGTI-298 at

1.16 mg/kg. The doses used for GGTI-298 are clinically

relevant (18,19). Although the dose for ZOL is relatively high

when compared with the dose used for treating animal bone

resorption models (e.g. 100 mg/kg), but it is a moderate dose

for treating animal cancer models such as prostate cancer and

breast cancer and it is well tolerated in nude mice (20–22).

Drugs were administered subcutaneously, twice per week for

four weeks. The mice were euthanized at day 35 after cell-

implantation.

Whole-body real-time BLI

The presence of viable Luc-G33 cells in the nude mice was

assessed using real-time live imaging by the IVIS 200 BLI

system (Xenogen). The substrate D-luciferin potassium salt

was injected into the intra-peritoneal cavity at 150 mg/kg

body weight (30 mg/ml), approximately 10 min before

imaging. Mice were anesthetized using isoflurane/oxygen

and placed on the imaging stage. Images were collected in

10–30 s. The photon emission transmitted from mice was

captured and quantitated in photons/s using Living

Image software version 2.50 (Caliper Life Sciences Inc.,

Hopkinton, MA).

Histological and immunohistochemical (IHC)
examinations

The tibiae and skin collected from the nude mice were fixed,

embedded and processed for tissue sectioning. The tibiae

were decalcified in 9% formic acid for 2 weeks prior to

paraffin embedding. The specimens were sectioned (5mm)

and stained with hematoxylin and eosin (H&E). For

immunohistochemical (IHC) staining of human Luc-G33

cells in the tibia and skin samples, tissue sections (5 mm) were

de-waxed in xylene and then rehydrated in sequentially

diluted ethanol followed by PBS rinse as previously described

(14) with minor modifications. In brief, monoclonal mouse

antibody raised against human mitochondrial protein (Abcam,

Cambridge, UK) was applied at a dilution of 1:400 in 1%

BSA–PBS for incubation at 4 �C overnight. After stringent

washing in PBS twice, a secondary antibody conjugated to

horse radish peroxidase (HRP) was used for further incuba-

tion. Diaminobenzidene (DAB) as chromogen was used for

color development. Slides were finally counterstained with

hematoxylin and examined under a light microscope.

Quantitative analysis was performed with ImmunoRatio

(23), which analyzes immunostained slides using color

deconvolution for stain separation and adaptive IsoData

algorithm for thresholding.

Statistical analysis

Single drug treatments and combined treatment were

compared with the control using the analysis of variance

(ANOVA), and Dunnett’s multiple comparison test was used

as the post-hoc test; p50.05 was considered statistically

significant. The difference between the cell proliferation rate

of G33 cells and Luc-G33 cells was analyzed by student t-test.

A log transformation was applied on the BLI measurements to

DOI: 10.3109/03008207.2015.1075519 Mouse model of luciferase-transfected stromal cells 3
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stabilize the variances. Two-way ANOVA and Sidak’s

multiple comparisons test were used to analyze the data

obtained from before and after treatments in animal

experiments.

Results

ZOL, GGTI-298, and the co-treatment reduced cell
viability of MSC and GCT stromal cells in MTT assay

Single treatments with ZOL or GGTI-298 and the co-

treatment reduced cell viability in MSC, G33 and Luc-G33

in a dose-dependent manner (Figure 1A–C). Significant

inhibition was observed at 0.8–1.6 mg/ml for ZOL; and at

5.8–23.2mg/ml for GGTI-298, respectively. For the combined

treatment, the three combinations 0.4 mg/ml ZOL + 5.8 mg/ml

GGTI-298; 0.8 mg/ml ZOL + 11.6 mg/ml GGTI-298; and

1.6mg/ml ZOL + 23.2 mg/ml GGTI-298, significantly inhib-

ited cell viability in the three cell lines. ZOL had a stronger

effect on inhibiting cell viability in MSC than in GCT stromal

cells at concentration of 1.6 mg/ml (Figure 1A); in contrast,

GGTI-298 had a greater inhibition in GCT stromal cells than

in MSC at concentrations of 5.8 mg/ml and above (Figure 1B).

