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Abstract

Background Bone marrow plays a key role in bone for-
mation and healing. Although a subset of marrow explants
ossifies in vitro without excipient osteoinductive factors,
some explants do not undergo ossification. The disparity of
outcome suggests a significant heterogeneity in marrow
tissue in terms of its capacity to undergo osteogenesis.
Questions/Purposes We sought to identify: (1) proteins
and signaling pathways associated with osteogenesis by
contrasting the proteomes of ossified and poorly ossified
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marrow explants; and (2) temporal changes in proteome
and signaling pathways of marrow ossification in the early
and late phases of bone formation.

Methods Explants of marrow were cultured. Media con-
ditioned by ossified (n = 4) and poorly ossified (n = 4)
subsets were collected and proteins unique to each group
were identified by proteomic analysis. Proteomic data were
processed to assess proteins specific to the early phase
(Days 1-14) and late phase (Days 15-28) of the culture
period. Pathways involved in bone marrow ossification
were identified through bioinformatics.

Results Twenty-eight proteins were unique to ossified
samples and eight were unique to poorly ossified ones.
Twelve proteins were expressed during the early phase and
15 proteins were specific to the late phase. Several iden-
tified pathways corroborated those reported for bone
formation in the literature. Immune and inflammatory
pathways were specific to ossified samples.
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Conclusions The marrow explant model indicates the
inflammatory and immune pathways to be an integral part
of the osteogenesis process.

Clinical Relevance These results align with the clinically
reported negative effects of antiinflammatory agents on
fracture healing.

Introduction

The dynamics of protein synthesis inside and around the cells
constantly change through biochemical interactions with the
genome and the cell microenvironment. As a result of the
protein diversity created by alternative splicing and post-
translational modifications [48, 78], gene expression-based
analyses cannot always be helpful in understanding and
characterizing the role and involvement of proteins in
complex biological processes.

Proteomics is defined as a large-scale study of the function
and structure of the complete set of proteins in a tissue or
organism [104]. Therefore, proteomics has become a com-
monly used research tool for directly assessing protein
expression at the posttranslational stage in biological and
clinical research [60, 104]. Secretome analysis and quanti-
tative proteomics have enabled the discovery of important
signaling dynamics and new bone-related markers, facili-
tating new therapeutic targets and diagnostic approaches for
patients with bone diseases [11, 104]. Proteomic studies have
also been used for comparing the protein expression profiles
between normal and disease conditions such as bone sar-
coma, osteoarthritis, and osteonecrosis [27, 45, 90].
Secretome-based analyses and proteomics were performed
on mesenchymal stem cells, osteoblasts, and osteoclasts to
understand their roles in the context of bone homeostasis and
bone diseases [11, 14]. These studies at the cellular level
have been helpful and pivotal in identifying new hormones,
growth factors, and cytokines, which regulate the differen-
tiation, growth, maturation, and activity of these cells [9, 10,
17, 20, 32, 61, 87].

Bone homeostasis is a complex process, which involves
the interaction of multiple cell types in a complex three-
dimensional (3-D) microenvironment. Therefore, a func-
tional in vitro tissue model with a higher degree of
complexity is needed to better capture the process and
proteome dynamics of the bone formation cascade.

Bone marrow is a rich collection of stem and progenitor
cells (hematopoietic and mesenchymal) and other acces-
sory cells derived therefrom [6, 30, 99]. Bone marrow is
intimately related with bone homeostasis, bone turnover,
and can be associated with bone diseases [28]. Early organ
cultures of marrow have demonstrated an inherent osteo-
genic potential in the absence of osteoinductive factors
[30, 31] and in the absence of serum [29]. In a series of

articles [29-31], we have demonstrated that the 3-D
in vitro cultures of marrow at microliter volumes undergo
osteogenesis to form plate-like mineralized structures,
which are up to 4 to 5 mm in diameter and up to 150 pm in
thickness. These studies demonstrated that bone marrow
tissue has a remarkable bone-forming potential in the
absence of exogenous osteoinductive factors. Further
characterization of extracellular matrix in these ossified
marrow explants confirmed bone tissue characteristics (eg,
Type I collagen expression, alkaline phosphatase expres-
sion, and carbonated apatite crystals) and residency of
osteocyte-like cells embedded within the matrix, which
stained positive for sclerostin [30], commonly used osteo-
cyte-specific marker. The plate-like bone structures were
mechanoresponsive and displayed differences in cytokine
expression dynamics in response to mechanical stimulation
[31]. Maintaining the spatial integrity of marrow tissue
immediately after explantation was critical such that
homogenized micropellets of marrow did not display
ossification to the same extent as the minimally processed
marrow tissue samples [30]. The probability of ossification
in this marrow explant model was approximately 50%, in
which half of the samples did not undergo ossification at
the same level. However, it is unclear which unique pro-
teins and pathways are involved in ossified and poorly
ossified marrow samples, and in early and late phases of
ossification.

We therefore determined: (1) the comprehensive prote-
ome of marrow explants and the unique proteins in cultures
that underwent ossification and that displayed poor ossifi-
cation; (2) the proteome of marrow ossification in the early
phase (Days 1-14) and late phase (Days 15-28); and
(3) bone-related pathways and pathway maps based on the
list of identified proteins.

