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ABSTRACT

Bone Morphogenic Protein 2 (BMP2) is a multipurpose cytokine, important in the

development of bone and cartilage, and with a role in tumour initiation and progression.
BMP2 signal transduction is dependent on two distinct classes of serine/threonine

kinase known as the type I and type Il receptors. Although the type I receptors (BMPR1A
and BMPR1B) are largely thought to have overlapping functions, we find tissue and
cellular compartment specific patterns of expression, suggesting potential for distinct
BMP2 signalling outcomes dependent on tissue type. Herein, we utilise large publicly
available datasets from The Cancer Genome Atlas (TCGA) and Protein Atlas to define a
novel role for BMP2 in the progression of dedifferentiated liposarcomas. Using disease
free survival as our primary endpoint, we find that BMP2 confers poor prognosis only
within the context of high BMPRIA expression. Through further annotation of the

TCGA sarcoma dataset, we localise this effect to dedifferentiated liposarcomas but find
overall BMP2/BMP receptor expression is equal across subsets. Finally, through gene
set enrichment analysis we link the BMP2/BMPRIA axis to increased transcriptional
activity of the matrisome and general extracellular matrix remodelling. Our study

highlights the importance of continued research into the tumorigenic properties of
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proteins and was first described for its essential role in the development of bone and

Distributed under cartilage (Chen, Zhao ¢ Mundy, 2004). Recent studies have highlighted BMP2’s role
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as a multipurpose cytokine, involved in embryonic development (Munoz-Sanjuan
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hedgehog signalling (Laforest et al., 1998). BMP2 signalling is essential for initiation

of the endogenous bone repair response. Despite intact signalling cascades capable of
directing osteogenesis, mice lacking BMP2 develop spontaneous fractures, which do not
resolve without intervention (Tsuji et al., 2006). By combining osteoconductive hydrogel
biomaterials with osteoinductive growth factors such as recombinant human BMP2
(rhBMP2), bone repair can be dramatically improved (Ben-David et al., 2013). Hence,
there may be immediate clinical relevance in further annotation of the BMP2 signalling
pathway in both normal tissues and in malignancy.

In order to initiate downstream SMAD signalling and the formation of the transcriptional
complex, BMP2 binds type I and type II serine/threonine kinases at the cell surface. The
current model suggests that type II receptors (BMPR2) can bind ligands in the absence
of type I receptors but that type I receptors (BMPR1A and BMPR1B) are required for
downstream signalling; likewise type I receptors require type II receptors for ligand
binding (Bonor et al., 2012). Type I BMP receptors (BMPR1A and 1B) have well defined
overlapping functions (Yoon et al., 2005) but may not be functionally redundant in all
aspects of their biology. In the presence of ligand, a heterodimer forms between type I and
type II receptors resulting in phosphorylation of BMPR1A/1B by BMPR2 and subsequent
signal transduction through SMAD1/5/8 and SMAD4 (Bonor et al., 2012).

Despite BMP2s essential role in development there remains much debate over whether
this translates to tumour progression (Gitelis, Wilkins ¢ Yasko, 2008). Interestingly, a
recombinant human version of BMP2 (rhBMP2) has found utility as a adjuvant in spinal
surgery, but there remains concerns over its safety after heavy use was linked to new
tumour formation (Carragee et al., 2013). Likewise, BMP2 has been linked to increased
motility and invasiveness in gastric cancers (Kang et al., 2010). In the soft tissue sarcomas,
BMP2 has long been suspected of playing a role in disease progression (Yoshikawa et al.,
1994), but no definitive studies have been carried out. Herein, we sought to profile BMP
type I receptor expression in soft tissue sarcomas in an attempt to explain the apparent
dichotomy of BMP2 signalling. Specifically, we investigated the role of high BMPR1A
expression within the context of high BMP2 expression in soft tissue sarcomas and found
a significant association with reduced disease free survival. Through differential expression
analysis and gene set enrichment, we show that this increase in disease recurrence is linked
to increased extracellular matrix (ECM) remodelling in dedifferentiated liposarcomas.
This study suggests that BMPR1A-biased BMP2 signalling leads to disease progression in
soft tissue sarcomas and that this outcome is linked to ECM remodelling. Furthermore,
our conclusions suggest that increased research into the effects of locally administered
recombinant human BMP2 (rhBMP2) is needed, along with continued follow-up and
screening of patients administered rhBMP2 during spinal surgeries.

METHODS

Data acquisition

Protein expression data was downloaded from the Human Protein Atlas (Uhlén et al.,
2010; Uhlén et al., 2015) (Cancer Atlas and the Cell Line Atlas; proteinatlas.org). Pan-
cancer analysis was carried out using cBioPortal (cbioportal.org) (Cerami et al., 2012; Gao
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et al., 2013). With pathway data obtained from Cytoscape 3.2.1 (cytoscape.org) (Lopes et
al., 2010). RNASeqV2 normalised gene results and clinical metadata were downloaded
form the TCGA Data Portal (tcga-data.nci.nih.gov) (Sarcoma (provisional), Prostate
(provisional), Breast (The Cancer Genome Atlas Network, 2012), Ovarian (The Cancer
Genome Atlas Network, 2011), Lung (The Cancer Genome Atlas Network, 2014) and Head
and Neck (The Cancer Genome Atlas Network, 2015)).

