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A B S T R A C T   

During skeletal development most bones are first formed as cartilage templates, which are gradually replaced by 
bone. If later in life those bones break, temporary cartilage structures emerge to bridge the fractured ends, 
guiding the regenerative process. This bone formation process, known as endochondral ossification (EO), has 
been widely studied for its potential to reveal factors that might be used to treat patients with large bone defects. 
The extracellular matrix of cartilage consists of different types of collagens, proteoglycans and a variety of non- 
collagenous proteins that organise the collagen fibers in complex networks. Thrombospondin-5, also known as 
cartilage oligomeric matrix protein (TSP-5/COMP) is abundant in cartilage, where it has been described to 
enhance collagen fibrillogenesis and to interact with a variety of growth factors, matrix proteins and cellular 
receptors. However, very little is known about the skeletal distribution of its homologue thrombospondin-4 (TSP- 
4). In our study, we compared the spatiotemporal expression of TSP-5 and TSP-4 during postnatal bone formation 
and fracture healing. Our results indicate that in both these settings, TSP-5 distributes across all layers of the 
transient cartilage, while the localisation of TSP-4 is restricted to the population of hypertrophic chondrocytes. 
Furthermore, in fractured bones we observed TSP-4 sparsely distributed in the periosteum, while TSP-5 was 
absent. Last, we analysed the chemoattractant effects of the two proteins on endothelial cells and bone marrow 
stem cells and hypothesised that, of the two thrombospondins, only TSP-4 might promote blood vessel invasion 
during ossification. We conclude that TSP-4 is a novel factor involved in bone formation. These findings reveal 
TSP-4 as an attractive candidate to be evaluated for bone tissue engineering purposes.   

1. Introduction 

Endochondral ossification (EO) is the process of bone formation via a 
transient cartilage template. This process takes place during pre- and 
postnatal skeletal development in the growth plate (GP), the primary 
and secondary ossification centers (POC, SOC) [1], and as part of the 
bone fracture healing process [2]. To summarise, EO begins with the 
formation of a cartilage template, the macroscopic shape of which 

resembles that of the bone that will be formed. This template is initially 
comprised of small chondrocytes dispersed in an abundant extracellular 
matrix (ECM). Then, in order to prepare the ECM to be remodelled, 
chondrocytes undergo a series of maturation steps. First, they increase 
their anabolic activity, proliferate and synthesise new matrix with 
abundant collagen type II (COL-II). Once completed, chondrocytes un-
dergo cell cycle arrest. At this stage, they become hypertrophic and start 
to express collagen type X (COL-X), while inducing the mineralisation 
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and degradation of their surrounding ECM. Last, most of the chon-
drocytes undergo apoptosis, and their empty lacunae become invaded 
by the multiple cell types present in the marrow. Following this, the 
tissue is vascularised, the matrix degraded and the deposition of osteoid 
occurs. 

The cartilage matrix contains numerous ECM proteins. Mechanically, 
collagen fibers confer tensile strength, and the major proteoglycan 
aggrecan provides resistance to compression via generation of an os-
motic pressure by the high charge density of its glycosaminoglycan side 
chains. Apart from these components, additional non-collagenous ma-
trix proteins form a complex network, aiding to stabilise the collagen 
network, linking it to the proteoglycan gel and promoting cell attach-
ment or distributing diverse morphogens across the matrix. One family 
of such glycoproteins are the thrombospondins. This family is composed 
of 5 members all of which possess a modular structure, and assemble 
either as trimers (subgroup A, comprising TSP-1 and TSP-2) or pen-
tamers (subgroup B, comprising TSP-3, TSP-4, and TSP-5) [3]. These 
proteins bind simultaneously to different ECM components and cellular 
receptors, to modulate cellular behaviour in a variety of contexts. The 
most studied member of this family in cartilage is thrombospondin-5 
(TSP-5), also known as cartilage oligomeric matrix protein (COMP). 
During skeletal development, TSP-5 is present across the transient 
cartilage matrix, at both territorial and interterritorial locations [4,5]. 
Among its known functions, TSP-5 assists collagen secretion [6] and 

fibrillogenesis [7] and interacts with and modulates the activity of 
different growth factors from the transforming growth factor beta (TGF- 
β) superfamily such as BMP-2 [8] and TGF-β1 [9]. 

