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SUMMARY: 23 
Bone metastasis models do not develop metastasis uniformly or with a 100% incidence. Direct 24 
intra-osseous tumor cell injection can result in embolization of the lung. We present our 25 
technique modeling primary bone tumors and bone metastasis using solid tumor graft 26 
implantation into bone, leading to reproducible engraftment and growth. 27 
 28 
ABSTRACT: 29 
Primary bone tumors or bone metastasis from solid tumors result in painful osteolytic, 30 
osteoblastic, or mixed osteolytic/osteoblastic lesions. These lesions compromise bone structure, 31 
increase the risk of pathologic fracture, and leave patients with limited treatment options. 32 
Primary bone tumors metastasize to distant organs, with some types capable of spreading to 33 
other skeletal sites. However, recent evidence suggests that with many solid tumors, cancer cells 34 
that have spread to bone may be the primary source of cells that ultimately metastasize to other 35 
organ systems. Most syngeneic or xenograft mouse models of primary bone tumors involve intra-36 
osseous (orthotopic) injection of tumor cell suspensions. Some animal models of skeletal 37 
metastasis from solid tumors also depend on direct bone injection, while others attempt to 38 
recapitulate additional steps of the bone metastatic cascade by injecting cells intravascularly or 39 
into the organ of the primary tumor. However, none of these models develop bone metastasis 40 
reliably or with an incidence of 100%. In addition, direct intra-osseous injection of tumor cells 41 
has been shown to be associated with potential tumor embolization of the lung. These embolic 42 
tumor cells engraft but do not recapitulate the metastatic cascade. We reported a mouse model 43 
of osteosarcoma in which fresh or cryopreserved tumor fragments (consisting of tumor cells plus 44 
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stroma) are implanted directly into the proximal tibia using a minimally invasive surgical 45 
technique. These animals developed reproducible engraftment, growth, and, over time, 46 
osteolysis and lung metastasis. This technique has the versatility to be used to model solid tumor 47 
bone metastasis and can readily employ grafts consisting of one or multiple cell types, 48 
genetically-modified cells, patient-derived xenografts, and/or labeled cells that can be tracked by 49 
optical or advanced imaging. Here, we demonstrate this technique, modeling primary bone 50 
tumors and bone metastasis using solid tumor graft implantation into bone. 51 
 52 
INTRODUCTION: 53 
Mouse models of human and animal disease are becoming increasingly popular in biomedical 54 
research. The utility of using mice in this context is that their anatomy and physiology are very 55 
similar to humans. They have a relatively short gestation period and time in post-natal life to 56 
achieve maturity, and are largely associated with a relatively low cost and ease of housing, albeit 57 
increasing costs of development or purchase are associated with greater degrees of genetic 58 
modification, immunodeficiency, and/or humanization1. Use of inbred strains results in a largely 59 
uniform animal population prior to study inclusion. A complete knowledge of their genome 60 
suggests a high degree of similarity to humans. Orthologous molecular targets for many disease 61 
processes have been identified in mouse genome and there is now an extensive library of mouse-62 
specific reagents that are easily obtainable. Therefore, they provide the opportunity for relatively 63 
high-throughput analysis in a more rapid and less expensive manner when compared to larger 64 
animal models1. In addition, with the advent of genetic editing strategies that allows for the 65 
overexpression or deletion of certain genes either globally or in a cell type specific manner and/or 66 
constitutively or in an inducible manner, they represent a very biologically useful model system 67 
for the investigation of human and animal diseases2. 68 
 69 
Cancer is one field in which mouse models have great utility. Genetic mouse models of cancer 70 
rely on modulation of the expression of either oncogenes or tumor suppressor genes, alone or in 71 
combination, for cells to undergo oncogenic transformation. The injection of primary or 72 
established tumor cell lines into mice is also performed. The introduction of either cell lines or 73 
tissues from humans or other animal species, including mice, remains the most widely used 74 
model of cancer in vivo. The use of cells and tissues from dissimilar species (xenografts) in 75 
immunocompromised mice is most commonly performed2. However, the use of allograft tumor 76 
cells or tissues where both the host and recipient are of the same species allows for the 77 
interaction with an intact immune system when combined with the same host mouse strain in 78 
syngeneic systems3. 79 
 80 
Primary bone tumors or bone metastasis from solid tumors result in painful osteolytic, 81 
osteoblastic, or mixed osteolytic/osteoblastic lesions3,4. These tumors compromise bone 82 
structure, increasing the risk of pathologic fracture, and leave patients with limited treatment 83 
options. Primary bone tumors metastasize to distant organs, with some types capable of 84 
spreading to other skeletal sites. In breast cancer patients, bone is the most common site of first 85 
metastasis and the most frequent first site of presentation of metastatic disease5,6. In addition, 86 
disseminated tumor cells (DTCs) are present in the bone marrow prior to the diagnosis of, and 87 
predict the development of, metastasis in other organs7. Therefore, it is believed that cancer cells 88 



