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a b s t r a c t

Tissue-specific extracellular matrix (ECM) proteins can play a key role in regulating the fate of stem cells
and can potentially be utilized for therapeutic applications. Realising this potential requires further
characterization of the diversity of biomolecules present in tissue-specific ECMs and an evaluation of
their role as regulatory cues for regenerative medicine applications. The goal of this study was to identify
specific soluble factors within the ECM of articular cartilage (AC) and growth plate (GP) that may impart
chondro-inductivity or osteo-inductivity respectively. To this end, the significantly different proteins
between both matrisomes were searched against the STRING database platform, from which C-type
lectin domain family-11 member-A (CLEC11A) and S100 calcium-binding protein-A10 (S100A10) were
identified as potential candidates for supporting osteogenesis, and Gremlin-1 (GREM1) and TGF-b
induced gene human clone-3 (bIGH3) were identified as potential candidates for supporting stable
chondrogenesis. Stimulation of chondrogenically-primed bone marrow-derived stem cells (BMSCs) with
the AC-specific proteins GREM1 and bIGH3 had no noticeable effect on the deposition of collagen-II, a
marker of chondrogenesis, but appeared to suppress the production of the hypertrophic marker
collagen-X, particularly for higher concentrations of GREM1. Stimulation with GREM1 was also found to
suppress the direct osteoblastic differentiation of BMSCs. In contrast, stimulation with the GP-specific
factors CLEC11A and S100A10 was found to enhance osteogenesis of BMSCs, increasing the levels of
mineralization, particularly for higher concentration of CLEC11A. Together these results demonstrate that
AC- and GP-specific proteins may play a key role in developing novel strategies for engineering
phenotypically stable articular cartilage or enhancing the regeneration of critically-sized bone defects.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The repair of critically-sized cartilage, bone and osteochondral
defects remains a significant clinical challenge [1]. Putative tissue
engineering (TE) strategies to treat such defects require the iden-
tification of biomaterial scaffolds and regulatory cues to actively
modulate the adhesion, proliferation, migration and differentiation
of cells [2] that are either recruited into and/or seeded onto such
al and Manufacturing Engi-
, Dublin 2, Ireland.

r Inc. This is an open access articl
constructs. Extracellular matrix (ECM) derived scaffolds that
maintain native tissue complexity have been under investigation
for more than 25 years [3] and during that time have been
implanted into millions of patients [4]. Most commercial ECM
scaffolds are derived from soft tissues (dermis, urinary bladder,
small intestinal submucosa), although they have been used in the
repair of many different tissue types [5]. In recent years it has
become increasingly clear that the ECM of a specific tissue is
particularly supportive of the phenotype of specialized cells resi-
dent within that tissue [6e13]. For example, ECM fractions of
tendon and cartilage have been shown to enhance the tissue-
specific differentiation of bone marrow-derived stem cells
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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(BMSCs) [6]. This suggests that tissue-specific ECM proteins can
play a key role in regulating the fate of BMSCs and potentially be
utilized for therapeutic applications. Realising this potential will
require further characterization of the diversity of biomolecules
present in tissue-specific ECMs and evaluation of the role of specific
proteins as regulatory cues for TE applications.

The ECM of musculoskeletal tissues is commonly used to
produce biomaterials and scaffolds for orthopaedic applications
[14,15]. In a previous study [13], we compared the ECM proteome
(theMatrisome [16]) of two cartilaginous tissues, the growth plate
(GP; region of developing long bones where new bone growth
takes place) and articular cartilage (AC), and demonstrated the
potential of scaffolds derived from such tissues for bone, cartilage
and osteochondral TE. Building on this work, the goal of this study
was first to identify specific soluble factors within this protein list
that may impart chondroinductivity or osteoinductivity to the
ECM of AC and GP respectively. To this end, the significantly
different proteins between both matrisomes were searched
against the STRING [17] database. STRING (Search Tool for the
Retrieval of Interacting Genes/Proteins) is a database of known and
computationally predicted protein-protein interactions. The in-
teractions include direct (physical) and indirect (functional) as-
sociations. Protein-protein interaction networks are important to
understand cellular processes. The predicted networks act as a
filtering system that can provide an intuitive platform for func-
tional annotations and suggest new directions for future experi-
mental research. The second objective focused on assessing the
influence of two AC-specific and two GP-specific proteins on both
chondrogenesis and osteogenesis of BMSCs, respectively. Wewere
particularly interested in identifying AC-specific proteins that may
play a role in supressing chondrocyte hypertrophy and progres-
sion along an endochondral pathway, a key challenge in BMSC
based cartilage TE [18,19], and alternatively GP-specific proteins
that could potentially be used for bone TE. To model chondro-
genesis, BMSCs were cultured in a pellet model and stimulated
with chondrogenic medium supplemented with AC-specific pro-
teins. Osteogenesis was assessed using BMSCs cultured in a
monolayer model with osteogenic medium supplemented with
GP-specific proteins.
2. Methods

