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Abstract

Purpose—To successfully metastasize, tumor cells must respond appropriately to biological 

stressors encountered during metastatic progression. We sought to test the hypothesis that 

enhanced efficiency of mRNA translation during periods of metastatic stress is required for 
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metastatic competence of osteosarcoma and that this metastasis-specific adaptation is amenable to 

therapeutic intervention.

Experimental Design—We employ novel reporter and proteomic systems that enable tracking 

of mRNA translation efficiency and output in metastatic osteosarcoma cells as they colonize the 

lungs. We test the potential to target mRNA translation as an anti-metastatic therapeutic strategy 

through pharmacokinetic studies and pre-clinical assessment of the prototypic mTOR inhibitor, 

rapamycin, across multiple models of metastasis.

Results—Metastatic osteosarcoma cells translate mRNA more efficiently than non-metastatic 

cells during critical stressful periods of metastatic colonization of the lung. Rapamycin inhibits 

translational output during periods of metastatic stress, mitigates lung colonization, and prolongs 

survival. mTOR-inhibiting exposures of rapamycin are achievable in mice using treatment 

schedules that correspond to human doses well below the maximum tolerated doses defined in 

human patients, and as such are very likely to be tolerated over long exposures alone and in 

combination with other agents.

Conclusions—Metastatic competence of osteosarcoma cells is dependent on efficient mRNA 

translation during stressful periods of metastatic progression and the mTOR inhibitor, rapamycin, 

can mitigate this translation and inhibit metastasis in vivo. Our data suggest that mTOR pathway 

inhibitors should be reconsidered in the clinic using rationally designed dosing schedules and 

clinical metrics related to metastatic progression.
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Introduction

Decades of study have demonstrated that the biological drivers of metastatic progression are 

distinct from those of primary tumor formation(1). As cancer cells egress from primary 

tumors, travel to and arrest within distant secondary organs, and colonize those organs to 

form overt metastases, they encounter a number of cellular stresses not present in their 

primary tumor microenvironments. We and others have previously shown that the greatest 

stress and impediment to metastatic progression occurs after cells have extravasated into the 

microenvironments of distant secondary sites(2, 3). Therefore, in order to complete the steps 

of metastasis, cancer cells must possess the capacity to overcome these stresses in a dynamic 

fashion. One mechanism by which metastatic tumor cells may surmount metastatic stresses 

is through efficient translation of mRNA into protein in the face of nutrient deprivation and 

exogenous microenvironmental insults(4-6). Indeed, enhanced mRNA translation has been 

proposed to be a key mechanism endowing tumor cells with metastatic capacity(7). Previous 

studies by our group have shown the metastatic phenotype of osteosarcoma cells to be 

associated with an enhanced capacity to translate mRNA containing complex structure in 5’ 

untranslated regions (UTRs) in vitro, but not with global increases in translational output(8, 

9). mRNA transcripts with complex 5’ UTR structure require the translation initiation 

machinery to actively deconvolute this structure before cap-dependent translation can 

occur(10, 11). As such, proteins whose transcripts contain highly structured 5’ UTRs have 
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been termed “weakly translated” proteins based on their reduced rate of protein synthesis at 

baseline(8). Neither the timing of weakly translated protein synthesis during metastatic 

progression nor the molecular pathways regulating this biology have been described in 

osteosarcoma or other cancers.

The mammalian target of rapamycin (mTOR) kinase represents a key signaling node for 

cellular response to nutrient availability. mTOR acts downstream of the 

phosphatidylinositol-3-OH kinase (PI(3)K)-AKT signaling pathway through the formation 

of two distinct complexes: mTORC1 and mTORC2(12). The mTORC1 complex regulates 

protein synthesis through direct phosphorylation of 4EBP1 and p70S6K. Phosphorylation of 

these substrates leads to enhanced translational output and promotes cell growth, 

proliferation, and survival. mTOR pathway activation has been implicated in the 

development and progression of myriad human cancers including osteosarcoma(13). As 

such, mTOR inhibitors have been the subject of intensive pre-clinical and clinical 

investigations across tumor types.

Dysregulation of the PI3K/mTOR pathway has been implicated in osteosarcoma(14) and 

clinical trials of mTOR pathway inhibitors have been completed in osteosarcoma 

patients(15-17). However, these studies have largely focused on primary tumor biology and 

have not rigorously assessed effects of mTOR pathway inhibition on metastatic progression. 

Despite intensified combination chemotherapy regimens, clinical outcomes for osteosarcoma 

patients have not improved for over 25 years(18, 19). There is thus a pressing clinical need 

for the development of novel anti-metastatic therapeutic approaches. In the presented studies 

we test whether mTOR pathway inhibition may offer such an approach.

We hypothesize that enhanced mRNA translation during critical periods of metastatic stress 

is a key component of the osteosarcoma metastatic phenotype. Based on the knowledge that 

mTOR activation results in enhanced mRNA translation, we further hypothesize that 

dynamic translation during metastasis occurs in an mTOR-dependent fashion and that 

mTOR pathway inhibitors may have specific anti-metastatic properties.

Materials and Methods

Cell Culture

HOS, MG63, and MNNG were purchased from ATCC. MG63.3 cells were derived from 

MG63.2 (obtained from Dr. Hue Luu, University of Chicago, Chicago, IL)(20). AS1.46 and 

K7M2 were developed in our lab(20, 21). All cells were cultured as previously 

described(22). Cell lines were authenticated by STR profiling by the International Cell Line 

Authentication Committee in 2015(22).

Destabilized Stem-loop Reporter Production and Use

Cloning and lentiviral production completed on contract by the Advanced Technology 

Program, SAIC-Frederick, Inc., NCI, NIH.

