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Abstract: Discoidin domain receptor 1 (DDR1) is a collagen receptor that belongs to the receptor
tyrosine kinase family. We have previously shown that DDR1 plays a crucial role during bone
development, resulting in dwarfism and a short stature in osteoblast-specific knockout mice (OKO
mice). However, the detailed pathophysiological effects of DDR1 on bone development throughout
adulthood have remained unclear. This study aims to identify how DDR1 regulates osteoblast and
osteocyte functions in vivo and in vitro during bone development in adulthood. The metabolic
changes in bone tissues were analyzed using Micro-CT and immunohistochemistry staining (IHC)
in vivo; the role of DDR1 in regulating osteoblasts was examined in MC3T3-E1 cells in vitro. The
Micro-CT analysis results demonstrated that OKO mice showed a 10% reduction in bone-related
parameters from 10 to 14 weeks old and a significant reduction in cortical thickness and diameter
compared with flox/flox control mice (FF) mice. These results indicated that DDR1 knockout in OKO
mice exhibiting significant bone loss provokes an osteopenic phenotype. The IHC staining revealed
a significant decrease in osteogenesis-related genes, including RUNX2, osteocalcin, and osterix.
We noted that DDR1 knockout significantly induced osteoblast/osteocyte apoptosis and markedly
decreased autophagy activity in vivo. Additionally, the results of the gain- and loss-of-function of the
DDR1 assay in MC3T3-E1 cells indicated that DDR1 can regulate the osteoblast differentiation through
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activating autophagy by regulating the phosphorylation of the mechanistic target of rapamycin (p-
mTOR), light chain 3 (LC3), and beclin-1. In conclusion, our study highlights that the ablation of
DDR1 results in cancellous bone loss by regulating osteoblast/osteocyte autophagy. These results
suggest that DDR1 can act as a potential therapeutic target for managing cancellous bone loss.

Keywords: apoptosis; autophagy; bone loss; discoidin domain receptors 1 (DDR1); osteopenia

1. Introduction

Discoidin domain receptors (DDRs) are receptor tyrosine kinases that recognize colla-
gen fibrils and trigger a ligand-induced kinase activation, thereby regulating cell prolifera-
tion, differentiation, migration, and survival and playing vital roles in organ biogenesis [1].
The global DDR1 knockout mice were found to be with multiple organ dysfunctions
such as lactation defects, reproductive disorders, auditory dysfunction, or kidney abnor-
malities [2]. These genetically deficient mice also exhibited a dwarfism-like phenotype,
suggesting an important regulatory role of DDR1 in skeletal development. Further, we
discovered that the cartilage-specific deletion of DDR1 delayed the endochondral ossifi-
cation by modulating the terminal differentiation and apoptosis through the Ihh (Indian
hedgehog)/Gli1/Gli2/ColX (type X collagen) signaling pathway [3]. Our findings indi-
cated that DDR1 is critical for bone formation and may also be a modulating target protein
for bone-related disorders.

Bone homeostasis is the process of bone formation and resorption, regulated by
the balance of osteoblasts, osteoclasts, and osteocytes [4,5]. Osteocytes, the terminally
differentiated stage of osteoblasts, are the longest living bone cells and compose 90% to
95% of all bone cells in adult bones, living upward of decades within their mineralized
environments [6]. Osteocytes can directly control the production and function of osteoblasts
and osteoclasts through gap junctions or indirectly by transmitting molecular signaling.
Apoptosis is programmed cell death that modulates bone turnover by autophagically
removing damaged bone cells and allowing bone cells to self-renew and maintain bone
strength. The deregulation of apoptosis may contribute to the alternation in the life span of
osteocytes, resulting in the pathogenesis of bone loss disease [7,8]. Numerous studies have
shown that inhibiting osteocyte apoptosis can effectively reduce bone loss [9,10].