Thrombospondin-4 (TSP-4) is a protein structurally similar to TSP-5, 
which contains an additional N-terminal heparin-binding domain [10]. 
TSP-4 levels have been described to increase in various organs, including 
cartilage [11,12] during tissue remodelling; and similar to TSP-5, TSP-4 
binds collagen [13] and controls matrix assembly [14]. In fact, their 
structural similarities are such that the presence of TSP-5 and TSP-4 
heteropentamers has been reported in tendon [15]. However, it is still 
unclear the location of TSP-4 during endochondral bone formation and 
bone repair, despite evidence supporting its presence during these pro-
cesses. During in vitro chondrogenesis, both proteins become strongly 
upregulated [16], which also occurs during the establishment of the 
secondary ossification center of the mouse [17]. In addition, TSP-4 
expression also increases during adult rat bone fracture healing, as 
documented by the microarray technique [18]. Nevertheless, the role of 
TSP-4 in the skeletal system has gained less attention than its counter-
part TSP-5, and no accurate description of TSP-4 localisation during EO 
and bone fracture repair has been reported to date. Interestingly, unlike 
TSP-5 and the other three members of the thrombospondin family (TSP- 
1 to -3), TSP-4 is the only known proangiogenic thrombospondin 
[19,20], which suggests that both proteins may play overlapping and yet 
distinct roles in the tissues where they are present. 
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Fig. 1. Localisation of TSP-5 and TSP-4 in the human growth plate. (A) Immunohistological staining of collagen type II (COL-II) and collagen type X (COL-X). (B, C) 
Immunohistological stainings of TSP-5 and TSP-4, including higher magnifications of the different zones of the growth plate. In all cases, detected proteins appear in 
red, while blue colour corresponds to the haematoxylin counterstain. RZ: Reserve zone. PZ: Proliferative zone. HZ: Hypertrophic zone. B: Bone. Dotted lines indicate 
the different layers of the growth plate. Arrows indicate cells from the marrow invading the empty chondrocyte lacunae. Scalebars: 200 μm and 20 μm (high 
magnification). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article) 
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Fig. 2. Distribution of TSP-5 and TSP-4 during the maturation of the murine growth plate. Immunohistological stainings of the mouse tibial growth plate from birth 
(P-0) until skeletal maturity (Week 16). Representative images of 3 mice per timepoint. Dotted lines indicate the different layers of the growth plate. Arrows indicate 
TSP-4 positive cells at the reserve zone. Scalebars: 100 μm. 
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To better understand the roles that TSP-4 and TSP-5 may play in 
cartilage during EO and whether they might be related to matrix 
remodelling and vascularisation, it is essential to first assess the 
spatiotemporal location of the two proteins in various contexts where 
EO takes place. In the current study we first investigated the distribution 
of TSP-4 in relation to TSP-5 during endochondral bone development 

and fracture healing. Last, because cellular invasion into the cartilage 
template is a crucial step in EO, we assessed how the two proteins affect 
the migratory behaviour of endothelial cells and bone marrow stromal 
cells. 

A Newborn, TSP-5 Newborn, TSP-4

B Week 1, TSP-5 Week 1, TSP-4

C Week 2, TSP-5 Week 2, TSP-4

**

Fig. 3. Distribution of TSP-5 and TSP-4 during the expansion of the SOC. Immunohistological stainings of the distal femoral condyle of (A) Newborn, (B) 1-week-old 
and (C) 2-week-old mice. Representative images of 3 mice per timepoint. (*) indicates SOC. Dotted box indicates region magnified on the right pictures. Scalebars: 
200 μm (left) and 50 μm (right). 
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Fig. 4. Gene expression and distribution of TSP-5 and TSP-4 during murine semi-stabilised tibia fracture healing. (A) qPCR on fracture calluses at various time points 
during bone healing, normalized to Hprt expression levels and expressed relative to expression levels in uninjured bones. For each time point analysed n = 4 to 6 
mice. Error bars represent the SD. *p < 0.05, **p < 0.01, ***p < 0.001 (vs. day 0). (B) Immunostainings of TSP-5 and TSP-4 showing representative images of 
fractures at post-fracture day 7. Representative images of 2 mice (unfractured) and 3 mice (post-fracture day 7). (&) Region of EO. (#) Region of IO. Dotted lines 
indicate the different tissues present on the image. PO: periosteum. CA: cartilage. WB: woven bone. CB: cortical bone. MU: muscle. Scalebars: 1 mm and 100 μm. (C) 
Cellular migration of bone marrow stem cells (BMSC) and endothelial cells (EC) towards recombinant TSP-5 or TSP-4. In the case of BMSC, n = 3 donors in triplicate. 
In the case of EC, n = 3–4 repetitions in triplicate. Bars indicate the SD. *p < 0.05 (vs. unstimulated). 
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2. Results 

2.1. TSP-4 localises differently to TSP-5 in the human growth plate 

The location of TSP-4 in comparison with TSP-5 was first analysed in 
two human growth plates, using sections of 1- and 1.5-year-old foot 
digits. Immunostainings confirmed the presence of COL-II across the 
entire cartilage, whereas the presence of COL-X was restricted to the 
hypertrophic chondrocyte zone (HZ) (Fig. 1A). Immunostainings 
showed that TSP-5 and TSP-4 were both present yet exhibiting differ-
ential locations across the growth plate (GP). TSP-5 localised at the 
territorial matrix of all active chondrocytes -proliferative zone (PZ) and 
HZ-, with a faint interterritorial staining in the matrix of the reserve zone 
(RZ) (Fig. 1B). TSP-4 localisation on the other hand, was pericellular and 
present exclusively in the hypertrophic zone, following a similar dis-
tribution to that of COL-X (Fig. 1A, D). Neither proteins were detected in 
the newly formed bone. 