   

present in bone are the source of cells that ultimately metastasize to other organ systems. Many 89 
mouse models of solid tumor metastasis exist that develop metastasis predominantly in the lung 90 
and lymph nodes, and depending on the tumor type and injection technique, potentially other 91 
organ systems3. However, mouse models of bone metastasis are lacking that dependably, 92 
reproducibly produce site specific skeletal metastasis and develop bone metastasis before even 93 
mice reach the study time point, early removal criteria from primary tumor burden or metastasis 94 
to other organs. We have reported a model of the primary bone tumor osteosarcoma that relies 95 
on the surgical implantation of a solid tumor allograft into the proximal tibia of mice8. Bone 96 
tumors formed in 100% of mice and 88% developed pulmonary metastasis. This incidence of 97 
metastasis exceeds what is commonly reported clinically in people (~20-50%), but is of great 98 
interest since the lung is the most common site of metastasis for osteosarcoma9-11. While this 99 
model is advantageous in modeling primary bone tumors, it also has great utility in modeling 100 
bone metastasis from other osteotropic solid tumors such as breast, lung, prostate, thyroid, 101 
hepatic, renal, and gastrointestinal tumors. 102 
 103 
The rationale for the development of this model was to develop an alternative to the traditional 104 
intra-osseous injection typically into the proximal tibia or distal femur to model primary bone 105 
tumors or bone metastasis12. Our primary goal was to alleviate a known limitation of this 106 
technique i.e., tumor embolization of the lung. This results in the engraftment of these embolic 107 
tumor cells and “artifactual metastasis” that do not recapitulate the complete metastatic cascade 108 
from an established primary bone tumor that metastasizes to the lungs8,13. This would also be 109 
the situation when an established bone metastasis spreads to a distant site. In addition, this 110 
technique was, also, developed to produce a model of bone metastasis that would ensure a 111 
greater incidence of engraftment and growth of tumors in bone and at a uniform site when 112 
compared with orthotopic or intravascular injection techniques. This model has distinct 113 
advantages over these described techniques. This model involves controlled, consistent delivery 114 
of tumor cells into the bone. It, also, avoids artifactual lung metastasis following pulmonary 115 
embolization and establishes a baseline uniform study population. There is the benefit of site-116 
specific tumors with this model without the risk of early removal criteria resulting from primary 117 
tumors or metastasis to other organs. Lastly, this model has great utility for modification, 118 
including the use of patient-derived xenografts.  119 
 120 
The model presented has similarities to direct cell suspension injection into bone following a 121 
surgical approach followed by either injection through the cortex or delivery into the marrow 122 
cavity after making a small defect in the cortex (with or without reaming out the medullary 123 
cavity)8,14-17. However, the implantation of a tumor allograft makes this technique distinctly 124 
different. Therefore, the purpose of this report was to demonstrate this model of primary bone 125 
tumors and bone metastasis from solid tumors, which overcomes many limitations of previously 126 
described models. Research groups with experience in cell culture, mouse models, mouse 127 
anesthesia and surgery, and mouse anatomy are well equipped to reproduce our technique to 128 
model primary bone tumors or bone metastasis in mice. 129 
 130 
PROTOCOL: 131 
All described animal experiments were approved by the institutional animal care and use 132 



   

committee of University of Cambridge, Cambridge, UK. 133 
 134 
1. Preparation of cell lines 135 
 136 
1.1. Grow cell lines in accordance with the laboratory’s standard cell culture protocols for 137 
traditional cell culture or injection into mice. Standard protocols used here are growth in 138 
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum (FBS), L-glutamine, and 139 
penicillin/streptomycin (hereafter known as complete growth medium).  140 
 141 
NOTE: In this experiment, Abrams osteosarcoma cells are used in Balb/c Foxn1 nu/nu mice. For 142 
breast cancer studies, 4T1 cells in Balb/c mice and EO771 cells in C57BL/6 mice are used. 143 
 144 
1.2. Grow cells in either vented tissue culture flasks or 6-well tissue culture plates at 37 °C in 5% 145 
CO2. 146 
 147 
1.3. Passage the cell line of interest and prepare the cells for injection when the cells reach a 148 
confluency commonly used with injection of these cells into mice. 149 
 150 
2. Animals 151 
 152 
2.1. Use Balb/c Foxn1 nu/nu mice at least 6-8 weeks of age for subcutaneous tumor generation 153 
to ensure that the animals are beyond the rapid growth phase and have achieved adulthood and 154 
skeletal maturity.  155 
 156 
2.2. Use either male or female mice. Make exceptions when selecting hormone-responsive cell 157 
lines (e.g., breast cancer cells in female mice and prostate cancer cells in male mice). 158 
 159 
2.3. For xenograft experiments, use immunodeficient athymic nude mice based on the cell line 160 
being incompatible with an intact mouse immune system under normal conditions. 161 
 162 
2.4. For allograft experiments using murine cell lines, this is also recommended based on 163 
dissimilar mouse genetic and immune backgrounds. However, for syngeneic experiments, use 164 
animals of the same strain as the cell line of interest. 165 
 166 
2.5. House animals at standard densities depending on the institution’s husbandry policies. 167 
 168 
3. Subcutaneous tumors 169 
 170 
3.1. Harvest cell lines from culture by trypsinization and resuspend in sterile phosphate-buffered 171 
saline (PBS). 172 
 173 
3.2. Assess cell viability and determine the cell density by trypan blue exclusion method. Use a 174 
hemocytometer or an automated cell counter to count the cells. A minimum cell viability of 90% 175 
is to be used for injection into mice to create subcutaneous tumors. 176 



   

 177 
3.3. Adjust the cell density to inject 1-2 x 105 cells in a final volume of 0.1 to 0.15 mL (100 to 150 178 
µL) of sterile PBS. Keep the cells on ice until injection.  179 