Materials and Methods

Eight marrow explants from four femurs and four tibiae
from two rats were cultured and the conditioned media was
collected for up to 28 days. Ossification was confirmed and
quantified by microcomputed tomography (UCT) of
explants at Day 28 (Fig. 1). Ossification level of the mar-
row samples indicated that the ossified group had an
ossified volume of 0.0556 mm?> (SD: 0.0464, n = 4) and
the poorly ossified group had an ossified volume of 0.0029
(SD: 0.0007, n = 4). Based on the ossified volume, sam-
ples were grouped as ossified (O) and poorly ossified (PO)
(Fig. 1). Conditioned media samples were also classified
based on time: Days 1 to 14 were considered early-stage
and Days 15 to 28 were considered late-stage groups. The
list of proteins involved was identified and presented for
the following experimental groups: (1) early-stage media

@ Springer



2530  Gurkan et al.

Clinical Orthopaedics and Related Research®

Marrow explants cultured in
vitro for 28 days (n=8)

v

uCT analysis on explants on

day 28
1
v 2
Ossified marrow explants Poorly ossified marrow
(n=4) explants (n=4)

Early phase Late phase Early phase Late phase
Days 1-14 Days 15-28 Days 1-14 Days 15-28

(n=4) (n=4) (n=4) (n=4)

| | | |

Secretome based quantitative proteomic analysis
(NanoLC-Chip Mass Spectrometry/Mass Spectrometry)

]
v )’

Identification of bone related
pathways and pathway maps
(GeneGo Bioinformatics
Software)

Identification of unique proteins
(Spectrum Mill MS Proteomics
Workbench)

Fig. 1 Experimental design and data analyses process are presented
as a flow chart. Marrow explants were cultured in vitro for 28 days
(n = 8). Conditioned culture medium that contained the secreted
proteins from the marrow explants were collected (Days 2, 5, 7, 10,
12, 14, 17, 19, 21, 23, 26, and 28) and stored for secretome based
quantitative proteomic analysis. At the end of the culture period,
ossified and poorly ossified samples were identified and grouped
using micro computed tomography (uCT), which quantified the
ossified volume. Next, the collected conditioned medium samples
were grouped based on early (Days 1-14) and late (Days 15-28)
phases. The samples were processed using NanoLC-Chip Mass
Spectrometry/Mass Spectrometry to identify the secreted proteins.
Unique proteins for ossified and poorly ossified samples and in early
and late phases of ossification were identified using Spectrum Mill
MS Proteomics Workbench Software. Bone related pathways and
pathway maps were identified using Genego Bioinformatics software.

from ossified cultures (O-E); (2) late-stage media from ossi-
fied cultures (O-L); (3) early-stage media from poorly ossified
cultures (PO-E); (4) late-stage media from poorly ossified
cultures (PO-L); (5) media from ossified cultures pooled over
all time points (O); (6) media from poorly ossified cultures
pooled over all time points (PO); (7) late-stage cultures
(including both ossified and poorly ossified samples); and
(8) early-stage cultures (including both ossified and poorly
ossified samples).

The proteins in the media were digested by trypsin and
the resulting peptides were subjected to NanoLC-Chip
Mass Spectrometry/Mass Spectrometry (MS/MS) (Agilent
Technologies, Santa Clara, CA, USA). MS/MS analysis
was followed by targeted MS/MS. We analyzed the
resulting spectra acquired on NanoLC-Chip-MS/MS using
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Spectrum Mill A.03.02.060 software (Agilent Technolo-
gies) and searches were performed against the National
Institutes of Health National Center for Biotechnology
Information protein database. To explore biological func-
tionality, data were analyzed using GeneGo (GeneGo
Bioinformatics Software, Inc, St Joseph, MI, USA).
GeneGo is a data-mining tool that facilitates analysis of
biological pathways for high-throughput data sets.

Whole bone marrow was isolated from both femurs and
tibiae of two 80- to 90-day-old male Long-Evans rats
(approved by Purdue Animal Care and Use Committee)
using a previously described method for bone marrow
extraction and explant culturing [29]. Briefly, diaphyseal
bone marrow was extracted with a centrifugation-based
technique that minimizes manual handling and transfer of
bony fragments from the donor bone tissue into the culture
environment. Marrow tissue was cultured on inserts with
porous PET membranes (0.4-pm pore size Transwell;
Corning, Corning, NY, USA) by applying marrow samples
at 7 uL (7 mm®) volume using a micropipette. Standardi-
zation of the starting volume of samples as such eliminated
the need to normalize the final ossified tissue volume to
original explant volume. The serum-free growth medium
was modified from Lennon et al. [53] and composed of
60% DMEM, 40% MCDB-201 supplemented with 1%
ITS + 1 (Sigma, St Louis, MO, USA), 50 pg/mL ascorbic
acid, 5 mM Na-B-glycerophosphate, 3.5 mg/mL glucose,
40 U/mL penicillin and 40 pg/mL streptomycin, and
1.5 pg/mL fungizone. No osteoinductive factors (eg, dexa-
methasone, bone morphogenetic protein-2) were added into
the culture media at any point in time. We cultured the
explants for 28 days and media was replenished on Days 2, 5,
7,10, 12, 14, 17, 19, 21, 23, 26, and 28. The medium condi-
tioned by bone marrow explants was collected from each
ossifying explant before each fresh media addition and stored
in sterile low protein-binding tubes (LoBind, Eppendorf,
Germany) separately. The samples were stored at —80°C for
secretome-based proteomic analysis, which was performed at
the end of the experiment collectively. Repeated freezing and
thawing of the collected conditioned media was eliminated
with appropriate aliquoting.

