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A B S T R A C T

Bone consists of a complex mineralised matrix that is maintained by a controlled equilibrium of synthesis and 
resorption by different cell types. Hyaluronan (HA) is an important glycosaminoglycan in many tissues including 
bone.

Previously, the importance of HA synthesis for bone development during embryogenesis has been shown. We 
therefore investigated whether HA synthesis is involved in adult bone turnover and whether abrogation of HA 
synthesis in adult mice would alter bone quality.

To achieve complete abrogation of HA synthesis in adult mice, we generated a novel Has-total knockout (Has- 
tKO) mouse model in which a constitutive knockout of Has1 and Has3 was combined with an inducible, Ubc-Cre- 
driven Has2 knockout.

By comparing bone tissue from wild-type, Has1,3 double knockout and Has-tKO mice, we demonstrate that 
Has2-derived HA mainly contributes to the HA content in bone. Furthermore, Has-tKO mice show a significant 
decrease of bone integrity in trabecular and cortical bone, as shown by µ-CT analysis. These effects are detectable 
as early as five weeks after induced Has2 deletion, irrespective of sex and progress with age.

Mesenchymal stem cells (MSC) during osteogenic differentiation in vitro showed that Has2 expression is 
increased while Has3 expression is decreased during differentiation. Furthermore, the complete abrogation of HA 
synthesis results in significantly reduced osteogenic differentiation as indicated by reduced marker gene 
expression (Runx-2, Tnalp, Osterix) as well as alizarin red staining. RNAseq analysis revealed that MSC from Has- 
tKO are characterised by decreased expression of genes annotated for bone and organ development, whereas 
expression of genes associated with chemokine related interactions and cytokine signalling is increased.

Taken together, we present a novel mouse model with complete deletion of HA synthases in adult mice which 
has the potential to study HA function in different organs and during age-related HA reduction. With respect to 
bone, HA synthesis is important for maintaining bone integrity, presumably based on the strong effect of HA on 
osteogenic differentiation.

Introduction

Bone represents a mineralized connective tissue with a complex 

extracellular matrix. The tissue undergoes a permanent turnover in 
adults when it is resorbed by osteoclasts and re-synthesized by osteo-
blasts. Osteocytes are known to orchestrate this process thus ensuring 
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the functionality of the tissue [1].
Bone matrix is secreted by osteoblasts, their main matrix products 

are collagen type I (90 % collagenous proteins), osteocalcin, osteonectin, 
fibronectin, bone sialoprotein I/II, and proteoglycans (decorin, biglycan 
and lumican). Subsequently, this provisional matrix mineralizes when 
Ca2+ and phosphate ions form hydroxyapatite crystals [1]. A large 
fraction of murine bone is formed by endochondral ossification where a 
cartilagenous scaffold is converted into bone by osteoblasts.

Hyaluronan (HA) is a high molecular weight, linear, non-sulfated 
polymer of a disaccharide of glucuronic acid and N-Acetylglucosamine 
and is a major component of the cartilage. HA is a major part of the 
extracellular matrix of many organs with highest amounts in skin and 
cartilage. In bones, HA was detected in the maturational and hypertro-
phic zones of cartilages, the regional areas of the periosteum and 
endosteum (around osteoblasts, osteoprogenitor cells, and osteoclasts), 
osteocyte lacunae, and surrounding blood vessels [2]. HA is crucial 
during embryonic development enabling cell migration and differenti-
ation [3]. Importantly in cartilage, the interaction of HA with aggrecan 
and link proteins enables the unique swelling capacities of the functional 
tissue [4]. In mineralized bone, earlier studies suggest that HA is 
involved in pre-osteoblast recruitment, proliferation and differentiation 
plus osteocyte crosstalk (reviewed in [5]).

HA is synthesized by three HA synthases (Has1, Has2 and Has3) 
which are located at the cell membrane [6,7]. Unlike many other pro-
teoglycans, HA is extruded into the extracellular space without further 
modification during synthesis. There, HA can bind directly to cellular 
receptors (e.g. CD44, Lyve-1) and form a protective pericellular coat [8]. 
In addition, HA can form complex structures with other proteins and 
proteoglycans within the ECM (reviewed in [9,10]). The three Has en-
zymes show distinct expression profiles, with Has2 being the most active 
in many cells and tissues including cartilage and chondrocytes [11]. In 
vitro, both osteoblasts and osteoclasts can be a source of HA as shown in 
various models reviewed in [5].

In mice, a global, constitutive knockout (KO) of the most active 
synthase, Has2, is embryonically lethal due to failures in heart devel-
opment [3]. Both conditional overexpression and conditional knockout 
of Has2 severely perturb skeletal growth, chondrocyte maturation and 
synovial joint formation [12–14]. During embryonic growth, 
chondrocyte-derived HA is essential, as mice with Has2 deficient 
chondrocytes exhibit perinatal lethality and severe skeletal dysfunctions 
[12]. These include dwarfism, bone shortage, extensive mineralisation 
in the diaphysis, and a disorganized growth plate region with reduced 
matrix content. The authors suggested that, in embryos, the cartilage 
anlagen are not affected by Has2 knockout, but the cartilage remodelling 
by chondrocytes is severely impaired and may not be compensated by 
residual Has1 or Has3 [12]. In vitro analyses have shown that embryonic 
osteoblast differentiation is acutely sensitive to HA levels and is strongly 
regulated in a time-resolved manner [15].

Has1 and Has3 are less important for organismal development, as 
mice with constitutive knockout of Has1 and Has3 or both are viable, 
breed and grow normally. However, these mice show a mild phenotype 
in terms of bone mineralisation and strength [16]. In addition, 
compensation of Has1,3 knockout by increased Has2 expression has 
been reported in the skin of such Has1,3 knockout mice [17].

Apart from its known role in bone development, the impact of HA 
synthesis on bone maintenance in the adult organism has not been 
addressed. We developed a novel mouse strain with inducible, 
ubiquitinC-cre driven knockout of the Has2 promoter (Has2loxp/loxp- 
UbC-creERT+/-) on the background of a constitutive double knockout of 
Has1 and Has3 (Has1,3-DKO; kindly provided by Prof. E. Maytin, 
Cleveland) [17]. The resulting Has1,3-/- Has2loxp/loxp-UbC-creERT+/-mice 
lack expression of all known HA synthases (Has-tKO) upon tamoxifen- 
induced recombination. This mouse model will be used to study the 
impact of a strong HA reduction in the adult organism, as it is thought to 
be a suitable model to study the age-related decrease in HA synthesis 
that affects many organs, including bone [18].

