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A B S T R A C T   

Mesenchymal stem cell (MSC) migration determines the healing capacity of bone and is crucial in promoting 
bone regeneration. Migration of MSCs is highly dependent on degradation of extracellular matrix by proteolytic 
enzymes. However, the underlying mechanisms of how enzymolysis paves the way for MSCs to migrate from 
their niche to the defect area is still not fully understood. Here, this study shows that high-temperature 
requirement A3 (HtrA3) overcomes the physical barrier and provides anchor points through collagen IV 
degradation, paving the way for MSC migration. HtrA3 is upregulated in MSCs at the leading edge of bone defect 
during the early stage of healing. HtrA3 degrades the surrounding collagen IV, which increases the collagen 
network porosity and increases integrin β1 expression. Subsequently, integrin β1 enhances the mechano
transduction of MSCs, thus remodeling the cytoskeleton, increasing cellular stiffness and nuclear translocation of 
YAP, eventually promoting the migration and subsequent osteogenic differentiation of MSCs. Local adminis
tration of recombinant HtrA3 in rat cranial bone defects significantly increases new bone formation and further 
validates the enhancement of MSC migration. This study helps to reveal the novel roles of HtrA3, explore po
tential targets for regenerative medicine, and offer new insights for the development of bioactive materials.   

1. Introduction 

Migration of mesenchymal stem cells (MSCs) is a key process in tis
sue regeneration, and determines the outcome of bone defect healing [1, 
2]. Large bone defects are often unable to heal spontaneously via 
endogeneous repair mechanisms due to limited migration of MSCs to the 
defect area [3]. Therefore, enhancing MSC migration might be a 

promising strategy to promote spontaneous regeneration of larger than 
critical-sized bone defects. MSC migration is a spatio-temporally coor
dinated multi-step process that is precisely-orchestrated. Initially, 
quiescent MSCs reside surrounding sinusoids and blood vessels 
throughout the bone marrow [4]. Upon stimulation by chemokines and 
cytokines, MSCs can secrete proteases to break through and remodel 
extracellular matrix (ECM) barriers to escape from the stem cell niche 
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and potentially enter blood vessels or directly migrate to the bone 
forming area [5,6]. The most widely studied proteolytic enzymes are the 
matrix metalloproteinases (MMPs) family, which mainly display type I 
collagenolytic activities [7]. However, ECM is a complex network 
composed of approximately 300 proteins, the most represented and 
studied of those are collagens [8]. Only degradation of collagen I could 
lead to the collapse of this collagen-based microstructure and loss of 
enzymolysis-formed interconnected scaffold pores, through which MSCs 
migrate to the defect area [9]. Therefore, it is imperative to identify 
other proteinases that are involved in paving the way for migrating 
MSCs, which might provide new insights into the treatment of larger 
than critical-sized bone defects. 

The high temperature requirement A (HtrA) family, including HtrA1- 
4, is stress-related serine proteases and plays an important role in cell 
motility, death and signal transduction, embryo implantation and 
maintenance of mitochondrial homeostasis via regulation of intra- and 
extracellular protein metabolism [10–13]. Therefore, the dysfunction of 
HtrA family may lead to various pathologies, including cancer, patho
logical mineralization, neurodegenerative diseases, and arthritic disor
ders [14,15]. As a member of the HtrA family, HtrA3 has the overlapping 
biological activities with HtrA1, which was newly identified as a posi
tive regulator of osteogenesis and mineralization [16,17]. Studies have 
shown that HtrA3 is largely localized in the adult bone matrix and in
creases during bone injury [11]. Moreover, HtrA3 has been found to 
promote human trophoblast invasion during embryo implantation [18], 
and is able to degrade ECM proteoglycans, such as decorin and biglycan 
[11,19]. Therefore, we postulate that HtrA3 might be also involved in 
MSC migration and bone regeneration through ECM degradation and 
remodeling. 

Here, we found up-regulation of HtrA3 in MSCs by inflammation 
microenvironment at the leading edge of bone repair tissues during the 
early healing stage. It enhanced cellular cortical protrusions, migration, 
and osteogenic differentiation of MSCs. In-depth research showed the 
underlying mechanisms: HtrA3 selectively degraded collagen IV to 
overcome the physical barrier and increase the expression of integrin β1 
in MSCs, which improved the traction forces for MSCs to move forward. 
Moreover, integrin β1 enhanced MSC-ECM interaction to reorganize and 
stiffen cytoskeleton, thus promoting the cytoplasm-to-nuclear transport 
of YAP to improve the expression of osteogenesis-related proteins. 
Consequently, the migration and osteogenic differentiation of MSCs 
were enhanced and rapid osteogenesis in vivo was achieved upon HtrA3 
administration. Given the scarcity of knowledge on HtrA3 and the 
critical role of MSCs in tissue regeneration, coupled with the ongoing 
development of collagen IV-containing biomaterials, our study helps to 
reveal the novel roles of HtrA3, explore potential targets for regenera
tive medicine, and offer new insights for the development of bioactive 
materials. 

2. Materials and methods 

2.1. Cell culture 

The human primary cell lines, hBMSCs were purchased from Scien
Cell Research Laboratories and cultured in mesenchymal stem cell me
dium (MSCM; 7501; ScienCell Research Laboratories; Carlsbad, CA, 
USA), within a humidified chamber at 37 ◦C with 5 % CO2. 