 180 
3.4. Alternatively, pellet cells by centrifuging at 800 x g for 5 min. Discard the supernatant and 181 
re-suspend the pelleted cells in undiluted sterile basement membrane matrix medium to obtain 182 
1-2 x 105 cells in  a final volume of 0.1 to 0.15 mL (100 to 150 µL). Keep the cells on ice until 183 
further use.  184 
 185 
3.5. Anesthetize mice to be used for subcutaneous tumor growth with isoflurane in oxygen 186 
anesthesia. Use an induction dose of 5% isoflurane in 2 L/min oxygen and a maintenance dose of 187 
2-3% isoflurane in 2 L/min oxygen. Check for the lack of blink or pedal reflexes before proceeding 188 
further. 189 
 190 
NOTE: Isoflurane is an inhalational anesthetic. Use isoflurane in a well-ventilated area with 191 
appropriate scavenging and free gas collection systems. Please consult with the institutional 192 
veterinary staff to develop a plan for anesthesia induction, maintenance, and monitoring, and 193 
ensure that the laboratory staff have appropriate training in anesthesia monitoring and the 194 
handling of inhalant anesthetic agents. 195 
 196 
3.6. Remove hair from the dorsal region of the thorax or abdomen of anesthetized mice with 197 
depilating solution or with an electric clipper. Depilating solution is preferred to minimize 198 
potential trauma to the skin. Skip this step if using athymic nude mice. 199 
 200 
3.7. Clean the prepared area with a 70% ethanol swab prior to injection of the cell suspension. 201 
 202 
3.8. Use a 1 mL tuberculin syringe with a 27 G needle to inject cells subcutaneously over the 203 
dorsal region of the thorax or abdomen, not to be impacted by movement of the shoulder blades.  204 
Alternatively, inject the cells subcutaneously as a suspension in commercially available 205 
extracellular matrix. 206 

 207 
NOTE: Injection in commercially available extracellular matrix will limit migration of the cell 208 
suspension in the subcutaneous space because these matrices solidify at room temperature.  209 
 210 
3.9. Recover the mice on a heating pad in individual cages until ambulatory. Mice can then be 211 
placed in their normal cages with clean, dry bedding.  212 
 213 
3.10. Monitor the size of the subcutaneous tumor overlying the dorsal thorax or abdomen with 214 
a caliper and measure body weights weekly to ensure that the subcutaneous tumors do not 215 
ulcerate or mice meet early removal criteria as established by the institutions’ animal care and 216 
use committee. A maximum tumor size of 15 mm in any dimension is recommended to reduce 217 
the risk of skin ulceration or central tumor necrosis. 218 

 219 
NOTE: Consult local guidelines to determine maximum permissible tumor size/volume.  220 



   

 221 
3.11. Euthanize mice bearing subcutaneous tumors after three to four weeks according by CO2 222 
inhalation followed by cervical dislocation. Follow institution’s acceptable policies for mouse 223 
euthanasia.  224 
 225 
3.12. Harvest subcutaneous tumors using aseptic surgical technique. Sterilize the skin overlying 226 
the tumor as before with 70% ethanol after removal of the hair (if applicable). Incise through the 227 
skin overlying the tumor with a #15 scalpel blade (with or without a scalpel blade handle). Sharply 228 
dissect the tumor from the surrounding attached soft tissues with a pair of sterile surgical 229 
scissors. 230 
 231 
3.13. Place tumor in 6-well tissue culture plates containing complete growth medium and mince 232 
into multiple small fragments of pre-determined size  (~ 0.6 mm x 0.6 mm x 0.6 mm – 0.25 mm3 233 
up to 1 mm x 1 mm x 1 mm – 1 mm3) with a #15 scalpel blade (with or without a scalpel blade 234 
handle).  235 
 236 
3.14. Maintain tumor fragments in sterile complete growth medium at room temperature until 237 
the time of intratibial implantation. For cell lines that carry luciferase or fluorescent reporter 238 
genes, use ex-vivo bioluminescent or fluorescent imaging to confirm tumor viability ahead of 239 
intratibial implantation into mice.  240 
 241 
3.15. For cryopreservation, place multiple fragments in the same cryovial in complete growth 242 
medium supplemented with 20% FBS and 10% dimethyl sulfoxide (DMSO). Freeze gradually using 243 
a commercial cryopreservation system at –80 °C and store long-term in liquid nitrogen. Preserve 244 
tumor fragments for subsequent analysis, but not for future implantation, by snap freezing using 245 
liquid nitrogen immersion. Store these frozen tumor fragments for long-term at –80 °C.  246 

 247 
NOTE: It has been previously reported that snap frozen tumors will not engraft and grow in vivo8. 248 
 249 
4. Surgical implantation of subcutaneous tumor fragments 250 
 251 
4.1. Bring fresh or cryopreserved fragments of subcutaneous tumor to room temperature in 252 
complete growth medium prior to surgical implantation. 253 
 254 
4.2. Anesthetize mice of the strain of interest using isoflurane in oxygen anesthesia as 255 
described in Section 3. Check for the lack of pedal reflexes before proceeding. Administer 256 
subcutaneous buprenorphine at a dose of 0.02-0.05 mg/kg to provide peri-operative analgesia. 257 
This can be repeated every 6-8 h in the post-operative period, if needed. 258 
 259 
4.3. Remove hair on the right knee joint and proximal tibia of the hindlimb with depilating 260 
solution to minimize the potential trauma to the skin.  261 
 262 
4.4. Scrub the prepared area with surgical antiseptic. Scrub first with a 70% ethanol swab and 263 
then scrub with alternating chlorhexidine and saline scrub. 264 