Data analysis

Normalised RNASeqV2 expression values and corresponding clinical metadata were
manipulated in R Studio (Mac) 0.99.484 (R Studio: https://www.rstudio.com/). Combined
data were analysed in Microsoft Excel (Mac 14.4.3) and R Studio with results plotted in
GrpahPad Prism 6 (Mac). Comparisons between two groups were made using two-tailed
t-tests or Mann—Whitney U-tests and more than two groups by one-way ANOVA or
Kruskal-Wallis, multiple comparisons were corrected for by Bonferroni post hoc tests.
Kaplan—Meier disease free survival graphs were constructed in GraphPad Prism 6 and
presented as whole population versus experimental population. Comparisons between
curves were made by Log-rank (Mantel-Cox) tests with the Mantel-Cox p value reported.

Differential expression analysis

For patient groups with observed differences in phenotype (pathway activation/disease
free survival) differential expression analysis was performed on normalised RNASeqV2
gene counts. Data were combined in R studio and means across rows (genes) calculated.
Multiple two tailed ¢-tests with Bonferroni correction were used to compare means.
Using a false discovery rate of 0.05, differentially expressed genes were ranked based on
log;o fold-change. Ranked genes were analysed through the Gene Set Enrichment pre-
ranked plugin (GSEAPreranked at genepattern.broadinstitute.org) with default parameters
and 1,000 permutations (GenePattern version 3.9.4 (Hubble et al., 2009)). Gene sets
c2.all.v5.0.symbols.gmt (Curated) and c6.all.v5.0symbols.gmt (Oncogenic signatures)
were used for comparison. Gene sets in the top 10 from the dataset based on enrichments
score were considered relevant.

RESULTS

Differential type 1 BMP receptor expression in normal tissues

and sarcomas

Type I BMP receptors (BMPRI1A and 1B) have well defined overlapping functions (Yoon
et al., 2005) but may not be functionally redundant in all aspects of their biology. To
begin to test this hypothesis, we first profiled expression of the type I and type Il BMP
receptors across normal tissues (Fig. S1). Whilst BMPR1A and BMPR1B showed similar
expression across some tissues (for example heart, lung, skin, colon etc.) we observed
differential expression in numerous tissues. For example, BMPR1B is highly expressed in
all regions of the brain (cerebellum, hippocampus, cerebr BMP2/BMPRIA is linked to
tumour progression in dedifferentiated liposarcomasal cortex and lateral ventricle) whereas
BMPRI1A has only moderate expression in the cerebral cortex, suggesting that BMPR1B
signalling predominates in the central nervous system.
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We next profiled expression patterns across cancer cell lines (Fig. S2 and Fig. 1A). In the
three cell lines profiled by immunohistochemistry (IHC), BMPR1A exhibited both nuclear
and cytoplasmic localisation, which matched BMPR2 expression patterns (Fig. S2). In
contrast BMPR1B appeared predominantly localised to the nucleus, but not nucleolus. The
osteosarcoma cell line U-2 OS showed highest expression of BMPR1A by IHC (Fig. 1A),
which was echoed in RNAseq data from three sarcoma cell lines (Fig. 1B), where BMPRIA
expression far exceeded that of BMPR1B. These data suggest that BMPR1A and BMPR1B
may not be functionally redundant in all aspects of their biology.

As the largest differences in receptor expression patterns were observed in sarcoma cell
lines and normal soft tissues, we elected to focus our analysis on BMP2 in the soft tissue
sarcoma TCGA dataset. The observations from Figs. 1A and 1B (together with Figs. S1 and
S2) that BMPR1A and BMPRI1B have differential expression patterns led us to focus our
analysis further on the effects of BMPR1A versus BMPR1B biased BMP2 signalling within
this group of patients. As a proxy for this measure, we sought to identify patients with high
BMP?2 expression in the context of either high BMPR1A or BMPR1B expression.

By stratifying the 263 samples represented in the TCGA sarcoma dataset based on the
ratio of BMPR1A to BMPR1B mRNA, we were able to define two clear groups (Fig. 1C).
Although most patients expressed relatively similar levels of the two type I receptors there
were clear groups who favoured either BMPR1A (red) or BMPRI1B (blue) but who did
not show differential expression of BMP2 (Fig. 1D). Based on the observed patterns of
differential expression in normal tissues (Fig. S1) and cell lines (Fig. S2), and the conclusion
that BMPR1A and BMPRI1B may not be entirely functionally redundant, we reason that
these two patient groups may show distinct outcomes to high BMP2 expression.

BMP2/BMPR1A expression is associated with extracellular matrix
remodelling

To test the hypothesis that patients favouring BMPR1A would have differential biological
responses to high levels of endogenous BMP2 to patients favouring BMPR1B we refined
our patient groups from Fig. 1C. Referred to as BMPR1A-biased or BMPR1B-biased BMP2,
we defined groups of patients in the upper quartile of the BMPR1A/BMPRI1B ratio and in
the upper quartile of BMP2 expression together with their reciprocals (high 1B/1A with
high BMP2).

