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Non-Disease (ND) Disease (HO)

Fig. 4 Summary of model comparison SRM assay. Samples were annotated as either disease state (heterotopic ossification positive—HO+) or
non-disease (ND) state (heterotopic ossification negative—HO-). Three different statistical models were utilized to analyze the SRM-MS data:
random forest (RF; red line), generalized linear model (GLM; green line), and support vector machine learning (SVM; purple line). A non-disease
state for HO— prediction was 0 (blue line left panel) and a disease state for HO+ prediction was 1 (blue line right panel). All three statistical models
performed similarly

Fig. 5 Mean square error analysis for random forest model. Using the random forest (RF) model, peptides with a mean square error (MSE) increase >8
were considered important variables because random permutation of these variables had a significant impact on the model prediction of disease state
versus non-disease state
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Fig. 6 Box-whisker plots for selection reaction monitoring peptide candidates for heterotopic ossification (HO+/D) and non-disease (HO—/ND)
serum samples. Distribution of selection reaction monitoring (SRM) normalized abundance ratios for each peptide for heterotopic ossification
negative samples (non-disease; ND) and heterotopic ossification positive samples (disease; D)

Discussion

The presence of HO is determined using radiographs,
which limits the ability to predict patients that are sus-
ceptible to HO and complicates early diagnosis of the
disease as aberrant bone formation must first be detect-
able. Furthermore, using tissue samples to identify early
signs of HO can be difficult because the proteome of
tissue within a wound bed can vary widely depending on
location within the wound bed [21]. Using tissue for
disease identification requires invasive sampling and like
all biopsy results, is dependent on the location of the
sample in relation to the suspected disease foci.

A biomolecular screening tool using serum from
wounded patients could allow for earlier diagnosis, inter-
vention, and the potential development of novel thera-
peutics, to prevent development of HO [2, 9]. A major
challenge with identifying systemic markers is the need
for data-driven approaches. Applying a priori knowledge
limits the advancement of screening assays because the
majority of protein candidates, for example, MMPs are
involved in normal healing and disease processes [22].
Effective diagnostic panels require multiple biomarkers

across different gene families because the disease state is
more often a consequence of misregulation of protein
expression rather than a single mutation of a critical
protein.

Another challenge for devising a pharmaceutical treat-
ment for HO is the lack of knowledge regarding meta-
bolic processes and misregulated cellular signaling
events underlying the disease. Since HO has similar
characteristics as seen in the normal physiology of
fracture healing, treatment options for HO need to be
very specific to avoid impairment of normal bone heal-
ing [22]. Identifying biomarkers that allow for early iden-
tification of HO is confounded by the active and
ongoing inflammatory response present due to injury.
During the inflammatory phase of the wound healing
process, without the formation of heterotopic ossifica-
tion, there will be a strong signal in the biological space
of proteins related to wound healing.

Utilizing a shotgun proteomics assay, iTRAQ, qualita-
tive expression levels were determined for all detectable
proteins (1220) from serum samples collected from HO
+ and HO- subjects and used to identify proteins that
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Fig. 7 Summary target candidates for selection reaction monitoring assay.
assay were analyzed via ReactomeF! in cytoscape. Six of the candidates (circles) were clustered with six linker genes (diamonds). Relevant
pathways for wound healing and ossification within this small interactome were extracellular matrix organization and extracellular matrix-receptor
interaction. b The 10 proteins (red nodes) used in the selection reaction monitoring (SRM) assay were analyzed via ReactomeF! in cytoscape with all
proteins that were differentially regulated (green nodes) in the iTRAQ experiment

SRM candidates and differential expressed iTRAQ results

L PHE2IA

stcazn Ry Eo

Tusss

s
Enriched Pathways:

-Response to elevated platelet cystosolic Ca*?
-ECM-receptor interaction

a The 10 proteins used in the selection reaction monitoring (SRM)

are differentially regulated between the disease and non-
disease state. This global proteomics approach enabled a
data-driven methodology. The bioinformatics analyses
built networks of functionally related proteins capable of
identifying crosstalk through protein-protein interactions
between sub-networks. The goal of this approach was to
identify biomarkers, proteins linked to misregulated
pathways and that are differentially expressed in the dis-
ease state compared to non-disease state. The current
research found that serum from both healthy and
disease patients is enriched for proteins involved in the
response to elevated platelet Ca*?, wound healing, and
extracellular matrix organization, and that these pathways
include proteins that are differentially regulated in the
disease state (Table 2).