At the end of the culture period, marrow explants were
fixed with 10% formalin and kept in the fixative. The
ossified volume of the marrow explants was quantified by
LCT (SCANCO Medical AG, nCT 40, Briittisellen, Swit-
zerland) with a 16-pm voxel resolution (I = 145 pA,
E = 55 kVp, integration time = 200 ms). The data sets
were reconstructed and analyzed with commercial software
(SCANCO evaluation software) and the segmentation
parameters of 0.8 (Sigma), 1 (support), and 100 (threshold)
were used [63, 67, 73]. The total ossified volume (BV,
mm3) was used to determine the level of ossification and to
differentiate between ossified and poorly ossified samples.
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The conditioned medium samples (100 pL) were dess-
icated and resuspended in 20 pL. 0.1 M HEPES at
pH = 8.0 (Applied Biosystems, Foster City, CA, USA).
Samples containing buffer were denatured with 10 pL of
2% SDS (Applied Biosystems), reduced with 50 mM tris-
(2-carboxyethyl)phosphine (Applied Biosystems), and
alkylated with 1 pL. 200 mM methyl methanethiosulfonate
(Applied Biosystems). We added trypsin (5 pL of 1 pg/ulL.
5% wiw; Applied Biosystems) and samples were incubated
at 37°C overnight. Finally, 2.5 pL. of 10% trifluoroacetic
acid was added and samples were incubated at 37°C for
30 minutes and then spun at 13,000 x g for 10 minutes.
We removed the supernatant and applied it to a C18 mi-
crospin column (Nest Group, Southborough, MA, USA) for
buffer exchange followed by a G25 Sephedex column
(Nest Group) for desalting. The resulting peptides were
dried down and resuspended in 100 pL 0.01% trifluoro-
acetic acid in water.

Trypsin-digested proteins were separated using a
NanoLC-Chip system (1100 Series LC equipped with
HPLC Chip interface; Agilent, Santa Clara, CA, USA).
After injection of 0.5 png, the peptides were concentrated
on the on-chip 300SB-C18 enrichment column and washed
with 5% acetonitrile, 0.01% trifluoroacetic acid at a flow
rate of 4 pL/min for 5 minutes. The enrichment column
was switched into the nanoflow path and further separated
with the on-chip C-18 reversed-phase ZORBAX 300SB-
C18 (0.75 pm x 150 mm; Agilent) analytical column
coupled to the electrospray ionization source of the ion trap
mass spectrometer (XCT Plus; Agilent). The column was
eluted with a 55-minute linear gradient from 5% to 35%
buffer B (100% acetonitrile, 0.01% trifluoroacetic acid) at a
rate of 300 nL/min followed by a 10-minute gradient from
35% to 100% buffer B. The column was reequilibrated
with an isocratic flow (5% buffer B) at 300 nL/min. The
system was controlled by ChemStation software (Agilent).
We acquired NanoLC-MS chromatograms in positive ion
mode under the following conditions: a capillary voltage of
1850 V and an end plate offset of 500 V. The dry tem-
perature was set at 300°C. Dry gas flow was maintained at
6 L/min. Acquisition range was 350 to 2000 m/z with
0.15-second maximum accumulation time and scan speed
of 8100 m/z per second.

To obtain the comprehensive list of proteins involved in
each sample group (Fig. 1), raw MS data were exported to
mzXML format using Bruker’s CompassXport program
and uploaded to the Purdue’s Proteomics Discovery Pipe-
line (Purdue University, West Lafayette, IN, USA)
bioinformatics infrastructure. The Proteomics Discovery
Pipeline is a multistep web-based proteomics analysis
software suite. It consists of the individual tools, XMass,
XAlign, and XNormalization and various other tools used
for statistical analysis. An initial list of peaks was obtained

using XMass, a deconvolution tool that helps differentiate
genuine peaks from experimental noise. Parameters for
XMass included: minimum LC peak width (number of
scans): six; retention time range: 5 to 55 minutes; and M/Z
variation between isotopes: 0.5. Peaks from the same
molecule that were present in multiple samples were
aligned using XAlign. Parameters for XAlign were: M/Z
variation: (0.8; retention time variation: 0.7; and LC peak
width (number of scans): 60. We normalized aligned data
using XNormalization in preparation for statistical analy-
sis. It was specified that a peak must be present in 80% of
the samples to be included in the statistical tests.

To identify the unique proteins involved in each sample
group, five Student’s t-tests were run using Pipeline’s built-
in statistical tools. The groups for the five t-tests were:
(1) all poorly ossified and ossified; (2) poorly ossified early
and poorly ossified late; (3) ossified early and ossified late;
(4) poorly ossified early and ossified early; and (5) poorly
ossified late and ossified late. Results from the statistical
tests were further filtered by removing peaks with a p value
of > 0.05 and a fold change of <2 or > 0.5. For the
remaining peaks in each group, we calculated average
retention times and m/z values. Finally, the peaks in each
test were separated into two groups. The first group con-
sisted of peaks that were present in both groups of the
statistical test and the second group consisted of peaks that
were present in only one group of the statistical test. The
fold changes and the p values of the statistical tests were
reported.