2.2. Differential distribution of TSP-5 and TSP-4 during murine growth 
plate maturation and SOC formation 

To assess TSP-4 and TSP-5 distribution during the maturation of the 
growth plate, we studied the location of these two proteins in the mouse 
proximal tibia from birth until skeletal maturity (Fig. 2). After birth (P- 
0), before the secondary ossification centers start to develop, the carti-
laginous bone epiphyses are comprised of abundant reserve chon-
droprogenitors. At this stage of development, TSP-5 was found 
pericellularly around the chondrocytes of the columnar PZ and the HZ of 
the GP, while a very faint staining was detected in the RZ. No signal was 
present on the newly formed metaphyseal bone, but only on the carti-
lage remnants trapped inside. From the first week of age, TSP-5 was also 
observed in the RZ of the GP in addition to the PZ and the HZ, covering 
the totality of the cartilage. This distribution was maintained until 
skeletal maturity. TSP-4 on the other hand, was present exclusively in 
the HZ throughout all the stages analysed, and no signal was present in 
the newly formed bone. Only exception was observed at week 3, with 
few single positive cells for TSP-4 in the RZ, located at the outer 
perimeter of the adjacent secondary ossification center. Last, at 16 
weeks of age once skeletal maturity was reached, the GP appeared dis-
organised and the TSP-4 signal was detected pericellularly on some cells 
across the cartilage matrix. 

The differential expression of TSP-5 and TSP-4 during growth plate 
development indicated that these proteins could play a role in distinct 
stages of EO. Therefore, we analysed their expression in the SOC in more 
detail during its establishment and expansion on the femoral condyle, 
which occurs during the first 3–4 weeks of postnatal development in 
mice. For this analysis, we looked at the femoral condyle two weeks after 
birth. TSP-5 was detected across the entire epiphyseal cartilage, and was 
absent from the regions where ossification had concluded (Fig. 3). TSP-4 
on the other hand, was only detected around the hypertrophic chon-
drocytes adjacent to the ossification front, and same as TSP-5, the 
staining signal disappeared after ossification. A closer look at the areas 
where bone formation had taken place revealed that, as in the GP, cells 
from the marrow entered in contact with both thrombospondins, which 
were present in the transient cartilage remnants. 

2.3. TSP-5 and TSP-4 are present in the transient cartilage formed during 
bone fracture healing, and TSP-4 exclusively promotes the migration of 
endothelial cells 

During bone fracture healing, part of the EO program is recapitulated 
and a transient cartilage template is formed as soft callus to bridge and 
stabilise temporarily the broken bone ends. We hypothesised that both 
TSP-5 and TSP-4 might be present in the soft callus, analogous to EO 
during development. Gene expression analysis by qPCR of callus tissues 
harvested at different stages throughout the bone fracture healing 

process revealed that TSP-5 (encoded by the Comp gene) and TSP-4 
(Thbs4) both demonstrated an expression profile similar to that of the 
chondrogenic markers collagen type II (Col2a1) and collagen type X 
(Col10a1), all showing a maximum expression at day 7 post fracture, and 
then gradually decreasing (Fig. 4A, data of collagens II and X reproduced 
from Böhm et al. [21]). Interestingly, Thbs4 also displayed an initial 
upregulation in the 24 h post-fracture (Fig. 4A), suggesting that TSP-4 
could be produced early during the regenerative response to the bone 
fracture. We next analysed the distribution of TSP-4 and TSP-5 by 
immunohistochemistry (Fig. 4B). While absent from the diaphyses of 
unfractured bones, presence of both TSP-4 and TSP-5 was evident during 
fracture healing. At day 7 after fracture, TSP-5 was located throughout 
the cartilage matrix within the soft callus regions, whereas TSP-4 was 
detected only around the hypertrophic chondrocytes in the callus 
(Fig. 4B). While TSP-5 located exclusively in the cartilage, TSP-4 was 
also detected in non-cartilaginous areas of the periosteum. By 14 days 
post fracture, very sparse signal for the two proteins could be detected in 
the callus, limited to traces present within cartilage remnants that had 
not been remodelled yet into bone (data not shown). 

Since TSP-5 and TSP-4 were both present in the matrix surrounding 
hypertrophic chondrocytes, both during bone formation and fracture 
healing, we asked if any of the two proteins could act as a paracrine 
signal to promote cellular invasion of the surrounding cells responsible 
for ossification. To test this, we assessed bone marrow stromal cell 
(BMSC) and endothelial cell (EC) migration towards recombinant TSP-5 
or TSP-4 in an in vitro transwell assay. Neither TSP-5 nor TSP-4 stimu-
lated the migration of BMSCs. However, TSP-4 but not TSP-5 demon-
strated the ability to stimulate migration of ECs (p < 0.05) (Fig. 4C). 