Plasmid Construction and Lentiviral Production—Gateway Entry clone was 

produced containing a stem-loop sequence (5’-
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GATATCCCCTTGGACCTCCGTACCCTGCAGGGTACGGAGGTCCAAGGGGATATC-3’

) with a predicted ΔG = −52.43kcal/mol preceding mCherry with a protein destabilizing 

PEST sequence. Expression clone was produced by incorporating the CMV promoter 

sequence upstream of the reporter construct. Lentivirus produced by standard methods.

Lentiviral Transduction and Selection—Transduction was performed in the presence 

of 8ug/ml polybrene. Cells were selected with 2ug/ml puromycin.

Mouse Studies

Animals were housed and handled in accordance with protocols approved by the NCI 

IACUC. 8-10 week old female BALB/c mice (Charles River) were used for allograft 

experiments. 8-10 week old female SCID-beige (Charles River) mice were used for 

xenograft experiments. Pharmacokinetic studies were completed in 8-10 week old female 

Athymic Nude mice (Charles River).

Ex Vivo Lung Metastasis Assay

The ex vivo lung metastasis assay is described elsewhere(23).

In Vivo/Ex Vivo Lung Metastasis Imaging

The in vivo/ex vivo lung metastasis assay is described elsewhere(2).

Characterization of Endogenous mRNA Translation by Highly Metastatic Cells in the Lung

Labeling of Newly Synthesized Proteins—Newly synthesized proteins were identified 

using the bioorthogonal non-canonical amino acid tagging, BONCAT, approach as 

previously described(24). Two highly metastatic human osteosarcoma cell lines (MG63.3 

and MNNG) were compared to one non-metastatic cell line (MG63). For all cell lines, in 
vitro and ex vivo lung culture arms of the experiment were completed in triplicate. For the in 
vitro arm, 1×106 cells were plated in T75 flasks and grown in standard culture media with 

the methionine surrogate Click-iT L-azidohomoalanine, L-AHA, (Invitrogen) substituted for 

methionine. For the ex vivo lung culture arm, 5×105 cells were tail vein injected and lung 

sections were generated as described elsewhere(23). Custom lung culture media was made 

with L-AHA supplemented for methionine. Cells in each experimental arm were labeled 

over a 24hr growth period. Cells were then isolated and labeled protein was harvested for 

downstream tandem mass spectrometry analysis. Full description provided in supplement.

Isolation of Newly Synthesized Proteins—To isolate newly synthesized proteins 

labeled with L-AHA, a click reaction was performed followed by strepavadin bead pull 

down. A custom Biotin-Flag-Alkyne tag (NH2-Biocytin-GGADYKDDDDK-

propargylglycine-CONH2) was synthesized on contract (GenScript Corporation) and made 

into 25mM stock solution in 1 × PBS. This peptide was used in combination with the Click-

iT Protein Reaction Buffer Kit (Invitrogen) to covalently bind the peptide to AHA-labeled 

proteins. Click reaction, protein precipitation, and washing were performed according to the 

manufacturer’s protocol.
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The samples were resolubilized in 50mM Tris, pH 7.5, 0.01% SDS. Labeled proteins bound 

to the biotin tag were then isolated using streptavidin coupled magnetic beads (Dynabeads® 

M-280 Streptavidin, Invitrogen). Each sample was added to 50uL of beads and incubated 

with rocking at room temperature for 5hrs. Beads were washed 5× 20min with 0.5% SDS in 

PBS. Streptavidin-biotin interaction was reversed by incubating beads in 0.5M Tris-HCL 

(pH 6.8), 4.4% SDS, 2% 2-mercaptoethanol.

Identification of Newly Synthesized Proteins—Peptide generation and mass 

spectrometric analysis was performed on contract by the Laboratory of Proteomics and 

Analytical Technologies, NCI. Full description of methods provided in supplement.

Analysis of Newly Translated Proteins—To increase proteome coverage, triplicates 

were pooled into a single data set for each condition. Pooled data sets were used to identify 

proteins commonly and specifically synthesized by highly metastatic cells within the lung 

microenvironment. Proteins identified in both highly metastatic cell lines (MG63.3 and 

MNNG) growing in ex vivo lung culture, but not in the in vitro controls for these cell lines 

nor the non-metastatic cell line (MG63) data sets (in vitro or ex vivo lung culture) were 

considered metastasis-specific. The structure and ΔG of the 5’ UTR of these genes was 

predicted using the ViennaRNA Package 2.0 software(25).

Immunoblotting

Western blot analysis was performed as described previously(26).

p70S6K Analysis—Cells were treated with rapamycin (0.1μM or 1μM) or vehicle for 4 

hours. Blots were probed with mouse phospho-p70S6K (Thr389) (1:1000; Cell Signaling 

#9206) and rabbit total p70S6K (1:1000; Cell Signaling #9202) antibodies.

PTCHD2 Analysis—Blots were probed with rabbit PTCHD2 (ab113414, Abcam; 

1μg/mL) antibody.

Rapamycin Pharmacokinetic Studies

Chronic Rapamycin Dosing Studies—Mice were treated three times per week with 

5mg/kg rapamycin administered IP for two weeks. On Day 14 whole blood was drawn from 

mice just before rapamycin administration and at 2 and 6 hours post-treatment.

Single Rapamycin Dose Studies—Mice were given a single IP dose of 5mg/kg 

rapamycin (n=3 mice per condition).

Whole blood was extracted from each mouse at 0, 1, 2, 6, 24, and 48 hour time points.

Quantification of Rapamycin in Whole Blood—Rapamycin concentrations in whole 

blood were determined via a validated LC/MS/MS assay previously published(27).