Trypsin-digested peptides were separated on a NanoLC-
Chip system (1100 Series LC equipped with HPLC Chip
interface; Agilent) using the same platform as described
previously. We acquired automated MS/MS spectra during
the run in the data-dependent acquisition mode with the
selection of the three most abundant precursor ions
(0.5 minute active exclusion; 2 + ions preferred). If the
peptides associated with our peaks of interest (ie, the
substantially large peaks in the spectra) were not identified
as a result of low abundance, then the samples were rerun
using the same parameters except the specific mass asso-
ciated with the peaks of interest was selected for
preferentially or targeted MS/MS analysis.

MS/MS data were analyzed using Spectrum Mill
A.03.02.060 software (Agilent Technologies) and searches
were performed against the National Institutes of Health
National Center for Biotechnology Information (NCBInr_09,
www.ncbi.nlm.nih.gov/Entrez) protein database. Raw MS/
MS data were extracted into Spectrum Mill with the mass
range for precursor ions set to 300 to 4000 Da. To accelerate
the search, we selected HUMAN RODENT as the species
setting to narrow the searchable species to homo sapiens, mus
musculus, and rattus norvegicus. The parameters of the search
were as follows: no more than two tryptic miscleavages

@ Springer


http://www.ncbi.nlm.nih.gov/Entrez

2532  Gurkan et al.

Clinical Orthopaedics and Related Research®

allowed, cysteine searched as S-methylmethane thiolsulfo-
nate, 1.0 Da peptide mass tolerance, and 0.7 Da MS/MS mass
tolerance. Only peptides with a score of 6 or higher and score
peak intensity of 60% or higher were considered true-
positives.

To link differentially expressed peptides identified in
MS-only mode with specific proteins, we matched peaks
from the MS findings with data generated by the shotgun
MS/MS based on the methods in the literature [56]. The
retention time and m/z value were used as unique identifiers
of each peak (these values were averaged in the MS data).
The matching process consisted of identifying all of the
peaks from the MS/MS data that fell within a range of
4 1-minute retention time and + 0.5 m/z from the MS peaks.

A targeted MS/MS analysis was conducted to increase
the number of differentially expressed peptides that mat-
ched with named proteins. Eighty peaks were selected from
the list of unmatched peptides. These peaks included the
twenty most highly expressed ossified and poorly ossified
peaks. Peaks with overlapping retention times were omitted
to increase the accuracy of our analysis.

To explore biological functionality, we analyzed data
using GeneGo (GeneGo Bioinformatics Software, Inc).
GeneGo is a data-mining tool that facilitates analysis of
biological pathways for high-throughput data sets. The
proteins in the data set were split into eight different groups
depending on the pattern of upregulation: ossified early,
ossified late, poorly ossified early, poorly ossified late, all
ossified, all poorly ossified, all early, and all late. These eight
groups were uploaded to GeneGo as eight separate files.
Ontology enrichment analyses were run to search our data set
against the GO Processes database, GeneGo Process Net-
works, and GeneGo Pathway Maps. Parameters were as
follows: p value threshold, 0.05; threshold, 0; and signals,
both. A GO process is a set of events or operations with a
definite starting and end point relating to the function of cells,
tissues, organs, and organisms. A GeneGo pathway map is a
prebuilt functional ontology that focuses on consensus
multistep canonical pathways. In other words, the GeneGo
pathway maps database (www.genego.com/mapsearch.php)
is a collection of pathways that was compiled from the lit-
erature, including metabolic pathways (eg, glycogen
metabolism), regulatory pathways (eg, apoptotic tumor
necrosis factor family pathways), or disease process path-
ways (eg, angiotensin signaling through PYK?2). Each step in
a pathway map is well defined in the public domain or val-
idated by GeneGo scientists. A GeneGo process network can
be defined as a comprehensive biological process with a
specific functional theme. A process network is a broad
concept that consists of all the pathways associated with a
process and all the documented connections between genes/
proteins. A process network can consist of several pathway
maps. An example process network might be inflammation,
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whereas the pathway maps might be effects of lipoxin on
neutrophil migration. The process network connects all the
intracellular processes and is not confined to what happens in
a single cell. A network may contain more or less informa-
tion than a pathway, depending on the parameters used when
creating the network.

Results

Proteomic profiling indicated 28 proteins specific to the
marrow cultures that ossified, of which 12 were specific to
only ossified early group, 15 specific to ossified late group,
and one specific to both early and late groups (Table 1). On
the other hand, five proteins were specific to the poorly
ossified early group, three proteins to the poorly ossified
late group, and none specific to both poorly ossified early
and late groups (Table 1). Sixty-seven proteins were
identified with a fold change of at least £ 2 and p < 0.05,
and the list of proteins expressed in each group is included
in Table 2. Several of these included apolilipoprotein L,
Zinc-finger proteins 17 and 34, tumor necrosis factor
receptor superfamily, ADAM metallopeptidase with
thrombospondin Type 1 motif, collagen XII, and Com-
plement factor H (Table 2). Among these proteins, 26 of
them were directly related to bone homeostasis or bone
marrow, supported by studies in the literature (Table 3).