To demonstrate the functionality of the ubiquitin promoter in this 
model, we analysed HA levels in different organs of Has-tKO mice and 
performed a phenotyping of the mice in terms of motility and energy 
expenditure. Detailed analyses of bone quality following induction of 
the total Has KO were performed in comparison to wild-type and Has1,3- 
DKO animals. Finally, we investigated the effect of abrogated HA syn-
thesis on the osteogenic differentiation capacity of bone marrow-derived 
mesenchymal stem cells (MSC) in vitro and compared the transcriptomes 
of differentiating MSC from wild-type and Has-tKO mice.

Results

To get an overview of the HA content in different organs, organs from 
adult wild-type mice were collected and the HA content per mg wet 
organ weight was determined. As expected, whole skin and serum 
contain by far the highest amounts of HA. Tibiae contain moderate 
amounts of HA (30–111 ng/mg, mean 66.9 ng/mg), as do aorta, brain, 
eye, heart and lung. Liver, kidney and spleen were found to contain the 
lowest amounts of HA (2–10 ng/mg) (Fig. 1A).

Hyaluronan is strongly decreased in serum, bones and other organs in Has- 
tKO mice

The effect of constitutive knockout of Has1,3 and additional induced 
KO of Has2 on organ HA levels was analysed by ELISA in different tissues 
(Fig. 1B). While the absence of Has1 and Has3 reduces HA levels in 
different tissues to varying degrees, the additional induced knockout of 
Has2 in the Has-tKO mice had a superior HA-reducing effect in all organs 
analysed. There were no gender-specific differences detectable in all 
cohorts used (not shown).

As previous studies have shown an impact of HA on bone develop-
ment, we investigated the consequences of the knockdown HA synthesis 
on bone in adult animals. RT-qPCR analysis of bones from wildtype mice 
indicates that Has2 mRNA is highest and Has3 is expressed at compa-
rable order of magnitude in whole bone tissue, while Has1 is only 
marginally expressed. In the knockout mice, the detectable Has-mRNA 
levels in the bone tissue follow the prediction of our genetic models 
(Fig. 2). While Has1 and Has 3 are not detectable in the KO animals, 
Has2 expression is substantially decreased in the bone after tamoxifen 
induction showing that bone tissue is also accessible to inducible Cre- 
recombination. Since the expression of the main hyaluronidases was 
not modified or altered (Supplemental Fig. 1), HA content is decreased 
probably exclusively by abrogation of HA synthesis.

Has-knockout does not affect activity, heat production and respiratory 
exchange rate (RER) in adult mice

As we have generated a new model with proposed modifications of 
the extracellular matrix that could affect the functionality of certain 
tissues, phenotyping was carried out in particular with regard to motility 
and energy consumption, since HA synthesis is an energy-consuming 
process, as it needs active glucose- and glutamine-utilizing pathways 
for the biosynthesis of its precursors N-acetyl-D-glucosamine (GlcNAc) 
and D-glucuronic acid (GlcUA) [19,20]. Initial observations revealed no 
visible differences in animals’ behaviour within their home cages. A 
more detailed analysis was performed by examining the mice in the 
PhenoMaster® metabolic screening platform. In summary, no abnor-
malities of Has-tKO, even in long-lasting triple KO, were detectable 
(Supplemental Fig. 2).

Loss of HA synthesis attenuates bone quality in adult mice

Having established an adequate reduction of Has in our mouse 
models, the bone integrity upon induction of total Has knockout in adult 
mice of different ages was compared with Has1,3-DKO and wild-type 
animals. Micro-CT analysis revealed decreased trabecular and cortical 
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bone when HA synthesis was reduced for five weeks (Fig. 3) with 
different degrees in Has1,3-DKO and Has-tKO mice.

MicroCT analysis of trabecular bones demonstrated a mild decrease 
in bone volume per tissue volume and the number of trabeculae upon 
constitutive knockout of Has1 and Has3 (Has1,3-DKO). These effects 
were drastically increased upon additional, induced knockout of Has2 
(Has-tKO) and affected all parameters of the morphometric analysis 
including bone volume, surface, trabecular thickness and separation 
(Fig. 3A,C).

The structure of cortical bone in the femur of Has-tKO mice was also 
impaired as indicated by increased bone surface per volume, enhanced 
bone porosity and reduced cortical bone cross sectional thickness 

(Fig. 3B,D). Comparing the different mouse strains, we found that the 
induced knockout of Has2 had much stronger effects on the quality of 
cortical bone than the constitutive knockout of Has1,3 in the littermates 
(Fig. 3B). However, the loss of HA did not change the bone mineral 
density measured by Calcium hydroxyapatite content of the bones 
(Fig. 3D).

The biomechanical strength of those femurs from wildtype and Has- 
tKO mice was investigated in bending experiments in order to identify 
the impact of strong HA-loss on bone stiffness. A strong reduction of HA 
synthesis resulted in a significant decrease of bending stiffness of the 
femurs (Supplemental Fig. 3).

Based on this strong phenotype of impaired bone quality in adult 

Fig. 1. Organ distribution of HA and impact of Has knockout. (A) HA content varies in different organs of adult mice. HA was measured by ELISA after enzymatic 
tissue dissociation and calculated per mg of tissue weight. (B) Knockout of HA synthases reduces HA concentration in different organs. HA content was detected in the 
indicated organs of wild-type (WT) mice, mice with a constitutive double KO of Has1 and Has3 (Has1,3-DKO) and mice with an induced complete KO of all Has (Has- 
tKO). Mice of both sexes were treated with tamoxifen at 8–10 weeks and used at 15–25 weeks of age. Each point represents one mouse. ANOVA with Tukey’s multiple 
comparison test *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001.
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male mice just five weeks after induction of the Has2 knockout we asked 
whether this phenotype might progress with age and can be observed in 
females as well. To address this question, we analysed two cohorts of 
female wild-type and Has-tKO mice. The younger cohort consisted of 
females at 25 weeks of age that had received tamoxifen 15–16 weeks 
earlier. The second cohort were females from wildtype and Has-tKO 
mice at 61 weeks of age that had lost Has2 expression for 53 weeks. 
First, similar to male mice (Fig. 3), younger female mice show significant 
bone loss in the trabecular and cortical bone of the femur upon complete 
Has knockout (Fig. 4). Next, the trabecular bones of younger Has-tKO 
mice were similar to trabecular bones of the older wild-type mice at 
61 weeks of age in terms of bone surface to volume and bone volume to 

tissue volume ratios (Fig. 4, Supplemental Table 1). Similarly, the Has- 
tKO-derived femurs had a reduced number of trabeculae and thinner 
trabecular bone at younger ages, comparable to aged wild-types 
(Supplemental Table 1). With age, the trabecular bones of both geno-
types showed signs of progressive bone loss as evidenced by the numbers 
of trabeculae, their thickness and separation. Furthermore, the signifi-
cant differences between the genotypes persisted at older ages (Fig. 4, 
Supplemental Table 1). In the cortical bone, the bone surface to volume, 
cortical thickness and bone porosity showed significant age-related 
changes with significantly impaired cortical bone values for the Has- 
tKO mice. Thus, the bone phenotype of abrogated HA synthesis can be 
observed in both sexes and progresses with age (Fig. 4, Supplemental 

Fig. 2. Knockout of Has-enzymes is reflected by strongly reduced Has mRNA expression in bones of adult mice. RT-qPCR from bone tissue from adult female mice 
after tamoxifen treatment. Has1 mRNA was not detectable in bone tissue from Has1,3-DKO and Has-tKO mice. One-way ANOVA, * p < 0.05.