Pharmacokinetic Analysis—Pharmacokinetic parameters were calculated by 

noncompartmental methods using Phoenix WinNonlin 6.3.0.395 (Certara USA). The Cmax, 
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and trough levels were determined directly from the data and AUC0-48h after the first dose of 

rapamycin was calculated with the log-linear trapezoidal method.

In Vitro Assessment of Rapamycin Effect on mRNA Translation

K7M2 and MG63.3 cells were treated with either 0.1μM rapamycin or vehicle control in 

triplicate for 5 days, changing the media every other day. At the conclusion of this 5 day 

period, cells were imaged by inverted fluorescent microscopy (Leica DM IRB) at a 

magnification of 10×. 15 images × 3 replicates per condition were taken. Image analysis was 

performed using ImageJ software to quantify average ds-SL-mCherry intensity within GFP+ 

cell areas.

In Vivo Assessment of Rapamycin Effect on mRNA Translation

5×105 tumor cells were injected into the tail vein of each mouse (n=3 mice per condition). 

Tumors were allowed to develop for 21 days in the mice. Starting on day 22, mice were 

treated with daily IP doses of 5mg/kg rapamycin or vehicle control for 5 days (days 22-26). 

On day 27, lungs were extracted and imaged as described above. Five images were captured 

per mouse and ds-SL-mCherry expression was assessed within GFP+ tumor area. Following 

imaging, lungs were formalin fixed and embedded in paraffin for PTCHD2 staining as 

described below.

PTCHD2 Lung Metastasis Staining

In vivo expression of PTCHD2 was assessed in multiple experiments. Full description of 

sample preparation is described in the supplement. Sections were stained for PTCHD2 

(Rabbit polyclonal IgG PTCHD2 antibody; ab113414, Abcam; 5μg/mL).

Phospho-S6 Staining

Lungs of mice receiving tail vein injection of 5×105 MG63 or MG63.3 cells were harvested 

3 days after tail injection. Lung sections were prepared as described in supplement. Cells 

growing in vitro were also fixed and stained. Samples were stained to assess 

phosphorylation of Ser235/236 of S6 ribosomal protein (Rabbit polyclonal phospho-S6 

antibody; Cell Signaling #2211), diluting primary antibody 1:80.

Assessment of Anti-Metastatic Properties of Rapamycin

Ex Vivo Lung Culture—5×105 tumor cells were injected into the tail vein of each mouse 

and lung sections were prepared as described elsewhere(23). Media of rapamycin-treated 

cultures was supplemented to a final concentration of 0.1μM or 1μM rapamycin. Vehicle 

treated culture media was supplemented with DMSO volumes matching rapamycin 

treatment. Media was changed and fresh rapamycin or DMSO was added every 2 days. A 

total of 8 lung sections were imaged for each condition. Lung sections were imaged and 

metastatic burden quantified as described above.

Experimental Metastasis Model—1-5×105 tumor cells were injected into the tail vein 

of each mouse (n=15 per condition). Mice were treated with daily IP doses of 5mg/kg 

rapamycin or vehicle control 5 days per week. Experiments were continued until mice died 
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or became moribund and required euthanasia. All mice underwent necropsy examination to 

confirm metastasis.

Spontaneous Metastasis Model—1×105 to 1×106 tumor cells were injected 

orthotopically to the para-osseous proximal tibia as previously described(20). Mice were 

treated with daily IP doses of 5mg/kg rapamycin or vehicle control 5 days per week. Tumors 

were measured every 3-4 days. The volume of orthotopic tumor was calculated as previously 

reported (28). Tumor bearing limbs were amputated at a tumor size of 1.5-1.7 cm3. 

Experiments were continued until mice died or became moribund and required euthanasia. 

All mice underwent necropsy examination to confirmation metastasis. To control for 

differences in rate of primary tumor growth, survival times were calculated from the time of 

primary limb amputation.

Results

Highly metastatic osteosarcoma cells translate mRNA more efficiently than non-metastatic 
cells during critical periods of metastatic progression

We first sought to determine whether highly metastatic osteosarcoma cells translate mRNA 

more efficiently than non-metastatic cells as they arrive to and colonize the lung 

microenvironment. We developed a novel fluorescent reporter to track the translational 

output of osteosarcoma cells in real-time in vivo. It has been shown that complex secondary 

structure within the 5’ UTR of mRNA transcripts reduces the rate of cap-dependent mRNA 

translation and this reduction is directly correlated with the predicted free energy (ΔG) of 

stem-loop structures in the 5’ UTR(10, 11). Based on this finding, we created a fluorescent 

mCherry reporter containing a stem-loop in the 5’ UTR with a predicted ΔG = −52.43 

kcal/mol (Fig 1A). This degree of secondary structure was predicted to significantly inhibit 

translation of the reporter at baseline and was based on a previously published stem-loop 

sequence demonstrated to dramatically inhibit protein synthesis of a downstream cistron(8, 

9). Thus, we used the reporter as a surrogate for increased translational output. We also 

incorporated a PEST sequence into the construct to reduce the half-life of the protein. We 

term this destabilized stem-loop reporter of mRNA translation ds-SL-mCherry.