Luc-G33 cells were less sensitive in response to single

treatments with ZOL (only at concentration of 0.8 mg/ml) or

GGTI-298 (at concentrations of 5.8 mg/ml and 11.6 mg/ml),

respectively, when compared with the wild-type G33 cells.

However, there was no significant difference between Luc-

G33 cells and G33 cells in drug sensitivity in the co-treatment

(Figure 1C).

Cell viability of Luc-G33 in luciferase assay

Luc-G33 cells showed strong BLI signals and the maximum

radiance was 5.11� 106 p/s/cm2/sr (Figure 2A). ZOL and

GGTI-298 reduced cell viability in Luc-G33 cells in a dose-

dependent manner (Figure 2B and C). A significant inhibition

was observed with ZOL and GGTI-298 treatment alone at

0.8mg/ml and 5.8 mg/ml, respectively. The IC50 (drug

concentration at which it induces 50% growth inhibition)

was 1.50 ± 0.37 mg/ml for ZOL, and 5.41 ± 0.59mg/ml for

GGTI-298 in the 5-day treatment. Combination of ZOL with

GGTI-298 led to synergistic inhibition and the cell viability

was reduced and ranged from 25.97% to 0.17% of the controls

under the low (0.4mg/ml ZOL + 5.8 mg/ml GGTI-298) to high

(1.6mg/ml ZOL + 23.2mg/ml GGTI-298) concentration treat-

ment conditions (Figure 2D). The low concentration co-

treatment showed a mild synergistic effect (CI¼ 0.94 ± 0.18);

and the high concentration demonstrated a strong synergistic

effect (CI¼ 0.66 ± 0.12). Dose reduction indices (DRIs) for

the low concentration co-treatment were 6.75 for ZOL, and

1.30 for GGTI-298; and the high concentration were 25.41 for

ZOL, and 1.65 for GGTI-298.

Characterization of luciferase-transduced GCT stromal
cells

The luciferase-transduced GCT stromal cells, Luc-G33 cells

were characterized by cell proliferation and recruitment of

monocytes. There was no significant difference between the

wild type G33 cells and Luc-G33 cells in terms of cell

proliferation rate assessed by BrdU incorporation assay.

The cell proliferation rate of G33 cells and Luc-G33 cells

were 2.36 ± 0.25 and 2.16 ± 0.18, respectively (Figure 3A).

Moreover, there was also no significant difference in the

ability of recruiting monocytes by G33 cells and Luc-G33

cells through the transwell system. The number of migrated

monocytes was 40.33 ± 11.65 and 41.07 ± 13.56 for the lower

compartment containing G33 cells or Luc-G33 cells respect-

ively. Only 9.53 ± 5.06 number of monocytes was found on

the control (Figure 3B), which was significantly less than that

of the lower compartments with G33 cells or Luc-G33 cells.

A new animal model of luciferase-expressing GCT
stromal cells in nude mice

We successfully developed a stable in vivo model of GCT

stromal cells using luciferase-labeled, primary cultured GCT

stromal cells, Luc-G33. This model provided non-invasive

and longitudinal investigation of subcutaneous and intraoss-

eous transplantation of GCT stromal cells by BLI. To our

knowledge, it is the first in vivo model that allows non-

invasive and real-time measurement of GCT stromal cell

survival and growth after transplantation. In the preliminary

study, eight nude mice were injected with Luc-G33 cells

subcutaneously under the dorsal skin (3� 106 cells) and

intraosseously into the tibiae (1� 106 cells); BLI was then

performed twice per week from day 3 to 42 after cell-

implantation (Figure 4A). BLI values were very high at day 3

with an average radiance of 2.90� 106 ± 1.05� 106 p/s/cm2/sr

and 1.34� 107 ± 3.09� 106 p/s/cm2/sr for the subcutaneous

model and the tibial model, respectively (Figure 4B). BLI

values in the subcutaneous model did not show any statistic-

ally significant difference from day 3 to day 42. However, BLI

values decreased significantly from day 3 in a time-dependent

manner in the tibial tumor model (Figure 4B).