   

 265 
4.5. Visualize the proximal tibia as the region just distal to the knee joint while flexing and 266 
extending the joint. 267 
 268 
4.6. Create a 3-4 mm incision at the level of the proximal tibia on the medial aspect of the limb 269 
with a #15 scalpel blade (with or without a scalpel blade handle). Incise through the skin and 270 
subcutaneous tissue to expose the medial cortex of the proximal tibia. 271 
 272 
4.7. Apply gentle pressure with the tip of a 25 G needle, while also rotating the tip, to create a 273 
small hole in the medial cortex of the proximal tibia. Make this hole approximately 2 mm distal 274 
to the knee joint at a point equidistant between the cranial and caudal tibial cortexes. Select 275 
the needle size depending on the size of the tumor fragments.  276 
 277 
4.8. Use sterile forceps to pick up and insert the tumor fragments into the medullary cavity of 278 
the proximal tibia. Use a 27 to 30 G needle to manipulate the tumor fragment into the 279 
medullary canal. Depending on the size of the tumor fragments, implant a minimum of 0.5 mm3 280 
total tumor volume into each tibia. This may require implantation of 1 or more tumor 281 
fragments depending on the size of tumor fragments created.  282 

 283 
NOTE: Modifications to prevent or limit displacement of the graft outside of the bone would be 284 
placement of bone wax or bone cement in the bone defect or either gel foam or a 285 
subcutaneous fat graft over the hole in the bone. 286 
 287 
4.9. Appose the skin edges with sterile liquid tissue adhesive or a single skin suture. Do not use 288 
wound clips in this site. Take caution if using fluorescence imaging in the post-operative period, 289 
since both tissue adhesives and suture have the potential to fluoresce. 290 
 291 
4.10. Recover the mice on a heating pad in individual cages until ambulatory. 292 
 293 
5. Serial and end point assessment 294 
 295 
5.1. Anesthetize mice using isoflurane in oxygen anesthesia as described previously. 296 
 297 
5.2. Evaluate tibial tumor growth non-invasively by either weekly digital radiography, 298 
bioluminescence, or fluorescence imaging (if using cells expressing luciferase or a fluorescent 299 
reporter gene). Caliper measurements of the limb at the site of implantation can also be 300 
performed in awake mice. 301 
 302 
5.3. In addition to the traditional monitoring of tumor-bearing mice (body weight, activity level, 303 
respiratory rate, grooming, posture, mentation, and behavior) monitor mice weekly for signs of 304 
hind limb lameness, swelling, and surgical site infection. 305 
 306 



   

5.4. Monitor the skin surgical wound for the first 10-14 days for excessive redness, swelling, 307 
draining, and wound dehiscence until the skin wound is healed. After 4-5 weeks, evaluate mice 308 
in accordance with the study outcome evaluation either alive or following euthanasia. 309 
 310 
REPRESENTATIVE RESULTS:  311 
A positive result would be associated with tumor engraftment and progressive tumor growth 312 
over time. Depending on the tumor type, intraosseous tumor growth may be associated with 313 
progressive hind limb lameness, but many tumors do not cause lameness despite signs of 314 
attendant bone disease. Successful engraftment was documented with advanced imaging, 315 
whereby there would be progressive radiographic, µCT, or µMRI changes in the proximal tibia 316 
associated with the bone phenotype of the cell line of interest (osteolytic, osteoblastic, or mixed 317 
osteolytic/osteoblastic metastasis) (Figure 1)8. In our previous report, the cortical defect created 318 
for tumor graft implantation was visible in the proximal tibia 1 week after implantation (Figure 319 
1A). By week 2, there was visible osteolysis and bone remodeling adjacent to the cortical defect. 320 
From weeks 2-5, there was progressive bone destruction and the formation of new bone 321 
associated with tumor engraftment and growth (Figure 1B-E). For cell lines with reporter genes, 322 
bone changes would be accompanied by increases in fluorescence or bioluminescence imaging 323 
outputs over time. Acute lameness may be an indicator of impending or actual pathological bone 324 
fracture, necessitating immediate and careful radiographic evaluation of the mouse, and possibly 325 
early removal from the study. Depending on the tumor cell line being studied, bone destruction 326 
may occur rapidly, well ahead of metastasis. This is of specific importance in studies involving 327 
primary bone tumors, since mice may have to be removed from the study prior to the 328 
development of clinically-relevant metastasis, namely to the lung. In these cases, surgical 329 
amputation of the tumor-bearing limb is recommended to permit the study of minimal residual 330 
disease and subsequent metastasis when using primary bone tumors, as we have reported 331 
previously4,8. While complete hind limb amputation in people is not typically performed, this is 332 
standard of care in veterinary medicine, of which the similarities in the clinical and molecular 333 
characteristics of human and canine osteosarcoma are well-documented. Hind limb amputation 334 
in mice is, therefore, relevant for many animal cell lines. In addition, amputation is a viable 335 
treatment method in mice since limb-sparing procedures used in people are not achievable in 336 
small rodents such as mice. In mice bearing primary bone tumors, inappetence, progressive 337 
weight loss, general poor body condition and difficulty breathing (increased rate or effort) may 338 
signal the development of tumor metastasis to the lung and other organs. Confirmation by 339 
bioluminescent imaging, µCT, or µMRI imaging is recommended to confirm metastasis, and 340 
affected animals should be euthanized.  341 
 342 
A negative result, most likely resulting from the lack of tumor engraftment, should be suspected 343 
if there is no evidence of progressive changes (osteolytic, osteoblastic, or mixed 344 
osteolytic/osteoblastic lesions, depending on the cell line being studied) on radiography or µCT 345 
examination of the implanted tibia. For cell lines carrying reporter genes, the lack of an increase 346 
in fluorescence or bioluminescence signaling over time by optical imaging would also support a 347 
conclusion that the tumor has failed to engraft. Lack of or poor engraftment could be associated 348 
with surgical site infection. However, this would exhibit specific clinical signs such as redness, 349 
swelling, or discharge most commonly in the early post-operative period (first 1-2 weeks after 350 