We transduced the ds-SL-mCherry reporter into highly metastatic murine and human 

osteosarcoma cells (K7M2 and MG63.3, respectively) as well as clonally related non-

metastatic cell lines (AS1.46 and MG63, respectively). We show that the highly metastatic 

osteosarcoma cell lines, K7M2 and MG63.3, expressed this reporter at similar levels to their 

non-metastatic counterparts, AS1.46 and MG63, in vitro (Fig 1B). In order to investigate 

translational efficiency of highly metastatic cells during metastasis, we first imaged cells 

transduced with the ds-SL-mCherry reporter in ex vivo lung culture as previously 

described(23). We found that MG63.3 cells expressed the ds-SL-mCherry construct at 

higher levels than MG63 cells as they grow within the lung microenvironment in our ex vivo 
model (Fig. 1C and 1D). To test whether highly metastatic cells expressed the ds-SL-

mCherry reporter at higher levels during critical periods of metastatic stress in fully in vivo 
models, we performed in vivo experimental metastasis assays. For these experiments, 

osteosarcoma cells were injected into the tail vein of mice followed by lung extraction and 
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imaging 6 hours after injection. We found that both K7M2 and MG63.3 cells expressed 

higher levels of the reporter than AS1.46 and MG63 cells, as they arrive to and invade the 

lung microenvironment (Fig 1E and 1F). Further, we found that K7M2 and MG63.3 cells 

continue to express high levels of the reporter at later time points of metastatic lung 

colonization as they begin to form overt metastases (Fig 1G). These results indicate that 

increased translational output during stressful periods of metastatic invasion and 

colonization of the lung is associated with the osteosarcoma metastatic phenotype.

Proteins uniquely synthesized by highly metastatic osteosarcoma cells during 
colonization of the lung contain complex 5’ UTR structure

We next sought to identify endogenous proteins that were translated more efficiently by 

highly metastatic cells than by non-metastatic cells during metastatic colonization. To this 

end, we performed a proteomic experiment using an approach known as bioorthogonal non-

canonical amino acid tagging (BONCAT)(24) to identify proteins uniquely synthesized by 

highly metastatic osteosarcoma cells as they arrive to and grow within the metastatic 

microenvironment of the lung (Fig 2A). Using the ex vivo model of pulmonary metastasis 

described, we grew lung sections containing GFP+ tail vein injected human osteosarcoma 

cells in methionine-free conditions supplemented with the methionine surrogate, L-

azidohomoalanine (L-AHA). Lung sections were grown in these conditions for 24 hours so 

that any newly synthesized proteins would incorporate L-AHA in place of methionine. In 

parallel, the same cells were grown in standard in vitro culture with L-AHA substituted for 

methionine. At the conclusion of this labeling period, GFP+ tumor cells were sorted from in 
vitro culture and lung tissue, protein was isolated and newly synthesized proteins were 

enriched using a Click reaction of the azide group on L-AHA with a custom biotin-Flag-

alkyne tag. Biotin-Flag-bound proteins were purified by streptavidin pull down and analyzed 

by tandem mass spectrometry. This approach was performed in triplicate for the highly 

metastatic human osteosarcoma cell lines MG63.3 and MNNG as well as the non-metastatic 

human osteosarcoma cell line MG63. Triplicate samples for each cell line were pooled to 

increase coverage. Pooling was necessary as the stringent selection of newly synthesized 

proteins substantially reduced the amount of protein isolated from sorted cells. 5 proteins 

were identified by unique peptides in both highly metastatic cell lines but no peptides in the 

non-metastatic cell line (Fig 2A). The structure and ΔG of the 5’ UTR of these genes was 

predicted using the ViennaRNA Package 2.0 software (Supplemental Fig 1)(25). Peptide 

counts and 5’ UTR ΔG values for identified proteins are reported in Supplemental Table 1. 

Based on previous studies(10), genes with predicted 5’ UTR ΔG’s of −30 kcal/mol or less 

were considered complex/weakly translated. Surprisingly, we found that mRNA of 4 out of 5 

of these proteins possess complex 5’ UTR structure suggesting that their translation requires 

highly active translational machinery.

We confirmed increased expression of one of these genes, PTCHD2, by 

immunohistochemistry of in vivo metastatic lesions (Fig 2B). We found that PTCHD2 was 

expressed at high levels in MG63.3 cells growing within the lung, but was barely detectable 

in MG63 cells. We next tested whether PTCHD2 expression is increased in highly metastatic 

cells at baseline by immunoblotting protein isolated from MG63.3 and MG63 cells growing 

in vitro (Fig 2C). We found that outside of the metastatic microenvironment these cells 
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express PTCHD2 at similar levels. PTCHD2 is a soluble activator of hedgehog 

signaling(29). While the result suggests that hedgehog signaling may play a role in 

osteosarcoma metastasis, for the purposes of this study, we simply used this protein as a 

surrogate for endogenous translation of an mRNA with complex 5’ UTR structure. 

Collectively, these results confirm that highly metastatic osteosarcoma cells translate a set of 

endogenous proteins more efficiently than non-metastatic cells as they arrive to and grow 

within the lung microenvironment.

mTOR-inhibiting rapamycin concentrations are achievable in vivo

We next sought to test whether mTOR inhibition might interfere with mRNA translation 

during stressful periods of metastasis and therefore mitigate metastatic progression. Before 

initiating such studies, we performed in vitro studies of mTOR pathway inhibition in our cell 

lines and in vivo pharmacokinetic studies to ensure feasibility. We first established 

rapamycin exposures necessary to inhibit mTOR pathway activation. Phosphorylation of 

threonine 389 of p70S6K by the mTORC1 complex serves as a hallmark indicator of mTOR 

pathway activity(12). In order to test the inhibitory effect of rapamycin on mTOR pathway 

activity, we treated highly metastatic K7M2 and MG63.3 osteosarcoma cells with low 

(0.1μM) and high (1μM) concentrations of rapamycin. We demonstrate that rapamycin 

effectively inhibited phosphorylation of p70S6K at concentrations as low as 0.1μM (Fig 3A). 

Next, we completed pharmacokinetic studies following intraperitoneal (IP) rapamycin 

dosing in mice. We demonstrate that IP dosing of rapamycin at 5mg/kg three times per week 

for two weeks resulted in a trough exposure near 0.1μM (Fig 3B). We then treated naïve 

mice with a single IP dose of 5mg/kg rapamycin IP (Fig 3C). We found that this dosing 

schedule was sufficient to maintain whole blood concentrations above 0.1μM for 24hrs. 