Autophagy and apoptosis are closely interconnected with bone metabolism. Enhanc-
ing the autophagy activity in osteoblasts can positively regulate skeletal cell survival [11,12],
control bone cell crosstalk by decreasing cell apoptosis, and increase the mineralization
capacity of osteoblasts [13]. Another study indicated that estradiol-induced autophagy
activity further inhibited osteoblast apoptosis by increasing the phosphorylation of extra-
cellular signal-regulated kinases [14]. The autophagy activator, rapamycin, restores the
osteogenic differentiation and proliferation of aged bone-marrow-derived mesenchymal
stem cells and reduces age-related bone loss in vivo [15]. Our previous study showed
that the intraarticular injection of the DDR1 inhibitor ameliorated osteoarthritis by atten-
uating chondrocyte apoptosis and modulating autophagy activity in chondrocytes [16].
Accordingly, we speculated that DDR1 may be a key crosstalk factor between the levels of
osteoblast/osteocyte autophagy activity and apoptosis.

DDR1 is an essential regulator of bone growth and skeletal development. Osteoblast-
specific DDR1 deletion in the early developmental stage resulted in postnatal skeletal
dysplasia [17]. However, the role of DDR1 on bone hemostasis in adults remained elu-
sive. This study aimed to investigate the impact of DDR1 ablation on bone hemostasis
in adulthood and further determine whether the biological alternations are controlled by
modulation apoptosis and autophagy.
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2. Materials and Methods
2.1. Generation of Osteoblast-Specific Knockout Mice (OKO)

We generated osteoblast-specific knockout mice (OKO mice) in [17]. First, we gener-
ated conditional Ddr1 flox/flox mice (FF), then mated them with the 4-hydroxytamoxifen
(4-OHT)-dependent type I collagen-Cre recombinases (Col1al-are/ERT) mice, which were
acquired from Jackson Laboratories (Bar Harbor, ME, USA). Genotyping was confirmed
through polymerase chain reaction analysis with paired primers (forward: 5′-ATAGCGGCC
GCTGCTGGTCTTAGCTCTGT-3′; reverse: 5′-ATAGTCGACACAGAGAGTTAAGCCAGA-
3′). Our previous study results showed no difference between male and female mice.
Therefore, in this study, each group of 8 female mice per genotype was analyzed at 2 weeks
old. All mice were housed within a specific-pathogen-free (SPF level) environment and
fed with a normal diet during the entire experimental process, with fertile conditions that
exhibited an average phenotype.

2.2. Induction of 4-Hydroxytamoxifen (4-OHT) for Cre Recombinase Activation

The use of 4-hydroxytamoxifen (T5648, St. Louis, MO, USA) with the Cre-LoxP system
followed the report of Zhong et al. in 2015 [18]. The Col-I-CreERT recombinase was
activated by 4-OHT intraperitoneal injection. The injection dose had no side effects or
benefits on bone and cartilage development in our previous studies [3,17]. Both FF and
OKO mice were injected with 4-OHT (4 mg/day/kg) for 3 consecutive days per week at 7
to 10 weeks old and then one dose per week until they were euthanized.

2.3. High-Resolution MicroCT Analyses of FF and OKO Mice

High-resolution images of the distal femora using a model 1076 scanner (Skyscan;
SkyScan NV, Kontich, Belgium), imaged with an X-ray tube voltage of 50 kV and a current
of 200 µA, with a 0.5 mm aluminum filter and an exposure time of 800 ms. NRecon (version
1.6.1.7; SkyScan NV, Kontich, Belgium) was used to perform the reconstruction of 3D
morphometric parameters after the scans. The region of interest (ROI) was evaluated on
2.5 mm of the trabecular bone starting at 0.5 mm below the growth plate. The cortical bone
ROI was evaluated at 1 mm from the middle of the femur [19–22].