   

surgery). Animals could potentially also be febrile and display a lack of activity or hunched 351 
posture in the early post-operative period due to surgical site infection. Harvesting and 352 
maintaining the allografts under sterile conditions during preparation and proper sterile 353 
preparation of the limb, sterile intraoperative technique, and complete wound closure will 354 
minimize the likelihood of a post-operative surgical wound complication resulting in infection 355 
and failure of tumor engraftment. 356 
 357 
In our previous report8, when including both the reported pilot and definitive studies, 16 out of 358 
16 mice (100%) implanted with osteosarcoma fragments progressed to osteolytic bone lesions 359 
and 14 out of these 16 mice (88%) developed metastasis. All metastases were observed to the 360 
lung and diagnosed by histology as early as 3 weeks post-implantation8. Additional animals 361 
necropsied at 1 (n=2) and 2 (n=2) weeks after implantation did not reveal any evidence of lung 362 
metastasis. 363 
 364 
FIGURE LEGENDS: 365 
Figure 1: Serial radiography. Serial radiography (in order) performed weekly at (A) 1, (B) 2, (C) 3, 366 
(D) 4, and (E) 5 weeks after intratibial implantation of a subcutaneous tumor allograft using a 367 
primary bone tumor cell line (osteosarcoma). Over time, there was progressive bone destruction 368 
and the formation of new bone associated with tumor engraftment and growth. This figure has 369 
been modified with permission from ref8. 370 
 371 
DISCUSSION: 372 
This report documents our model to create primary bone tumors or bone metastasis following 373 
the intratibial implantation of a tumor allograft. We believe that there are several critical steps 374 
in this process. A safe anesthetic plane should be established for both subcutaneous injection of 375 
the tumor cell suspension and intratibial placement of the resultant tumor fragments. There 376 
should be sterile preparation of the surgical site for both removal of the subcutaneous allograft 377 
and intratibial placement of the allograft. Tumor allograft fragments should be created uniformly 378 
for subsequent intratibial implantation. An appropriately sized defect in the proximal tibia should 379 
be created for implantation of tumor fragments. The surgical skin wound should be closed 380 
completely to reduce the risk of post-operative wound complications. The last critical step is that 381 
if extracellular matrix is used as part of the tumor cell suspension for subcutaneous injection, the 382 
use of manufacturer recommended handling instructions should be done to avoid solidification 383 
of the suspension prior to injection. Proper sterile preparation of the limb, sterile intraoperative 384 
technique, and complete wound closure will minimize the likelihood of a post-operative surgical 385 
wound complication. 386 
 387 
Features of the implanted tumor and the surgical technique are critical for successful and 388 
reproducible results for incorporation into your study population. Initially, it should be verified 389 
that the tumor xenograft/allograft is implanted directly into the medullary cavity of the tibia, 390 
making sure that the tumor tissue is fully inside the bone. Modifications to prevent or limit 391 
displacement of the graft outside of the bone would initially be placement of bone wax or bone 392 
cement in the bone defect or either gel foam or a subcutaneous fat graft over the hole in the 393 
bone. An alternative would be to insert the tumor allograft through a hole on the lateral aspect 394 



   