Before cell culture for alkaline phosphatase (ALP) staining and 
Alizarin red S staining, the culture plates were coated with diluted 
Matrigel (1 mg ml− 1) for 12 h. 

2.2. Lentivirus production and transfection 

All lentiviral vectors encoding green fluorescent protein (GFP) for 
knockdown of HtrA3 were purchased from GeneChem Co., Ltd. 
(Shanghai, China). 

Sequence of shRNA: 

5′-CCGGCATCAAGATCCATCCCAA
GAACTCGAGTTCTTGGGATGGATCTTGATGTTTTT-3′ 

Cells transfected with scramble were treated as controls. 
The lentivirus vector fused with the GFP-labeled HtrA3 gene to 

upregulate HtrA3 was also purchased from GeneChem Co., Ltd. 
(Shanghai, China). The lentiviral vector with HtrA3 fusion protein 
(fused to mCherry) was constructed. 

One day before lentiviral transfection, hBMSCs were seeded in six- 
well plates at a density of 1.2 × 105 cells per well. Next, lentiviral 
vectors overexpressing HtrA3 were added together with 5 mg mL− 1 

polybrene (Gene Pharma) to the cell culture for 12 h. Then, the trans
fected cells were selected using puromycin (P8833; Sigma-Aldrich) 
treatment for 3 days. 

2.3. RT-qPCR analysis 

The total cellular RNA from hBMSCs was extracted using Trizol re
agent (Invitrogen), and reverse transcription was achieved using a PCR 
thermal cycler (Takara). Optical 96-well reaction plates (Thermo Fisher 
Scientific) and optical adhesive films (Thermo Fisher Scientific) were 
used for PCR. 

Then, the data were analyzed using QuantStudio Design & Analysis 
Desktop Software (Thermo Fisher Scientific). Differences in gene 
expression levels among the different groups were statistically analyzed. 
The primer sequences are listed in Table S1 (online). GAPDH served as 
the endogenous housekeeping control. 

2.4. Wound healing assay (including matrigel) 

hBMSCs were seeded in six-well plates. Scratches were made using a 
1 mL pipette tip when the cells formed a confluent monolayer. Then, the 
scratched monolayers were washed with phosphate buffer solution 
(PBS) in order to remove floating cells and debris. 1 ml of Matrigel (6 mg 
ml− 1) mixed with MSCM were added to the cell surface and were 
allowed to gellify for 0.5 h at 37 

◦

C. Cell migration was assessed using a 
digital inverted microscope after 24 h, with both the initial wound area 
and area covered by migrating cells being analyzed with the Image Pro 
Plus software. 

2.5. Transwell cell invasion assay (including matrigel) 

hBMSCs cell invasion assay was conducted using transwell cell cul
ture inserts (Transwell Assay System; Corning, 3422) for 24-well plates. 
The upper polycarbonate membrane was coated with Matrigel (250μg 
ml− 1). Subsequently, 1 × 104 hBMSCs cells suspended in serum-free 
medium were added to the upper polycarbonate membrane chambers 
(pore size, 8 μm). The medium with 10 % (v v− 1) fetal bovine serum was 
added to the lower chambers and incubated at 37 

◦

C. The upper poly
carbonate membrane chambers were fixed with 4 % (w v− 1) para
formaldehyde for 10 min and then stained with 0.5 % (w v− 1) crystal 
violet for 10 min at room temperature after 24 h. Then, the cells that had 
not crossed the membrane were removed with a wet cotton. The cells 
which had migrated to the underside of the inserts were captured and 
counted. All experiments were performed in triplicates. 

2.6. Alkaline phosphatase (ALP) staining and quantification 

Cells cultured for 14 days were assessed for ALP activity. ALP 
staining was performed using the nitroblue tetrazolium (NBT) and 5- 
bromo-4chloro-3-indolyl phosphate (BCIP) (NBT/BCIP) staining kit 
(C3206; Beyotime) according to the manufacturer’s instructions. And 
ALP quantification was performed using the ALP ELISA kit (A059-2; 
Nanjing Jiancheng Bioengineering Institute). 
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2.7. Alizarin red S staining and quantification 

Cells cultured for 21 days were subjected to alizarin red S staining 
and quantification. For staining, cells were fixed in 4 % (w v− 1) para
formaldehyde for 10 min and then stained with 1 % (w v− 1) alizarin red 
S (A5533; Sigma Aldrich) for 0.5 h at room temperature. As for quan
tification, the stain was extracted with cetylpyridinium chloride (52350; 
Sigma-Aldrich) for 1 h, followed by quantification through spectro
photometric absorbance readings at a wave length of 570 nm. 

2.8. Proliferation assay 

The proliferation of hBMSCs was assessed by EdU (ethynyl-deoxy
uridine) cell proliferation assay and real-time observations. The culture 
medium containing EdU was added 2 h before fixing cells. 

2.9. Immunocytochemical staining 

The samples were rinsed with PBS and fixed for 10 min in 4 % (w 
v− 1) paraformaldehyde, permeabilized for 10 min in 0.2 % (v v− 1) 
Triton X-100, and blocked for 1 h in 5 % (w v− 1) BSA at room temper
ature. Then, the samples were incubated with the following primary 
antibodies overnight at 4 ◦C: anti-HtrA3 (A14649; ABclonal), anti-YAP1 
(14074S; Cell Signaling Technology), anti-RUNX2 (12556; Cell 
Signaling Technology), anti-BMP2 (ab284387; Abcam), and anti- 
integrin β1 (ab183666; Abcam) antibodies. After washing three times 
in PBS, the samples were probed with the secondary antibodies, Alexa 
Fluor 594 (ab150080; Abcam), for 1 h in the dark. The cell nuclei were 
stained with DAPI. Images were acquired using a confocal microscope. 

