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Background
Heterotopic ossification is a disease in which
the normal healing process goes awry and bone
begins to develop outside of the skeleton.
Surgical resection of the ectopic bone is the
only means to treat heterotopic ossification;
however, surgery can also complicate and
accelerate the bone formation. A better
understanding of the bone formation process in
this disease state can help identify novel targets
to treat heterotopic ossification. Interestingly,
the research animals that best represent
heterotopic ossification are an injury-induced
model in mice and the American alligator.
Alligators undergo a natural ossification of the
dermal tissue to form bony scales on their back.
This process is very similar to heterotopic
ossification seen in humans. To further
understand the molecular and genetic changes
that underlie heterotopic ossification, we
studied a genetically engineered mouse model
of synovial sarcoma. This is a muscle cancer
that can spontaneously develop heterotopic
ossification. We investigated our model of
synovial sarcoma in mice by histological,
radiographic, and transcriptomic means. We
wanted to test the following hypothesis:

Hypothesis
Synovial sarcomas with ossification will have a
distinct molecular phenotype from other non-
ossifying synovial sarcomas and that
mechanisms of ossification in synovial sarcoma
will overlap with human and alligator
heterotopic ossification.
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Figure 1. Heterotopic ossification in humans, alligators,
and mice

Figure 2. Cellular steps of heterotopic ossification

Figure 3. Prevalence of heterotopic ossification in synovial sarcoma

Figure 4. Molecular profile of heterotopic ossification in synovial sarcoma
Results
Three different species exhibit similarities in their heterotopic
ossification (Fig. 1). There are critical cellular steps in
developing the ossification phenotype, namely a fibrosis stage
followed by cellular invasion that triggers cell fate decisions to
become bone and start producing matrix (Fig. 2). Synovial
sarcoma is a muscle cancer that exhibits ossification. We saw
7.2% ossification, which is similar to human synovial sarcoma.
Ossification was higher in mice that lived longer (Fig. 3). Even
in the absence of visible ossification, there is underlying gene
expression supportive of ossification. Comparison between
mice and human synovial sarcomas pinpointed PTHLH as a
commonly overexpressed gene. Further Tyrobp and Tgfb1,
bone associated genes from macrophages and neutrophils,
are overexpressed and present within the tumor
microenvironment (Fig. 4). Tgfb1 is a great candidate as it has
been shown to play a significant role in the injury-induced
model of heterotopic ossification in mice. The correlation
between ossification and survival was opposite of what we
predicted in that mice with ossification survived longer than
mice without visible and detectable ossification (Fig. 5).

Conclusions
Heterotopic ossification in synovial sarcoma paralleled the
phenotypes and molecular profiles seen in other models and
in humans. PTHLH and Tgfb1 are both candidate proteins and
pathways that we could target to reverse heterotopic
ossification.

Representative bar graphs of: (a) percentage of mice showing evidence of ossification among heterozygous (n = 251) and
homozygous (n = 212) phenotypes of hSS1 and hSS2. Only 7.1% of total mice exhibited ossification; (b) overall survival of
heterozygous and homozygous genotypes in weeks, demonstrating heterozygous genotypes to have a higher survival rate than
homozygous genotypes; (c) and Kaplan Meier Survival curve. Shaded area represents 90% CI.

(a) Heatmap showing RNA expression of bone development genes; (b) 46 genes were analyzed and determined statistically
different between metastatic and normal muscle tissue (p-value < 0.05). Venn diagram representing statistically significant bone
development genes from nonmetastatic vs. metastatic samples (orange, 26 genes) and muscle vs. metastatic samples (blue, 46
genes) showing overlap of 20 genes between groups; (c) Comparison of nonmetastatic to metastatic human synovial sarcoma
sample expression of PTHLH, (d) After FACS, NanoString sequencing was performed to identify gene expression for secreted
proteins involved in ossification that were unique to myeloid derived suppressor cells (MDSCs).

Figure 5. Impact of ossification on survival 
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