Fig. 3. Knockout of HA synthases leads to impaired bone quality as detected by µCT analysis of adult mouse femurs. Images of bone material loss in (A) trabecular 
and (B) cortical bone of femurs in male Has1,3-DKO and Has-tKO mice. (C) Quantitation of bone volume/total volume (BV/TV), bone surface/bone volume (BS/BV), 
trabecular thickness (Tb.Th.), separation (Tb.Sep.) and number (Tb.N) in trabecular bones. (D) Quantitation of bone surface/bone volume, cortical cross-sectional 
thickness (Cs.Th.), closed porosity (Po(cl)) and cortical bone density. Femurs were obtained for µCT analysis from a cohort of adult male mice treated with tamoxifen 
at 8–10 weeks of age. C57Bl6 mice were treated in the same way and used as wild-type controls. Ordinary one-way ANOVA, * p < 0.05, *** p < 0.0005, **** p 
< 0.0001.
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Table 1).
The observed impaired bone quality does not appear to be due to 

increased osteoclast activity, as we did not observe differences in TRAP 
activity in trabecular bone. Bone histomorphometry showed that there 
were no differences in osteoclast numbers per bone perimeter or oste-
oclast surface per bone surface between wildtype and Has-tKO derived 
bones. Furthermore, the expression of osteoclast-related genes such as 
the essential transcription factor Nfatc1, the differentiation and activa-
tion factor RankL, Oscar or the phosphatase Trap (Acp5) did not differ 
between the genotypes (Supplemental Fig. 4).

Collectively, these data suggest that bone phenotype induced by 

abrogation of HA synthesis is similar in females and males. The effects 
are detectable as early as five weeks after introducing the full knockout 
and progress with age.

Loss of HA synthesis capacity impairs osteogenic differentiation of MSC in 
vitro

Based on previous findings showing the importance of HA during 
embryonic bone development, we asked whether a direct effect of Has 
knockout on osteogenic differentiation could lead to the observed 
reduction in bone mass and quality. Here, we investigated the 

Fig. 4. Loss of HA synthesis leads to reduced bone quality and progresses with age. Two cohorts of age-matched female mice (A-25 weeks and B-61 weeks) treated 
with tamoxifen between 8 and 10 weeks of age, were used to obtain femurs. C57Bl6 mice were treated equally as wild-type controls. µCT scans were analysed for 
bone volume/total volume (BV/TV), bone surface/bone volume (BS/BV), trabecular thickness (Tb.Th.), separation (Tb.sep.) and number (Tb.N) in femoral trabecular 
bone. Bone surface/bone volume (BS/BV), cortial cross-sectional thickness (Cs.Th.) and closed porosity (Po(cl)) were determined in femoral cortical bone. Unpaired 
t-test with Welch’s correction, * p < 0.05, ** p < 0.01, *** p < 0.0005.
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osteogenic differentiation of precursor cells depending on their Has 
expression and HA synthesis in vitro. Bone-derived MSC from untreated 
wild-type and Has-tKO mice were isolated, cultured and treated with 4- 
hydroxytamoxifen in order to establish the Has2 knockout in the Has- 
tKO-derived MSC. MSC from Has-tKO mice released significantly less 
HA into the culture medium than the wild-type MSC receiving the same 
treatment (Fig. 5A) confirming the desired knockout.

MSC were differentiated in osteogenic differentiation medium for 12 
days and the expression of Has enzymes and osteogenic differentiation 
markers (Runx-2, Tnalp1, Osterix, Osteocalcin) were analysed at days 3, 
7 and 12 of differentiation. In addition, cells were stained with alizarin 
red at days 7 and 12 of differentiation.

First, we show that the expression of Has2 and Has3 is regulated 
during osteogenic differentiation of wild-type MSC. Has2 was expressed 
at high levels that further increased during differentiation, whereas 
Has3 was detected at much lower expression levels which further 
decreased during differentiation in vitro (Fig. 5A-C). In contrast to in 
wild-type MSCs, Has2 expression did not increase in Has-tKO-derived 
MSC (Fig. 5B) and Has3 was also not expressed (Fig. 5C). Has1 was 
not detected neither in wildtype, nor in Has-tKO cells (data not shown).

Next, the mRNA expression of osteogenic differentiation markers 
was analysed after 7 and 12 days of differentiation in MSC from both 
genotypes. The expression levels of Runx-2 and Tnalp1 were signifi-
cantly lower in MSC derived from Has-tKO mice whereas the expression 
levels of Osterix and Osteocalcin were decreased by trend (Fig. 5D). The 
impaired osteogenic differentiation of Has-tKO derived MSC was further 
supported by significantly reduced alizarin red staining at both 7 and 12 
days of differentiation (Fig. 5E). We excluded reduced vitality of the 
Has-tKO MSC after 12 days of differentiation as a cause for these dif-
ferences (Fig. 5F). To gain deeper insights into the mechanisms of HA- 
mediated regulation of osteoblast differentiation, we analyzed the 
signaling mechanisms upon induction of osteoblast differentiation. As 
shown in Fig. 5G, HA deletion decreased the phosphorylation level of 
Smad1/5 in MSC from Has-tKO mice upon initial addition of osteogenic 
differentiation medium (Fig. 5G), suggesting that abrogation of Has 
expression results in impaired sensitivity to growth factors such as BMP 
[21]. Thus, fine-tuned expression of Has2 during osteogenic differenti-
ation may be important for de novo differentiation of osteoblasts.

Total Has knockout modifies the transcriptome of differentiating MSC

The differentiation experiments suggested that a fine-tuned expres-
sion of Has2 during osteogenic differentiation may be important for de 
novo differentiation of bone cells. In order to evaluate the global tran-
scriptional alterations of tHas-KO MSC during osteogenic differentia-
tion, RNAseq analysis was conducted of differentiating MSC at day 7.