2.1. STRING database analysis

The protein list searched against the STRING database was ob-
tained from a previous study [13]. Briefly, AC and GP-ECMs prote-
ome identification was done by high performance liquid
chromatographyetandem mass spectrometry (HPLC-MS/MS). The
MS/MS-derived raw data was analysed using Maxquant [20]. Pep-
tides that passed the 1% false discovery rate (FDR) threshold were
used for label free quantification (LFQ) protein identification. Pro-
teins identified by Maxquant were processed with Perseus [21] in
order to elucidate differences across the two tissues. The signifi-
cantly different proteins from each tissue (namely tissue-specific)
were searched against the matrisome database to focus only on
the proteins of the ECM. In this study, the obtained matrisome
protein list was then searched against the STRING database. STRING
was used to create protein-protein interaction networks and cluster
proteins into subgroups in order to identify enriched biological
pathways and functional annotations, allowing the identification of
key molecules of interest. The associated information for each
protein in STRING was then manually curated to select proteins of
interest. An extended literature review of the four proteins selected
can be found in the Appendix.
2.2. Bone marrow-derived stem cell (BMSCs) isolation

BMSCs were harvested from the femora of porcine donors (4-
months-old) within 3 h of sacrifice as previously described [22].
BMSCs were used at passage 2 for each experiment after expansion
in XPAN medium: high-glucose Dulbecco’s modified Eagle’s me-
dium (DMEM)þGlutaMAX™, supplemented with 10% foetal bovine
serum.

All media were supplemented with 100U/ml Penicillin, 100U/ml
Streptomycin and 0.25 mg/ml amphotericin B (all Gibco®).
2.3. Analysis of AC-specific proteins using an in vitro pellet model in
chondrogenesis

Pellets were formed by centrifuging 250,000 BMSCs in a 1.5 ml
microtube at 650 g for 5min. The pellets were cultured in normoxia
(20% pO2) at 37 �C, for 21 days in chondrogenic medium (CM):
DMEM,1mM sodium pyruvate, 350 mML-proline, 1.5 mg/ml bovine
serum albumin, 1 nM dexamethasone, 300 mM ascorbic acid, 17 mM
linolenic acid, 10 ng/ml transforming growth factor-b3 (TGF-b3,
R&D Systems®), 1X insulin-transferrin-selenium. Experimental
groups were designed as followed: CM, CMþ20 or 200 ng/ml
GREM1, CMþ20 or 200 ng/ml bIGH3. Media was replenished twice
per week.

Samples at days 2 and 21 (n � 2) were fixed in 4% para-
formaldehyde, dehydrated and wax embedded to allow serial
slicing (6 mm). Staining was performed using 1% alcian blue-8GX in
0.1 M HCl and 0.1% picro-sirius red for visualization of sulphated-
glycosaminoglycan (sGAG) and collagen deposition, respectively.
Collagen-II and X deposition was evaluated using immunohisto-
chemistry. Primary antibody: 1:100 anti-collagen-II (ab3092,
Abcam®) or 1:100 anti-collagen-X (ab49945, Abcam®). Biochem-
ical analysis was used to supplement histological findings by
measuring DNA (Hoescht assay), sGAG (DMMB assay, Blyscan,
Biocolor) and hydroxyproline (Chloramine-T assay, indirect
collagen measure [23]) content in papain digested samples (n � 3),
as previously described [24].
2.4. Influence of tissue-specific proteins on osteogenesis of BMSCs
using a monolayer culture model

BMSCs were seeded onto 24 well plates at 103 cells/cm2 and
allowed to proliferate for 24 h in XPAN. Then, cells were cultured for
21 days in the following groups: Osteogenic medium as a positive
control (OM): XPAN, 5 mM b-glycerophosphate, 1 nM dexameth-
asone, 0.09 mM ascorbic acid. Negative control (-OM): OM without
b-glycerophosphate. -OM or OM were supplemented with 10, 50,
100 ng/ml of CLEC11A or S100A10.