of the proximal tibia, created under the cranial tibial muscle. The presence of the cranial tibial 395 
muscle would then serve as a biological cover over the bone defect, limiting potential 396 
displacement of the tumor allograft. However, this is a more aggressive surgical approach with 397 
the potential for neuromuscular trauma on the lateral aspect of the proximal tibia. Care should 398 
be taken to make sure that the tumor allografts are created to be of uniform size prior to 399 
implantation. That being said, tumor allografts should not exceed 1 mm in any dimension, since 400 
larger tumor sizes in any biological system are less likely to engraft than smaller grafts when there 401 
is not a direct, immediate vascular supply provided to the graft at the time of implantation. We 402 
have reported successful results with a final implanted tumor volume of 0.5 mm3 but anticipate 403 
combined tumor fragment volumes up to 1 mm3 will achieve successful results. However, the 404 
maximum implantable tumor fragment volume has not been determined. As compared with 405 
cryopreserved tissue, fresh tumor xenografts and allografts are more likely to survive, although 406 
we have not observed a problem with the practice of using carefully cryopreserved tumor 407 
allografts. Snap-frozen allografts should not be implanted. In addition, dissection of the capsule 408 
and outer portion off of the subcutaneous tumor will prevent any contribution from this layer of 409 
the tumor, which is largely fibrous and vascular with a significant immune infiltrate rather than 410 
consisting largely of tumor cells proper. An alternative method to creating tumor allografts from 411 
the larger tumor mass directly with a scalpel blade is by using a small biopsy needle that creates 412 
a cylindrical tumor “core” that can then be cut to a predefined length prior to implantation. Use 413 
of a biopsy needle or core biopsy punch may be beneficial in creating uniform tumor fragments 414 
for implantation, for after two uniform dimensions (width and depth) have been created by the 415 
biopsy process, they can then be cut to an appropriate length prior to implantation. If reporter 416 
genes such as luciferase or fluorescent proteins are being used in the implanted tumor cells, 417 
evaluation of tumor fragments at the time of implantation or 1 week after implantation will 418 
indicate relative contribution from tumor cells in the implanted tumor fragments, as well as 419 
viability. 420 
 421 
As with any procedure, there are limitations in addition to our reported benefits of this 422 
technique. Metastasis is a multi-step process which requires a cell from its primary location to 423 
successfully execute invasion into and migration through the extracellular matrix, intravasate the 424 
tumor’s blood supply, survive in circulation until it arrives to its final metastatic destination, 425 
extravasate into the organ proper and then either stay in a dormant state or proliferate to create 426 
a metastatic lesion, and modification of the normal tissue architecture to become a clinically 427 
detectable metastasis18. Currently used mouse models of bone metastasis rely largely on either 428 
direct orthotopic injection of tumor cells into the normal site of the primary tumor, intravascular 429 
injection into the left ventricle of the heart or peripherally into the tail veins (lateral or dorsal 430 
caudal veins), or direct intra-osseous injection of the tumor cell suspension3. However, recent 431 
reports trying to improve bone metastasis models have advocated injection into the illiac, caudal, 432 
or femoral arteries19-21. All of these methods incorporate one or more steps within the bone 433 
metastatic cascade, except direct intra-osseous injection or in our case implantation of a tumor 434 
allograft, which only models end tissue modification. Therefore, this is one inherent limitation of 435 
our technique. An additional limitation is that as currently described, it requires propagating the 436 
allografts in an intermediate mouse host, which requires usage of additional mice and results in 437 
the implantation of a tumor that is not 100% pure tumor cells. The allograft will possess some 438 



   

stromal contribution provided by tumors growing in a subcutaneous location. A potential 439 
alternative to minimize this subcutaneous stromal contribution would be the injection of cells 440 
subcutaneously in a biological substrate such as an extracellular matrix or scaffold.  Alternatively, 441 
orthotopic injection into the primary site of the tumor, followed by tumor removal and graft 442 
preparation could be performed. 443 
 444 
The method outlined in this report has key advantages when compared to existing methods of 445 
modeling primary bone tumors or bone metastasis following the direct intra-osseous injection of 446 
tumor cells. As discussed, we and others have observed direct embolization of the lungs and 447 
occasional immediate death following intratibial injection of a cell suspension8,13. This results 448 
from a pressurized injection of tumor cells into the marrow cavity, after which tumor cells enter 449 
the peripheral blood supply through bone marrow vascular sinusoids and are carried to the lung 450 
by venous return. These events are comparable mechanistically to that observed with pulmonary 451 
or venous thromboembolism associated with pressurized placement of implants into the marrow 452 
cavity associated with total joint arthroplasty in people and animals. We and others hypothesize 453 
that this embolic phenomenon to the lungs may be cell-line specific (unpublished observations). 454 
However, very detailed steps have been reported to limit the creation of these embolic artifactual 455 
metastases12. Initially, there should be adequate trypsinization and creation of a uniform single 456 
cell suspension for injection, which should be stored on ice to prevent cell clumping. The needle 457 
should be properly placed through the proximal tibial growth plate, after which small injection 458 
volumes (~10 µL) and resistance-free injections into the marrow cavity should be performed. 459 
Despite this, tumor cell delivery to the lungs, and also to other organs, can be readily observed 460 
by bioluminescence imaging following intra-osseous and intravascular injection techniques, 461 
suggesting that it is possible that cells generating this bioluminescent signal in the lungs and other 462 
organs could give rise to distant metastasis (unpublished observations)3. We have found that 463 
another benefit of this technique is that a single tumor grows in a uniform bone site within the 464 
study population, reducing animal-to-animal variability. This enables the establishment of a 465 
uniform study population and ready comparison between treatment groups. This is in contrast 466 
to bone metastasis that develop following orthotopic or intravascular injection, where it is 467 
possible for cells to metastasize to different skeletal sites and grow with different kinetics, making 468 
comparisons between study groups challenging. Tumor growth in one anatomical site following 469 
implantation of our tumor allografts also avoids the possibility of mice being removed due to 470 
metastasis to other organ systems or primary tumor burden, as can be seen with intravascular 471 
and orthotopic injection techniques. In addition, we have observed a 100% engraftment 472 
following tumor allograft implantation, which supports a uniform study population and avoids 473 
unnecessary use of additional mice to achieve appropriate sample size numbers. This also 474 
overcomes the limitation of incomplete and inaccurate injection following percutaneous 475 
injection of tumor cell suspensions into bone. 476 
 477 
This technique has a large degree of versatility which has resulted in modifications that are 478 
currently being used in our research and has the potential for great utility for future applications. 479 
Initially, while we employ the proximal tibia as our intra-osseous implantation site, other 480 
common sites of primary bone tumors or bone metastasis can readily be used, including but not 481 
limited to the distal femur and proximal humerus. However, the surgical approach to these sites 482 



