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Abstract

Background/Aim—Many patients with osteosarcoma (OS) will succumb to distant metastasis,

often involving the lungs. Effective therapies for treating lung metastases depend on the

availability of a clinically relevant preclinical model.

Materials and Methods—Mice were surgically implanted with OS tumor fragments. The time

course of primary tumor growth and subsequent spread to the lung were determined.

Results—Following development of a lytic and proliferative primary bone lesion, tumor

metastasized to the lung in the majority of mice. There was no evidence of tumor at three weeks,

but 10 out of 11 mice ultimately developed secondary OS in the lung within 12 weeks.

Conclusion—Implantation of OS tumor fragments leads to the development of primary bone

tumors and secondary lung metastases, recapitulating the clinical behavior of OS. This model

offers an advantage over cell suspension injection models by precluding initial seeding of the lung

with tumor cells.
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Osteosarcoma (OS) is the most common primary malignancy of bone in humans and the

second most frequent cause of cancer-related death in children (1, 5). OS is also the most

common primary bone tumor in dogs, most often affecting middle-aged to older large

breeds. The incidence in the canine population is 10 times that of humans, with

approximately 10,000 new cases per year in the United States. Furthermore, there are many

similarities between human and canine OS including affected sites and gender predilection,

association with increased height, and propensity for lung metastasis (8, 13, 14). Most cases

of OS involve the metaphysis of long bones, with the distal femur, proximal tibia and

proximal humerus being the most common sites in both species (3). The vast majority of OS

are histologically high-grade and have a strong propensity to metastasize.
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Despite improvements in the management of the primary bone disease associated with OS

(2), many human and veterinary patients will eventually succumb to distant metastasis, most

often involving the lungs. At the time of diagnosis, fewer than 20% of patients have

clinically detectable metastases; however, over 80% have micrometastases at the time of

diagnosis as shown by distant recurrence of the tumor following resection of the primary

mass (6).

In order to reduce the morbidity and mortality associated with OS, it is critical to address the

issue of lung metastasis. Metastasis is a complex process with numerous steps involved (15).

Although a number of canine, human and murine OS cell lines have been characterized in

vitro and in vivo (4, 8), a widely accepted orthotopic mouse model of OS with reliable

metastasis has not yet been established. One commonly used technique to study OS involves

injection of an OS cell suspension into the femur or tibia of the mouse. In pilot studies using

the Abrams canine OS cell line, we identified a number of animals that died acutely

following intratibial injection of tumor cells. At necropsy, these mice had microscopic

evidence of tumor micro-emboli within the pulmonary vasculature. In addition, acute

removal of the primary bone lesion, by amputation, did not result in a reduction in the

incidence or severity of lung pathology, nor in a change in overall survival. These results

indicate that this model did not replicate the complete metastatic cascade in all cases, and so

we set out to develop a more clinically relevant model of OS.

We elected to continue to use the Abrams cell line for this work because of its aggressive

biological behavior and clinical relevance in terms of tissue tropism (8, 11). To avoid

potential concerns over embolization of a cell suspension, solid fragments of Abrams tumor

were transplanted orthotopically into the medullary canal of the proximal tibia. The temporal

patterns of tumor growth at the primary site were evaluated by radiography and histology,

and the incidence and severity of subsequent secondary OS development in the lungs was

quantified using stereological analysis of histological sections.

Material and Methods

Cell culture

The Abrams canine OS cell line was kindly provided by Dr. Doug Thamm, (College of

Veterinary Medicine & Biomedical Science, Colorado State University). Cells were cultured

in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Grand Island, NY, USA)

supplemented with 10% fetal calf serum (FCS) (HyClone, Logan, UT, USA) and 1%

penicillin/streptomycin (Gibco). Vented tissue culture flasks (Corning Life Sciences,

Corning, NY, USA) were maintained at 37°C in a humidified atmosphere of 5% carbon

dioxide in air, and cells were split when they reached approximately 80-90% confluency.

Animals

All animal study procedures and protocols were conducted with approval of the Institutional

Animal Care and Use Committee (#2008A0062-R1). Female, 4-5 week old, BALB/c Foxn1

nu/nu mice (Taconic Farms, Germantown, NY, USA) were housed 4-5 animals per cage. All

surgical procedures were performed under sterile conditions.
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Subcutaneous tumor growth

Abrams cells were harvested and resuspended in sterile phosphate-buffered saline (PBS) at a

density of 107cells/ml. Trypan blue staining was used to verify a minimum of 90% cell

viability before and after the procedure. Mice were anesthetized and 0.15 ml of the cell

suspension was injected subcutaneously over the right thigh. Mice were weighed weekly and

tumor size was monitored. After four weeks the mice were euthanized and the tumors were

harvested aseptically. Tumor tissue was minced into multiple small fragments and bathed in

warm supplemented DMEM (as described above) until implanted, or cryopreserved in

DMEM containing 20% FCS and 10% dimethyl sulfoxide (DMSO). Cryopreserved tissues

were frozen under controlled conditions using a commercial cryopreservation system

(Nalgene Thermo-Scientific, Rochester, NY, USA) at - 80°C and then stored in liquid

nitrogen. Additional tumor fragments were snap frozen by immediately immersing them in

liquid nitrogen and stored at -80°C.