After 21 days of culture, monolayers were stained for calcium
analysis with 1% alizarin red solution. Images were taken with a
brightfield microscope. Semi-quantitative analysis of mineraliza-
tion was performed by analysis of the positively stained area with
Photoshop-CS6.
2.5. Statistical analysis

Results are presented as mean ± standard deviation. Graphical
results and statistical analysis were performed with GraphPad
Prism. Experimental groups were analysed for significant differ-
ences using Tukey’s test to compare different conditions. Statisti-
cally significant changes are marked as * ¼ p � 0.05; ** ¼ p � 0.01.
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3. Results

3.1. Matrisome and STRING can be used as filters to identify
proteins of interest

A protein list containing the significantly different proteins be-
tween AC and GP ECMs, identified in a previous study [13], was
used to run a matrisome analysis. In this analysis, the number of
proteins was reduced from 242 to 51 for AC (blue circle in Fig. 1a)
and from 548 to 60 for GP (red). The proteins were divided into the
following matrisome-subcategories: collagen, ECM glycoproteins,
proteoglycans (core matrisome), ECM-affiliated, ECM regulators
and secreted factors (matrisome-associated); illustrated using a
heat map (Fig. 1b). The AC tissue contained more collagens, pro-
teoglycans and ECM glycoproteins than the GP. In contrast, the GP
tissue contained more ECM regulators, ECM-affiliated and secreted
factors when compared to the AC tissue. Only 91 proteins of the 111
(51 in AC; 60 in GP) tissue-specific proteins were found in the
STRING database. The generated protein network (Fig. 1c) helped,
firstly, to spatially arrange the proteins from each tissue (blue for AC
and red for GP) so as to predict interactions between them. Asso-
ciations are meant to be meaningful, i.e., proteins jointly contribute
to a shared function; this does not necessarily mean they are
physically interacting with each other. The STRING database also
provides brief information on the input proteins that was manually
reviewed by searching for keywords such as ‘collagen’, ‘chondro-
genesis’, ‘bone’ and ‘mineralization’. These two features facilitated
identification of the following 4 proteins (highlighted in Fig. 1c):
GREM1, bIGH3, CLEC11A, S100A10. For example, part of the infor-
mation found in STRING regarding GREM1 was “inhibits BMP2-
mediated differentiation of osteoblasts”, suggesting that it may
play a role in supressing hypertrophy of BMSCs. Information on
bIGH3 was: “Plays a role in cell adhesion and cell-collagen in-
teractions”. In addition, the network linked it to heparan sulfate
(HSPG2), which is essential in cartilage development [25]. Infor-
mation on CLEC11A included “promotes osteogenesis”, making it a
potential candidate for enhancing osteogenesis of BMSCs. Infor-
mation on S100A10 included “regulator of ANXA2” and the
network linked it to ANXA5, which have been shown to regulate
matrix vesicle-mediated mineralization [26].

3.2. AC-specific proteins can modulate chondrogenesis and
hypertrophy of BMSCs

Having identified two AC-specific proteins of interest (GREM1
and bIGH3), we next sought to study their effect on chondrogenesis
and hypertrophy of BMSCs. BMSC pellets were cultured for 21 days
in chondrogenic medium (CM) or CM additionally supplemented
with the AC-specific factors GREM1 or bIGH3 at two different
concentrations (20 or 200 ng/ml). All pellets stained positive for
alcian blue and picrosirius red, indicative of sGAG and collagen
deposition, respectively (Fig. 2a). Themost robust staining for sGAG
deposition was observed in pellets supplemented with bIGH3.
More intense staining for collagen was observed in pellets only
supplemented with standard CM. To confirm the development of
hyaline cartilage, the deposition of collagen-II and X within the
pellets was next analysed by immunohistochemistry. Robust
collagen-II deposition was observed in all groups. Pellets supple-
mented with standard CM alone also stained strongly for collagen-
X deposition, with lower levels observed in the groups stimulated
with bIGH3. Pellets stimulated with GREM1 stained weakly for
collagen-X. Quantitative biochemical analysis was undertaken to
supplement the histological results, which revealed similar trends
in terms of tissue deposition (Fig. 2b), although no statistically
significant differences in DNA, sGAG and hydroxyproline (HxP,
indirect measure of collagen) levels were observed between the
groups.