   

as well as to areas such as the pelvis and spine require a gradually more extensive surgical 483 
approach when compared to the proximal tibia. In addition, sites such as the pelvis, spine, skull, 484 
radius, and ulna are not benefited by adequate bone stock for tumor implantation. For bone-485 
invasive malignances such as with oral tumors, placement of the tumor allografts adjacent to 486 
bone or within the oropharynx may also recapitulate the progression of invasive tumors3,22. In 487 
vitro and in vivo experiments often employ co-culture or co-injection techniques to determine 488 
the effects of different cell types on a cell type of interest. Therefore, the potential exists for 489 
injection of two or more cell types simultaneously to create the subcutaneous tumors, which can 490 
then be implanted into bone using this technique. Genetically modified cells can be used alone 491 
or in combination with other normal or genetically modified cells to create the tumor allografts. 492 
With the growing interest in precision medicine and creating in vitro and in vivo models of human 493 
cancer, patient-derived xenograft transplantation into mice is gaining popularity. Recently, a 494 
model of breast cancer bone metastasis has been described where patient-derived xenografts 495 
implanted orthotopically metastasized to human bone discs implanted subcutaneously in nude 496 
mice23. From this, patient-derived xenografts could be directly implanted into bone using our 497 
model, without the need for an intermediate host for subcutaneous propagation. This would 498 
allow for the rapid evaluation of tumor kinetics and ability to evaluate multiple treatment 499 
combinations potentially from just a single patient biopsy, not requiring a large tumor mass for 500 
allograft preparation. The increasing use of organoids in cancer research could also be employed 501 
in our model24. This would require needle or pipette injection of these cell aggregates through 502 
the hole in the tibial cortex. We would, therefore, recommend sealing of the cortical defect (as 503 
discussed above) to limit the possibility of organoid migration outside of the bone and marrow 504 
cavity. As we have performed, cells can be labelled and tracked by optical (bioluminescence or 505 
fluorescence) or advanced (digital radiography, µCT, or µMRI) imaging allowing for the 506 
assessment of tumor growth over time. This also has the benefit of minimizing animal numbers 507 
since the same animals are imaged over time.  508 
 509 
In summary, this report demonstrates our technique modeling primary bone tumors and bone 510 
metastasis using solid tumor graft implantation into bone. 511 
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Name of Material/Equipment Company
Catalog 

Number
#15 scalpel blade Henry Schein Ltd. 75614

6-well tissue culture plates Thermo Fisher Scientific 10578911

Abrams osteosarcoma cell line Not applicable

Not 

applicable

Anesthesia machine with isoflurane vaporiser and oxygen 

tank(s) VetEquip 901805

Animal weighing scale Kent Scientific SCL- 1015

BALB/c nude mouse (nu/nu) Charles River Ltd. NA

Bone cement Depuy Synthes 160504

Bone wax Ethicon W31G

Buprenorphine Animalcare Ltd. N/A

Carbon dioxide euthanasia station N/A N/A

Cell culture incubator set at 37 °C and 5% carbon dioxide Heraeus Various

Chlorhexidine surgical scrub Vetoquinol 411412

Cryovials (2 ml) Thermo Scientific Nalgene 5000-0020

D-luciferin (Firefly), potassium salt Perkin Elmer 122799

Digital caliper Mitutoyo 500-181-30

Digital microradiography cabinet Faxitron Bioptics, LLC MX-20

Dimethyl sulfoxide (DMSO) Sigma Aldrich 1371171000

Dulbecco’s modified Eagle’s medium Thermo Fisher Scientific 11965092

Ethanol (70%) Sigma Aldrich 2483

Fetal bovine serum Thermo Fisher Scientific 26140079

Forceps, Dumont Fine Science Tools, Inc. 11200-33

Freezer (– 80 °C) Sanyo MDF-794C

Hemocytometer Thermo Fisher Scientific 11704939

Hypodermic needles (27 gauge) Henry Schein Ltd. DIS55510 

Ice N/A N/A

Iris scissors Fine Science Tools, Inc. 14084-08

Isoflurane Henry Schein Ltd. 1182098 
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IVIS Lumina III bioluminescence/fluorescence imaging system Perkin Elmer CLS136334

L-glutamine Thermofisher scientifc 25030081

Liquid nitrogen

British Oxygen 

Corporation NA

Liquid nitrogen dewar, 5 litres Thermo Fisher Scientific TY509X1

Matrigel® Matrix GFR, LDEV-Free, 5 ml Corning Life Sciences 356230

Microcentrifuge Thermo Fisher Scientific 75002549

Mr. Frosty freezing containiner Fisher Scientific 10110051

NAIR Hair remover lotion/oil Thermo Fisher Scientific NC0132811

Penicillin/streptomycin Sigma-Aldrich P4333

Scalpel handle, #7 Short Fine Science Tools, Inc. 10007-12

Small animal heated pad VetTech HE006

Stereomicroscope GT Vision Ltd. H600BV1

Sterile phosphate-buffered saline (PBS) Thermo Fisher Scientific 10010023

Tissue adhesive (sterile) 3M Corporation 84-1469SB

Trypan blue Thermo Fisher Scientific 5250061

Trypsin-EDTA Thermo Fisher Scientific 25300054

Tuberculin syringe (1 ml with 0.1 ml gradations) Becton Dickinson 309659

Vented tissue culture flasks, T-75 Corning Life Sciences CLS3290



Comments/Description

None

Used for mincing tumor pieces. Can also be used for cell culture

None

None

None

6-8 weeks of age. Male or female mice

Optional use instead of bone wax

Optional

Buprecare 0.3 mg/ml Solution for Injection for Dogs and Cats

Should be provided within animal facility

None

None

Optional if cryopreserving tumor fragments

Optional if cell line of interest has a bioluminescent reporter gene

Can be manual

Optional to evaluate bone response to tumor growth

Optional if cryopreserving tumor fragments

None

None

None

None

Optional if cryopreserving or snap freezing tumor fragments

Can also use automated cell counter, if available

May also use 25G (DIS55509) and 30G (Catalog DIS599) needles

Ideally small pieces in a container for syringe and cell suspension storage

None

None



Optional if cell line of interest has bioluminescent or fluorescent reporter genes