Based on the proteins present, eight bone-related path-
ways (Table 4) and four bone-related pathway maps
(Table 5) were identified by GeneGO analysis. We iden-
tified a number of peptides with duplicate protein matches
(Supplemental Table 1), which were not included in
pathway and network analysis. In addition to the bone-
related pathways, and pathway maps presented in Tables 4
and 5, a comprehensive list of other processes, process
networks, and pathway maps were identified: GeneGO
Processes (Supplemental Table 2), GeneGo Process Net-
works (Supplemental Table 3), and GeneGo Pathway Maps
(Supplemental Table 4).

Discussion

Bone marrow plays a major role in bone formation,
regeneration, and healing and inherently ossifies in vitro

Table 1. Number of proteins specifically expressed in individual
groups

Sample type Total  Early Late only Early and
only late

Ossified samples 28 12 15

Poorly ossified samples 8 5 3 0
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Table 2. List of identified proteins with a fold change of at least &= 2 and p < 0.05*

Protein NCBIID Score Fold change (group) p value
Apolipoprotein L 61557187 4 4.35 (O-E/PO-E) 1.06E-02
Hcg2003084 119570844 33 oo (O-E/PO-E) N/A
Kelch-like 26 8922854 4.8 2.86 (O-E/PO-E) 4.17E-03
Nuclear dual-specificity phosphatase 3015538 4.7 o (O-E/PO-E) N/A
PREDICTED: similar to CG2747-PB 109478164 5.4 2.04 (O-E/PO-E) 3.94E-02
Recname: Full=Ankyrin-3 21759000 4.7 5.56 (O-E/PO-E) 8.25E-04
Recname: Full=Ankyrin-3 21759000 4.7 o (O-E/PO-E) N/A
Riok1 protein 50927001 7.1 oo (O-E/PO-E) N/A
RTTN protein 29126954 5.6 oo (O-E/PO-E) N/A
Unknown 62702216 5 o (O-E/PO-E) N/A
Unnamed protein product 26354961 3.6 11.11 (O-E/PO-E) 1.14E-02
Unnamed protein product 26340206 54 o (O-E/PO-E) N/A
Unnamed protein product 22760338 7.3 oo (O-E/PO-E) N/A
Dystrobrevin 11276069 3.4 o (O-E/O-L) N/A
Hcg1789874 119606311 49 o (0O-E/O-L) N/A
PREDICTED: similar to RP42 149251004 7.4 oo (O-E/O-L) N/A
Splicing factor 15055543 49 oo (O-E/O-L) N/A
ADP-ribosylation factor-like 8A 148707641 7.5 o (O-L/PO-L) N/A
ATP-binding cassette transporter ABCG2 30023556 3.1 oo (O-L/PO-L) N/A
Collagen type XII alpha-1 1846005 3.6 e (O-L/PO-L) N/A
Early endosome antigen 1 157821387 8.4 o (O-L/PO-L) N/A
F-box and WD-40 domain protein 13 29243960 8.8 2.56 (O-L/PO-L) 1.80E-02
Fyve 85861174 9.6 6.25 (O-L/PO-L) 1.03E-02
Hypothetical protein LOC108899 40254300 6.4 oo (O-L/PO-L) N/A
MAP/microtubule affinity-regulating kinase 3 isoform e 193083131 5.4 oo (O-L/PO-L) N/A
Mcgl140681 148673978 5.6 oo (O-L/PO-L) N/A
Ncapg? protein 14250233 4.1 oo (O-L/PO-L) N/A
PREDICTED: similar to ATP-binding cassette 109489750 4 16.67 (O-L/PO-L) 5.34E-03
PREDICTED: similar to ribosomal protein L7-like 1 169209794 7.2 6.25 (O-L/PO-L) 8.73E-03
PREDICTED: similar to ribosomal protein L7-like 1 169209794 72 5.0 (O-L/PO-L) 1.52E-02
EREDICTED: similar to Werner syndrome ATP-dependent helicase 109504268 56 o (O-L/PO-L) N/A
omolog

Reg61287 149033572 3.9 oo (O-L/PO-L) N/A
Riok1 protein 50927001 7.1 6.25 (O-L/PO-L) 1.32E-02
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Table 2. continued

Protein NCBI ID Score Fold change (group) p value
Similar to aryl acetamide deacetylase (esterase) 38348558 7.4 o (O-L/PO-L) N/A