ZOL alone and the co-treatment with GGTI-298
inhibited the growth of Luc-G33 cells in the
subcutaneous tumor model

Eight mice per group were treated with either 0.9% saline

(Control), ZOL (400mg/kg), GGTI-298 (1.16 mg/kg), or the

combination of ZOL at 400 mg/kg and GGTI-298 at 1.16 mg/

kg, respectively at day 3 post cell transplantation, to

determine the effects of single treatment alone and the

combined treatment in both the subcutaneous and intraoes-

sous models. Tumor growth under the dorsal skin and in the

tibiae were monitored by BLI twice per week from day 3

(before drug administration) to day 35 (Figure 5A). The

dorsal skin and the tibia samples were harvested on day 35

post cell transplantation to double check the presence of the

Luc-G33 cells and the histological changes of the cells if any.

BLI values showed that ZOL treatment alone and the co-

treatment of ZOL and GGTI-298 significantly reduced tumor

cell viability in the subcutaneous model on day 35 as

compared to day 3. The BLI signals decreased from

7.82� 106 ± 4.02� 106 and 1.05� 107 ± 1.27� 106, respect-

ively, to 1.44� 106 ± 4.46� 105 and 6.22� 105 ± 3.322� 105

after treatment with ZOL alone or the co-treatment with ZOL

and GGTI-298. There were only 18.41% and 5.95% of the

tumor cells survived for ZOL and the co-treatment of ZOL

and GGTI-298, respectively. GGTI-298 single treatment

4 C. P. Y. Lau et al. Connect Tissue Res, Early Online: 1–11
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Figure 1. In vitro cell viability reduced by (A)
ZOL, (B) GGTI-298, and (C) co-treatment
with ZOL and GGTI-298 in MSC, G33 and
Luc-G33 cells for 5-day, respectively. Data
represented the mean and SD of three inde-
pendent experiments for MTT assay.
*p50.05, **p50.001 from control by
ANOVA and Dunnett’s Multiple Comparison
Test; aa p50.001, G33 compared with MSC;
b p50.05, bb p50.001, Luc-G33 compared
with MSC; cc p50.001, G33 compared with
Luc-G33, by two-way ANOVA with
Bonferroni post-tests.
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resulted in no significant reduction in tumor cell viability in

the subcutaneous model (Figure 5B). On the other hand, all

treatments except GGTI-298 significantly reduced tumor cell

viability in the tibial model (Figure 5C). Since the tumor cell

viability decreased significantly even in the control, the

inhibitory effects of individual drugs on the tumor cells could

not be confirmed by the drugs as they lost viability in the

tibial environment.

BLI values from the whole body images were
correlated with that from tissue samples ex vivo

The dorsal skin and the tibia samples injected with Luc-G33

cells were harvested on day 35 and the presence of Luc-G33

cells were confirmed by both the BLI and the immunohis-

tochemistry examinations. BLI values obtained from the whole

body images were well correlated with that from the corres-

ponding tissue samples ex vivo. The correlation coefficients of

BLI values between the whole body images and the tissue

samples were 0.62 and 0.60 for the subcutaneous (Figure 6A)

and the tibial models (Figure 6B), respectively. Luc-G33 cells

grew robustly through the hydrogen gels and showed strong

BLI signals in the subcutaneous tumor model in the skin ex

vivo. On the other hand, Luc-G33 cells were present mainly in

the bone marrow in the tibiae ex vivo (Figure 6C).