2.10. Proteolysis assay of collagen IV 

250 ng recombinant Collagen IV (ab7536; Abcam) was mixed with 0, 
250, 400, 800 ng of rhHtrA3 solution (Abnova, Taiwan, China). The 
mixture was incubated at 37 ◦C. After 12 h, the mixture was collected for 
Western blot analysis. 

2.11. Live cell proteolysis assay 

hBMSCs spheroids were coated with DQ™ mixed gels containing 25 
μg mL− 1 DQ-collagen IV. Then, the spheroids were allowed to sprout for 
24 h. Proteolysis of DQ-collagen IV was observed in live cells (green 
fluorescence) under confocal microscopy. 

2.12. Ethics statement 

All procedures were performed according to established ethical 
guidelines and approved by the Institutional Animal Care and Use 
Committee of Peking University Health Science Center (No. LA2018245) 
and the Experimental Animal Research Ethics Committee of Peking 
University Department of Medicine (Approval number: DLASBD0185). 
The mice were purchased from Beijing HFK Bioscience Co. Ltd. All ef
forts were made to minimize the suffering of animals. 

2.13. Animals and surgical procedures 

For the mandible defect model, healthy 5-week-old SD rats were 
anesthetized with 1 % (w v− 1) sodium pentobarbital solution. Trephine 
(MR.229.205.040, Meissen, Germany) was used to remove a 3 mm- 
diameter bone core at the center of mandibular angle. The muscle and 
skin incisions were then closed with suture. Penicillin G was adminis
tered to prevent infection. The mandibula were harvested either 
immediately (day 0) or on the 3rd and the 7th day after surgery for 
histological analyses. 

For the calvarial defect model, a trephine drill was utilized to make 
two critical-sized full thickness bone defects (5 mm) in SD rats at the 

center of each parietal bone. The freshly-formed rat cranial defects were 
covered by osmotic pumps (Yuyan scientific instrument Co. Ltd, 
Shanghai, China), which are small enough so that they can be placed 
subcutaneously. 72 μL rHtrA3 solution was injected into the osmotic 
pump, then the flow moderator is pressed into capsules. Subsequently, 4 
μg rHtrA3 was released at a speed of 1 μL h− 1 for 3 days into the defects 
due to the osmotic pressure. Solvents provided by the manufacturer 
were used as a control. After 1, 4, and 8 weeks, the whole calvarias were 
harvested and analyzed using microcomputed tomography (μCT) and 
histology. 

2.14. Morphological observations of three dimensional cultured cells 

Vehicle and HtrA3 over-expressing cells were mixed with matrigel 
and collagen I, followed by incubation at 37 ◦C for 30 min to allow the 
mixture to gellify. The cells were captured by laser confocal microscopy 
after culture for 24 h and 72 h, respectively. The surface area, volume 
and sphericity of the cells were calculated. 

2.15. Traction force microscopy 

Traction force microscopy was performed on the uniform gels. The 
uniform gels were prepared with 0.2 μm diameter fluorescent beads and 
pre-polymer solutions containing 10 % acrylamide and 0.13 % bis- 
acrylamide crosslinker. After hBMSCs attached, the fluorescent bead 
images at 2, 4, 6, 8, 10, 12, 14 and 24 h were taken. Then the cells were 
dissolved with 0.5 % SDS. Then, bead displacement data at different 
time points were calculated from the analysis of the fluorescent bead 
images. Displacement fields were determined using iterative particle 
image velocimetry plugin in Fiji. The traction stresses were then calcu
lated using the Fourier-transform traction cytometry (FTTC) method. 

2.16. Statistical analyses 

All results were presented as the mean ± standard error of the mean 
(SEM). For analysis between two groups, two-tailed unpaired Student’s 
t-test was used. For multiple comparisons, Analysis of variance (ANOVA) 
with Fisher’s least significant difference test was used. A p value < 0.05 
was considered significant. 

3. Results and discussion 

3.1. HtrA3 is upregulated during early healing when MSCs are undergoing 
migration and differentiation 

We first investigated the expression levels of HtrA3 within the bone 
defect healing area. Mandibular defects of 3 mm-diameter were fabri
cated within the mandibular angle region of rats. Immunohistochemical 
staining was used to observe the expression and distribution pattern of 
HtrA3 at the 0, 3rd and 7th day after surgery (Fig. 1A). The expression of 
HtrA3 in strol1+ BMSCs gradually increased after surgery around the 
3rd day, but decreased at the 7th day (Fig. 1B and C). Additionally, to 
explore the expression patterns of HtrA3 during MSC migration in vitro, a 
wound was simulated with a BMSC monolayer, and then a thin matrigel 
layer was used to cover the monolayer cells to mimic the extracellular 
microenvironment (Fig. S1A). After 12 h, the expression of HtrA3 in cells 
located within the frontier area of the wound was significantly higher 
than that in the rear area, with the level of HtrA3 expression increasing 
progressively from the back to the front (Fig. S1B). When osteogenic 
differentiation of cultured BMSCs was initiated with osteogenic induc
tion medium, we found that HtrA3 expression significantly increased on 
the 3rd day, but was then downregulated on the 7th day and 14th day, at 
both the mRNA and protein levels (Figs. S1C and D). This process was 
accompanied by upregulation of osteogenic related genes and their 
corresponding protein secretion, including runt-related transcription 
factor 2 (Runx2) and bone morphogenetic protein 2 (BMP2). These 
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results thus suggest that HtrA3 might play a key role in MSCs recruit
ment and differentiation within the bone defect area. 