We first asked whether BMPR1A-biased BMP2 expression led to differential gene
expression to BMPR1B-biased. In total we found 922 differentially expressed genes out of a
possible 20,533 annotated transcripts, using a false discovery rate (FDR) of 0.05 (corrected
p < 0.05). Of these, 252 were up-regulated and 669 down-regulated. Fig. 2A shows a volcano
plot relating fold change (in patients with BMPR1A-biased versus BMPR1B-biased BMP2
expression) to p value (multiple two-tailed ¢-tests with Bonferroni post hoc). The insert
panel in Fig. 2A highlights a selection of the most differentially expressed genes; the full
list is available as Table S1. Amongst the genes negatively associated with BMPR1A-biased
expression are WNT7B which has a role in osteoblast differentiation and mineralised
nodule formation (Shao et al., 2016), whilst positively associated is SPONI which inhibits
excess bone formation (Palmer et al., 2014).
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Figure 1 Differential expression and subcellular localisation of BMPR1A and BMPRI1B. (A) Immuno-
cytochemistry of BMPR1A and BMPR1B in U-2 OS osteosarcoma cell line. Green is receptor (Antibody
CAB019398 for BMPR1A and HPA046821 for BMPR1B) red is microtubules. Scale bar is 100 pum. (B)
RNAseq data from three sarcoma cell lines, RH-30 is a Rhabdomyosarcoma and U-2197 is a Malignant fi-
brous histiocytoma. (C) Ratio of BMPRIA to BMPRI1B expression for each patient in the TCGA sarcoma
dataset (n = 263). Patients with high BMPR1A:BMPRIB expression (top 10%) are colour coded red and
patients with high BMPR1B:BMPRI1A expression (top 10%) are colour coded blue. (D) BMP2 expression
in patient sets defined in (A). Boxplot represents median with upper and lower quartiles with whiskers
showing 95% confidence intervals, scale is log, .
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Figure 2 BMPRI1A-biased BMP2 expression in soft tissue sarcomas. The results of differential expres-
sion analysis are shown comparing patients with high BMPR1A-biased and high BMPR1B-biased BMP2
expression i.e., upper quartile BMP2 expression and upper quartile R1A:B or R1B:A ratio. (A) volcano
plot showing all differentially expressed transcripts colour-coded based on adjusted p-value (multiple two-
tailed ¢-tests with Bonferroni correction post hoc). Insert shows top up- and down-regulated genes from
this analysis. (B) GSEA enrichment plot for NABA Matrisome gene set; defined in silico based on lung and
colon tumour extracellular matrix components (Naba et al., 2012). False discovery rate is p = 0.05. (C)
GSEA enrichment plot for NABA Matrisome associated gene set. False discovery rate is p =0.05.
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Although these data suggest that BMPR1A-biased expression is associated with reduced
bone formation, which may be of importance to understanding rhBMP2 use in spinal
surgeries, we sought to carry out a more unbiased analysis of our differential expression
results in the form of a gene set enrichment analysis (GSEA). Figs. 2B and 2C show two of
the most highly enriched gene sets, each associated with the matrisome, a computationally
predicted collection of extracellular matrix (ECM) constituents and their regulatory
networks (Naba et al., 2012).

Together, these data suggest that BMPR1A-biased BMP2 expression is associated with
reduced bone formation and an increased turnover of ECM components. The interaction
of tumour cells with ECM proteins can have profound effects on their biology, regulating
gene expression, signal transduction and migration/invasion (Cassidy, 2014; Lu, Weaver
& Werb, 2012). Moreover, BMP2 signalling has previously been linked to increased ECM
production and degradation (Davidson et al., 2007). Thus, we next sought to determine
whether BMPR1A-biased BMP2 expression had any clinical phenotype.

BMPR1A-biased BMP2 expression is prognostic of poor clinical
outcome

Patients in the TCGA sarcoma dataset have a median disease free survival of 37 months (Fig.
3A). Those patients with BMPRI1B biased expression (n = 44) have no difference in their
prognosis when compared to the dataset as a whole. However, those with BMPR1A-biased
BMP2 expression (n = 32) have a significantly worse outcome when disease free survival is
used as the primary endpoint (p = 0.0087). To discount prognostic influences of BMPR1A,
BMPRI1B or BMP2 expression individually, we constructed Kaplan-Myer curves for the
entire sarcoma dataset and compared patients with the highest and lowest 10% expression
of BMPR1A, BMPR1B, BMPR2, BMP2 and BMP7. Despite several interesting trends,
no significant associations were seen (Fig. S3). Thus, in addition to ECM remodelling
and reduced bone formation, soft tissue sarcoma patients with BMPR1A-biased BMP2
expression are more likely to show tumour progression in the presence of high levels of
endogenous BMP2.

Soft tissue sarcomas are classified based on their origin in the soft but not connective
tissues of the body. They can be separated based on their cell of origin and are generally
considered a heterogeneous mixture of diseases (Cormier ¢ Pollock, 2004). Figure 3B
shows the TCGA dataset broken down into subtypes of soft tissue sarcomas. The two
best-represented subtypes are Leiomyosarcoma (LMS; smooth muscle sarcomas) and
Dedifferentiated liposarcoma (DLS; adipocyte sarcomas), though the majority (60%)
of the dataset is unclassified. Disease free survival is shown in Fig. 3C; LMS tends to
have a better prognosis than DLS though data for the three other subtypes is limited.
To determine whether BMPRI1A biased expression was localised to a specific subtype,
we profiled expression of BMPR1A, BMPR1B, BMPR2 and BMP2 across the three best-
represented subtypes (UPS, LMS and DLS). No significant differences were noted, though
UPS did trend toward lower overall expression of both ligand and receptors (Figs. 54). The
two largest groups, LMS and DLS had indistinguishable expression values of BMP signalling
nodules. Interestingly, BMPR1A-biased BMP2 expression conferred a worse prognosis on
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Figure 3 BMPRIA in the soft tissue sarcoma dataset. (A) Kaplan-Myer survival curves (disease free sur-
vival) for patients with BMPRI1A or BMPR1B biased BMP2 expression. Median survival is shown. (B) An-
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patients than ether LMS or DLS. Thus, we next sought to determine whether the prognostic
benefits of BMPR1A-biased signalling were split evenly across these two major subtypes.