Collectively, these results demonstrated that 5mg/kg IP dosing of rapamycin was sufficient 

to maintain whole blood concentrations of rapamycin above 0.1μM, an exposure shown to 

effectively inhibit p70S6K phosphorylation, for at least 24 hours between doses.

Rapamycin inhibits mRNA translation by highly metastatic osteosarcoma cells within the 
lung microenvironment

We next sought to determine whether mTOR activity correlated with metastatic progression 

of osteosarcoma cells. To test this, we assessed phosphorylation of ribosomal protein S6, a 

robust marker of mTORC1 activity(30). Consistent with our in vitro reporter studies (Fig 

1B), we found that phospho-S6 levels were similar between highly and non-metastatic cells 

in vitro (Supplemental Fig 2A and 2B), but increased during metastatic progression in highly 

metastatic cells (Supplemental Fig 2C and 2D). These findings support our hypothesis that 

mTOR pathway activity is likely necessary for efficient mRNA translation during metastatic 

progression and provide a biological rationale for further investigation of mTOR pathway 

inhibitors as therapeutic agents in the treatment of metastatic osteosarcoma.

We next tested the effect of rapamycin treatment on mRNA translation within the metastatic 

microenvironment of the lung. We first used the ds-SL-mCherry reporter as a surrogate for 

translational output. We found that 1μM rapamycin had no effect on reporter expression in 
vitro (Fig 4A and 4B). To test the in vivo effect of rapamycin on ds-SL-mCherry expression 

during metastatic colonization, we completed an experimental metastasis assay with GFP+ 
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MG63.3 cells transduced with the ds-SL-mCherry reporter. We initially tested the effect of 

mTOR inhibition on translation at early points of metastatic colonization. However, due to 

high rates of cell attrition that resulted from rapamycin treatment, we were not able to 

adequately assess effects on mRNA translation at these early time points. Therefore, to test 

the biological activity of mTOR inhibition, we treated cells at later time points of metastatic 

colonization with rapamycin. We allowed metastases to develop for 21 days and then treated 

mice with daily IP doses of 5mg/kg rapamycin or vehicle control for 5 consecutive days 

(days 22-26). On day 27, we extracted the lungs and imaged them to assess ds-SL-mCherry 

expression. We found that IP rapamycin treatment of 5mg/kg significantly reduced 

expression of the construct relative to vehicle control (Fig 4C and 4D). Finally, to test the 

effects of rapamycin treatment on endogenous mRNA translation, we assessed lung 

metastases from vehicle and 5mg/kg rapamycin treated mice for PTCHD2 expression. 

Similar to the ds-SL-mCherry reporter, we found that rapamycin treatment significantly 

reduced expression of PTCHD2 (Fig 4E and 4F). The continued expression of the GFP 

reporter lacking a stem-loop structure in the 5’ UTR by rapamycin treated cells suggests that 

rapamycin may be most potent at inhibiting translation of protein with highly structured 5’ 

UTRs. These results demonstrate that mRNA translation by highly metastatic cells within 

the lung microenvironment is attenuated by rapamycin treatment. We reasoned that if this 

translation is critical to metastatic success then rapamycin may indeed have unique activity 

in the setting of metastasis that would support its reconsideration as a useful therapeutic 

agent for the treatment of osteosarcoma.

Rapamycin inhibits growth of highly metastatic murine and human osteosarcoma cells in 
the lung microenvironment

Based on the premise that mTOR-mediated mRNA translation is uniquely involved in the 

metastatic progression of osteosarcoma, we sought to test the anti-metastatic effects of 

mTOR inhibition. We first tested this in our ex vivo model of pulmonary metastasis (Fig 

5A). We found that 0.1μM and 1μM concentrations of rapamycin robustly inhibited 

metastatic outgrowth of highly metastatic murine, K7M2, (Fig 5B and 5C) and human, 

MG63.3, (Fig 5D and 5E) osteosarcoma cell lines. We observed that rapamycin had nearly 

identical anti-metastatic effects at low (0.1μM) and high (1μM) concentrations. This was 

consistent with our in vitro results showing that p70S6K phosphorylation was inhibited to an 

equivalent degree across these concentrations (Fig 3A). These results indicate that inhibition 

of mTOR signaling is sufficient to mitigate outgrowth of highly metastatic osteosarcoma 

cells within the lung microenvironment and support additional pre-clinical testing of mTOR 

inhibition as an anti-metastatic therapeutic strategy.

Rapamycin shows anti-metastatic activity in murine allograft and human xenograft models 
of osteosarcoma

To test the anti-metastatic effect of rapamycin in vivo, we used multiple allograft and 

xenograft models of highly metastatic murine and human osteosarcoma. Based on the 

pharmacokinetic data, we chose to administer daily IP doses of 5mg/kg rapamycin or 

vehicle control for these experiments. This dosing schedule was chosen to ensure that 

pharmacologically active exposures of rapamycin were maintained between doses. First, we 

tested the effect of rapamycin treatment in an experimental metastasis assay with highly 
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metastatic murine (K7M2) and human (MG63.3) cells (Fig 6A and 6B). We show that 

rapamycin treatment significantly prolonged survival of mice relative to vehicle controls.