T cell receptor alpha chain 1181907 4.4 2.94 (O-L/PO-L) 9.92E-03
Unnamed protein product 74199968 5 10.0 (O-L/PO-L) 1.27E-02
Unnamed protein product 74199968 5 6.25 (O-L/PO-L) 1.44E-02
Zinc finger protein 14 30520165 5 o (O-L/PO-L) N/A
Hypothetical protein LOC150297 60592764 35 oo (O-L/O-E) N/A
Mcg140681 148673978 5.6 oo (O-L/O-E) N/A
PREDICTED: similar to calsyntenin 1 109475855 4.9 2.0 (O-L/O-E) 6.90E-03
Zinc finger protein 37 homolog 4507963 34 oo (O-L/O-E) N/A
Apolipoprotein L 61557187 4 5.26 (O/PO) 1.54E-04
Centrosomal protein 2 isoform 1 21735548 6 oo (O/PO) N/A
Mkiaa0807 protein 26006211 72 2.27 (O/PO) 1.33E-02
Peroxisome biogenesis factor 26 148667240 8.5 3.7 (O/PO) 1.88E-02
PREDICTED: similar to ATP-binding cassette 109489750 4 4.35 (O/PO) 4.52E-02
Riok1 protein 50927001 7.1 5.56 (O/PO) 1.52E-03
Unnamed protein product 74199968 5 7.14 (O/PO) 8.14E-04
Unnamed protein product 26354961 3.6 5.88 (O/PO) 3.59E-03
Hypothetical protein LOC340602 42821110 49 o (PO-E/O-E) N/A
Mcg144968 148671451 35 2.16 (PO-E/O-E) 9.53E-03
l]’REDICTED: similar to rho guanine nucleotide exchange factor 5 isoform 109471984 78 o0 (PO-E/O-E) N/A
Sulfotransferase family 1B 9845263 39 o (PO-E/O-E) N/A
Tropomodulin 1 4507553 6.7 10.07 (PO-E/O-E) 3.96E-02
Unnamed protein product 74215157 4.3 o (PO-E/O-E) N/A
Unnamed protein product 12835206 3.6 o (PO-E/O-E) N/A
PREDICTED: similar to rctpil isoform 4 113412122 4.7 oo (PO-L/PO-E) N/A
Unnamed protein product 74199968 5 o (PO-L/PO-E) N/A
Keratin 71 9910294 3.1 3.31 (PO-L/O-L) 3.31E-02
Lrrgt00109 37361904 39 4.12 (PO-L/O-L) 1.18E-03
Mkiaa3011 protein 37360616 34 3.7 (PO-L/O-L) 1.41E-02
PREDICTED: similar to rctpil isoform 4 113412122 4.7 oo (PO-L/O-L) N/A
Tripartite motif-containing 37 157819077 34 3.04 (PO-L/O-L) 1.71E-03
Zinc finger protein 37 homolog 4507963 34 3.1 (PO-L/O-L) 9.79E-03
Orf 1054752 3.7 2.04 (PO/O) 5.01E-03
Zinc finger protein 37 homolog 4507963 34 2.51 (PO/O) 3.24E-03

* Peptides with a single protein match. Each row (delineated by shading) represents an individual peptide that matched with a single protein.
Proteins were grouped according to expression pattern (indicated by shaded background). The co symbol indicates that a protein was present in
the numerator of the group and absent in the denominator, eg, co (O-E/O-L), indicates that a protein was present in ossified early and absent in
ossified late); O-E = ossified early; O-L = ossified late; PO-E = poorly ossified early; PO-L = poorly ossified late; O = ossified total;
PO = poorly ossified total, in which O signifies the ossified marrow explants, PO signifies the poorly ossified marrow explants, early stands for
the samples collected in Days 1-14, and late stands for the samples collected in Days 15-28. O or PO, when used alone, signifies the samples
collected for all days (1-28) for the ossified or poorly ossified groups. N/A = not available.
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Table 3. Bone and bone marrow related proteins identified as the result of proteomic analysis performed on the secretome of marrow explants*

Protein name NCBI ID Overexpressed References Function
group
ADAM metallopeptidase 21265043 O-L [55] Identified in cultures of rat osteoblasts treated
with thrombospondin with molecules known to drive osteoblast
type 1 motif, 13 differentiation; shown to accumulate around
osteoblast extracellular matrix during
differentiation
Ankyrin-3 21759000 O-E [37] Present in bone marrow-derived macrophages
Apob protein 71051035 O-E [62] Has been associated with development of
nontraumatic osteonecrosis
Apolipoprotein L 61557187 O-E, O-L, O [75] May play a role in osteoarthritis mechanism
ATP-binding cassette 30023556 O-L [81] Shown to be the sole molecular determinant
transporter ABCG2 of the SP phenotype in bone marrow cells
Collagen XII 1846005 O-L [72] Association with Collagen 1 modifies interaction
with surrounding matrix; shown to be
upregulated in response to mechanical stress
Complement factor H 77861917 O-E, O-L [19] Complexes with bone sialoprotein and
osteopontin
Dimethylarginine 148694731 O-E, O-L [33, 47, 52] Increases vascular endothelial growth factor
dimethylaminohydrolases 2 in endothelial cells; has been associated
with alterations of bone homeostasis
Drl associated protein 1 148701178 O-L [25, 26] Expressed in bone and bone marrow;
(negative cofactor 2 alpha) abundantly expressed in CD34+ cells
E2F transcription factor 3 4503433 O-E [66, 91] Highly expressed in proliferating mesenchymal
cells; plays a role in apoptosis
Early endosome antigen 1 157821387 O-L [16, 51, 96, 105] Effector of Rab5C protein, which is implicated
in resorbing osteoclasts
Fyve 85861174 O-L [39, 69] Expressed in bone marrow; involved in
leukocyte signaling
Low density lipoprotein 124494256 PO [43, 70, 102] Plays an important role in the uptake of
receptor-related protein 1 postprandial lipoproteins and vitamin K1
by osteoblasts; mediates mitogenic effect
of lactoferrin in osteoblasts
MAP/microtubule affinity- 193083131 O-L [88] Associated with bone mineral density
regulating kinase 3
isoform e
mKIAAO807 protein 26006211 (0] T Differentially expressed in CD34+ cells
Nuclear dual-specificity 3015538 O-E [7, 8] Gene family involved in control of MAP
phosphatase kinase function
PREDICTED: calsyntenin-1 109475855 O-L [21] Found to be expressed in bone, bone marrow,
and connective tissue
PREDICTED: similar to 88958985 O-E [40] Expressed in bone and bone marrow;
heterogeneous nuclear shown to play a role in myelopoiesis
ribonucleoprotein Al
T cell receptor alpha chain 1181907 O-L [2] Expressed in mesenchymal cells; implicated in
bone loss
Toll-like receptor 2 38454274 O-E, PO-L [4, 98] Affects osteoclast differentiation and activity;
implicated as a negative regulator of
osteoclastogenesis
Tumor necrosis factor 6678383 O-E, O-L [3] Implicated in many diseases of the bone such as
receptor superfamily familial expansile osteolysis, familial Paget
disease of bone, and osteopetrosis
Ubiquitin-conjugating 149052524 O-E, PO-L [84] Upregulated in tendon tears
enzyme E2B
Unknown protein 62702216 O-E i Involved in zinc ion binding, proteolysis,