BMPR1A prognostic signalling is localised to dedifferentiated
liposarcomas

We next profiled disease free survival in patients with LMS or DLS and investigated the
effects of either BMPR1A-biased BMP2 expression or high BMPRI1A expression alone.
BMPR1A and BMPR1A-biased signalling appeared to have little effect in terms of disease
free survival in patients with LMS (Fig. 4A), though high expression and R1A-biased BMP2
was highly detrimental in patients with DLS (Fig. 4B).

To investigate the mechanism for this effect, we compared global gene expression in
DLS patients with BMPR1A-biased signalling versus those with BMPR1B-biased signalling.
Despite working with a much reduced dataset of 10 versus 10 patients, we found 1,375
differentially expressed genes with a FDR of 0.05, the vast majority (1,061) of which were
down-regulated (Fig. 4C); the full list is available as Table S2. Such a high number of
differentially expressed transcripts compared to our early analysis in the whole sarcoma
dataset (Fig. 2A) suggests patient groups which are more biologically robust. Amongst
these differentially expressed genes, we noted a positive association between BMPRI1A-
biased BMP2 expression and GPR176, an orphan G-protein coupled receptor thought
to be involved in atherosclerosis (Karagiannis et al., 2013). We performed GSEA on these
differentially expressed genes and found a positive enrichment for a number of extracellular
matrix and matrisome gene sets (Fig. 4D). These results further substantiate the observation
that BMPRI1A-biased BMP2 expression is associated with reduced bone formation and an
increased turnover of ECM components as well as tumour progression.

Finally, we sought to determine whether the detrimental effects of BMP2-BMPRIA
expression was a pan-cancer phenomenon. Several large studies performed by The Cancer
Genome Atlas (TCGA) show copy number changes and mutational events in BMP2
interacting partners as defining features of that malignancy (Fig. S5). For example, two
separate studies in Ovarian cancer show copy number gains as frequent events, which
we later determined to be due to amplifications in the BMP2 and BMP7 loci (Fig. S6).
Interestingly, mRNA up-regulation of both ligands and receptors were frequent events in
each of the cancers profiled. Deep deletion of BMPR1A was a frequent event in prostate
cancers, this has previously been shown to be related to the loss of the PTEN locus, which
is associated with invasive forms of prostate cancer (Yoshimoto et al., 2012). In order to
test whether our identified BMPR1A-biased BMP2 expression biomarker was useful across
tumour types, we investigated disease free survival in Ovarian, Lung, Pancreatic and
Prostate cancers, but found no significant alterations (Figs. S5). Thus, it appears that the
detrimental effects of BMPR1A biased BMP2 expression are confined to the context of soft
tissue sarcomas and in particular dedifferentiated liposarcomas.

DISCUSSION

Several studies have shown BMPR1A and BMPRI1B have largely overlapping roles in BMP2
signal transduction, for example during chondrogenesis (Yoo et al., 2005). However recent
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Figure 4 BMPR1A-biased BMP2 expression in DLS. Survival and differential expression analysis be-
tween patients with BMPR1A and BMPR1B biased signalling in dedifferentiated liposarcomas. (A) Dis-
ease free Kaplan-Myer survival analysis in Leiomyosarcomas for both high BMPRI1A expression (top 10%)
and BMPR1A-biased BMP2 expression (as defined previously). UPS is Undifferentiated Pleomorphic Sar-
coma. (B) Disease free Kaplan-Myer survival in Dedifferentiated Liposarcomas for both high BMPR1A ex-
pression (top 10%) and BMPR1A-biased BMP2 expression. (C) Volcano plot comparing gene expression
in Dedifferentiated Liposarcoma patients with BMPR1A-biased versus BMPR1B-biased BMP2 expression.
Top up- and down-regulated genes are shown in the insert. (D) Gene set enrichment from differentially
expressed genes based on a false discovery rate of 0.05. NABA Matrisome was the most significantly associ-
ated gene set. Defined in silico based on lung and colon tumour extracellular matrix components by Naba
and collegues (2012).

O’Neill et al. (2016), PeerJ, DOI 10.7717/peerj.1957 10/16


https://peerj.com
http://dx.doi.org/10.7717/peerj.1957

Peer

work has highlighted opposing roles in certain situations. Sahni and colleagues (2010) found
that BMPR1A, but not BMPR1B, knockout mice exhibited defective astrocytic hypertrophy
and increased inflammatory infiltrate after spinal chord injury. The authors go on to show
opposing roles for BMPR1A and BMPR1B in post-transcriptional regulation of astrocytic
microRNA-21 (Sahni et al., 2010). We find that BMPR1A and BMPRI1B expression is
highly heterogeneous throughout the body without any obvious correlation between
expression patterns. Moreover we observe differences in subcellular localisation in three
separate cell lines. Together, these observations suggest that type I BMP receptors may
not be functionally redundant, indeed differential expression of BMPR1A and BMPR1B
may lead to differential outcomes of BMP ligand signalling in different tissue types. We
reasoned that as BMPRI1A expression is enriched relative to BMPR1B in sarcoma cell lines,
BMP2-BMPRI1A signalling may be important in progression of this tumour type.