We next tested the effect of rapamycin on metastasis in fully orthotopic spontaneous 

metastasis models of murine and human osteosarcoma. To control for heterogeneous 

primary tumor growth, we amputated tumor-bearing limbs of mice when tumors reached a 

size of 1.5-1.7 cm3 and calculated survival times from the time of limb amputation. We 

demonstrate that 5mg/kg daily IP doses of rapamycin significantly prolonged survival of 

mice orthotopically injected with highly metastatic murine (K7M2) and human (MG63.3) 

cells and verified this result in an additional highly metastatic human osteosarcoma cell line, 

MNNG (Fig 6C-6E). These results confirmed that mTOR inhibition via rapamycin treatment 

is sufficient to delay metastatic progression in spontaneous, fully orthotopic models of 

osteosarcoma metastasis. Further, the results demonstrated that anti-metastatic effects of 

mTOR pathway inhibition are independent of effects on primary tumor growth. Collectively, 

these findings support the notion that mTOR pathway inhibition may indeed have unique 

anti-metastatic activity in human osteosarcoma and argue in favor of reconsideration of 

rapamycin and other mTOR inhibitors in the clinical arena.

Given the observed anti-metastatic activities of rapamycin in pre-clinical models of 

osteosarcoma, we sought to identify and develop a therapeutic rapamycin exposure that 

would be expected to exert anti-metastatic activities in animal models of osteosarcoma, both 

inducible and naturally occurring. To this end, we utilized the pharmacokinetic profiles of IP 

rapamycin generated in mice treated with a dosage of rapamycin found to exert anti-

metastatic activities, 5mg/kg (Fig. 3), and calculated total rapamycin exposure as determined 

by noncompartmental methods related to dosage. Derived from the tandem pharmacokinetic 

and anti-metastatic data, it was predicted that the achievement of an AUC/dose equivalent 

value of 3,555 ([ng*hr/ml]/[mg/kg]) would be sufficient to inhibit p70S6K phosphorylation 

and exert anti-metastatic activities in animal models of osteosarcoma. This data is centrally 

important for the rational derivation of future rapamycin dosing strategies intended to delay 

metastatic progression in pediatric and adult osteosarcoma patients.

Discussion

In the described studies we show that the osteosarcoma metastatic phenotype is associated 

with mTOR pathway activation and enhanced mRNA translation during periods of cellular 

stress encountered as cells arrive to and grow within the metastatic microenvironment of the 

lung. We demonstrate that 0.1μM exposures of rapamycin are sufficient to inhibit mTOR 

activity and that this inhibition is associated with mitigated translational output of highly 

metastatic cells during metastatic progression. Finally, we find that dosing schedules of 

rapamycin achieving mTOR-inhibiting exposures are sufficient to abrogate osteosarcoma 

metastasis and prolong survival across multiple pre-clinical experimental model systems.

While our studies have identified new aspects of the osteosarcoma metastatic phenotype that 

are amenable to therapeutic intervention, they also raise additional questions about the 

mechanism and consequence of enhanced translation during metastatic progression. First, 

the specific stressors encountered by tumor cells within the metastatic microenvironment 
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that require metastatic cells to alter their translational output remain to be identified. While 

we have investigated a number of possible stressors including anchorage independent 

growth, serum starvation, and altered pH among others, we have yet to identify the stimulus 

of this biology. Second, it is possible that specific translation factors are overexpressed in 

highly metastatic cells that result in the observed enhanced rates of protein synthesis of 

mRNA transcripts with highly structured 5’ UTRs. Others have demonstrated that a number 

of factors including eIF4A, eIF4B, eIF4E, eIF4H, and eIF4G(9, 11, 31) may play a role in 

this biology. Previous studies by our group investigating the role of some of these factors in 

osteosarcoma metastasis have failed to provide a definitive answer to this question(32). It is 

possible that genetic or epigenetic alterations to the genomes of highly metastatic 

osteosarcoma cells may lead to altered expression and/or function of such translation factors. 

However, neither highly recurrent genetic nor epigenetic changes have been associated with 

the osteosarcoma metastatic phenotype to date(19). Finally, it would be informative to more 

fully understand the biological consequence of enhanced mRNA translation during 

metastatic progression. Specifically, understanding the functions of proteins synthesized 

more efficiently by highly metastatic cells than non-metastatic cells during metastatic 

colonization would not only shed new light on the molecular drivers of metastasis but may 

provide further opportunities for therapeutic intervention. Future studies may reasonably 

seek to provide answers to these questions and are supported by the data presented in this 

manuscript.

Collectively, our results indicate that mTOR inhibition is an effective means of delaying 

metastatic progression of osteosarcoma and provide an argument in favor of reconsidering 

the adjuvant use of rapamycin and other mTOR inhibitors in the clinical setting. As the 

majority of osteosarcoma deaths are caused by metastatic progression to the lung, the most 

pressing clinical need for these patients is the development of treatment strategies to 

effectively slow, prevent, and/or reverse metastatic progression of this aggressive cancer. We 

recently published a set of drug development guidelines with other experts in the clinical and 

research communities outlining pre-clinical and clinical approaches for the evaluation of 

potential therapeutic agents that uniquely target molecular and cellular processes leading to 

osteosarcoma metastasis(33). This paradigm should reasonably be applied not only to the 

investigation of novel therapeutic agents, but also to compounds that may not have 

undergone rigorous assessment for anti-metastatic properties in prior pre-clinical or clinical 

studies, such as mTOR inhibitors.