and metalloendopeptidase activity
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Table 3. continued

Protein name NCBI ID Overexpressed References Function
group
Vasodilator-stimulated 11414808 PO-L, PO-E [103] Identified as having altered expression in osteogenic
phosphoprotein induced human mesenchymal stem cells
Zinc finger protein 14 30520165 O-L [23] Known to be involved in growth of skeletal
elements (bone, teeth, and cartilage)
Zinc finger protein 37 4507963 O-L, PO-L, PO [23] Known to be involved in growth of skeletal

elements (bone, teeth, and cartilage)

* Differentially expressed proteins identified by name and NCBI number; 'http://oai.dtic.mil/oai/oai?verb=getRecord&metadataPrefix=
html&identifier=ADA446682; * http://www.uniprot.org/uniprot/Q53S40; O-E = ossified early; O-L = ossified late; PO-E = poorly ossified
early; PO-L = poorly ossified late; O = ossified total; PO = poorly ossified total, in which O signifies the ossified marrow explants, PO signifies
the poorly ossified marrow explants, early stands for the samples collected in Days 1-14, and late stands for the samples collected in Days 15-28.
O or PO, when used alone, signifies the samples collected for all days (1-28) for the ossified or poorly ossified groups.

Table 4. Bone-related pathways and GeneGO process networks
from our data set that have previously been studied in relation to bone
and bone formation*

Pathways and networks References
Apoptosis—apoptosis stimulation [54, 79, 106]
by external signals
Cell adhesion—integrin-mediated [35]
cell-matrix adhesion
Inflammation—interferon gamma [24]
signaling
Development—neurogenesis [13, 42, 58]
Cardiac development—Wnt beta-catenin, [22, 36, 68, 74,
Notch, VEGF, IP3, and integrin 76, 77, 85, 89,
signaling 95, 101, 102]
Immune response—interleukin-5 [59, 92]
signaling
Immune—phagocytosis [64, 71, 100]
Chemotaxis [15, 83]

* References to relevant literature are included; VEGF = vascular
endothelial growth factor.

Table 5. Bone-related GeneGo pathway maps*

GeneGo pathway maps References
Immune response—interleukin-6 signaling [5, 44, 93, 94]
pathway
Immune response—Toll-like receptor [86]
signaling pathways
Transport—clathrin-coated vesicle cycle [65]
Development—growth hormone signaling [46]

through STATs and PLC/IP3

* Pathway maps from our data set that have previously been studied
in relation to bone and bone formation. References to relevant liter-
ature are included.

without addition of excipient osteoinductive factors.
Proteome of marrow ossification would have major
implications in understanding the proteomic mechanisms

@ Springer

of bone formation, regeneration, and healing. We studied
the proteome of marrow ossification using quantitative
secretome-based proteomics. We compared the proteome
of ossified and poorly ossified marrow samples cultured
under equivalent conditions. We further analyzed and
compared the expression of secreted proteins from rat
marrow explants during ossification in two phases: early
phase (Days 1-14) and late phase (Days 15-28). Based on
the list of proteins, we identified pathways and pathway
maps closely relating to bone biology.

Our study is subject to certain limitations. First, the
marrow samples were obtained from rats and therefore may
present differences with human marrow. The use of rat
marrow samples may have provided a more homogenous
composition as a result of the smaller size of the medullary
cavity, which is substantially larger in humans. It has been
reported that human marrow tissue also displays ossifica-
tion potential in vitro [57]. However, future studies are
needed to explore the inherent ossification potential of
human marrow tissue, its characteristics, and proteome.
Second, the study analyzed the secreted proteins from the
same samples over time. Therefore, the proteins contained
within the cells or bound to the matrix synthesized by cells
are not generally secreted and were not included in the
analyses. Although secretome-based proteomic analyses
have been used in studying biological systems [11, 14], to
have a complete picture of the marrow ossification process,
future studies are needed, which include the proteins in
cells.