205 transcripts were upregulated in wild-type MSC compared to the 
Has-tKO MSC, equivalent to a reduced expression in the differentiating 
MSC from Has-tKO mice (Fig. 6A). GO analysis revealed that wild-type 
MSC expressed higher levels of genes associated with organ develop-
ment (e.g. skeletal system, bone morphogenesis and mineralisation, 
ossification; Fig. 6B), demonstrating the impaired osteogenic differen-
tiation status of MSC from Has-tKO mice. The most relevant bone 
development genes upregulated in wild-type MSC are listed in Table 1. 
Although being excluded by the stringent selection criteria for identi-
fying differentially expressed genes during RNA-seq analysis (2fold 
differential expression and p < 0.05), the osteogenic transcription fac-
tors Runx-2 and Sp7 were also higher expressed in wild-type MSC 
(Table 1).

In addition, 297 genes were significantly upregulated in Has-tKO 
compared to wild-type control cells. MSC from Has-tKO mice were 
characterised by inflammatory activation rather than bone development 
(Fig. 6C). As shown in Table 2, upregulated genes in MSC from Has-tKO 
mice are mostly related to chemokine activity and cytokine signalling 
categories and their activities have also have been assigned to bone 
synthesis and turnover.

To validate the in vitro differentiation findings, we investigated 
whether some of these differences may be detected also in bone tissues. 
Indeed, for Lif, Osm and Cxcl3 we were able to demonstrate increased 
expression in tibiae from Has-tKO mice 5 weeks after induction of 
complete Has knockout (Fig. 6D).

Discussion

This study explored the impact of activity loss of Has and conse-
quently of HA tissue content reduction in adult mice on bone structure, 
thought to be of strong relevance during bone loss in postmenopausal 
women and ongoing age.

To achieve complete abrogation of HA synthesis in adult mice, we 
generated a novel Has-total knockout mouse model in which a consti-
tutive knockout of Has1 and Has3 was combined with an inducible, Ubc- 
Cre-driven Has2 knockout. This allows complete KO of Has at any time 
of life without the problem of induction of compensatory mechanism. In 
the present study, mice at 8–10 weeks of age were used when the major 
bone development is completed.

We demonstrated the successful reduction of Has expression and HA 
deposition in the ECM of different organs including bone. Phenotypi-
cally, the mice were unaffected in terms of motor behaviour and energy 
balance. However, the Has-tKO mice developed a strong phenotype of 
bone loss, strikingly exceeding that of Has1,3-DKO. These differences 
were detectable five weeks after induced Has2 knockout and maintained 
at later age. Importantly, in vitro studies showed an impaired osteogenic 
differentiation capacity of Has-tKO-derived MSC. Whole transcriptome 
analysis suggests that key processes of bone and matrix formation are 
impaired in the differentiating MSC upon loss of Has enzymes.

All together, these data strongly point to HA synthesis in particular 
by the Has2 as major player in bone turnover and remodelling. HA is a 
part of the extracellular matrix of many organs and can also be found in 
serum and other body fluids. During embryogenesis, Has2-synthesised 
HA is essential for bone development. Specifically, it is one of the 
major components of the hypertrophic zone in the growth plate and is 
important during chondrocyte condensation, endochondral ossification 
leading to long bone formation [12,14,22]. Has2 has been shown to be 
important for the maintenance of the cytoskeleton in chondrocytes [23]
and thus their functionality. The cytoskeleton may be regulated via HA- 
binding to the receptor CD44 and intracellular, associated proteins [24].

In contrast to studies using genetic models during embryogenesis, 
there is a lack of models analysing the effects of HA turnover in adult 
mice. The presented novel mouse model allows us to compare the effects 
of either Has1 and Has3 or additional Has2 at any interesting life situ-
ation. A great advantage of our model is that Has2 expression is blocked 
systemically after reaching juvenile adulthood and does not affect em-
bryonic development as found in previous studies [3]. One limitation of 
our model is that we cannot distinguish between the contribution of 
different cell types producing HA. With respect to bone, chondrocytes, 
osteoblasts, osteocytes, osteoclasts, bone marrow cells and endothelial 
cells could directly or indirectly contribute to the observed changes, 
since they typically synthesize HA. Moreover, HA is released into the 
extracellular space regulating surrounding cells, which might contribute 
to the phenotype. Our models allow to answer the general question of 
the role of HA in the maintenance of bone remodeling. Future studies 
have to identify in detail which cells are the main producers and re-
sponders to HA with cell-type specific knockouts.

Here, the constitutive knockout of Has1 and Has3 results in a mod-
erate reduction of resting HA content in many organs and bone. The 
significant strengthening of this effect by the additional Has2-KO sug-
gests a major contribution of Has2-derived HA to the composition of the 
extracellular matrix in agreement with results from primary cells from 
skin, lung and kidney [20,25,26]. Our model of complete abrogation of 
HA synthesis in mice precludes any compensation of the Has1,3 double 
knockout by increased Has2 expression as reported in skin of Has1,3- 
DKO mice [17]. As the expression levels of hyaluronidases are not 
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Fig. 5. Abrogation of HA synthesis impairs osteogenic MSC differentiation in vitro. (A) Regulation of HA synthesis in bone marrow-derived MSC during osteogenic 
differentiation. Amount of HA released by MSC into the culture supernatant during 48 h before addition of differentiation medium. *p < 0.05 Mann-Whitney test. (B, 
C) Gene expression of MSC at different time points with control medium or osteogenic differentiation medium. One-way ANOVA *,# p < 0.05; ***,### p < 0.001; 
****,#### p < 0.0001. (D) Gene expression levels of Runx2, Tnalp1, Osterix and Osteocalcin (Ocn) were quantified by RT-qPCR at day 7 and day 12 of differ-
entiation. (E) Alizarin red staining of MSC at day 7 and day 12 of differentiation. (F) XTT assay at day 12 of differentiation. 2way ANOVA for gene expression analysis 
and unpaired Student’s T-test for alizarin red OD. **p < 0.01; ***p < 0.001; ****p < 0.0001, (G) Reduced phosphorylation of Smad1/5 in Has-tKO-derived MSC 
upon addition of osteogenic medium. Densitometry and representative blot. n = 6, One-way ANOVA, **p < 0.01. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

Fig. 6. Has knockout in MSC results in modified transcriptomes during osteogenic differentiation. Different gene expression patterns in wild-type and Has-tKO 
derived MSC during osteogenic differentiation (A). MSC from wild-type mice are characterised by increased expression of genes related to bone morphogenesis 
(B), when Has-tKO-derived MSC show increased expression of inflammation-related genes, especially chemokines (C). Differential expression of Oncostatin m, Cxcl3 
and Lif was detected in vivo in tibiae of WT and Has-tKO mice. *p < 0.05, Student’s T-test with Welch’s correction (D).
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affected, the reduced HA concentrations in the mouse tissues are due to 
the inhibition of HA synthesis.