Loss of BMPRIA has previously been associated with the formation of juvenile polyposis,
a predisposing factor for gastrointestinal and colorectal cancers (Calva-Cerqueira et al.,
2010). Reduced expression is also associated with a poor prognosis in pancreatic cancer
(Voorneveld et al., 2013). Exemplifying the dichotomy of this signalling pathway in cancer,
BMPRI1A antagonists reduce growth and induce cell death in lung cancer cell lines
(Langenfeld et al., 2013). Similarly, we find that sarcoma patients with BMPR1A biased
BMP2 expression have significantly reduced disease free survival. Interestingly, we find
that the prognostic value of BMPR1A biased BMP2 expression in sarcomas is localised to
dedifferentiated liposarcomas and not leiomyosarcomas. Together these subtypes represent
over 35% of the sarcoma dataset, with 60% undefined. As the trend holds true for the dataset
as a whole, it is possible that other underrepresented subtypes (myxofibrosarcoma, giant
cell sarcomas, undifferentiated pleomorphic sarcomas etc.) would show the same pattern
if dataset annotation was complete, or if the dataset were larger.

Further to linking BMPR1A-biased BMP2 expression to reduced disease free survival,
we report a detailed differential expression analysis in both the sarcoma dataset as a
whole and dedifferentiated liposarcomas. Amongst the genes negatively associated with
BMPRI1A-biased signalling are WNT7B which has a role in osteoblast differentiation and
mineralised nodule formation (Shao et al., 2016), whilst positively associated is SPON1
which inhibits excess bone formation (Palmer et al., 2014). The ECM is far from an inert
passenger to tumour progression. Rather, cells exist in a dynamic milieu of proteins,
cytokines and growth factors which can have profound influence on the propensity to
malignancy (Cassidy, 2014; Cassidy et al., 2014) and tumour heterogeneity (Cassidy, Caldas
¢ Bruna, 2015). Indeed we find that patients with BMPR1A-biased BMP2 expression
also exhibit increased expression of genes typically linked with the matrisome and ECM
remodelling (Naba et al., 2012). Metalloproteinase expression has previously been linked
to prognosis in soft tissue sarcomas (Benassi et al., 2001), and BMPRI1A is necessary for
extracellular matrix deposition by osteoblasts (Mishina et al., 2004). It is tempting to
speculate that increased turnover of extracellular matrix in sarcomas is at least in part
mediated by BMPRIA and this contributes to the observed poor prognosis of patients
with BMPR1A-biased signalling. Together these data suggest a shift from an osteogenic
phenotype to one of increased extracellular matrix remodelling.
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In summary, we present here evidence that high expression of BMP2 leads to extracellular
matrix remodelling and tumour progression in dedifferentiated liposarcomas, only within
the context of high BMPRI1B expression. Although this trend is present in the sarcoma
dataset as a whole, we did not observe prognostic ability of BMPR1A signalling in four other
solid tumours. rhBMP2 is used extensively as an adjuvant therapy for spinal fusion surgery
and it is possible that such treatment could fuel progression of pre-existing sarcomas in
these patients. Sarcomas are rare cancers and as such are underdiagnosed in the early
stages, but this research underscores the need for continued study of the BMP2-BMPR1A
signalling axis in cancer. Moreover, patients administered rhBMP2 should have substantial
clinical follow-up to minimise the risk posed by any new cancer events.

ACKNOWLEDGEMENTS

This study was completed without external funding and relies entirely on publicly available
data. Without the open access policies adopted by journals and Research Councils over
recent years, this study would not have been possible. Moreover, open source initiatives
such as the R Project, TCGA, cBioPortal, Protein Atlas and GenePattern/GSEAPreranked
this study would have been impossible. The authors are grateful to all those involved

in the aforementioned initiatives and all patients who elected to share their data with
the community. The Wellcome Trust funds OBH and Cancer Research UK funds JWC,
although no funding was sought for this study.

Abbreviations

BMP2 Bone morphogenic protein 2
rhBMP2 recombinant human BMP2
BMPR1A  Bone morphogenic receptor type I A
BMPRIB  Bone morphogenic receptor type I B
BMPR2 Bone morphogenic receptor type 2

CRM Compression-resistant matrix
DLS Dedifferentiated liposarcomas
ECM Extracellular matrix
GSEA Gene set enrichment analysis
LMS Leiomyosarcoma
TCGA The cancer genome atlas
TGF-8 Transforming Growth Factor beta
UPS Undifferentiated Pleomorphic Sarcoma
ADDITIONAL INFORMATION AND DECLARATIONS
Funding

The authors received no funding for this work.

Competing Interests
The authors declare that there are no competing interests.

O’Neill et al. (2016), PeerJ, DOI 10.7717/peerj.1957 12/16


https://peerj.com
http://dx.doi.org/10.7717/peerj.1957

Peer

Author Contributions

e Hannah L. O’Neill conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, reviewed drafts of the paper.

e Amy P. Cassidy and Olivia B. Harris analyzed the data, reviewed drafts of the paper.

e John W. Cassidy conceived and designed the experiments, performed the experiments,
analyzed the data, wrote the paper, prepared figures and/or tables, reviewed drafts of the

paper.
Data Availability

The following information was supplied regarding data availability:
The research in this article did not generate any raw data. All data were re-analysed from
publicly available datasets (TCGA and Protein Atlas).