Based upon our pre-clinical pharmacokinetic data, we derived what we believe to be a 

justifiable AUC/dose equivalent target for slowing micrometastatic disease progression 

through rapamycin’s inhibition of mTOR. Validation of our proposed AUC/dose equivalent 

target for delaying metastatic progression will require further evaluation in additional tumor 

models that faithfully recapitulate the inherent cellular stressors encountered by 

metastatically successful osteosarcoma cells; and such an opportunity currently exists 

through the inclusion of dogs with osteosarcoma for evaluating rapamycin’s anti-metastatic 

activities. The data presented in this study have supported the launch of a prospective 

adjuvant study of rapamycin treatment in dogs with osteosarcoma. Based on the outcome of 

this study it would be our intent to propose a similar study in pediatric osteosarcoma 

patients. These pre-human trials in dogs will be informative of the potential benefit to 
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osteosarcoma patients and of proper dosing strategies to maximize anti-metastatic effects 

while minimizing toxicity. Should such dog trials be successful, human trials carefully 

designed to test the anti-metastatic effects of mTOR inhibition in osteosarcoma may be 

warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

In this study, we identify enhanced mRNA translation during stressful periods of 

metastatic progression as a therapeutic vulnerability in osteosarcoma. We show that the 

mTOR inhibitor, rapamycin, effectively targets this biology and provides substantial 

therapeutic benefit in multiple pre-clinical metastatic progression models. Our data 

provide a novel biological rationale for the therapeutic inhibition of mTOR that has not 

previously been considered in the clinical development and use of these agents. Our 

findings suggest that mTOR inhibitors may be best developed as anti-metastatic agents, 

and that a failure to do so will preclude their true value from being demonstrated in the 

clinic. Furthermore, we present the first pharmacokinetic data for rapamycin dosing in 

mice with correlation to metastatic outcome that poise our findings for immediate 

translation to rationally designed clinical trials.
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Figure 1. 
Highly metastatic osteosarcoma cells translate mRNA more efficiently than non-metastatic 

cells during critical periods of metastatic progression.

A) Schematic of ds-SL-mCherry reporter of mRNA translation illustrating CMV promoter, 

5’ UTR stem-loop, mCherry reporter, and PEST protein destabilization sequence.

B) In vitro expression of ds-SL-mCherry, measured as mCherry pixel intensity within GFP+ 

cell area, in non-metastatic and highly metastatic murine (AS1.46 and K7M2) and human 

(MG63 and MG63.3) cell lines. Non-metastatic cell lines indicated by blue bars, highly 
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metastatic cell lines indicated by red bars. Values represent averages of at least 50 individual 

cells +/− SEM. P-value does not reach significance using unpaired t-test with Welch’s 

correction.

C) Representative images of GFP+ ds-SL-mCherry MG63 (non-metastatic) and MG63.3 

(metastatic) ex vivo lung sections at day 4. Images were captured using a 10× lens on a 

Leica-DM IRB inverted fluorescent microscope.

D) Quantification of ds-SL-mCherry expression, measured as mCherry pixel intensity within 

GFP+ tumor area, for MG63 and MG63.3 lung sections at day 4. Values represent averages 

of 10 lung sections (5 sections per mouse × 2 mice) +/− SD. * P-value calculated using 

unpaired t-test with Welch’s correction < 0.05.

E) In Vivo images of ds-SL-mCherry expression in AS1.46 and MG63 (non-metastatic) and 

K7M2 and MG63.3 (metastatic) cells in the lung 6hrs following tail-vein injection of 1×106 

cells. Images were captured using a 20× lens on a Zeiss LSM-710 laser scanning confocal 

microscope.

F) Quantification of ds-SL-mCherry expression, measured as mCherry pixel intensity within 

GFP+ tumor area, for AS1.46 and MG63 (non-metastatic) and K7M2 and MG63.3 

(metastatic) cells 6 hours after tail-vein injection. Values represent averages of 5 images per 

mouse × 5 mice per condition +/− SD. * P-value calculated using unpaired t-test with 

Welch’s correction < 0.05.

G) In Vivo images of GFP+ ds-SL-mCherry K7M2 (murine) and MG63.3 (human) highly 

metastatic cells in the lung 15 days following tail-vein injection of 1×106 cells. Images were 

captured using a 2.5× lens on a Leica-DM IRB inverted fluorescent microscope.
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Figure 2. 
Proteins uniquely synthesized by highly metastatic osteosarcoma cells during colonization 

of the lung contain complex 5’ UTR structure.

A) Schematic of experimental design for proteomic identification of newly synthesized 

proteins in ex vivo lung culture by bioorthogonal non-canonical amino acid tagging 

(BONCAT). Highly metastatic (MG63.3 and MNNG) and non-metastatic (MG63) human 

osteosarcoma cells were grown in vitro and in ex vivo lung culture in methionine-deplete 

media supplemented with the methionine surrogate L-azidohomoalanine (L-AHA) to label 

newly synthesized proteins over 24 hour growth period. GFP+ cells were isolated by FACS, 

newly synthesized proteins were purified and detected by tandem mass spectrometry. 

Proteins uniquely identified in highly metastatic cells growing in ex vivo lung culture are 

listed. The structure and ΔG of the 5’ UTR of mRNA for these genes were predicted using 

the ViennaRNA Package 2.0 software(25). Genes with predicted 5’ UTR ΔG’s of −30 

kcal/mol or less were considered complex/weakly translated.
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B) In Vivo images of GFP+ non-metastatic (MG63) and highly metastatic (MG63.3) cells in 

the lung 7 days following tail-vein injection of 1×106 cells. Sections stained for GFP, 

PTCHD2, and DAPI. Images were captured using a 63× lens on a Zeiss LSM-710 laser 

scanning confocal microscope.

C) Immunoblot analysis of PTCHD2 expression in non-metastatic (MG63) and highly 

metastatic (MG63.3) cells growing in in vitro culture. Images cropped to show relevant 

bands.
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Figure 3. 
Active exposures of rapamycin are achievable in vivo at low doses.

A) Immunoblot for phospho- and total p70S6K in K7M2 (murine) and MG63.3 (human) 

highly metastatic osteosarcoma cells treated with vehicle, 0.1μM rapamycin, or 1μM 

rapamycin for 4 hours. Images cropped to show relevant bands.