Despite the strong modulation of HA content in the matrix of many 
organs the knockout does not affect the overall phenotype of the mice. 
They grow and breed normally and do not differ in their voluntary ac-
tivity, suggesting that they do not experience disabilities such as oste-
oarthritis or joint pain that limit their activity. However, we cannot 
exclude that the duration of the additional Has2-KO was too short to 
evoke measurable impairments. Furthermore, the similarity in heat 
production and respiratory exchange rates does not suggest that the 
systemic elimination of HA synthesis, which is a highly energy- 
consuming process [20], results in a significant phenotype. Appar-
ently, the organism is able to compensate for the systemic loss of this 
major matrix component and putative compensatory mechanisms are of 
interest for further research and may indicate ways to counteract the loss 
of Has in therapies with glucocorticoids [27,28].

An earlier study on Has1-/-, Has3-/- or Has1,3-DKO mice reported 
differences in the retrocalcaneal bursa but did not report severe physical 
or developmental defects of their bones and cartilage [29]. Similarly, in 
our cohorts, the constitutive Has1,3 knockout mildly affects trabecular 
and cortical bone quality. The changes were mild and limited to 
trabecular bone, with a decrease in bone volume and number of 
trabeculae in the femurs. Pendyala et al. described that constitutive 
knockout of Has1 reduced bone cross-sectional area and reduced min-
eral to matrix ratio, whereas Has3 knockout resulted in increased min-
eral to matrix ratio and higher stiffness in adult mice [16].

In young adult Has-tKO mice, the reduced bone HA content was 
accompanied by diminished bending stiffness in accordance with the 
physiological function of HA e.g., stabilizing extracellular matrix 
structure by binding to proteoglycans [8]. However, the cortical bone 
density was not related to Has depletion as Calcium hydroxyapatite 
content did not differ between the mouse strains.

As bone quality is known to decline with age and postmenopausal 
women are frequently affected by these problems [28], we analysed the 
femurs of older female mice (25 weeks and 61 weeks) by µCT. The 
ageing phenomena of reduced bone quality were detected in both wild- 
type and HAS-tKO mice. In addition, complete abolition of HA synthesis 
resulted in trabecular bone characteristics in younger Has-tKO mice that 
were similar to those in aged wild-type mice (61 weeks), but progressed 
even further with age. Cortical bone was thinner in Has-tKO, which was 
further enhanced in the aged cohort. These data indicate that (i) there is 
active HA turnover in adult bone and (ii) HA synthesis and renewal are 
also important in adult mice, and that abrogation of HA synthesis results 
in bone phenotypes resembling aged bone.

These HA-related findings are in agreement with promoting osteo-
blast differentiation [30–32] and counteracting IL-1β-driven osteoclastic 
bone resorption [33] by high molecular weight HA in vitro. HA-based 
biomaterials have been shown to support the healing of critical bone 
defects [34–36], suggesting that endogenous HA is critical for bone 
regeneration.

Our data strongly suggest alterations in the osteogenic differentia-
tion of MSC. Indeed, Has2 is upregulated in differentiating wild-type 
MSC, which consistent with impaired embryonic bone development in 
conditionally Has2-depleted mice and cells [12–14]. Thus, MSC from 
Has-tKO mice show a disturbed osteogenic differentiation indicated by a 
reduced activation of the Smad1/5 signalling pathway followed by 
diminished expression of osteogenic markers compared to wild-type 
MSC detailed in Fig. 5. Currently, it remains an open question how the 
lack of HA contributes to these effects. HA loss can result in a modified 
clustering of the HA receptor Cd44 putatively leading to disturbed re-
ceptor signalling platforms [37,38]. However, Cd44 expression is not 
modified in MSC of Has-tKO mice.

Although the in vitro differentiation model is rather simple and lacks 
3D structure and niche components, the RNAseq data at day 7 of dif-
ferentiation (Tab.1) show a decreased expression of genes critically 
involved in bone growth such as Sox9 [39], Fzd9 [40], Ibsp [41], Fgfr3 

Table 1 
Ossification-related genes, significantly upregulated in MSC from WT mice at 
day7 during osteogenic differentiation in vitro.

GENE DESCRIPTION Nfold 
WT/Has- 
tKO

p 
Value

Alpl Alkaline phosphatase, tissue-nonspecific 
isozyme

2.52 0.014

Cbs Cystathionine beta-synthase 5.08 0.015
Clec3a C-type lectin domain family 3 member A 5.06 0.032
Col10a1 Collagen alpha-1(X) chain 2.73 0.010
Cthrc1 Collagen triple helix repeat-containing protein 

1
2.13 0.030

Fgfr3 Fibroblast growth factor receptor 3 2.21 0.001
Fzd9 Frizzled-9 2.49 0.031
Ibsp Bone sialoprotein 2 2.31 0.009
Lrrc17 Leucine-rich repeat-containing protein 17 2.01 0.002
Phospho1 Phosphoethanolamine_phosphocholine 

phosphatase
3.29 0.014

Pth1r Parathyroid hormone_parathyroid hormone- 
related peptide receptor

2.46 0.017

Smpd3 Sphingomyelin phosphodiesterase 3 4.01 0.033
Sox9 Transcription factor SOX-9 2.13 0.002
Runx-2 Osteogenic transcription factor 1.52 0.023
Sp7 Osterix (bone specific transcription factor) 1.89 0.083

Table 2 
Genes, significantly upregulated in MSC from Has-tKo mice at day7 of osteo-
genic differentiation in vitro representing chemokine related interactions and 
cytokine signalling.