During the early stage of bone healing, a large number of inflam
matory factors and chemokines are released by immune cells in and 
around the defect area, which serve to recruit various cell types to 
participate in bone healing [20]. TNF-α is a principal member of this 
repertoire of inflammatory factors and has been widely used to stimulate 
pro-inflammatory conditions. We found that TNF-α expression displayed 
a similar trend as HtrA3 expression in the defect area, with an increase 
on the 3rd day and a subsequent decline on the 7th day (Fig. 1D–F). We 
thus postulated that HtrA3 expression might be induced by TNF-α to 
promote MSC mobility. HtrA3 expression of BMSCs stimulated by TNF-α 
was thus analyzed (Fig. 1G). Utilizing qPCR and immunofluorescence, 
we found that HtrA3 expression at both the protein and mRNA levels 
were significantly upregulated by TNF-α treatment in a 
concentration-dependent manner (Fig. 1H and I). Moreover, we have 
also explored the effect of interleukin-1 (IL-1) and IL-6 on HtrA3 
secretion, both of which are secreted inflammatory mediators during 
early stage of bone defect repair [21]. Similarly, qPCR, western bolt and 
immunofluorescence staining all showed that HtrA3 was also upregu
lated by IL-1 and IL-6 (Figs. S2A–C). Taken together, these results thus 
suggested that pro-inflammatory stimuli after surgery contributed to the 
upregulation of HtrA3, which might enhance the subsequent migration 
and differentiation of MSCs. 

3.2. HtrA3 enhances cellular cortical protrusions, migration, and 
osteogenic differentiation of MSCs in vitro 

Having established the upregulation of HtrA3 during the early stage 
of osteogenesis, the next step would be to investigate the effects of HtrA3 
on MSC properties, including cellular shape, mobility, proliferation, and 
differentiation. For this purpose, a lentivirus system was established to 
either overexpress or knock down HtrA3 expression in hBMSCs 
(Figs. S3A–D). MSCs morphology modulated by HtrA3 was investigated 
by examination of cellular cortical protrusions in a 3D environment. 
After implantation in a complete 3D matrix, hBMSCs in the over
expression group exhibited more cellular cortical protrusions into the 3D 
microenvironment over time (Fig. 2A). The cellular surface areas, vol
ume and sphericity were calculated with iMaris software to quantify the 
cellular shape variation. We found that HtrA3 overexpression in hBMSCs 
significantly increased the cellular surface areas and volume while 
decreasing their sphericity (Fig. 2B). By contrast, cells in the control 
group retained their spherical shape and showed smaller surface areas 
and volumes. The results demonstrated that HtrA3 affected cell sphe
ricity, spreading area and cell volume by modulating the ECM. However, 
in vitro without ECM, HtrA3 was shown to have no effect on cytoskeletal 
functions, even after binding with TCP1α (a type of cytoskeletal mo
lecular chaperone) [22]. We found that HtrA3 exerted negligible effects 
on the proliferation of hBMSCs through real-time observations 
(Fig. S4A) and EdU assays (Figs. S4B and C). 

Then, the motility of BMSCs was assessed by a modified scratch test 
and transwell test (without and with matrigel). When with matrigel, in 

Fig. 1. HtrA3 is upregulated in the leading edge of bone defect repair during the early stage of bone healing in response to the inflammatory environment. (A) 
Illustration of the rat mandible bone defect model and the various timepoints for harvesting speciments post-surgery. (B) Immunohistofluorescence staining results 
showed that HtrA3 expression in strol1+ BMSCs increased after surgery around the 3rd day and decreased by the 7th day (Scale bar: left 100 μm, right 25 μm). (C) 
Quantification analysis of relative fluorescence intensity of HtrA3 staining in (B). Immunohistochemistry staining showed HtrA3 (D) and TNF-α (E). (Scale bar: 100 
μm) (F) Quantification analysis of HtrA3 and TNF-α, indicating a similar expression pattern in the defect area. (G) Schematic of TNF-α treatment and related ex
periments. (H–I) qRT-PCR (H) and immunocytochemical staining (I) showed HtrA3 were significantly increased by TNF-α treatment in a concentration dependent 
manner (Scale bar: 25 μm). *P < 0.05. 
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the wound healing assay, we observed that HtrA3-overexpressing 
hBMSCs migrated 1.5 times closer towards the middle of the wound 
(Figs. S5A and B). The HtrA3-knockdown group resulted in less reduc
tion in the wound area (Figs. S5C and D). In the transwell assay, we 
observed that the number of hBMSCs from the upper chamber across the 
membrane in the HtrA3-overexpression group was about 4 times higher 
than the control group (Figs. S5E and F), while less cells across the 
membrane were observed in the HtrA3-knockdown group (Figs. S5G and 
H). However, when the scratch test and transwell assay were performed 

without matrigel barrier, no significant differences were found between 
the HtrA3-overexpressing versus the knockdown or control groups 
(Figs. S6A–H). Taken together, these results indicated that HtrA3 pro
moted the migration capacity of hBMSCs and that the interaction be
tween cells and extracellular matrix mediated by HtrA3 played a key 
role in this phenomenon. 