3. Discussion 

In this study we have shown for the first time the localisation of the 
protein TSP-4, which we compared to that of TSP-5, in transient carti-
lage during skeletal development and fracture healing. We have found 
that in cartilage, TSP-4 is restricted to the hypertrophic zones, while 
TSP-5 is produced at all stages of chondrogenesis. Furthermore, we 
observed that in fracture healing, the periosteum expresses TSP-4 but 
not TSP-5. Last, of the two proteins only TSP-4 demonstrated proan-
giogenic functions, as deducted from its stimulatory effect on endothe-
lial cell migration. Taken together, these findings indicate that TSP-4 is 
present at the cellular matrix that is about to transition into bone, while 
TSP-5 might have only cartilage-specific functions, suggesting that the 
two proteins may play different roles during bone formation. 

While the location of TSP-5 was consistent with the previous de-
scriptions in human [5] and mouse growth plates [4], to date, there is 
very limited information available about the expression and localisation 
of TSP-4 in transient cartilage. However, two key investigations 
approximated the location of TSP-4. In chick embryos THBS4 mRNA 
transcripts were found adjacent to the mineralised spicules of bone of 
the growth plate, in non-osteoblast alkaline phosphatase-positive cells 
[22]. Furthermore, the presence of TSP-4 was detected in the mouse 
femoral head by mass spectrometry, and its production increased during 
the stages coinciding with the establishment of the SOC [17]. In line 
with those previous observations, we found that TSP-4 surrounded the 
growth plate chondrocytes, and that TSP-4 production increased at the 
femoral condyle during the establishment of the SOC. 

Next, we asked if TSP-4 would be present in other situations where 
EO is known to take place. Meyer et al. analysed the expression of an 
array of nerve-related genes in the fracture callus of rats. Their study 
showed that Thbs4, known to play roles in the nervous system [23], was 
upregulated during rat fracture healing with a maximum gene expres-
sion one week after fracture [24]. However, their study did not identify 
which tissue was responsible for Thbs4 expression. In our work, we 
confirmed the upregulation of Thbs4 during mouse fracture healing 
occurring 7 days post-fracture, which overlapped with that of Comp and 
other chondrogenic markers. Consistent with our results during 
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developmental bone formation, TSP-5 was present across the cartilage 
matrix while TSP-4 was associated with the hypertrophic chondrocytes. 

All five thrombospondins are indeed present at different steps on 
bone formation, and their multidomain structures allow them to 
simultaneously play both overlapping and opposing functions [25]. For 
example, TSP-1 and TSP-2 are both anti-angiogenic. On the other hand, 
while both bind latent TGF-β, TSP-1 activates it while TSP-2 acts as a 
competitive antagonist of its activation [26]. Similarly, extracellular 
TSP-4 and TSP-5 are known to interact with integrins on the cellular 
surface [12,27]. When we studied the direct effects of these two proteins 
on two cell types present in the marrow (BMSCs and ECs), the migratory 
behaviour of ECs was affected by TSP-4 but not by TSP-5, while none of 
the proteins induced the migration of BMSCs. Previous studies also 
demonstrated that both proteins have differential effects on cellular 
migratory behaviour. In cultured articular chondrocytes TSP-5 but not 
TSP-4 promotes chondrocyte attachment and migration [28,29]. These 
results point to the functional differences between TSP-5 and TSP-4, 
which combined with their different location during ossification, sug-
gests that despite their structural similarities the two thrombospondins 
may play sequential roles during bone formation. The role of TSP-4 in 
the context of endochondral ossification may thus be to facilitate the 
infiltration of other tissues into the cartilage template and to promote 
the remodelling of the matrix, similar as for what was observed at the 
blastema formed during axolotl limb regeneration [30]. 

There have been limited studies that focused on how such differen-
tial effects of TSP-4 and TSP-5 on migration are achieved. Several re-
ceptors (including integrins) have been identified but a systematic 
comparison between different TSPs should be performed in future 
studies. TSP-4 is known to promote endothelial cell migration by bind-
ing integrin α2 [20]. In addition, TSP-4 has been reported to bind via its 
N-terminal domain NOTCH1, thereby activating the Notch signalling 
cascade [31]. Activation of this signalling on endothelial cells has been 
shown to increase endothelial cell migration and invasion distance 
[32,33]. It is possible that, driven by TSP-4, both integrin and notch 
signalling pathways converge to promote cell migration. A similar 
double stimulation occurs with perlecan, another glycoprotein present 
in the cartilage matrix, but to negatively modulate angiogenesis by 
engaging simultaneously VEGFR2 and α2β1 in endothelial cells [34]. 
Because the N-terminal domains of TSP-4 and TSP-5 are highly dissim-
ilar, the differential modulation of endothelial behaviour between the 
two proteins might be something to explore in futures studies. 
Furthermore, indirect mechanisms altering the cellular migration in vivo 
may take place via the binding of TGF-β [29,35], such as those known for 
TSP-5 [9]. However, those have not been yet characterised. It would be 
of great interest to identify the signalling pathways activated that leads 
to cellular migration in response to TSP-4. 