PROCESS GENE DESCRIPTION Nfold 
Has- 
tKO/WT

p 
Value

Chemokine 
receptors bind 
chemokines

Ccl20 C-C motif chemokine 20 71.35 0.033
Ccl3 C-C motif chemokine 3 8.86 0.023
Ccl4 C-C motif chemokine 4 8.03 0.005
Ccr2 C-C chemokine receptor 

type 2
8.89 0.021

Ccr5 C-C chemokine receptor 
type 5

3.67 0.005

Ccrl2 C-C chemokine receptor- 
like 2

5.51 0.048

Cx3cl1 Fractalkine 2.11 0.007
Cxcl2 C-X-C motif chemokine 2 6.53 0.002
Cxcr4 C-X-C chemokine 

receptor type 4
2.15 0.002

Cytokine 
Signaling in 
Immune 
system

Clcf1 Cardiotrophin-like 
cytokine factor 1

2.28 0.028

Dusp6 Dual specificity protein 
phosphatase 6

2.73 0.0006

Ebi3 Interleukin-27 subunit 
beta

2.38 0.016

Hck Tyrosine-protein kinase 
HCK

3.50 0.026

Il21r Interleukin-21 receptor 3.75 0.022
Lif Leukemia inhibitory 

factor
5.16 0.004

Nfkb2 Nuclear factor NF-kappa- 
B p100 subunit

2.53 0.015

Osm Oncostatin-M 4.07 0.031
Ptpn6 Tyrosine-protein 

phosphatase non- 
receptor type 6

2.1 0.003

Relb Transcription factor RelB 2.02 0.0003
Ripk2 Receptor-interacting 

serine_threonine-protein 
kinase 2

2.18 0.046

Sla Src-like-adapter 2.03 0.039
Socs3 Suppressor of cytokine 

signaling 3
2.15 0.003

Tnf Tumor necrosis factor 3.46 0.011
Tnfrsf12a Tumor necrosis factor 

receptor superfamily 
member 12A

2.19 0.008
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[42], Smpd3 [43] These differences compared to wild-type MSC very 
likely cause the disturbed bone architecture in Has-tKO mice observed 
by µCT.

On the other hand, the Has-tKO induces a strong phenotype of che-
mokine secretion and cytokine signalling. in differentiating MSC [44]. 
The significantly induced leucemia inhibitory factor (Lif) represses 
osteoblast differentiation in fetal rat calvarial system related to Has2 
expression [15]. Thus, the induction of Lif in the differentiating MSC 
from the Has-tKO mice is consistent with the observed phenotype of 
trabecular and cortical bone. Many of the induced chemokines and cy-
tokines in Has-tKO-derived MSC shown in Table 2 are related to bone 
loss (IL-21 [44]) or impaired bone growth (Relb and NfkB2 [45]). These 
in vitro findings could be verified in vivo by gene expression analysis in 
tibiae of Has-tKO mice. The increased expression of Clcf1 by MSC from 
Has-tKO could have paracrine effects on osteoclast progenitors, repres-
sing there the nuclear factor-κB pathway and osteoclast activity [46], 
which may contribute to the unchanged osteoclast phenotype observed 
by bone histomorphometry and gene expression of osteoclast markers in 
these mice.

Bone turnover depends on a regulated balance between osteoclast 
and osteoblast activity, with osteoclast activity also being important for 
the subsequent bone remodelling by osteoblasts. The role of HA in this 
interplay is not clear, with conflicting data in the literature, possibly due 
to the in vivo model or in vitro culture conditions used. Broadly speaking, 
high-molecular-weight-HA is considered to be pro-osteogenic and in-
hibits osteoclastogenesis as has been found in a model with systemic 
application of HA to ovariectomiced rats [47].

In the same line of evidence, in vitro findings show that glucosamine 
supports Has-expression, HA synthesis and osteoblastic cell differentia-
tion, but decreases the expression of receptor activator of NF-κB ligand 
(RANKL), which would induce osteoclastogenesis [48]. The inhibition of 
RANKL through the Rho kinase pathway is a mechanism involving 
CD44-HA interaction [49].

This interaction of HMW-HA with its receptor Cd44 is putatively 
involved in the balance of osteoblast and osteoclast activity. Thus, Cd44 
is important for osteoclast differentiation in vitro, as shown in studies 
using bone marrow-derived osteoclasts from wildtype and Cd44-/- mice. 
Here, Cd44-knockout impaired NfKB signalling and the subsequent 
formation of RANK-Traf6 complexes [50]. On the other hand, differ-
entiated osteoclasts bind HA in vitro via Cd44, leading to down-
regulation of proteases, increased phosphorylation of Pyk2 and p38, and 
consequent downregulation of the critical transcription factor Nfatc1 
[51]. Interestingly, the effect of Cd44 seems to be strongly dependent on 
the experimental conditions, as no differences in the number of multi-
nucleated cells or in bone resorption were observed when osteoclasts 
were generated in vitro on bone tissue instead of on plastic. [52].

Many effects of HA depend on their molecular size. Chang et al. [53]
investigated the effect of exogenous HA of different sizes on osteoclas-
togenesis in vitro. In their model, HMW-HA suppressed osteoclasto-
genesis depending on Toll-like receptor 4 (TLR4). HA sized below 230 
kDa induced the osteoclast TRAP activity. Moreover, antibody-mediated 
Cd44 blocking did not affect the HA effects supporting the findings by de 
Vries et al. [52]. In an in vivo mouse model of calvarial bone resorption 
HMW-HA could decrease RANKL-induced bone erosion and osteoclas-
togenesis [53]. As above, Low Molecular Weight-HA has been shown to 
enhance osteoclast formation and function [54]. It acts mainly through 
TLR4 which was found to be essential for osteoclastogenesis [55]. 
However, LMW-HA also could inhibit osteoclast differentiation of 
RAW264.7 cells reducing their TRAP activity and expression of osteo-
clast marker genes in vitro [56]. In our Has-tKO mice, presumably also 
the amount of LMW-HA is decreased what might influence the rate of 
TLR4 signalling, especially in unchallenged mice. Similar to our find-
ings, a conditional Has2-KO in chondrocytes resulted in a severe bone 
phenotype, but did not modify the detected number of osteoclasts in 
mouse embryonal bones at E18.5 [12]. We could not find differences in 
expression levels of osteoclast markers like Nfatc1, Trap (Acp5), or 

Oscar in bone of Has-tKO mice and in TRAP staining of femurs (Suppl. 
Fig. 4), suggesting that the observed bone loss does not result from 
increased bone resorption but more likely from compromised osteo-
genesis. However, further investigations are required to decipher the 
role of osteoclast activation and bone resorption in this regard.

Taken together, we have developed a unique set of mouse strains that 
allow us to dissect the impact of individual HA synthases on tissue ar-
chitecture, stability and function in adult mice. In addition, patho-
physiological processes such as inflammation, tissue repair or ageing can 
be studied with respect to the role of individual HA-synthases at the 
whole organism level, but also at the level of key cell types involved.

In mouse bone, our data indicate that Has2 and Has3 are the pre-
dominant HA synthases and that sufficient HA synthesis is essential for 
maintaining bone quality in vivo. Mechanistically, abrogated HA syn-
thesis affects the osteogenic differentiation of stem cells, leading at least 
in part to the observed phenotype. Future research utilizing our mouse 
models may provide answers to the physiological and pathological 
decline of HA levels as a contributor to age-related bone disease.