We subsequently examined the effects of HtrA3 on the osteogenic 
differentiation of MSCs. To follow the natural trend of HtrA3 expression, 
hBMSCs were treated with human recombinant HtrA3 (rHtrA3) for 3 

Fig. 2. HtrA3 enhances formation of cellular cortical protrusions, MSCs migration and osteogenic differentiation in vitro. (A) Representative microscopy images of 
control and HtrA3 over-expressing hBMSCs cultured in gel for 1 and 3 days. Images show cell nuclei (blue) and GFP expression in cytosol (green). Insets demonstrated 
3D-reconstructed micrographs of individual cells (Scale bar: 20 μm). (B) Quantitative analysis of cell surface area, volume and sphericity were performed using Imaris 
software. (C) Single cell tracking showed that HtrA3 promoted the cell migration speed of hBMSCs for 24 h. (D) Immunocytochemical staining showed that RUNX2 
and its nuclear translocation were significantly increased after rhHtrA3 treatment (Scale bar: 25 μm). (E) qPCR showed that treatment of hBMSCs with rhHtrA3 for 3 
days promoted expression of osteogenic related markers. (F–I) ALP (F and G) and ARS (H and I) staining also showed enhanced osteogenic differentiation of MSCs 
upon treatment with rhHtrA3 for 3 days (Scale bar: 0.5 mm). *P < 0.05. 
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days and the cell phenotype was analyzed by immunocytochemistry on 
the 7th day. We found that expression of BMP2, RUNX2 and its nuclear 
translocation, were significantly increased in cells cultured with rHtrA3 
(Fig. 2D and S7). Similarly, the mRNA levels of osteogenic related genes, 
including alkaline phosphatase (ALP), RUNX2, OPN and OPG, signifi
cantly increased after rHtrA3 treatment (Fig. 2E). The diversity of MSCs 
lineage specificity was corroborated by upregulation in ALP production 
(Fig. 2F and G) and alizarin red S staining (Fig. 2H and I). These results 
were consistent with previous studies that indicated the critical role of 
cytoskeletal organization in stem cell lineage specification and osteo
genic enhancement by the highly branched cellular morphology of 
BMSCs. However, we found that continuous HtrA3 overexpression 
impeded BMSC osteogenic differentiation (Fig. 3), whereas HtrA3 
knockdown enhanced the osteogenic phenotype (Fig. S8). Taken 
together, these results indicated that HtrA3 expression followed the 
natural trend enhanced osteogenic differentiation of MSCs. 

3.3. HtrA3 promotes MSC osteogenesis and migration in vivo 

After determining that HtrA3 can affect MSC lineage commitment 
specificity in vitro, we next investigated whether HtrA3 could enhance 
tissue regeneration in vivo. In order to follow the sequential regulation of 
HtrA3, osmotic pumps were used to slowly release rhHtrA3 into freshly- 
made rat cranial defects for 3 days. At 4 and 8 weeks post-surgery, 
microcomputed tomography (μCT) revealed that there was more new 
bone formation in the defect area treated with rHtrA3 (Fig. 4A). 
Quantitative analysis showed higher bone volume and bone mineral 
density (BMD) values in the rHtrA3 group (Fig. 4B and C). The promo
tion of bone regeneration was further verified by HE staining and 
Masson’s Trichrome staining. As shown in Fig. 4D, there was abundant 
tissue formation and massive bone regeneration in the defect area 
treated by rHtrA3, while thin fibroid tissue and new bone formation 
were observed on the control side. At 8 weeks post-surgery, there was 
still a large bone defect area in the control group, whereas a mature bone 
laminate embedded within the bone lacuna was observed in the rHtrA3 
group (Fig. 4E). Moreover, immunohistochemical staining was per
formed at one week post-transplantation. As shown in Fig. 4F, three 
times more BMSCs were observed in the defect area of the rhHtrA3 
versus control groups. This phenomenon thus demonstrated that rHtrA3 
promoted MSCs migration during the early stages of bone defect repair. 

Taken together, these data thus indicated that HtrA3 was beneficial to 
the aggregation of MSCs during the early stages of bone defect repair 
and promoted subsequent bone regeneration. 

3.4. HtrA3 selectively degrades ECM and increased expression of integrin 
β1 in hBMSCs 

Having established that HtrA3 enhanced BMSC migration and 
osteogenesis, and the crucial role of enzymolysis in these processes, we 
next aimed to unravel the underlying mechanisms by identifying the 
substrates of HtrA3. Under quiescent condition, MSCs with osteogenic 
differentiation potential reside in a complex 3D niche microenviron
ment, composed of type I collagen-rich connective tissue as structural 
framework and other matrices as filler. Therefore, a mixture of collagen I 
and matrigel, which served as scaffold and filling matrix respectively, 
was utilized to mimic the niche microenvironment of MSCs. Then the 
artificial ECM was treated with rHtrA3 protease or control solvent. As 
shown in Fig. 5A, the collagen I fibers formed a three-dimensional 
reticular spatial structure with many pores while the matrigel exhibi
ted a characteristic sandlike appearance. Interestingly, the cloud-like 
matrigel was obviously degraded by HtrA3, while the structural integ
rity of type I collagen fibers was maintained (Fig. 5A). By contrast, there 
was little variation after the control solvent treatment, suggesting that 
HtrA3 can degrade the ECM filler and maintain integrity of the struc
tural framework. 