Drug treatments suppressed the growth of Luc-G33 in
the subcutaneous tumor tissues

The IHC staining data of human mitochondria identification

further confirmed the presence of Luc-G33 cells in the skin

(Figure 7A) and tibia tissues (Figure 7C). Relative quantita-

tion of human Luc-G33 cells was evaluated as the percentage

of human mitochondria-positive cells, and a significant

inhibition was observed in subcutaneous tumors from the

mice treated with ZOL (16.77 ± 5.86 %), GGTI-298

(10.63 ± 5.03) or the co-treatment of ZOL and GGTI-298

(15.05 ± 7.72) as compared with the percentage in the control

group (28.14 ± 15.96 %; Figure 7B). However, there was no

significant difference observed in tibial tumors from the mice

treated with ZOL (9.20 ± 5.77 %), GGTI-298 (11.54 ± 8.61)

or the co-treatment of ZOL and GGTI-298 (11.06 ± 6.51) as

compared with the percentage in the control group

(10.08 ± 5.30 %; Figure 7D).

Discussion

Previous attempts to create an animal model of GCT wherein

there is GCT stromal cells proliferating and osteoclasts

mediating bone destruction have not been successful (6–8). In

this study, we created an animal model in which GCT stromal

cells survived and functioned as proliferating neoplastic cells

instead of a GCT model. A highly proliferative cell line of

GCT stromal cells was used to create a stable and luciferase-

transduced cell line, Luc-G33. Luc-G33 cells exhibited high

BLI signal after adding the D-luciferin potassium salt in vitro.

Although Luc-G33 cells was less sensitive in response to

single treatment of ZOL or GGTI-298 than the wild type G33

cells, at medium concentration, no such response was

observed in the co-treatment of ZOL and GGTI-298.

Moreover, there were no significant differences in the cell

Figure 2. Cell viability measured by luciferase assay and in vitro bioluminescent imaging. (A) The diagram showed ZOL, GGTI-298 and the co-
treatment of ZOL and GGTI-298 caused a dose-dependent inhibition in cell viability of Luc-G33 cells. Cell viability of Luc-G33 cells were decreased
by (B) ZOL, (C) GGTI, and (D) co-treatment with ZOL and GGTI-298. Data represented the mean and SD of three independent experiments for
luciferase assay. *p50.05, **p50.001 from control by ANOVA and Dunnett’s Multiple Comparison Test.

6 C. P. Y. Lau et al. Connect Tissue Res, Early Online: 1–11
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Figure 3. Characterization of the luciferase-
transduced GCT stromal cells (Luc-G33
cells) by cell proliferation and recruitment of
monocytes. (A) The proliferation rate of the
wild type G33 cells and Luc-G33 cells was
assessed by BrdU incorporation assay. No
significant difference in proliferation rate was
observed between G33 and Luc-G33 cells.
(B) The recruitment of monocytes by G33
and Luc-G33 cells through a transwell
system. No significant difference in the
number of monocytes migrated to the lower
surface of the transwells with the lower
chamber containing G33 or Luc-G33 cells,
respectively. Data represented the mean and
SD of three independent experiments for
BrdU and transwell assays, respectively,
**p50.001 from control by ANOVA and
Dunnett’s Multiple Comparison Test.

Figure 4. Luc-G33 cells were transplanted
into nude mice and the bioluminescent
imaging (BLI) was performed twice per week
from day 3 to day 42. (A) Representative
bioluminescent images from week 1 to 7
showing viable Luc-G33 cells under the
dorsal skin and the right tibia of a nude
mouse. (B) BLI values from day 3 to 42 in
the subcutaneous model and the tibial mode
were analyzed by ANOVA and Dunnett’s
Multiple Comparison Test. Data was plotted
on a logarithmic scale as the mean ± SEM
(***p50.0001, N¼ 8, comparisons between
day 3 and all other time points).
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proliferation rate and the recruitment of monocytes

between the wild type G33 cells and Luc-G33 cells,

indicating that the luciferase transduction did not much

affect the properties and the biological characteristics of GCT

stromal cells.