As both GREM1 or bIGH3 appeared to suppress the synthesis of
collagen-X, a marker of chondrocyte hypertrophy and progression
along the endochondral pathway, we next sough to assess the effect
of these AC-specific proteins on direct osteogenesis of BMSCs.
BMSCs were grown in monolayer culture and supplemented with
osteogenic media (OM) with or without the highest concentration
(200 ng/ml) of either GREM1 or bIGH3. After 14 days of culture,
alizarin red staining revealed that bIGH3 stimulation had no
noticeable effect on mineralization, while it was dramatically
supressed by GREM1 stimulation (Fig. 2c). Image analysis provided
semi-quantification of these observations, demonstrating signifi-
cant differences between standard OM and OMþbIGH3 cultures
compared to the negative control (-OM) and OM þ GREM1 group.

3.3. GP-specific proteins enhance osteogenesis of BMSCs

BMSCs were cultured at a density of 103 cells/cm2 in -OM
(Fig. 3a) or OM (Fig. 3b) for 2 weeks. Samples were supplemented
with either 10, 50, 100 ng/ml of CLEC11A or S100A10. Alizarin red
staining was performed on the samples after 2 weeks to analyse
calcium deposition. There was little evidence of mineral deposition
in BMSCs cultured in the negative control medium. Semi-
quantitative analysis of stained samples demonstrated a dose-
dependent increase in mineral deposition for all experimental
groups. The highest values were observed following stimulation
with the CLEC11A protein (Fig. 3c), although significant increase in
mineralization was also observed with S100A10 stimulation.

4. Discussion

The complexity and diversity of biomolecules present in tissue-
specific ECMs are not yet fully characterized. This study firstly
focused on the proteomic characterization of the soluble ECM of
two different musculoskeletal tissues, articular cartilage and
growth plate, which we have previously demonstrated can pro-
mote differential tissue deposition by BMSCs when processed into
porous scaffolds [13,24,27]. This can be directly correlated to the
unique composition of AC and GP ECM, which was characterized
using an in-depth analysis of the less abundant non-collagenous
proteins in these tissues. From the specific proteins identified by
this analysis, we found that the AC-specific protein GREM1 could be
used to promote the development of phenotypically stable articular
cartilage, while the GP-specific protein CLEC11A was particularly
potent in promoting osteogenesis of BMSCs.

The combination of matrisome and STRING databases was used
to identify functional annotations and individual protein-protein
interactions that could play a key role in cartilage and bone
regeneration. Among the many different associated biological
processes, we focused on those perceived to be relevant to osteo-
chondral TE, and as expected, observed that AC and GP ECMs
contain proteins associated with chondrogenesis and osteogenesis,
respectively. After reviewing the information gathered from
STRING, four soluble factors were chosen for further analysis to
determine their effect on either chondrogenesis or osteogenesis of
BMSCs. These proteins were GREM1 (ECM-affiliated) and bIGH3
(ECM glycoprotein) from AC, and CLEC11A (ECM-affiliated) and
S100A10 (secreted factor) from GP. Previous mass spectrometry
studies of AC have also revealed the presence of GREM1 [28] and
TGFbI/bIGH3 [29] proteins at different depths within human AC and
other cartilaginous tissues [30]. The detection of S100A10 [26] and
osteolectin/CLEC11A [31] in the GP ECM is in agreement with past
studies, confirming that hypertrophic chondrocytes resident in the
GP express such proteins.