The content of Matrigel is complex and are constituted of three major 
components including collagen IV [23]. Hence, we wonder if collagen IV 
serves as the specific substrate of HtrA3. To this end, we transfected 
BMSCs with lentivirus encoding HtrA3 recombinant fusion protein and 
performed a spheroid sprouting assay within DQ-collagen IV. 
DQ-collagen IV is normally non-fluorescent, while it would emit green 
fluorescence when degraded. After 24 h of culture, the red fluorescent 
HtrA3 fusion protein was observed to co-localize with green fluorescent 
collagen IV within the BMSC spheroid (white triangle arrow), thus 
indicating that HtrA3 directly degraded collagen IV (Fig. 5B). Addi
tionally, protease hydrolysis assay was performed. We found that there 
was a decrease of collagen IV after co-incubation with HtrA3 (Fig. 5C 
and D). These data thus demonstrated that type IV collagen might the 
specific substrates of HtrA3 in matrigel. 

Although ECM breakdown reduces the barrier impeding MSC 

Fig. 3. HtrA3 continuous overexpression inhibited BMSC osteogenic differentiation. (A) qPCR showed that HtrA3 overexpression decreased expression of osteogenic 
related markers. ALP (B) and ARS (C) staining showed inhibitory effects on osteogenic differentiation in the HtrA3 overexpression group (Scale bar: 0.5 mm). *P 
< 0.05. 

Y. Guo et al.                                                                                                                                                                                                                                     



Bioactive Materials 38 (2024) 399–410

405

migration, it alone is not enough to explain MSC functional variations 
induced by HtrA3 overexpression, including extensive cellular cortical 
protrusions, improved mobility and osteogenic differentiation. There
fore, it can be speculated that ECM degradation could induce outside-in 
signal transduction. Integrin is one of the most important members of 
the membrane receptor family, which mediates transmembrane signal 
transduction. Among these, integrin β1 (Itgβ1) is able to combine the 
various isoforms of α subunits and is thus the most essential cluster of 
membrane receptors. To investigate whether Itgβ1 signaling was 
enhanced by HtrA3, immunocytochemistry showed that HtrA3 over
expression promoted the expression of Itgβ1 (Fig. 5E), while the 
expression of Itgβ1 in HtrA3 knockdown-MSCs decreased significantly 
(Fig. S9). These findings thus suggest that HtrA3 can not only degrade 
ECM directly, but also remodel ECM to increase expression of Itgβ1. 

3.5. HtrA3 promotes migration and osteogenic differentiation of MSCs 
through mechanotransduction 

We next investigated how increased expression of Itgβ1 eventually 

led to changes in cell behavior and lineage commitment. Through the 
extracellular and intracellular regions, integrin connects ligands in the 
ECM to the cellular actin cytoskeleton, functioning as principal sites of 
mechanotransduction [24,25]. As shown in Fig. 2A and B, cellular 
cortical protrusions induced by HtrA3 is an indication of actin cyto
skeleton remodeling. This would therefore suggest that mechano
transduction might have a role in modulating the biological effects of 
HtrA3. To this end, we first analyzed the forces they exert on their 
surrounding microenvironment during their adhesion and the mechan
ical properties of cells after they spreading completely. Traction force 
microscopy (TFM) was used to acquire a cell traction. 

stress map consisting of different time points from the adhesion 
(Fig. 6A). The total traction force at each individual time point was 
calculated (Fig. 6B). The results showed that HtrA3 significantly 
increased the total traction forces at all time points. The maximum 
traction force exerted by MSCs overexpressing HtrA3 was over 1.5 times 
of that in the control group (Fig. 6C). Moreover, the slope of total 
traction force-time curves at the first 2 h was calculate (l2h). We found 
that l2h was higher in HtrA3 overexpressing BMSCs as compared to the 

Fig. 4. HtrA3 promoted MSC migration and osteogenesis in vivo. (A) Representative micro-CT images of critical-sized rat calvarial full-thickness defects at week 4 
and week 8 after treatment with rhHtrA3 for 3 days, indicating more new bone formation in defect area treated with rHtrA3. (B–C) Quantitative analysis of bone 
volume (B) and bone mineral density (C). (E-F) HE and Masson’s trichrome staining of histological sections. (NB, nascent bone; FT, fibrous tissue; MC, medullary 
cavity; OT, osteoid tissue; MT, mineralized tissue). (F) Immunohistofluorescence staining showed that rHtrA3 promoted MSCs migration during the early stage of 
bone defect repair (Scale bar: up 3 mm, down 50 μm). *P < 0.05. 
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control group (Fig. 6D), indicating that HtrA3 significantly increased 
both the interaction force and interaction intensity between MSCs and 
the substrate. Utilizing an atomic force microscope (AFM), we detected 
16 positions of each cell and constructed typical mechanics heatmaps. 

As shown in Fig. 6E and F, a twofold increase in cellular stiffness was 
found in the HtrA3 overexpression group, as compared with the control 
group. Blocking Itgβ1 with its neutralizing antibody absolutely elimi
nated the mechanical differences between the HtrA3 overexpression 

Fig. 5. HtrA3 selectively degrades ECM and increased expression of Itgβ1 in hBMSCs. (A) SEM images showed the fibrillar structure of collagen I and the cloud-like 
structure of Matrigel. The far right SEM images demonstrated that the fibrillar structure of the collagen-Matrigel mixture gel was exposed after HtrA3 recombinant 
protein treatment (Scale bar: 1 μm). (B) Co-localization of HtrA3 fusion protein of MSCs and degraded green fluorescent collagen IV (Scale bar: 50 μm). (C) Pro
teolysis assay results of collagen IV - HtrA3 co-culture showed the degradation of collagen IV by rhHtrA3. (D) Quantitative analysis of proteolysis assay in (C). (D) 
Immunocytochemical staining results of Matrigel-cultured hBMSCs showed that HtrA3 over-expression promoted the expression of Itgβ1 (Scale bar: 100 μm). *P 
< 0.05. 