After establishing the stable luciferase-expressing cell

line, we used a 3D matrix, extracel-X hydrogel to deliver the

Luc-G33 cells either subcutaneously on the back or to the

tibiae of the nude mice. Murine RANKL and VEGF were

added with the hydrogel to mimic the tumor microenviron-

ment in order to facilitate osteoclast-inducing activity

(24,25) and also to suppress the osteoblastic differentiation

of the GCT stromal cells in our animal model. The 3D

matrix provided a well-contained, growth-enhancing envir-

onment in which the tumor cells initially propagated and

remained viable on site for 7 weeks in the subcutaneous

tumor model. By BLI signal, the Luc-G33 cells were found

to survive for more than 12 weeks in some nude mice (data

not shown). However, BLI signals decreased significantly

from day 6 after cell implantation in the tibial tumor model.

The longer survival of Luc-G33 cells in the subcutaneous

tumor model may be associated with a better blood supply

due to rapid formation of new microvessels around the

tumor. And also, the cell numbers that can be injected into

the dorsal skin was three folds more than that into the tibiae.

The number of cells injectable into the tibiae is limited by

the small volume of the intramedullary space of tibia. This

technical limitation may be overcome by drilling two holes

in the tibia to drain out some bone marrow and that may

provide more space for implanting greater number of tumor

cells for better cell survival (26). No matter, the GCT

stromal cells only survived in the subcutaneous environment

for about 7 weeks, indicating that these cells lose their

proliferating capability in the mouse model.

Figure 5. The effects of ZOL (400mg/kg), GGTI-298 (1.16 mg/kg) and the co-treatment on tumor cell viability. (A) Representative BLI of each group
assessed on day 3 (before treatment) and day 35 (after treatment). BLI value of each treatment group assessed on day 3 and day 35 in subcutaneous
tumor model (B) and in tibial tumor model (C) was analyzed by Two-way ANOVA and Sidak’s multiple comparisons test, *p50.05, ***p50.0001;
N¼ 8 per group. The data in the box and whisker plots represents median, range, and SD.

8 C. P. Y. Lau et al. Connect Tissue Res, Early Online: 1–11
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Figure 7. Representative samples from each treatment group showed the histology (H&E) and the presence of Luc-G33 cells in the skins (A) and the
tibiae (C), by immunohistochemistry (100� magnification). The lowest panel showed magnification (�4) of the human mitochondria-positive cells
(regions of interest) in the upper panel. Luc-G33 cells were stained in brown with anti-human mitochondria antibody. Slides with no primary antibody
applied were used for negative controls (the second panel). The graphs showed the percentage of human mitochondria-positive cells under different
drug treatments in the subcutaneous tumors (B) and tibial tumors (D), respectively. Assessments were undertaken from two to five tissue samples from
each treatment group; *p50.05, **p50.001 from control by ANOVA and Dunnett’s Multiple Comparison Test.

Figure 6. (A,B) The graphs showed BLI values assessed from the whole body images (skin regions and tibia regions) were well correlated with that
from the corresponding tissues ex vivo. The Spearman correlation coefficients are 0.62 and 0.60 for subcutaneous and tibial regions, respectively,
N¼ 23, p50.01. (C) Representative samples from each treatment group showed the presence of Luc-G33 cells in the skins and the tibiae by BLI
examination.
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Nitrogen-containing bisphosphonates (N-Bps) are known

to inhibit differentiation and induce apoptosis of osteoclasts

and certain type of tumor cells by inhibiting the enzyme

farnesyl pyrophosphate synthase (FPPS) in the mevalonate

pathway. Inhibition of FPPS results in reducing downstream

isoprenoid metabolites, farnesyl pyrophosphate (FPP) and

geranylgeranyl-pyrophosphate (GGPP) (27) which are essen-

tial for prenylation of guanosine triphosphate (GTP)-binding

proteins. In addition, protein prenylation inhibitors such as

farnesyl transferase inhibitors (FTIs) and geranylgeranyl

transferase inhibitors (GGTIs) inhibit the farnesylation and

geranylgeranylation respectively of the GTP-binding proteins.

Prenylation of such proteins are very important for correct

membrane localization and vital cellular functions such as

proliferation, differentiation, adhesion and tumorigenesis

(28). Therefore, it has been suggested that by combination

of N-BPs and FTIs or GGTIs, which exerts multilevel

inhibition of the mevalonate and prenylation pathways and

may provide a potentially more effective modality for cancer

treatment (29).