Surgical implantation of tumor fragments

Freshly harvested or previously frozen fragments of Abrams tumor tissue were immersed in

warm DMEM. Mice were anesthetized and the right hind limb scrubbed with surgical

antiseptic. The skin was incised to expose the medial tibial cortex, and a small hole was

made through the cortex. Multiple small fragments of solid tumor tissue (totaling

approximately 0.5 mm3 of tissue) were inserted into the medullary cavity of the tibia. The

skin edges were then apposed with liquid tissue adhesive (3M, St. Paul, MN, USA).

Tibial tumor growth was monitored by weekly digital microradiographs (Model LX-60;

Faxitron) using an exposure time of 5 s at 30kV. In addition mice were weighed weekly and

examined for signs of ill-thrift, lameness or swelling around the surgical site. All mice

underwent amputation of the affected limb after five weeks. The amputated limbs were fixed

in 10% formalin and then decalcified in 10% EDTA and submitted for routine histology.

Twelve weeks following intratibial injection of tumor cells or after a 20% loss in body

weight (whichever came first), mice were euthanized. A complete necropsy was performed

by a veterinary pathologist to look for metastases. The lungs were inflated with formalin,

immersion fixed in formalin for at least 48 hours and then processed for stereologic analysis

(see below).

Hind limb amputation

Mice were anesthetized and the right hind limb was disinfected. A circumferential elliptical

incision around the mid-thigh was made and the skin and were reflected. A stainless steel

ligating clip (Ethicon Endo-surgery, Blue Ash, OH, USA) was used to ligate the femoral

artery. The thigh muscles were transected between the two clips and reflected off of the

proximal aspect of the femur. The coxofemoral joint capsule was transected to free the

femoral head. The cut end of the sciatic nerve was anesthetized with lidocaine and the

muscles of the hip region were sutured over the acetabulum. The skin incision was closed

with intradermal sutures and reinforced with tissue adhesive. Postoperatively, mice were

treated with buprenorphine and meloxicam for three days.
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Tissue collection, processing and stereological analysis

Formalin-inflated lungs were embedded in a 3% agar solution (Fisher Scientific, Fair Lawn,

NJ, USA) that was allowed to set at 20°C overnight. A tissue-sampling matrix (Zivic

Instruments, Pittsburgh, PA, USA) was used to generate random uniform sections at 2-mm

increments through the entire volume of the lung tissue. Each slice was then routinely

processed and a standardized sectioning protocol was used for each block. Bioquant Image

Analysis Software (Nashville, TN, USA) was used to manually quantify total lung area and

lung area effaced by tumor. These numbers were used to calculate the percentage of lung

(lung area affected by tumor/total lung area x100) that contained OS tumor tissue in each

mouse (21).

Results

Surgical implantation technique

A preliminary feasibility study was performed using five mice implanted with fragments of

fresh Abrams tumor derived from a solid tumor grown subcutaneously in a donor mouse. All

five recipients developed primary OS lesions in the tibia. Radiographic changes (bone

destruction with some new bone formation) progressed rapidly (Figure 1) until they required

amputation at five weeks post-implantation.

Microscopically, the primary lesions in the tibia were characterized by large areas of bone

destruction associated with an expansile intramedullary mass of neoplastic osteoblasts

displaying marked anisocytosis, cellular atypia, a high mitotic index and central necrosis

(Figure 2). All five mice survived to 12 weeks post-implantation, at which point four out of

five mice (80%) had gross and microscopic evidence of lung metastasis (Figure 3). Lung

lesions were characterized by multifocal, variably-sized nodules composed of neoplastic

osteoblasts, sometimes producing an osteoid-like matrix and displaying marked

anisocytosis, a high mitotic rate and prominent central necrosis, very similar to the primary

bone lesions (Figure 4). One mouse at the 12-week end point did not have any evidence of

metastasis.

In the main experiment, we sought to characterize the development of the primary bone

lesion, quantify metastasis and examine the possibility of utilizing cryopreserved tumor

tissue. Fifteen mice were implanted with fresh tumor tissue and two mice were euthanized

each week (up until amputation at five weeks) to examine the time course of primary and

metastatic tumor development. At five weeks post-implantation the remaining mice that had

developed primary bone lesions underwent right hind limb amputation and were monitored

for an additional 12 weeks. In parallel with this, another group of five mice were implanted

with cryopreserved tumor fragments. Mice that developed a primary bone lesion were

amputated at five weeks post-implantation and monitored for 12 weeks. Finally, a group of

five mice were implanted with snap-frozen tumor tissue. None of the mice in this group

developed any evidence of primary or metastatic tumors after 12 weeks.