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.1957#supplemental-information.

REFERENCES

Ben-David D, Srouji S, Shapira-Schweitzer K, Kossover O, Ivanir E, Kuhn G, Miiller
R, Seliktar D, Livne E. 2013. Low dose BMP-2 treatment for bone repair using a
PEGylated fibrinogen hydrogel matrix. Biomaterials 34(12):2902—2910
DOI 10.1016/j.biomaterials.2013.01.035.

Benassi MS, Gamberi G, Magagnoli G, Molendini L, Ragazzini P, Merli M, Chiesa F,
Balladelli A, Manfrini M, Bertoni F, Mercuri M, Picci P. 2001. Metalloproteinase
expression and prognosis in soft tissue sarcomas. Annals of Oncology 12(1):75-80.

Bonor J, Adams EL, Bragdon B, Moseychuk O, Czymmek KJ, Nohe A. 2012. Initiation
of BMP2 signaling in domains on the plasma membrane. Journal of Cellular
Physiology 227(7):2880-2888 DOI 10.1002/jcp.23032.

Calva-Cerqueira D, Dahdaleh FS, Woodfield G, Chinnathambi S, Nagy PL, Larsen-
Haidle J, Weigel RJ, Howe JR. 2010. Discovery of the BMPR1A promoter and
germline mutations that cause juvenile polyposis. Human Molecular Genetics
19(23):4654-4662 DOI 10.1093/hmg/ddq396.

Carragee EJ, Chu G, Rohatgi R, Hurwitz EL, Weiner BK, Yoon ST, Comer G, Kopjar
B. 2013. Cancer risk after use of recombinant bone morphogenetic protein-2
for spinal arthrodesis. The Journal of Bone & Joint Surgery 95(17):1537—1545
DOI 10.2106/JBJS.L.01483.

Cassidy JW. 2014. Nanotechnology in the regeneration of complex tissues. Bone and
Tissue Regeneration Insights 5:25-35 DOI 10.4137/BTRI.S12331.

Cassidy JW, Caldas C, Bruna A. 2015. Maintaining heterogeneity in patient derived
tumour xenografts. Cancer Research 75(15):1-6 DOIT 10.1158/1538-7445.AM2015-1.

Cassidy JW, Roberts JN, Smith C-A, Robertson M, White K, Biggs MJ, Oreffo ROC,
Dalby MJ. 2014. Osteogenic lineage restriction by osteoprogenitors cultured on

O’Neill et al. (2016), PeerJ, DOI 10.7717/peerj.1957 13/16


https://peerj.com
http://dx.doi.org/10.7717/peerj.1957#supplemental-information
http://dx.doi.org/10.7717/peerj.1957#supplemental-information
http://dx.doi.org/10.1016/j.biomaterials.2013.01.035
http://dx.doi.org/10.1002/jcp.23032
http://dx.doi.org/10.1093/hmg/ddq396
http://dx.doi.org/10.2106/JBJS.L.01483
http://dx.doi.org/10.2106/JBJS.L.01483
http://dx.doi.org/10.4137/BTRI.S12331
http://dx.doi.org/10.1158/1538-7445.AM2015-1
http://dx.doi.org/10.7717/peerj.1957

Peer

nanometric grooved surfaces: the role of focal adhesion maturation. Acta Biomate-
rialia 10(2):651-660 DOT 10.1016/j.actbio.2013.11.008.

Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer SO, Aksoy BA, Jacobsen A, Byrne
CJ, Heuer ML, Larsson E, Antipin Y, Reva B, Goldberg AP, Sander C, Schultz
N. 2012. The cBio cancer genomics portal: an open platform for exploring
multidimensional cancer genomics data. Cancer Discovery 2(5):401-404
DOI 10.1158/2159-8290.CD-12-0095.

Chen D, Zhao M, Mundy GR. 2004. Bone morphogenetic proteins. Growth Factors
22(4):233-241 DOIT 10.1080/08977190412331279890.

Cormier JN, Pollock RE. 2004. Soft tissue sarcomas. CA: a Cancer Journal for Clinicians
54(2):94-109.

Davidson ENB, Vitters EL, Van Lent PLEM, Van de Loo FAJ, Van den Berg WB, Van
der Kraan PM. 2007. Elevated extracellular matrix production and degradation upon
bone morphogenetic protein-2 (BMP-2) stimulation point toward a role for BMP-2
in cartilage repair and remodeling. Arthritis Research & Therapy 9(5):R102—R102
DOI 10.1186/ar2305.

Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, Sun Y, Jacobsen A,
Sinha R, Larsson E, Cerami E, Sander C, Schultz N. 2013. Integrative analysis of
complex cancer genomics and clinical profiles using the cBioPortal. Science Signaling
6(269):pl1-pll DOI 10.1126/scisignal.2004088.

Gitelis BS, Wilkins RM, Yasko AW. 2008. BMPs and cancer: is the risk real? AAOS Now
1:2-5.

Hubble J, Demeter J, Jin H, Mao M, Nitzberg M, Reddy TBK, Wymore F, Zachariah
ZK, Sherlock G, Ball CA. 2009. Implementation of gene pattern within the
stanford microarray database. Nucleic Acids Research 37(Suppl. 1):898-901
DOI 10.1093/nar/gkn786.