In this study, we tested the in vivo antitumor effects of

ZOL and GGTI-298 alone or their combinations in Luc-G33-

transplanted nude mice, and assessed by BLI and immuno-

histochemistry. It was found that ZOL alone at 400 mg/kg and

the co-treatment of ZOL at 400 mg/kg and GGTI-298 at

1.16 mg/kg reduced tumor cell viability in the subcutaneous

tumor model, whereas, no significant inhibition was found by

GGTI-298 treatment alone detected by BLI. In our previous

in vitro study, we demonstrated that PAM alone reduced cell

viability by 52% of the vehicle control and caused S-phase

arrest with up-regulation of cyclin D1 protein expression, and

the combination of PAM and GGTI-298 significantly reduced

cell viability, probably by stimulating caspase-3 activity and

inducing cell-cycle S-phase arrest in GCT stromal cells (6).

We also demonstrated that ZOL induced a dose-dependent

cell inhibition and apoptosis, and reduced cell motility in

GCT stromal cells (15). The inhibitory effects of N-BPs and

co-treatment with GGTI on GCT stromal cells are confirmed

in the present in vivo study by the observation of a reduction

in BLI signals in the subcutaneous tumor model after ZOL

treatment or the co-treatment with GGTI-298. Although a

dose-dependent inhibition was observed in Luc-G33 cells

in vitro by GGTI-289 treatment, no such a dose-dependent

response was observed in the present in vivo study. The

discrepancy between in vitro and in vivo could be partly

explained by different conditions such as supplies of oxygen

and nutrients environments, which may cause intrinsic

differences in the activities of apoptosis-inducing genes in

the tumor cells or differences in their requirements for

environment survival factors such as cytokines, or both (30).

Nevertheless, relative quantitation of human Luc-G33 cells by

IHC staining showed a significant inhibition in subcutaneous

tumors from the mice treated with GGTI-298 alone when

compared with the control group. The difference between the

BLI and IHC staining results may be due to the fact that BLI

represents the average of overall signals of the whole tumor

tissues, whereas IHC staining only represents a small portion

(i.e. 5 mm out of �1 cm sample) of the whole tumor tissues. In

this study, we suggested that BLI gives more accurate and

representative results for the in vivo drug study as it provides

a longitudinal, continuous assessments of the same tumor

tissues in the mice under the whole studying period.

A short-term in vivo model of GCT on a chick chorio-

allantoic membrane (CAM) has been established by Balke

et al. (31). Cell suspensions isolated from GCT tissue were

grafted on the CAM for 6 days, solid tumors were formed and

composed of human cells interspersed with chick-derived

capillaries. This model helps to understand the early phase of

tumor seeding, which is an essential step for tumor metastasis

or local recurrence. However, the limitation of this model is

the short time span (only 6 days) for the tumor growth, which

does not allow testing drug effects on animals for longer

period of time. Recently, an in vivo model of intra-tibial GFP-

tagged GCT stromal cells on nude mice has been developed

by Ghert et al. (32). This model is a more clinically relevant

in vivo model which allows assessment of in vivo response to

therapeutic treatment. Nevertheless, this model does not

permit longitudinal, real-time evaluation of tumor burden and

inhibition of tumor following drug treatment in the same

animals over time. In contrast, our luciferase-transduced GCT

stromal cells in an in vivo murine model that provides real-

time assessments of tumor development and drug effects may

have shown advantages over the previous models.

In conclusion, we established a nude mice model of GCT

stromal cells which allows non-invasive, real-time assess-

ments of tumor development and testing the in vivo effects of

different adjuvants for treating GCT. We also demonstrated

the inhibitory effects of ZOL treatment alone or the co-

treatment with GGTI-298 in GCT stromal cells in the new

animal model.
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G, ten Dijke P. The tumor suppressor Smad4 is required for
transforming growth factor beta-induced epithelial to mesenchymal
transition and bone metastasis of breast cancer cells. Cancer Res
2006;66:2202–9.
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