In this work we exclusively compared the highly similar TSP-4 to 
TSP-5, as the latter has been the most characterised thrombospondin in 
cartilage. To date, no skeletal growth abnormalities have been reported 
on the knock-out mouse for TSP-5 (COMP) [37], while only a transient 
reduction of cartilage thickness has been observed in TSP-4 deficient 
animals [28]. The reason may be that the functions that both proteins 
play may partially overlap with other thrombospondins, due to the 
modular similarities. Thrombospondin 3 (TSP-3) presents a similar 
expression pattern as TSP-5, particularly in the early proliferative zone 
of the growth plate of long bones [39], and neither of them has been 
reported to have an angiogenic function. After studying the single 
knock-outs, Posey et al. reported that skeletal growth was only retarded 
in the double knock-out for TSP-3 and TSP-5 [38], and suggested 
redundant roles for the two proteins. The thrombospondin 1 (TSP-1) 
knock-out, which was also analysed in that publication, did not seem to 
overlap in its functions with TSP-3 and TSP-5. Despite the lack of studies 
in fracture healing on TSP-3 and TSP-5 knock-outs, we can only 
hypothesise that by the loss of TSP-5, the expression of TSP-3 might 
either be enough to compensate for TSP-5 function in the cartilage 
present at the soft callus. On the other hand, the antiangiogenic 

thrombospondin-2 (TSP-2) is expressed by cells in the fracture mesen-
chyme, increasing during fracture healing to regulate callus formation, 
and the TSP-2 KO mice display increased vascularisation and enhanced 
bone formation during fracture healing [40]. However, opposite to our 
observation on TSP-4, TSP-2 is not present on the cartilage callus [41]. 
This suggests that TSP-2 and -4 may play opposite roles to orchestrate 
the vascularisation and bone formation during fracture healing. Future 
studies should focus on the systematic analysis of functional differences 
and similarities between the thrombospondin family members. 
Furthermore, it would be interesting to investigate fracture healing in 
TSP-4 knock-out mice with special attention paid to the different cell 
types involved that have been shown to respond to different TSPs, such 
as endothelial cells, macrophages and neurons. 

4. Conclusions 

We have demonstrated that TSP-4 is an ECM protein detected 
exclusively in the hypertrophic chondrocyte zone of transient cartilage 
during endochondral ossification. This is different from the location of 
the structurally similar TSP-5, which is present throughout all the zones 
of transient cartilage. Its putative proangiogenic functions and ability to 
bind to different extracellular proteins, makes TSP-4 an attractive 
candidate to be considered as an accessory protein in biomaterials 
development for regenerative medicine-based applications focused on 
large bone defect repair. 

5. Materials and methods 

5.1. Human digits 

Whole toes were obtained as leftover material from 2 paediatric 
patients of 1 and 1.5 years old respectively affected by polydactyly 
undergoing removal of the extra digit. Acquisition was performed with 
implicit consent and according to the Code of Conduct for responsible 
use of human tissue in the context of health research by the Federation of 
Dutch Medical Scientific Societies www.federa.org. 

5.2. Mouse tissue collection 

C57BL/6 N mice were bred in-house at the University of Cologne. 
They were housed in individually ventilated cages at 22 ◦C with a 12-h 
light / 12-h dark schedule. Water and food were constantly available 
and daily care was ensured by the animal facility. Only males were used 
for tissue collection. All animal experiments were performed in accor-
dance with the guidelines of the German animal protection law (insti-
tutional review board Landesamt für Natur, Umwelt und 
Verbraucherschutz Nordrhein-Westfalen). 

5.3. Semi-stabilised bone fracture healing model 

Animal care and experiments were performed in accordance with the 
guidelines of institutional authorities, and formally approved by the 
Animal Ethics Committee of the KU Leuven (license agreement 
LA1210189). During the surgical procedure as described by Böhm et al. 
[21], a transverse bone fracture was induced in the left tibia of 10- to 12- 
week-old male CD1 (CRL, from Charles River Laboratories) outbred 
mice under 100 mg/kg ketamine (EuroVet) and 10 mg/kg xylazine 
(VMD) anaesthesia. In short, a longitudinal incision was made in the 
skin to expose the proximal tibia. Then, after moving down muscles at 
the tibial crest, tibia fractures were made using a Comet diamant saw 
Miniflex (6.5 mm diameter), approximately at 2 mm distal to the growth 
plate. To stabilise the fracture, a 27 G needle was inserted into the 
medullary cavity through the proximal tibia, which extended beyond 
the fracture site into the distal diaphysis. After surgery, mice received a 
3 mg injection of Vetergesic (Ecuphar). Detailed descriptions of the 
surgical procedure and healing process in this murine semi-stabilised 
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tibia fracture model can be found in Maes et al. [42,43]. To study the 
different stages of fracture healing, mice were sacrificed at several time 
points after fracture induction, and the injured legs and non-injured 
contralateral tibias were collected for analysis. 