Shotgun proteomic techniques including iTRAQ pro-
vide a knowledgebase for identifying potential clinical
biomarkers without the need for a priori knowledge, but
results are semi-quantitative and require follow-up valid-
ation using a quantitative assay. To transition the semi-
quantitative iTRAQ results into a clinical diagnostic
system, we developed and utilized SRM-MS assays to
precisely and robustly quantify 10 proteins chosen based
on expression ratios from the iTRAQ experiment com-
bined with functional annotations, including gene

ontology and pathway information. Using a random for-
est model and the SRM-MS data, osteocalcin prepropro-
tein, osteomodulin precursor, and collagen alpha-1(V)
chain isoform 2 preprotein were determined to be the
best candidates for predicting the disease state (HO+).

The model predictions of these targets as diagnostic
markers are supported by a study of osteoclast and
osteoblast activity after total hip arthroplasty, which
found that osteocalcin increased in individuals who
developed HO [23]. Osteocalcin (gene BGLAP; P02818)
is secreted by bone-forming osteoblasts [24], and a
strong overexpression of osteocalcin mRNA in HO
isolated cells has been observed [25]. The wound fluid
from blast-injured patients has osteoinductive signaling
properties [5]. Serum from patients with TBI induced an
increase in skeletal muscle cells, and the high levels of
alkaline phosphatases suggested an increased osteogenic
capability [10].

Bone formation and remodeling require a balance
between osteoclast and osteoblast activity [26]. Osteo-
modulin (OMD), or osteoadherin, is part of the leucine-
rich repeat proteins (SLRPs) located in the extracellular
matrix. OMD is expressed by osteoblasts and is involved
in the regulation of bone formation [27]. OMD has also
been shown to regulate the diameter and shape of
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collagen fibrils [28]. The SRM findings presented here
for both osteocalcin and osteomodulin in HO are con-
sistent with the cell data from resected human HO bone
that expressed the osteoblast phenotype (type I collagen)
[29]. Other investigators have reported that collagen
expression was increased in tissue from wounds with
HO for COL10A1, COL4A3, and COL11A1 [4, 30].

Conclusions

This study is the first reported SRM-MS analysis of serum
from individuals with and without heterotopic ossification.
Differences in the serum proteomic profile between healthy
and diseased subjects were identified. Furthermore, our re-
sults indicate that normal wound healing signals can impact
the ability to identify biomarkers, and a multi-protein panel
assay, including osteocalcin preproprotein, osteomodulin
precursor, and collagen alpha-1(v) chain isoform 2 prepro-
tein, may provide a solution for HO detection and
monitoring. The proteomic analysis within this report
focuses on protein abundance, ignoring protein post-
translational modifications (PTM). Of interest, osteocalcin
has several amino acid residues that are susceptible to
PTM that influence the function of this protein [31].
Future studies are planned to identify the presence and
potential of differentially regulated PTMs in HO.
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Additional file 1: Selection reaction monitoring (SRM) peptide transition
parameters for protein candidates. Transition parameters and retention
times of the 30 peptides were confirmed individually using an Agilent
6495 Triple Quadrapole Mass Spectrometer for both doubly and triply
charged precursor ions. Five or 6 transitions per peptide precursor were
selected for SRM analysis. In total, 350 transitions were optimized to
identify and quantify 30 peptides. SRM target protein names, representative
proteotypic peptide sequences, and SRM transition parameters are provided.
(XLSX 68 kb)

Additional file 2: iTRAQ serum gene ontology enrichment analysis. All
proteins quantified in the serum via iTRAQ were analyzed using BINGO
and cytoscape on June 23, 2016. An over-representation analysis,
hypergeometric test with a Benjamini & Hochberg False Discovery
Rate (FDR) correction, was executed with a significance level of
<0.05. (XLSX 130 kb)

Additional file 3: Scatterplots selection reaction monitoring assay. Plot
matrix of SRM peptide abundance in blood serum from heterotopic
positive (blue) and negative (gold) subjects. (PNG 3461 kb)
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