None

Optional if cryopreserving or snap freezing tumor fragments

Optional if cryopreserving tumor fragments

Optional. Also available in 10 ml size (354230)

Pellet cells at 1200 rpm for 5-6 minutes

Optional if cryopreserving tumor fragments

Can alternatively use an electric clipper with fine blade

None

User preference as long as it accepts #15 scalpel blade

None

None

Use for injections and also as part of the surgical scrub, alternating with chlorhexidine

Can alternatively use non-absorbable skin suture (6-0 size)

None

Use 0.05%-0.25%

Slip tip preferred over Luer

Can also use smaller or larger flasks, as needed



Dr. Bajaj, 
 
The authors would like to thank the reviewers for their further comments and suggestions, in addition to you for 
your editorial comments. 
 
Initially, all of your editorial comments/recommended changes have been made, namely the highlighting the 2.75 
pages of text for video scripting in green in the revised manuscript. 
 
All of the reviewer comments/edits are addressed below and can be observed in the revised manuscript as being 
highlighted in yellow text. 
 
Editorial Comments: 

Comment 1: The editor has formatted the manuscript to match the journal's style. Please retain and use the 
attached version for revision. 
 
We have used the attached version for this current revision. 

 

Comment 2: Please address all the specific comments marked in the manuscript. 
 
This has been performed. 

 

Comment 3: Once done please ensure that the highlight is no more than 2.75 pages including headings and 
spacings. 
 
This has been performed. 

 

Comment 4: Please proofread the manuscript well. 
 
This has been performed. 

 

Comment 5: Please check with your funding source regarding PMC deposition. We do not deposit articles into 
PubMed Central on behalf of the authors. However, authors can self-deposit into PMC if required by their funding 
source. 
 
We will self-deposit in PMC after publication in JoVE 

 
Reviewer #1:  

Comment 1: The authors addressed most of the issues. 
 
We thank you for your comments that strengthened the manuscript. 

 

Comment 2: Lack of procedure video is still an issue. 
 
The video will be made following acceptance of the JoVE manuscript. 

 
Reviewer #2: 

Comment 1: Please proofread the MS, especially the newly added material. I noted on line 352 first word, "or" 
should be "off". Please double check the rest of the MS for errors also. 
 
We have made this correction to “of” and thoroughly proofread the manuscript. 

 

Comment 2: In the protocol itself, I saw no mention of using bone cement or something to ensure allograft 
fragments remain in the tibia. This was listed in the discussion, but one would think something is needed to 
ensure the tumor fragments do not pop out. 
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This is a great point to incorporate earlier in the “Protocol” section, of which we have now included “Modifications 
to prevent or limit displacement of the graft outside of the bone would initially be placement of bone wax or bone 
cement in the bone defect or either gel foam or a subcutaneous fat graft over the hole in the bone.” 

 

Comment 3: Can this procedure also be used in the femur? Would there be any reason why it could not? There 
was no mention of this in the discussion. 
 
We had mentioned in the second to last paragraph of the Discussion “Initially, while we employ the proximal tibia 
as our intra-osseous implantation site, other common sites of primary bone tumors or bone metastasis can 
readily be used, including but not limited to the distal femur and proximal humerus. However, the surgical 
approach to these sites as well as to areas such as the pelvis and spine require a gradually more extensive 
surgical approach when compared to the proximal tibia. In addition, sites such as the pelvis, spine, skull, radius, 
and ulna are not benefited by adequate bone stock for tumor implantation. For bone-invasive malignances such 
as with oral tumors, placement of the tumor allografts adjacent to bone or within the oropharynx may also 
recapitulate the progression of invasive tumors.3,16” 
 
No additional changes were made. 

 

Comment 4: This question was not addressed from my first review - would the authors please provide a "take-
rate" on their fragment implants, i.e. out of how many mice were implanted with the fragment method described 
here, how many progressed to a) tumor growth in the tibia, and b) metastasis (metastases) to other organs (list 
which organs)? Please provide specific numbers (i.e. 8 out of 8 mice, 3 out of 8 mice, etc.). If osteosarcoma 
tumor fragments were used, state something like '8 out of 8 mice implanted with osteosarcoma fragments 
progressed to bone lesions, and 4 out of those 8 mice progressed to metastasis with 2 of the 4 exhibiting lung 
and 3 of the 4 exhibiting brain metastases'. This can also be listed in a table. 
 
We have added the following to the Representative Results section of the manuscript. This can also be seen in 
the Introduction section of the manuscript. 
 
“In our previous report, when including both the reported pilot and definitive studies, 16 out of 16 mice (100%) 
implanted with osteosarcoma fragments progressed to osteolytic bone lesions and 14 out of these 16 mice (88%) 
developed metastasis. All metastasis were to the lung and diagnosed by histology as early as 3 weeks post-
implantation. Additional animals necropsied at 1 (n=2) and 2 (n=2) weeks after implantation did not reveal any 
evidence of lung metastasis.” 
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