5.4. (Immuno-)histological analysis of samples 

Samples from human origin were fixed for 24 h in 4% formalin, and 
decalcified in 10% w/v ethylenediaminetetraacetic acid (EDTA) pH 7.4 
at room temperature (RT) for three weeks with mild agitation. Samples 
from mouse origin intended to study bone development were fixed 
overnight in 4% formalin and decalcified in 10% w/v EDTA at RT for 
two weeks with mild agitation. Subsequently, in both cases samples 
were embedded in paraffin and 6 μm thick sections were collected for 
histology. Bone fracture samples were fixed overnight in 2% para-
formaldehyde at 4 ◦C, and decalcified in 0.5 M EDTA for two weeks, 
embedded in paraffin and sectioned at 5 μm. Next, TSP-4, TSP-5, COL-II 
and COL-X were detected by immunohistochemistry. 

5.4.1. TSP-5 and TSP-4 immunohistochemical stainings 
To improve antibody penetration and epitope unmasking, samples 

were treated with 10 mg/mL hyaluronidase [Sigma, Zwijndrecht, the 
Netherlands] in PBS (pH = 5.5) at RT; 15 min for mouse, and 30 min for 
human samples. Prior to primary antibody incubation, the endogenous 
peroxidase activity was blocked with 0.3% H2O2 [Sigma, Zwijndrecht, 
the Netherlands] in dH2O for 10 min at RT and blocked with 2.5% 
normal horse serum [ImmPRESS™ HRP Reagent Kit, Vector Labora-
tories, Burlingame, CA, USA] for 30 min at RT. Then, sections were 
incubated overnight at 4 ◦C with rabbit anti-rat TSP-4 antibody [11] 
(1:1000), with rabbit anti-bovine TSP-5 [44] (1:500) or with an equiv-
alent 2 μg/ml concentration of rabbit immunoglobulin fraction [DAKO 
cytomation, cat no.X0903], as negative control. All antibodies were 
diluted in 1% BSA in TBS-Tween 0.1% (TBST). The next day, sections 
were washed three times with TBST and incubated with ImmPRESS™ 
(peroxidase) polymer anti-rabbit IgG reagent [ImmPRESS™ HRP Re-
agent Kit, Vector Laboratories, Burlingame, CA, USA] at RT for 30 min. 
After another three washes with TBST, slides were revealed. For anti-
body detection, the AEC-2-component kit [DCS, Hamburg, Germany] 
was used according to the manufacturer's instructions with 3-amino-9 
ethylcarbazole as chromogen. Finally, sections were counterstained 
with Gill's haematoxylin, followed by a 10 min wash with running tap 
water. Slides were rinsed with dH2O and covered with a glass coverslip 
and Kaiser's gelatine, prepared with 9% w/v gelatine type A (Sigma, 
Zwijndrecht, the Netherlands) and 45% v/v glycerol (Sigma, Zwijn-
drecht, the Netherlands) in dH2O. 

5.4.2. COL-X immunohistochemical staining 
Endogenous peroxidase activity was first blocked with 1% v/v H2O2 

in PBS for 30 min. Then, antigen retrieval was performed with pepsin 1 
mg/ml in 0.5 M acetic acid pH = 2 at 37 ◦C for 2 h, followed by a 30 min 
incubation at 37 ◦C with 10 mg/ml of hyaluronidase in PBS. Next, un-
specific binding was prevented by 30 min incubation at RT with PBS 
containing 10% v/v normal goat serum, 1% w/v BSA and 1% w/v 
skimmed milk [ELK, FrieslandCampina, Amersfoort]. Then, either 5 μg/ 
ml of mouse monoclonal antibody anti-COL-X [X53 clone, Thermo-
Fisher, cat no. 14–9771-82] or 5 μg/ml of mouse IgG1 isotype control 
antibody [Dako cytomation, cat no.X0931] were added in PBS - 1% BSA 
and incubated overnight at 4 ◦C. Next day, slides were washed 5 times 
with PBS and a biotinylated goat anti mouse antibody [LINK, Biogenex, 
HK-325-UM) was incubated at 1:50 in PBS-1% w/v BSA supplemented 
with 5% v/v normal human serum for 30 min, which was then coupled 
to streptavidin-peroxidase [LABEL, Biogenex, HK-320-UK] for addi-
tional 30 min, 1:50 diluted in PBS. For antibody detection, the AEC-2- 
component kit [DCS, Hamburg, Germany] was used according to the 
manufacturer's instructions with 3-amino-9 ethylcarbazole as chro-
mogen. Finally, slides were rinsed 5 times with PBS, revealed and 

mounted as with the TSP-4 immunostaining. 