Materials and Methods

Mice

The generation of the Has2fl/fl mice was first described in [57]. A 
modified Cre recombinase, linked to a mutated estrogen receptor 
(CreERT2) under the control of the ubiquitously expressed ubiquitin C 
promotor (UbC) was used to generate an inducible knockout of Has2 
(Has2-cKO) [57]. The Has1,3-DKO mice were generously provided by 
the lab of E. Maytin (Cleveland Clinic, Cleveland OH) and have consti-
tutive Has1− /− , Has3− /− allele distribution in the whole body. These 
mice do not exhibit any apparent developmental abnormalities and have 
normal life span [17] and breeding efficiency.

Has2cKO as well as Has1,3 DKO mice were used to create the Has- 
tKO mice, by crossing Cre+/- Has2-cKO mice with Has1,3-DKO mice. 
Heterozygous F1 generations were mated to finally obtain Has1− /− ; 
Has3− /− ; UbC-CreERT2+/- Has2fl/fl animals. In the following, the C57/ 
BL6-Has1,3KO- UbC-CreERT2+/--HAS2fl/fl lineage was used as Has-tKO 
and Cre negative animals (UbC-CreERT2-/-) represent the Has1,3 DKO 
mice. The wildtype controls were of the parental C57Bl6J strain and 
treated in parallel.

All animal experiments were performed following institutional and 
state guidelines and approved by the Committee on Animal Welfare of 
Saxony (TVV 54/20, TVV 26/19, T05/20). Mice were kept under a 12- 
hour light–dark cycle and given food and water ad libitum. The mice 
were under routine surveillance for pathogens. Mice at age of 8–10 
weeks were injected i.p. with tamoxifen (25 mg/ml in sunflower seed oil 
(Sigma T5648 and S5007 respectively, 100 µl per injection for 5 days) 
followed by a resting phase of minimal 5 weeks to establish the Has2- 
knockout.

Phenotypic investigation

The PhenoMaster® (TSE-Systems, Berlin Germany) was used to 
monitor mice of all strains, in parallel with a high resolution for 
voluntary wheel activity, calorimetry and standard chow consumption 
(SC) (EF V1534-000, Sniff Spezialdiäten GmbH). Oxygen consumption 
and carbon dioxide production were measured through an open-circuit 
indirect calorimetry system in eight individual cages used to calculate 
the respiratory exchange ratio (RER). Oxygen and carbondioxide sensors 
were calibrated with calibration gas mixtures of CO2 and O2 in N2 (Air 
liquid Deutschland GmbH, Germany) and the sample airflow. Mice (25 
weeks old) were adapted for 12 h in the light phase in the metabolic 
cages and monitored for 3 dark and 3 light phases. Mice (61 weeks old) 
were monitored for two light and dark phases, each. The data of dark 
and light phases were combined.
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Assessment of bone by MicroCT (µCT]

Femurs were fixed for 48 h in 4 % paraformaldehyde (Carl Roth, 
P087.5) and then dehydrated in 80 % ethanol. MicroCT measurements 
were carried out on femur bones with the SkyScan1176 μCT (Bruker, 
Billerica, MA, USA) using a 50 μm aluminum filter at 50 kV, 500µA, 9 μm 
voxel size and a 1◦ rotation step. The analysis of trabecular and cortical 
bone volume per total volume (BV/TV), thickness (Tb.Th and Ct.Th for 
the trabecular and cortical thickness, respectively), and cortical porosity 
(Ct.Po) was performed using established analysis protocols and the µCT 
parameters were reported according to international guidelines [58]. 
For tissue mineral density measurements the bones were rehydrated in 
PBS and phantoms of 0.25 g and 0.75 g CaHA/cm3 (Bruker) were 
scanned the same day for calibration.

Biomechanical testing: Reference-point analysis and three-point bending 
test

Femurs were shock-frozen in liquid nitrogen and stored at − 80 ◦C. 
The bones were thawed 5 min before reference-point indentation (Bio-
Dent2, ActiveLife Scientific). Bones were stabilized using an ex vivo 
small bone stage filled with PBS to avoid sample drying. The reference 
probe was located at the anterior side of the femur shaft, and indentation 
measurements were performed (2 N, five cycles) in triplicate for each 
bone sample by lifting up of the measurement head unit and movement 
of the sample by a minimum. The first cycle indentation distance (CID 
1st) and total distance increase (TID) were calculated. Immediately af-
terward, the bone samples were mechanically tested in a non- 
destructive three-point bending test (Zwick material testing machine). 
Load was applied at the anterior site of the femoral shaft, and the 
bending stiffness was calculated using the slope of the load–deflection 
curve.

Purification, culture and osteogenic differentiation of BM-derived MSC

MSC were purified from femora and tibiae of the hind legs of wild-
type and Has-tKO mice as described previously [59]. The cells were 
cultured for 4 passages in a-MEM (Lonza, 12–169) supplemented with 
stabilized glutamine (ThermoFisherScientific, 25030081) and 10 % FCS 
(anprotec, AC-SM-0190). Addition of 4-hydroxytamoxifen (2 mM, 
Hycultec, HY-16950) for 48 h during passages 2 and 3 introduced the 
inducible knockout of Has2 in the cells which was verified by HA-ELISA 
of the supernatants and Has2-qRT PCR. Osteogenic differentiation was 
induced with the StemXVivo Osteogenic medium and supplement 
(Biotechne, CCM007/9) for 12 days with medium exchange every 3 
days.

Calcification was verified by Alizarin red staining. Cells were washed 
with PBS, fixed in 10 % paraformaldehyde for 15 min at RT, washed 
with a.d., and stained with Alizarin red solution (Sigma, TMS-008-C). 
After several washes with water, the cells were photographed with a 
BZ-800x microscope (Keyence). Later, the dye was solubilized by 100 
mM hexadecylpyridinium chloride monohydrate (Sigma, 840008) for 
30 min, and absorption at 540 nm was measured at a BioTek Synergy HT 
microplate reader (BioTek Instruments) [59].

Phosphorylation analysis

Undifferentiated, hydroxytamoxifen treated MSC were plated into 12 
wells (1.5x106 per well). After 24 h of culture in complete aMEM, the 
medium was replaced with StemXVivo Osteogenic Medium and Sup-
plement for 30 min. Cells were lysed with SDS cell lysis buffer (Cell 
Signaling Technologies) and subjected to Western blotting on PVDF 
membrane (Merck-Millipore). Phosphorylated Smad 1/5 (Cell signalling 
technologies, #9516) was detected with goat anti-rabbit-800 secondary 
antibody (LICORbio #926–32211); equal loading was verified with 
Revert™ 520 total protein stain (LICORbio #926–10011) and b-actin 

reference gene (LICORbio #926–42212) was detected with goat anti- 
mouse680RD (LICORbio #926–6807) on a LICORbio DLX scanner. For 
quantification, the pSmad 1/5 signal was divided by the b-Actin signal.