Kang MH, Kim J§, Seo JE, Oh SC, Yoo YA. 2010. BMP2 accelerates the motility
and invasiveness of gastric cancer cells via activation of the phosphatidylinos-
itol 3-kinase (PI3K)/Akt pathway. Experimental Cell Research 316(1):24-37
DOI 10.1016/j.yexcr.2009.10.010.

Karagiannis GS, Weile J, Bader GD, Minta J. 2013. Integrative pathway dissection of
molecular mechanisms of moxLDL-induced vascular smooth muscle phenotype
transformation. BMC Cardiovascular Disorders 13:4 DOI 10.1186/1471-2261-13-4.

Laforest L, Brown CW, Poleo G, Géraudie J, Tada M, Ekker M, Akimenko MA. 1998.
Involvement of the sonic hedgehog, patched 1 and bmp2 genes in patterning of the
zebrafish dermal fin rays. Development 125(21):4175-4184.

Langenfeld E, Hong CC, Lanke G, Langenfeld J. 2013. Bone morphogenetic protein type
I receptor antagonists decrease growth and induce cell death of lung cancer cell lines.
PLoS ONE 8(4):e61256 DOI 10.1371/journal.pone.0061256.

Lopes CT, Franz M, Kazi F, Donaldson SL, Morris Q, Bader GD. 2010. Cytoscape
Web: an interactive web-based network browser. Bioinformatics 26(18):2347-2348
DOI 10.1093/bioinformatics/btq430.

O’Neill et al. (2016), PeerJ, DOI 10.7717/peerj.1957 14/16


https://peerj.com
http://dx.doi.org/10.1016/j.actbio.2013.11.008
http://dx.doi.org/10.1158/2159-8290.CD-12-0095
http://dx.doi.org/10.1158/2159-8290.CD-12-0095
http://dx.doi.org/10.1080/08977190412331279890
http://dx.doi.org/10.1186/ar2305
http://dx.doi.org/10.1186/ar2305
http://dx.doi.org/10.1126/scisignal.2004088
http://dx.doi.org/10.1093/nar/gkn786
http://dx.doi.org/10.1093/nar/gkn786
http://dx.doi.org/10.1016/j.yexcr.2009.10.010
http://dx.doi.org/10.1016/j.yexcr.2009.10.010
http://dx.doi.org/10.1186/1471-2261-13-4
http://dx.doi.org/10.1371/journal.pone.0061256
http://dx.doi.org/10.1093/bioinformatics/btq430
http://dx.doi.org/10.1093/bioinformatics/btq430
http://dx.doi.org/10.7717/peerj.1957

Peer

Lu P, Weaver VM, Werb Z. 2012. The extracellular matrix: a dynamic niche in cancer
progression. The Journal of Cell Biology 196(4):395—406 DOI 10.1083/jcb.201102147.

Mishina Y, Starbuck MW, Gentile MA, Fukuda T, Kasparcova V, Seedor JG, Hanks
MC, Amling M, Pinero GJ, Harada SI, Behringer RR. 2004. Bone morpho-
genetic protein type IA receptor signaling regulates postnatal osteoblast function
and bone remodeling. Journal of Biological Chemistry 279(26):27560-27566
DOI 10.1074/jbc.M404222200.

Munoz-Sanjuan I, Brivanlou AH. 2002. Neural induction, the default model and embry-
onic stem cells. Nature Reviews Neuroscience 3(4):271-280 DOI 10.1038/nrn786.
Naba A, Clauser KR, Hoersch S, Liu H, Carr SA, Hynes RO. 2012. The matrisome: in sil-
ico definition and in vivo characterization by proteomics of normal and tumor extra-
cellular matrices. Molecular ¢ Cellular Proteomics 11(4):M111.014647-M111.014647

DOI 10.1074/mcp.M111.014647.

Palmer GD, Attur MG, Yang Q, Liu J, Moon P, Beier F, Abramson SB. 2014. F-
spondin deficient mice have a high bone mass phenotype. PLoS ONE 9(5):¢98388
DOI 10.1371/journal.pone.0098388.

Sahni V, Mukhopadhyay A, Tysseling V, Hebert A, Birch D, Mcguire TL, Kessler JA.
2010. BMPR1a and BMPRI1b signaling exert opposing effects on gliosis after spinal
cord injury. The Journal of Neuroscience 30(5):1839-1855
DOI 10.1523/JNEUROSCI.4459-09.2010.

Shao X, Lyon K, Fong-Yee C, Jia W, Dunstan CR, Chen D, Seibel MJ, Zhou H. 2016.
Wnt7b plays a unique and essential role in osteoblast differentiation [Abstract]. Bone
47:5370 DOI 10.1016/j.bone.2010.09.116.

Song X, Liu S, Qu X, Hu Y, Zhang X, Wang T, Wei F. 2011. BMP2 and VEGF promote
angiogenesis but retard terminal differentiation of osteoblasts in bone regenera-
tion by up-regulating Id1. Acta Biochimica et Biophysica Sinica 43(10):796-804
DOI 10.1093/abbs/gmr074.

Song J, McColl J, Camp E, Kennerley N, Mok GF, McCormick D, Grocott T, Wheeler
GN, Miinsterberg AE. 2014. Smad1 transcription factor integrates BMP2 and Wnt3a
signals in migrating cardiac progenitor cells. Proceedings of the National Academy of
Sciences of the United States of America 111(20):7337-7342
DOI 10.1073/pnas.1321764111.