5.4.3. COL-II immunohistochemical staining 
Endogenous peroxidase activity was first blocked with 1% v/v H2O2 

in PBS for 30 min. Then, samples were treated for 30 min at 37 ◦C with 1 
mg/ml pronase [Sigma #P5147] and followed by 30 min at 37 ◦C with 
10 mg/ml hyaluronidase in PBS. Next, unspecific binding was prevented 
by 30 min incubation at RT with PBS containing 10% v/v normal goat 
serum and 1% w/v BSA. Then, either 0.4 μg/ml of mouse monoclonal 
antibody anti-COL-II [clone II-II-6B3, DHSB] or 0.4 μg/ml of mouse IgG1 
isotype control antibody (Dako cytomation, cat no X0931) were added 
in PBS-1% w/v BSA and incubated overnight at 4 ◦C. Next day, slides 
were rinsed 5 times with PBS and a biotinylated goat anti mouse anti-
body (LINK, Biogenex, HK-325-UM) was incubated at 1:50 in PBS-1% 
BSA supplemented with 5% v/v normal human serum for 30 min, which 
was then coupled to streptavidin-peroxidase (LABEL, HK-320-UK, Bio-
genex) for an additional 30 min. For antibody detection, the AEC-2- 
component kit [DCS, Hamburg, Germany] was used according to the 
manufacturer's instructions with 3-amino-9 ethylcarbazole as chro-
mogen. Finally, slides were washed 5 times with PBS, revealed and 
mounted as with the TSP-4 immunostaining. 

Last, images were acquired with a microscope-mounted digital 
camera (SC-30, Olympus, UK). Hue and brightness were automatically 
adjusted after acquisition using Adobe Photoshop CC 2018, following 
the recommendations described by Sedgewick [45]. 

5.5. Production of recombinant TSP-4 and TSP-5 

Recombinant production of full-length proteins was done similarly 
for TSP-5, as previously described by Ruthard et al. (2014) [46], and 
TSP-4, as described by Crosby et al. (2015) [47]. Rat cDNA sequences for 
TSP-5 (GenBank accession number NM_012834.1) and TSP-4 (GenBank 
accession no. X89963) were cloned into the episomal expression vector 
pCEP-Pu, N-terminally Strep II-tagged. The constructs were transfected 
into human embryonic kidney (HEK) 293 Epstein–Barr virus nuclear 
antigen (EBNA) cells with FuGENE HD Transfection Reagent [Roche, 
Basel, Switzerland] according to the manufacturer's instructions. Cells 
were selected with puromycin 1 mg/ml in DMEM/F12 GlutaMax [Gibco, 
Darmstadt, Germany] with 10% fetal calf serum [PAN, Aidenbach, 
Germany], 1% penicillin/streptomycin [Gibco, Darmstadt, Germany] 
and 1% amphotericin B [Gibco, Darmstadt, Germany]. Protein produc-
tion was done in DMEM/F12 with 1% FCS, 1% penicillin/streptomycin 
and 1% amphotericin B. Cell culture supernatants were harvested after 
3–4 days, centrifuged to remove cell debris and stored at − 20 ◦C with 
1.2 mM N-ethylmaleimide (NEM) and 1.2 mM phenylmethylsulfonyl 
fluoride (PMSF) to inhibit protease activity. For purification, superna-
tants were loaded onto a streptactin column [IBA, Goettingen, Germany] 
according to the manufacturer's protocol, and stored at − 20 ◦C. Last, 
purified protein concentration was assessed by the BCA assay, and mo-
lecular weight and structural integrity was assessed by polyacrylamide 
gel electrophoresis in non-reducing conditions and subsequent visual-
isation by Coomassie staining (data not shown). 

5.6. Cell culture 

Human endothelial cells (HUVECs) were purchased from Lonza and 
expanded in endothelial growth media (EGM-2), containing 2% FBS, 5 
ng/ml EGF, 10 ng/ml bFGF, 20 ng/ml IGF, 0.5 ng/ml VEGF165, 1 μg/ml 
L-ascorbic acid 2-phosphate, 22.5 μg/ml heparin and 0.2 μg/ml hydro-
cortisone [All from Promocell via Bioconnect, Huissen, the 
Netherlands]. 

BMSCs were isolated from leftover iliac crest bone chip material 
obtained from 3 paediatric patients undergoing alveolar bone graft 
surgery (with institutional consent for the use of waste surgical material 
with the option for parental opt-out and approval of medical ethics 
committee of Erasmus MC: MEC-2014-16; all male, age 9–10 years), as 
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described previously [48]. Cells were expanded in αMEM [Gibco, 
Bleiswijk, the Netherlands] containing 10% FBS [Gibco, Bleiswijk, the 
Netherlands] and supplemented with 50 μg/mL gentamycin [Gibco, 
Bleiswijk, the Netherlands], 1.5 μg/mL amphotericin B [Gibco, Bleis-
wijk, the Netherlands], 25 μg/mL L-ascorbic acid 2-phosphate [Sigma, 
Zwijndrecht, the Netherlands] and 1 ng/mL fibroblast growth factor-2 
[Bio-Rad via Bioconnect, Huissen, the Netherlands] in a humidified at-
mosphere at 37 ◦C and 5% CO2. 

5.7. Migration assays 

Migration towards recombinant TSP-5 or TSP-4 was assessed with 
modified Boyden chambers (polyethylene terephthalate cell culture in-
serts with 8 μm pore size) [Corning, Durham, NC, USA]. For this, the 
cells of interest were seeded on the upper insert membrane in 200 μl of 
their specific basal media, and allowed to migrate towards 500 μl of 10 
μg/ml of the recombinant proteins, diluted in the same basal media. 