B) Whole blood rapamycin levels on day 14 in mice receiving 5mg/kg IP rapamycin three 

times per week. Blood was drawn on day 14 prior to treatment (trough) as well as 2 and 6 

hours following IP administration of 5mg/kg rapamycin. N=3 mice.
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C) Whole blood rapamycin levels in naïve mice treated with a single dose of 5mg/kg 

rapamycin IP. Whole blood was collected immediately following rapamycin administration 

(0 hours) and at 2, 6, 24, and 48 hour time points. N=3 mice.
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Figure 4. 
Rapamycin inhibits translation of complex mRNA transcripts by highly metastatic 

osteosarcoma cells within the lung microenvironment.

A) Expression of ds-SL-mCherry reporter in highly metastatic murine K7M2 cells exposed 

to 0.1μM rapamycin or vehicle for 5 days in culture. Values represent averages from 15 

images per plate × 3 plates per condition +/− SD. P-value does not reach significance using 

unpaired t-test with Welch’s correction.
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B) Expression of ds-SL-mCherry reporter in highly metastatic human MG63.3 cells exposed 

to 0.1μM rapamycin or vehicle for 5 days in culture. Values represent averages of 15 images 

per plate × 3 plates per condition +/− SD. P-value does not reach significance using unpaired 

t-test with Welch’s correction.

C) In Vivo images of GFP+ ds-SL-mCherry MG63.3 lung metastases on day 27 of an 

experimental metastasis assay following 5 daily IP doses of vehicle or 5mg/kg rapamycin 

(days 22-26). Images were captured using a 5× lens on a Leica-DM IRB inverted fluorescent 

microscope.

D) Quantification of fraction of GFP+ tumor area expressing ds-SL-mCherry reporter in 

lung metastases following 5 daily IP doses of vehicle or 5mg/kg rapamycin. Values represent 

averages of 5 images per mouse × 3 mice per condition +/− SD. * P-value calculated using 

unpaired t-test with Welch’s correction < 0.05.

E) Images of PTCHD2 in GFP+ MG63.3 lung metastases on day 27 of an experimental 

metastasis assay following 5 daily IP doses of vehicle or 5mg/kg rapamycin (days 22-26). 

Images were captured using a 63× lens on a Zeiss LSM-710 laser scanning confocal 

microscope.

F) Quantification of fraction of GFP+ tumor area expressing PTCHD2 in lung metastases 

following 5 daily IP doses of vehicle or 5mg/kg rapamycin. Values represent averages of 2 

images per mouse × 3 mice per condition +/− SD. * P-value calculated using unpaired t-test 

with Welch’s correction < 0.05.
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Figure 5. 
Rapamycin inhibits growth of highly metastatic cells in the lung microenvironment.

A) Schematic of experimental design.

B) Representative images of vehicle (DMSO), 0.1μM rapamycin, and 1μM rapamycin 

treated lung sections containing K7M2 cells. Images were captured using a 10× lens on a 

Leica-DM IRB inverted fluorescent microscope.

C) Kinetics of metastatic outgrowth of metastatic K7M2 cells in ex vivo lung culture with 

vehicle (DMSO), 0.1μM rapamycin, or 1μM rapamycin treatment. Metastatic burden 
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measured as total GFP+ area per lung section normalized to GFP+ area on day 0. Values 

represent averages of 8 lung sections +/−SEM. * P-value calculated using unpaired t-test 

with Welch’s correction < 0.05.

D) Representative images of vehicle (DMSO), 0.1μM rapamycin, and 1μM rapamycin 

treated lung sections containing MG63.3 cells. Images were captured using a 10× lens on a 

Leica-DM IRB inverted fluorescent microscope.

E) Kinetics of metastatic outgrowth of metastatic MG63.3 cells in ex vivo lung culture with 

vehicle (DMSO), 0.1μM rapamycin, or 1μM rapamycin treatment. Metastatic burden 

measured as total GFP+ area per lung section normalized to GFP+ area on day 0. Values 

represent averages of 8 lung sections (4 sections per mouse × 2 mice) +/−SEM. * P-value 

calculated using unpaired t-test with Welch’s correction < 0.05.
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Figure 6. 
Rapamycin inhibits osteosarcoma lung metastasis and prolongs survival in vivo.

A) Kaplan-Meier plot of vehicle and 5mg/kg treated mice tail-vein injected with 5×105 

K7M2 cells (N=15 mice per condition). P-value calculated by Gehan-Breslow-Wilcoxon 

Test.

B) Kaplan-Meier plot of vehicle and 5mg/kg treated mice tail-vein injected with 1×105 

MG63.3 cells (N=15 mice per condition). P-value calculated by Gehan-Breslow-Wilcoxon 

Test.
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C) Kaplan-Meier plot of vehicle and 5mg/kg treated mice orthotopically injected with 1×106 

K7M2 cells (N = at least 9 mice per condition). Tumor bearing limbs were amputated at a 

tumor size of 1.5-1.7cm3. Survival times were calculated from the time of primary limb 

amputation. P-value calculated by Gehan-Breslow-Wilcoxon Test.

D) Kaplan-Meier plot of vehicle and 5mg/kg treated mice orthotopically injected with 1×105 

MG63.3 cells (N= at least 7 mice per condition). Tumor bearing limbs were amputated at a 

tumor size of 1.5-1.7cm3. Survival times were calculated from the time of primary limb 

amputation. P-value calculated by Gehan-Breslow-Wilcoxon Test.

E) Kaplan-Meier plot of vehicle and 5mg/kg treated mice orthotopically injected with 1×106 

MNNG cells (N= at least 4 mice per condition). Tumor bearing limbs were amputated at a 

tumor size of 1.5-1.7cm3. Survival times were calculated from the time of primary limb 

amputation. P-value calculated by Gehan-Breslow-Wilcoxon Test.
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