Fig. 6. HtrA3 promotes the migration and osteogenic differentiation of MSCs through mechanotransduction. (A) The diagram of detecting traction forces with TFM. 
(B) The curves of total traction force exerted by hBMSCs in different groups at different time durations from adhesion. The maximum of total traction force and the 
slope of total traction force-time curves at the first 2 h (l2h) were shown in (C) and (D), respectively. (E) The typical mechanics heatmaps of celluar stiffness detected 
through AFM. (F) Quantitative analysis showed that celluar stiffness was increased by HtrA3 overexpression, which was abrogated by the Itg β1 antibody. (G-I) 
Immunocytochemical staining of YAP showed HtrA3 overexpression significantly increased YAP expression and its nuclear translocation, which were abrogated by 
the neutralizing Itg β1 antibody (Scale bar: 25 μm). *P < 0.05. 
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group and the vehicle group, including traction forces, l2h and cellular 
stiffness (Fig. 6A–F). Taken together, these data suggested that HtrA3 
enhanced the mechanical cues from the microenvironment to BMSCs via 
Itgβ1. 

Since the actin cytoskeleton is the primary macromolecular system 
within cells responsible for regulating cellular stiffness [9], we therefore 
examined variations in the actin cytoskeleton and its mechanoeffector, 
YAP [26], which nuclear transduction promotes osteogenic differentia
tion of BMSCs [27]. As shown in Fig. 6G–I, HtrA3 overexpression 

enhanced stress fiber formation, as well as the expression and 
cytoplasm-to-nuclear transport of YAP. Mechanotransduction blockade 
by neutralizing Itgβ1 antibody treatment reduced the formation of stress 
fibers and the YAP cyto/nuclear ratio to levels similar to the control 
group. Consistently, the mechanotransduction block also decreased the 
formation of cellular cortical protrusions, leading to a decrease in the 
cellular surface area and volume, as well as an increase in sphericity 
(Fig. 7A) and the migration of MSCs (Fig. 7B–C and Fig. S10). Consis
tently, the expression of BMP2, RUNX2 and its nuclear translocation in 

Fig. 7. Itgβ1 blocking diminishes the cellular cortical protrusions, the increased mobility and osteogenic differentiation of BMSCs induced by HtrA3 over-expression. 
(A) Itg β1 antibody treatment decreased the cell surface area and volume, while increasing sphericity in the HtrA3 overexpression group. (B–C) Single cell tracking 
showed that neutralizing Itgβ1 antibody decreased cell migration speed of HtrA3 overexpression hBMSCs. (D) The representative RUNX2 immunofluorescence 
staining of hBMSCs in different groups (Scale bar: 25 μm). (E-F) Quantitative analysis of RUNX2 nuclear transloaction and its fluorescence intensity. (G) qPCR 
analysis showed that expression of osteogenic-related genes in the rhHtrA3 group were diminished after Itg β1 antibody treatment. *P < 0.05. 
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the rHtrA3 group were significantly downregulated by treatment with 
the neutralizing Itgβ1 antibody (Fig. 7D–F and Fig. S11), indicating that 
osteogenic differentiation of BMSCs was impeded. Eventually, we found 
that the expression levels of osteogenic related genes, including ALP, 
RUNX2, OCN and OPN, were diminished by Itgβ1 blocking (Fig. 7G). 
Accordingly, these results indicated that HtrA3 enhanced the 
BMSC-ECM crosstalk and exerted its effect through mechano
transduction mediated by the Itgβ1-YAP signaling axis. 

Taken together, the exact sequence of events and molecular mech
anisms after bone defect were revealed in this study. Inflammatory 
micrenvironment is created immediately after tissue injury and in
flammatory mediators, such as TNF-α, IL-1 and IL-6, were secreted [20, 
21,28,29]. Stimulated by inflammatory factors, MSCs upregulate 
expression of HtrA3. HtrA3 selectively degrades collagen IV to overcome 
the physical barrier. Moreover, HtrA3 could also increase the expression 
of Itgβ1 in MSCs, which on one hand improves the traction forces for 
MSCs to move forward, on the other remodels cytoskeleton to promote 
osteogenic differentiation of MSCs through mechanotransduction. Spe
cifically, increased Itgβ1 enhances MSC-ECM interaction through its 
transmembrane structure, which is confirmed by the traction forces of 
HtrA3-overexpression MSCs towards their surrounding environment 
(Fig. 6A–D). Since Itgβ1 mediates physical link between the extracellular 
substrate and the actin cytoskeleton [30], increased MSC-ECM interac
tion remodels actin cytoskeleton, leading to more cellular cortical pro
trusions (Fig. 2A and B) and improved cellular stiffness (Fig. 6E and F). 
Finally, the mechanoeffector of actin cytoskeleton, YAP, transports from 
cytoplasm to nuclear, where it promotes the transcription of 
osteogenesis-related genes (Fig. 8) [26,27]. In this way, HtrA3 paves the 
way for MSC migrations and promote their osteogenic differentiation. 
Compared with other members of HtrA family, HtrA3 is still less studied 
at present, and most studies on it are focused on the tumor field. our 
study can not only reveal the novel roles of HtrA3 but also deepen our 
understanding of the underlying mechanisms of bone repair. 