In the case of HUVECs, basal media was EBM-2 [Lonza, Geleen, the 
Netherlands]; 5 × 104 cells from passage 5 were used per insert. Re-
combinant protein testing was carried on EBM-2, supplemented with 
1.25 mg/ml BSA [Product code 1002759876, Sigma, Zwijndrecht, the 
Netherlands]. Cells were allowed to migrate towards the lower chamber 
for 10 h at 37 ◦C. 

In the case of the BMSCs, 1.5 × 104 cells from passage 4 were seeded 
on the upper insert membrane in αMEM. Recombinant protein testing 
was carried on αMEM supplemented with 50 μg/mL gentamycin, 1.5 μg/ 
mL amphotericin B and 1.25 mg/ml BSA. Cells were allowed to migrate 
towards the lower chamber containing the recombinant proteins for 20 
h at 37 ◦C. 

After the indicated incubation times, cells on the membrane were 
fixed for 10 min with 4% formalin and cells on the upper surface were 
removed with a cotton swab, followed by 5 min DAPI staining. Migrated 
cells on each membrane were imaged with a fluorescence microscope 
[Zeiss Axiovert 200 M] in five random fields of 1.51 mm2 each, and 
automatically counted using ImageJ software. Last, the average counts 
per membrane were expressed as cells/mm2. 

5.8. Proliferation assay 

The number of HUVECs that proliferated after 24 h was investigated 
with the EdU cell proliferation kit [Baseclik, Neuried, Germany]. First, 
7500 cells/cm2 were seeded in 48-well plates in EGM-2 and allowed to 
attach overnight. Then, cell cycles were synchronised by substituting the 
media with EBM-2 supplemented with 1.25 mg/ml BSA for 8 h. Next, 
cells were stimulated with 300 μl of EBM-2 containing 10 μg/ml of either 
recombinant TSP-5 or TSP-4, 1.25 mg/ml BSA and 10 μM EdU for 24 h, 
fixed with 4% formalin and stained according to the manufacturer's kit 
protocol. To quantify proliferation, positive cells were imaged with a 
fluorescence microscope [Zeiss Axiovert 200 M] in five random fields of 
1.51 mm2 each. Total nuclei (DAPI) and EdU+ nuclei were automati-
cally counted using ImageJ software. Percentage of proliferated cells per 
field was calculated as the number of EdU+ nuclei divided by total 
nuclei. Last, total proliferation per membrane was calculated as the 
average proliferation of its five fields. 

5.9. Gene expression 

For RNA isolation of callus tissue, samples were crushed while frozen 
in liquid nitrogen and homogenized in Trizol [Sigma-Aldrich]. RNA was 
separated from proteins, lipids and cellular debris using chloroform, and 
extracted with the RNeasy Mini kit. Then, 2 mg RNA were reverse 
transcribed into cDNA, by incubation with 0.15 mg/ml Random Primers 
and 10 ml cDNA synthesis mix consisting of 2.5× buffer, 25 mM 
dithiotreitol (DTT), 1.25 mM dinucleotidetriphosphates (dNTP) and 50 
U/ml Superscript reverse transcriptase [all from Thermo Fisher Scien-
tific] according to the manufacturer's protocol. Gene expression for 

Comp, Thbs4 and Hprt was quantified using the Fast SYBR Green Master 
Mix [Thermo Fisher Scientific]. Gene expression of Col2a1 and Col10a1 
on those same cDNA samples had been already published by Böhm et al. 
[21], which we reproduced here. Primers used are listed on Table 1. 

5.10. Statistical analysis 

Experiments involving cell cultures were performed in technical 
triplicates, with the number of donors and repetitions indicated in the 
corresponding figures. Differences between in vitro experimental con-
ditions were assessed using the linear mix model with Bonferroni 
correction. Longitudinal experiments of bone fracture healing were 
analysed by one-way ANOVA, with Kruskal-Wallis test and post-hoc 
Dunn's multiple comparison test. Statistics were performed with IBM 
SPSS Statistics (version 25.0.0.1 for Windows, IBM Corp., Armonk, N.Y., 
USA), and GraphPad Prism, while the latter was also used to create the 
graphs (version 8.0.1 for Windows, GraphPad Software, La Jolla Cali-
fornia USA). 
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Table 1 
Primer list used for cDNA quantification.  

SYBR 
probes  

Comp fw: 5′- GCGCCAGTGTCGCAAGGACAA-3′; rv: 5′- 
TGGGTTTCGAACCAGCGGGC-3′

Thbs4 fw: 5′- GCCACAAGCACAGGAGACTTT-3′; rv: 5′- 
TGACCTGCTGCCTCAGAAGA-3′

Hprt fw: 5′- TGCTGACCTGCTGGATTACA- 3′; rv: 5′- 
TATGTCCCCCGTTGACTGAT-3′

Data was analysed with the Livak method (2− ΔΔCT), where normalisation was 
based on Hprt and then made relative to non-injured bones (day 0 baseline 
samples). 
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methodology. 
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