RNA isolation and gene expression analysis

RNA was isolated using the column extraction kit ReliaPrep™ RNA 
Miniprep System (Promega, Z6112). Bones were minced in lysis buffer 
and the purification procedure was finished according to manufacturer’s 
protocol. The same kit was used to purify RNA from cultured MSC. The 
concentration and purity of the RNA solution was measured by spec-
trophotometer (BIOTEK Synergy HT equipped with a special nanoplate).

300 ng RNA was subjected to reverse transcription to complementary 
DNA (cDNA) with the LunaScript® RT SuperMix Kit (NEB, E3010L). For 
gene expression analysis, cDNA was diluted by the addition of 80 µL 
nuclease-free water (1:5 dilution) before storage at − 80 ◦C.

The qPCR of the cDNA was performed using Luna® Universal qPCR 
Master Mix (NEB, M3003E). Plasmids (pJet1.2, ThermoFisherSci) con-
taining cloned cDNA of the respective GOI were used for absolute 
quantitation from a standard curve. The reference gene Rplp0 was used 
as control and a melt curve was generated to control amplification 
specificity. Primer sequences are given in Suppl.Tab.2.

RNA sequencing analysis of cultured MSC under osteogenic differentiation

RNA from MSC at day 7 of osteogenic differentiation (n = 4 per 
group) was purified with the Reliaprep RNA purification system 
(Promega). RNA integrity and concentration were examined on an 
Agilent Fragment Analyzer (Agilent Technologies, Palo Alto, CA, USA) 
using the HS RNA Kit (Agilent 5067–1513) according to the manufac-
turer’s instructions.

RNA sequencing was performed at the Core unit DNA technologies of 
the Leipzig University (Dr. K. Krohn). Briefly,100 ng of total RNA was 
depleted of ribosomal RNA using the NEBNext® rRNA Depletion Kit v2 
(NEB) according to the instructions of the manufacturer. Depleted RNA 
was transcribed using SuperScript IV reverse transcriptase (Thermo-
Fisher, 18090200) for 2 h at 55 ◦C. After second strand synthesis (Tar-
getAmp kit, Epicentre), DNA was treated with the Illumina Tagment 
DNA TDE1 Enzyme and Buffer Kits, which fragments the DNA and in-
serts partial sequencing adapter (Nextera) sequences. Final PCR ampli-
fication of the libraries was done using KAPA HiFi HotStart Library 
Amplification Kit with unique dual indexing by IDT® for Illumina 
Nextera DNA Unique Dual Indexes Sets. The purified barcoded libraries 
were quantified using Qubit Fluorometric Quantification (Thermo-
Fischer Scientific). The size distribution of the library DNA was analyzed 
using the FragmentAnalyzer (Agilent). Sequencing of 2x150 bp was 
performed with a NovaSeq6000 sequencer (Illumina) according to 
manufacturer’s instructions. After demultiplexing with bcl2fastq soft-
ware (Illumina, v2.20) and polishing using fastp [60] only sequences 
longer than 20 bp were further analyzed. Reads were mapped against 
the mouse reference genome (GRCm39) using HISAT2 [61]. Stringtie 
and the R package Ballgown [62] were employed to calculate differen-
tial expression. Expression data were normalized using the DESeq2 R 
bioconductor package [63]. For data analysis, a total of 53,600 genes 
were counted. The mean of signal strength of wild-type and Has-tKO, p- 
value (Student’s t-test) and x-fold change were calculated. Genes be-
tween 0.5 and 2-fold change and a p-value < 0.05 were put into GO- 
biological process and reactome pathway analyses [64,65]. Resulting 
hits were log2-transformed and plotted in the heatmap using Graphpad 
Prism10.0.2.

HA-quantification (HA-ELISA)

For direct quantification of HA, tissue samples were taken, shortly 
dried on filter paper and weighted (wet-weight). For tissue lysis, samples 
were incubated with 20 U/mL Protease from Streptomyces griseus 
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(Sigma, P5147) and 5 mM deferoxamine mesylate salt (Sigma, D9533) 
dissolved in HA-prep buffer (150 mM Tris, 150 mM NaCl, 10 mM CaCl2, 
pH = 8.3). Bones were mechanically disrupted with steel beads in 
digestion buffer. After shaking overnight at 55 ◦C, the protease was 
inactivated by heating at 95 ◦C for 10 min. Afterwards, the lysate was 
centrifuged at 20,000 × g at 4 ◦C for 15 min. Alternatively, cell culture 
supernatant from equal cell numbers seeded was collected after 48 h and 
analysed. Finally, HA- concentration was quantified using a commercial 
HA-ELISA Kit (TECOmedical, TE1017-2) according to the original 
protocol.

TRAP staining

Femurs were fixed in 4 % paraformaldehyde for 48 h, decalcified in 
EDTA (20 %) for two weeks, dehydrated and embedded in paraffin. 
Paraffin sections were rehydrated and stained using the TRAP staining 
kit according to the manufacturer’s protocol (CosmoBio, Japan, AK04F). 
Specimens were counterstained with Haemalaun und coverslipped with 
Aquatex (Merck). Specimens were visualised using a Keyence BX-800 
microscope and firmware (Keyence, Germany).

Viability testing (XTTII)

Cell proliferation/vitality was measured with a cell proliferation kit 
II (XTT) (Roche). 2 thousand cells were seeded in a 96-well cell culture 
plate. Cells were cultivated in aMEM (10 % FCS, 1 % P/S, glutamine) at 
37 ◦C, 5 % CO2 and 95 % humidity for 24 h. Next day the medium was 
replaced with aMEM (0.5 % FCS, 1 % P/S, Glutamine) for 24 h in order 
to synchronize the cells. After synchronization, the medium was 
replaced back to normal growth medium for 48 h. Medium was replaced 
with medium containing XTT reagent (0,3mg/ml final conc.) and the 
absorbance (OD 452/650 nm) was measured immediately after addition 
and 2 h of incubation.

Statistical analysis

Statistical analysis for two-group comparisons regarding normally 
distributed metrical data was performed using two-tailed Student’s t 
test. Normality was tested by D’Agostino & Pearson’s Normality test or 
Shapiro-Wilk-Test (n ≤ 4). Where normality was absent, Mann-Whitney 
test was used. For statistical comparison of more than two groups, 
ANOVA Test was used. Calculations were done using GraphPad Prism 
version 10. p-values of 0.05 or smaller were considered statistically 
significant. The different degrees of significance were indicated as fol-
lowed: * p < 0.05; ** p < 0.01; *** p < 0.005, **** p < 0.0001.
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