MSCs are promising candidates for adult cell therapies in regenera
tive medicine. To fully exert their potential, the homing capability of 
MSCs, allowing the cells to migrate to sites of injury and inflammation 
from the stem cell niche, play an important role. The wall of the bone 
marrow niche is composed of a luminal layer of endothelial cells and an 
incomplete outer lining of adventitial reticular cells [4]. The sinusoidal 
endothelial cells express type IV collagen and laminin and various 
adhesion molecules such as integrins and selectins which are involved in 
cell migration [31]. Hence, mobilized MSCs need to break through ECM, 
including collagen IV, to migrate out of their residing niche. Subse
quently, MSCs flow in the circulatory system, polarize and scan the 
endothelium for exit cues. At the right spot, MSCs overcome the endo
thelial barrier, the endothelial basement membrane, and the pericyte 

sheath and then continue chemokine guided interstitial migration [32]. 
Type IV collagen, as one of the most abundant components, is a 
network-forming molecule and major component of the basement 
membrane [33,34]. Therefore, degradation of IV collagen by HtrA3 
contributes to MSC migration and the trans-endothelial migration during 
their systemic homing. At present, clinical applications of MSCs have 
met the biggest challenges due to their inefficient homing, with only a 
small percentage of cells reaching the target tissue following systemic 
administration [32,35]. HtrA3 might be a new target for the efficiency 
improvement of MSC homing. Moreover, various collagen IV-containing 
hydrogels, such as ECM-derived hydrogel and Collagen IV-impregnated 
hydrogels, have been prepared to promote tissue repair [36,37]. 
Considering collagen IV degradation ability of HtrA3, it might be 
included in the design of bone repair materials for regenerative medi
cine and our study may offer new insights for the development of 
bioactive materials. 

Cells are able to sense signals from the surrounding environment at 
any time to regulate the direction of their migration [4,20]. After injury, 
the concentration gradient of soluble cytokines, such as TNF-α, IL-1 and 
IL-6, is created, which decreased gradually with increased distance from 
the damaged area [21,22]. Thus, MSCs closer to the injury site would 
sense higher concentrations of cytokines and subsequently upregulate 
the expression of HtrA3. Through braking down of collagen IV and 
exerting traction forces towards ECM, HtrA3 transforms the injury sig
nals to direction information for MSCs. In this way, ECM degradation 
ability of HtrA3 also helps MSCs to control the direction during the 
process of migration and cross endothelial barrier at the required site 
during their systemic homing. 

The osteogenic differentiation of MSCs is a precisely controlled 
spatio-temporal process [38,39]. The results of this study stressed the 
importance of time-dependent HtrA3 secretion on MSC lineage fate 
commitment. HtrA3 treatment for only 3 days induced MSC osteogenic 
commitment while continuous HtrA3 overexpression hindered such 
differentiation. The ECM disintegration rather than remodeling might be 
responsible for the observed decrease in osteogenic differentiation by 
continuous overexpression of HtrA3. Therefore, the natural expression 
trends of chemokines, cytokines and proteases in vivo can provide us 
some cues for biochemical agent administration and biomaterial design 
to achieve better therapeutic effects. 

Previous studies have shown that mice lacking TNF-α have severely 
impaired fracture healing, with bone formation being delayed by several 
weeks [40,41]. While inflammation is an essential mechanism to initiate 
bone healing, an efficient and timely resolution of inflammation is 
necessary for transition to a pro-regenerative environment [42,43]. 
Dysregulated inflammation, including either decreased or elevated 
levels of inflammatory cytokines, negatively impact fracture healing and 

Fig. 8. Schematic diagram illustrating the underlying mechanisms by which HtrA3 promotes MSCs migration and osteogenesis. During the early stage of bone 
healing, HtrA3 is upregulated by inflammatory factors in MSCs and then secreted to ECM. It breaks down ECM to make room for cell movement and increases 
expression of integrin β1, thus enhancing BMSC-ECM crosstalk and osteogenic differentiation of MSCs. 
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results in increased rates of delayed bone healing and nonunion [20]. 
However, our understanding of how elevated or protracted inflamma
tory response impairs bone healing is still limited. Our present work 
sheds some light on this issue. HtrA3 was induced by inflammatory 
cytokines in a concentration-dependent manner (Fig. 1G–I). Thus, 
elevated acute or protracted inflammation results in continuous HtrA3 
production, which is proven in our study to hinder bone regeneration. 
Moreover, HtrA3 sustained knockdown favored the tosteogenic 
commitment of MSCs (Fig. S8), indicating that HtrA3 can be a new 
target for the treatment of bone defect repair under some pathological 
conditions, including osteoarthritis, type 1 diabetes, obesity, and rheu
matoid arthritis. To this end, more investigations are needed. 

4. Conclusion 

In summary, our work thus provides a deep insight into how HtrA3, a 
novel serine protease, can stimulate a pro-regenerative environment by 
mediating crosstalk between MSCs and ECM to promote the migration 
and osteogenic differentiation of MSCs. In addition, local administration 
of exogeneous recombinant HtrA3 in rat cranial bone defects signifi
cantly increases new bone formation. HtrA3 can potentially be a ther
apeutic molecule for enhancing osteogenesis in tissue repair and tissue 
engineering. 
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