Radiography of the tibias at different time points showed progressive tumor growth and

destruction of pre-existing tibial cortex with formation of new neoplastic and reactive bone.

None of the mice euthanized prior to three weeks had any evidence of lung metastasis. One
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out of two mice euthanized at three weeks and at four weeks had lung metastases, but a

minimal percentage of the lung volume was affected (0.04% and 0.03% respectively). Of the

six mice with confirmed primary tumors (including four implanted with cryopreserved

tissue), all six had metastasis to the lung at the time of euthanasia. Lungs from these mice

were analyzed and the mean percentage of affected lung was 33.4% ± 24.3%.

Discussion

OS continues to be a devastating diagnosis due to the young age of the patients and the high

rate of metastases. Over 80% of human patients are believed to have microscopic metastases

at the time of diagnosis (6). The same can be said for metastatic disease in canine patients

(12). For these reasons, it is critically important to have a clinically relevant mouse model

that can be used to investigate the molecular mechanisms of metastasis and to evaluate novel

therapeutic agents, with a focus on preventing or reducing metastatic burden. Given the

similarities in the biology of the disease in humans and in dogs, we anticipate that

knowledge gained from studies on either species will translate into clinical benefits for both.

Prior to starting the experiments reported here, we had evidence of tumor micro-

embolization following intratibial injection of Abrams cells. On this basis, we elected to

focus on the development of a more clinically relevant model for our subsequent studies.

While the surgical implantation technique proved to be more technically challenging than

the injection technique, the use of intact tissue fragments precluded the possibility of tumor

embolization following the initial tumor implantation. None of the mice implanted with

tumor developed lung metastasis earlier than three weeks. These results contrast starkly with

those from the intratibial injection model, in which there was early development of lung

lesions that progressed rapidly. The solid fragment technique proved equally successful with

fresh or carefully cryopreserved tissue; as expected, snap-frozen tissue did not maintain

adequate viability to grow once implanted. The growth of the tumor at the primary site in

bone, followed by amputation and later, a high rate of lung metastasis, successfully

recapitulates the typical clinical disease course in humans and dogs. The reliable occurrence

of true spontaneous lung metastasis from a primary bone tumor in this model allows us to

investigate individual steps in the metastatic cascade and identify potential therapeutic

targets.

This model also allows us to evaluate primary canine and human OS tumor samples by

directly implanting them into an orthotopic site in a mouse model while components of the

original tumor microenvironment, without the need for in-vitro growth. Multiple studies

have shown that protein and gene expression levels can be significantly in-vitro versus in-

vivo growth, not to mention the varied conditions under which cells might be grown in vitro

(9, 10). Utilizing this model we will be better equipped to investigate the factors

contributing to metastasis and, ultimately, to develop therapeutic strategies that will improve

the prognosis for canine and human patients diagnosed with OS. Furthermore, as we move

towards a more personalized approach to diagnosis and treatment (7), the model will

facilitate comparison of different therapeutic regimens against a patient's specific tumor and

may be predictive of the patient's response to therapy.
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Figure 1.
Sequential radiographs of a mouse surgically implanted with solid osteosarcoma fragments. Radiographs were taken at weekly

intervals until amputation at 5 weeks post-postoperatively. Note progressive osteolysis and neoplastic new bone formation.
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Figure 2.
Photomicrographs of a tibial osteosarcoma lesion five weeks following surgical implantation of solid tumor tissue. A: Note the

bone destruction by neoplastic osteoblasts, and central coagulation necrosis (N), x0.5 magnification. B,C: At higher

magnification, neoplastic cells display osteoid production (asterisk), marked anisocytosis, cellular atypia, and numerous mitotic

figures (arrows), x20 and x40 magnification, respectively. Hematoxylin and eosin staining.
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Figure 3.
Macroscopic appearance of multiple lung metastases in a mouse 12 weeks after undergoing surgical implantation of solid

osteosarcoma tumor fragments.
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Figure 4.
Photomicrographs of the lung metastases in a mouse 12 weeks after undergoing surgical implantation of solid osteosarcoma

tumor fragments. A: Variably-sized nodules composed of neoplastic osteoblasts surrounding a central region of coagulation

necrosis (N) with occasional dystrophic mineralization (arrow), x0.5 magnification. B,C: Higher magnification of the

coagulation necrosis (N); some neoplastic cells produce eosinophilic, osteoid-like matrix (O), x20 magnification. Hematoxylin

and eosin staining.
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