We have identified unique proteins in ossified and
poorly ossified marrow samples (Table 1). We observed
the expression of both ADAMTS and APOLI1 proteins
increases in ossified marrow samples. More specifically,
ADAMTS was overexpressed late in the ossified marrow
(O-L) samples suggesting active osteogenic differentiation
resulting in bone formation. APOL1 was overexpressed in
both O-E and O-L samples. ADAMTS is overexpressed
during osteoblast differentiation [41]. The overexpression


http://oai.dtic.mil/oai/oai?verb=getRecord&metadataPrefix=html&identifier=ADA446682
http://oai.dtic.mil/oai/oai?verb=getRecord&metadataPrefix=html&identifier=ADA446682
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of E2F transcription factor early in ossified marrow sam-
ples (O-E) indicates that it may be involved in regulating
various processes such as the apoptosis of hematopoietic
cells and differentiation of marrow stromal cells (MSCs)
toward the bone lineage. E2F transcription factor 3
reportedly regulates the expression of genes involved in
proliferation, differentiation, and apoptosis [26]. We have
previously reported that although the hematopoietic cells
decrease in number, fraction of MSCs is maintained in the
marrow explant culture system [30]. We observed that
dimethylarginine dimethylaminohydrolases (DDAH 2) was
overexpressed both early and late in ossified marrow
samples. DDAH 2 reportedly upregulates the expression of
vascular endothelial growth factor (VEGF) in endothelial
cells [33]. On the other hand, VEGF is not only an
angiogenic factor, but it is involved in osteogenesis [38,
82]. The overexpression of DDAH?2 together with the
evidence of the involvement of VEGF-related pathway
suggests that the in vitro marrow explant culture system
may be a useful tool to study bone vascularization by using
cocultures of ossifying marrow explants with endothelial
cells. A coculture model involving bone marrow explants
and endothelial cells may further augment VEGF expres-
sion and reveal intrinsic details about the complex process
of bone vascularization. The key difference between the
envisioned in vitro marrow model of vascularization and
existing in vitro models [18, 49, 80] is that existing models
generally use single populations of cells (generally osteo-
blasts or stromal cells) with endothelial cells. Although
such models provide a greater degree of control, the mar-
row model ossifies to form bone-like plates and it provides
a more heterogeneous population of cells that would reflect
the complexity of the in vivo setting in a Petri dish. Such
diversity may elicit forms of in vitro vasculogenesis that
may not be observed in coculture of two cell populations.
On the other hand, the marrow model would still be more
complex than culture of two cell types, and interpretation
of the results would be more challenging.

The pathway and network analysis helped identify sev-
eral key bone-related pathways that may be involved in the
ossification process of the marrow explants. One of the key
pathways we found involved in the ossified marrow sam-
ples is the notch signaling pathway (Table 4). Induction of
notch signaling in human bone marrow stromal cells
(hBMSCs) through transduction of lentiviral vectors con-
taining human notchl intracellular domain (NICD)
enhances the osteogenic differentiation of hBMSCs while
inhibiting adipogenesis [24]. It is likely that notch signaling
regulated the osteogenic differentiation of MSCs in ossified
marrow samples. Moreover, notch signaling is reportedly
involved in the maintenance of MSC progenitor population
[58] as observed in marrow explant cultures [30]. Wnt
signaling pathway involved in ossification of bone marrow

explants (Table 4) plays a dominant role in bone devel-
opment/repair [41], bone metabolism, and regulating
osteoblast proliferation, function, and survival [50]. Ossi-
fied marrow samples also displayed interleukin-5 signaling
(Table 4). It has been widely accepted that proinflamma-
tory factors generally tend to favor bone formation [12,
34], whereas antiinflammatory factors (such as nonsteroi-
dal antiinflammatory drugs [NSAIDs]) impair fracture
healing [1, 97]. The association between inflammatory
factors and bone formation is believed to stem from the
initial presence of inflammatory cells after injury and
proinflammatory environment promotes the recruitment of
cells for repair and revascularization. IL-5, as identified in
the current study, has not been reported extensively within
the context of osteogenesis. However, there is one study
that investigated a transgenic mouse model overexpressing
IL-5 and reported heterotopic ossification in the spleen as
well as increased bone formation in long bones [59]. This is
in agreement with our observation of the presence of an IL-
5-associated pathway in ossified marrow population.
Analysis of pathways specific to bone-forming cultures
indicated apoptosis stimulation by external signals,
phagocytosis, neurogenesis (axonal guidance), cardiac
development (Wnt beta-catenin), Notch, VEGF, IP3 and
integrin signaling, cell adhesion (integrin-mediated cell-
matrix adhesion), immune response (IL-5 signaling),
inflammation (interferon-gamma signaling), and develop-
ment (neurogenesis) in general (Table 4). At the pathway
map level, bone-forming marrow cultures displayed
immune response (interleukin-6 signaling pathway, TLR
signaling pathways), transport (Clathrin-coated vesicle
cycle), and development (growth hormone signaling
through STATs and PLC/IP3) (Table 5). On the other
hand, there were no pathways identified in the ossified late
group, which suggests that the pathway database is not
comprehensive for bone formation-related pathways.

The ossification process in 3-D marrow cultures is a
highly complex process that involves en masse apoptosis of
the hematopoietic population and a surge in the mesen-
chymal compartment. The most important finding of our
study was that those marrow cultures that ossified dis-
played immune and inflammatory pathway maps more
specifically than those that did not ossify. Because the
model involved disruption of the status quo (ie, isolation of
marrow sitting in the confines of bone and disruption of
vascular networks), it becomes clear that groundwork for
osteogenesis is set by immune and inflammatory cells. The
model could be particularly relevant to investigating the
underlying mechanisms of bone formation after trauma or
surgery. The model and the platform developed here can
also be used to assess the osteogenic potential of bone
marrow samples obtained from patients to evaluate the risk
of bone diseases such as osteoporosis. Future studies will
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use

immune and inflammatory blockers to assess their

effect on the level of marrow ossification.
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