The Cancer Genome Atlas Network. 2015. Comprehensive genomic characteriza-
tion of head and neck squamous cell carcinomas. Nature 517(7536):576—582
DOI 10.1038/naturel4129.

The Cancer Genome Atlas Network. 2011. Integrated genomic analyses of ovarian
carcinoma. Nature 474(7353):609—615 DOI 10.1038/naturel0166.

The Cancer Genome Atlas Network. 2012. Comprehensive molecular portraits of
human breast tumours. Nature 490(7418):61-70 DOI 10.1038/naturel 1412.

The Cancer Genome Atlas Network. 2014. Comprehensive molecular profiling of lung
adenocarcinoma. Nature 511(7511):543-550 DOI 10.1038/naturel13385.

Tsuji K, Bandyopadhyay A, Harfe BD, Cox K, Kakar S, Gerstenfeld L, Einhorn T, Tabin
CJ, Rosen V. 2006. BMP2 activity, although dispensable for bone formation, is

O’Neill et al. (2016), PeerJ, DOI 10.7717/peerj.1957 15/16


https://peerj.com
http://dx.doi.org/10.1083/jcb.201102147
http://dx.doi.org/10.1074/jbc.M404222200
http://dx.doi.org/10.1074/jbc.M404222200
http://dx.doi.org/10.1038/nrn786
http://dx.doi.org/10.1074/mcp.M111.014647
http://dx.doi.org/10.1074/mcp.M111.014647
http://dx.doi.org/10.1371/journal.pone.0098388
http://dx.doi.org/10.1371/journal.pone.0098388
http://dx.doi.org/10.1523/JNEUROSCI.4459-09.2010
http://dx.doi.org/10.1016/j.bone.2010.09.116
http://dx.doi.org/10.1093/abbs/gmr074
http://dx.doi.org/10.1093/abbs/gmr074
http://dx.doi.org/10.1073/pnas.1321764111
http://dx.doi.org/10.1038/nature14129
http://dx.doi.org/10.1038/nature14129
http://dx.doi.org/10.1038/nature10166
http://dx.doi.org/10.1038/nature11412
http://dx.doi.org/10.1038/nature13385
http://dx.doi.org/10.7717/peerj.1957

Peer

required for the initiation of fracture healing. Nature Genetics 38(12):1424-1429
DOI 10.1038/ngl1916.

Uhlén M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu A, Pontén
F. 2015. Tissue-based map of the human proteome. Science 347(6220):394—342
DOI 10.1126/science.1260419.

Uhlén M, Oksvold P, Fagerberg L, Lundberg E, Jonasson K, Forsberg M, Zwahlen
M, Kampf C, Wester K, Hober S, Wernerus H, Ponten L. 2010. Towards a
knowledge-based human protein atlas. Nature Biotechnology 28(12):1248-1250
DOI10.1038/nbt1210-1248.

Voorneveld PW, Stache V, Jacobs RJ, Smolders E, Sitters Al Liesker A, Korkmaz SK,
Lam SM, De Miranda NF, Morreau H, Kodach LL, Hardwick JC. 2013. Reduced
expression of bone morphogenetic protein receptor IA in pancreatic cancer is
associated with a poor prognosis. British Journal of Cancer 109(7):1805-1812
DOI 10.1038/bjc.2013.486.

Yoon BS, Ovchinnikov DA, Yoshii I, Mishina Y, Behringer RR, Lyons KM. 2005.
Bmprla and Bmprlb have overlapping functions and are essential for chondroge-
nesis in vivo. Proceedings of the National Academy of Sciences of the United States of
America 102(14):5062-5067 DOI 10.1073/pnas.0500031102.

Yoshikawa H, Rettig W], Lane JM, Takaoka K, Alderman E, Rup B, Rosen V, Healey
JH, Huvos AG, Garin-Chesa P. 1994. Immunohistochemical detection of bone
morphogenetic proteins in bone and soft-tissue sarcomas. Cancer 74(3):842-847
DOI 10.1002/1097-0142(19940801)74:3<842::AID-CNCR2820740309>3.0.CO;2-B.

Yoshimoto M, Ludkovski O, DeGrace D, Williams JL, Evans A, Sircar K, Bismar TA,
Nuin P, Squire JA. 2012. PTEN genomic deletions that characterize aggressive
prostate cancer originate close to segmental duplications. Genes, Chromosomes and
Cancer 51(2):149-160 DOI 10.1002/gcc.20939.

O’Neill et al. (2016), PeerJ, DOI 10.7717/peerj.1957 16/16


https://peerj.com
http://dx.doi.org/10.1038/ng1916
http://dx.doi.org/10.1038/ng1916
http://dx.doi.org/10.1126/science.1260419
http://dx.doi.org/10.1126/science.1260419
http://dx.doi.org/10.1038/nbt1210-1248
http://dx.doi.org/10.1038/nbt1210-1248
http://dx.doi.org/10.1038/bjc.2013.486
http://dx.doi.org/10.1038/bjc.2013.486
http://dx.doi.org/10.1073/pnas.0500031102
http://dx.doi.org/10.1002/1097-0142(19940801)74:3<842::AID-CNCR2820740309>3.0.CO;2-B
http://dx.doi.org/10.1002/1097-0142(19940801)74:3<842::AID-CNCR2820740309>3.0.CO;2-B
http://dx.doi.org/10.1002/gcc.20939
http://dx.doi.org/10.7717/peerj.1957