Fig. 1. Refinement of matrisome analysis from our previous study [13]. a, Venn diagram showing the tissue-specific proteins (AC: dark green; GP: yellow), the shared proteins (light
green) and significantly different proteins found in the matrisome of each tissue (AC-matrisome: blue; GP-matrisome: red). b, STRING network of all significantly different proteins
found in the matrisome, including a payload to differentiate each tissue (AC:blue; GP: red). Four proteins of interest have been highlighted with large spheres. c, Heat map of the z-
score statistical measure of the significantly different proteins found in the 6 matrisome subcategories: collagen, proteoglycans, ECM glycoproteins, ECM-regulators, ECM-affiliated
and secreted factors. The four proteins of interest have been highlighted with a circle. Significantly different proteins are based on LFQ intensities within the two tissues (1%FDR).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Effect of AC-specific proteins in BMSC chondrogenesis and osteogenesis. a, Histological analysis of pellets cultured for 21 days in chondrogenic media showing alcian blue for
sGAG staining, picrosirius red for collagen staining and immunohistochemistry (IHC) for the chondrogenic marker collagen-II and for the hypertrophic marker collagen-X.
Experimental groups are: day 2 control, standard chondrogenic medium (CM), CMþ20 or 200 ng/ml of either GREM1 or bIGH3 (n � 2). b, Biochemical analysis showing DNA,
sGAG and HxP levels per pellet for all groups after 21 days of culture (n � 4). c, Left: alizarin red staining representative images of monolayer model (n � 2). Experimental groups:
osteogenic media without b-glycerophosphate (-OM) and osteogenic media (OM) þ/- 200 ng/ml of either GREM1 or bIGH3 for 14 days. Right: semi-quantification analysis of the
amount of red staining in the region of interest (ROI) of all groups in percentage (**p � 0.01). (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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Stimulating BMSCs undergoing chondrogenesis with AC-specific
proteins led to the development of a more phenotypically stable
hyaline-like cartilage, as evident by a reduction in the hypertrophic
marker collagen-X. This is in agreement with previous studies
showing similar results for GREM1 in pellet culture of BMSCs [28].
In addition, GREM1 overexpression has also been shown to sup-
press BMP-mediated bone formation [32]. We also demonstrated
for the first time that the AC-protein, bIGH3, is also capable of
supressing hypertrophy without suppressing overall levels of
chondrogenesis in BMSCs, with bIGH3 stimulated pellets staining
intensely for sGAGs and collagen-II. Previous studies have high-
lighted that recombinant bIGH3 inhibits the mineralization of hy-
pertrophic chondrocytes [29], while the biomechanical regulation
of chondrocyte hypertrophy has also been associated with
increased bIGH3 expression with the application of strain [33]. In
this study, GREM1, but not bIGH3, was able to supress b-glycer-
ophosphate mediated mineralization during monolayer culture of
BMSCs. This demonstrates that AC contains multiple proteins that
play a role in supressing endochondral ossification of the tissue
through different pathways, pointing to a complex regulatory
mechanism. Due to the more potent influence of GREM1 on
reducing hypertrophy and mineralization in different in vitro
models, future studies from our lab will explore its potential to
engineer phenotypically stable articular cartilage in vivo.

The supplementation of GP-specific proteins enhanced osteo-
genesis of BMSCs in amonolayer culture model. In the absence of b-
glycerophosphate, neither CLEC11A nor S100A10 were observed to
promote osteogenesis. These results suggest that, at the dosages
explored in this study, that these proteins in isolation do not pro-
mote osteogenesis, however, they can act in combination with
osteogenic factors to enhance the osteogenic phenotype. Due to
their role in the maintenance of the adult skeleton [31] and vesicle-
derivedmatrix ossification (maturematrix) [34], their effect may be
more evident in different in vitro and in vivomodels of osteogenesis
and endochondral ossification. CLEC11A was particularly potent in
promoting osteogenesis of BMSCs, which agrees with a recent
study demonstrating that recombinant CLEC11A promoted osteo-
genesis of stromal cells in culture and increased bone mass in
osteoporotic mice in vivo [31].

Taken together, the results of this study demonstrated that



Fig. 3. Effect of GP-specific proteins on BMSC osteogenesis cultured in monolayer model. a, Alizarin red staining of wells containing cells after 14 days in negative control medium
(-OM) supplemented with either CLEC11A or S100A10 at three different concentrations: 10, 50 and 100 ng/ml b, Alizarin red staining of the same groups with positive control
medium (OM) after 14 days of culture. c, Semi-quantification of red staining in b (*p � 0.05; n � 4). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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bioinformatic approaches combining Matrisome and STRING da-
tabases can help elucidate the complexity and the diversity or
uniformity of proteins across different tissues and can be useful for
identifying tissue-specific growth factors for tissue engineering and
regenerative medicine applications. It was demonstrated that AC-
and GP-specific proteins may play a key role in developing novel
strategies for engineering phenotypically stable articular cartilage
or enhancing the regeneration of critically-sized bone defects.
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