2.4. Analyses of the Histology and Immunohistochemistry Staining (IHC) in FF and OKO Mice

The mice femur was fixed in 10% buffered paraformaldehyde for 2 days, decalcified in
EDTA (0.5 M EDTA, pH 7.4), embedded in paraffin, sectioned (5 µm thick), and subjected
to hematoxylin and eosin (H&E) and immunochemistry (IHC) staining analyses. The IHC
staining was performed by a mouse- and rabbit-specific HRP/DAB (ABC) Detection IHC
kit (ab64264, Abcam, Cambridge, MA, USA) following the manufacturer’s instructions.
The primary antibodies used in the OKO/FF mice were rabbit polyclonal antibodies to
DDR1 (ab22719, Abcam, Cambridge, MA, USA). The primary antibodies of bone formation
and osteoblast differentiation required proteins for osteogenesis-related proteins, including
RUNX2 (ab23981, Abcam, Cambridge, MA, USA), osteocalcin (ARG54605, Arigo biolabora-
tories, Taipei, Taiwan), and osterix (ab209484, Abcam, Cambridge, MA, USA). The primary
antibodies for apoptotic proteins, a frequently activated death protease, activated caspase-3
(ab2302, Abcam, Cambridge, MA, USA). The primary antibodies for autophagy-related
proteins included a negative regulator of autophagy, the mammalian target of rapamycin
(mTOR), phosphorylated-mTOR (Ser235/236) (4858s, Cell Signaling, Danvers, MA, USA),
and autophagy-required proteins, i.e., light chain 3 (LC3) (14600-1-AP, Proteintech, Rose-
mont, IL, USA) and beclin-1 (11306-1-AP, Proteintech, Rosemont, IL, USA) [23–31]. The
sections were counterstained with hematoxylin, and the immunolocalized nuclei were
stained brown. All the quantitative data analyses were performed by counting the per-
centage of immunopositive cells in hematoxylin under a Leica-DM1750 microscope (Leica
Microsystems, Wetzlar, Germany).
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2.5. Bone Formation Rate

The dynamic histomorphometric was determined using fluorochrome markers, includ-
ing calcein (Green) and alizarin red S (Rad), in 12-week-old FF and OKO mice (each group,
n = 6). FF/OKO mice were intraperitoneally injected with 5 mg/kg calcein (Sigma-Aldrich,
St. Louis, MO, USA; Merck KGaA, Darmstadt, Germany) at 8 weeks old and 20 mg/kg
alizarin red S (Sigma-Aldrich; Merck KGaA) at 12 weeks old. The parameters related to
bone formation were analyzed by the double-labeled marker of bone surfaces, and the
inter-label width in the cancellous bone of the distal femur metaphysis was measured. The
femur is the single bone of the thigh, where bone formation changes are easily observed. A
mineralized over bone surface (MS/BS, %) was the percentage of bone surface between two
fluorochrome marker labels, reflecting active mineralization. The mineral apposition rate
(MAR) was the linear rate of new bone deposition (µm/day). The daily bone formation rate
was calculated by multiplying the mineralizing surface and the mineral apposition rate.

2.6. Staining Osteocyte Apoptosis by Terminal Deoxynucleotidyl Transferase dUTP Nick End
Labeling (TUNEL) Assay

TUNEL staining was performed to detect osteocyte apoptosis (12156792910, Roche,
Basel, Switzerland). The percentages of TUNEL-positive cells in osteocytes relative to
4′,6-diamidino-2-phenylindole (DAPI)-stained cells were calculated, and an analysis was
conducted using a Leica immunofluorescence system (Leica Microsystems, Wetzlar, Ger-
many). Photographs from three independent experiments were taken for each experimental
group [25,32].

2.7. Western Blot Analysis

Western blot analysis was used to detect osteogenesis markers and autophagy-related
proteins in cultured mouse osteoblast MC3T3-E1 cells. Cell lysates were harvested on ice in
a RIPA Lysis buffer (89901 Thermo Fisher Scientific Inc., Waltham, MA, USA). Cell lysates
were mixed with a 5× loading buffer and boiled in water at 100 ◦C for 10 min. A total of
50 µg of protein was isolated using 10% SDS-PAGE for 2 h and transferred to polyvinyli-
dene difluoride membranes (PVDF; Millipore, Burlington, MA, USA). This was followed
by blocking with 5% non-fat milk and incubation overnight at 4 ◦C with the following
primary antibody: DDR1 (ab22719, Abcam, Cambridge, MA, USA). The primary antibodies
of bone formation and osteoblast differentiation required proteins for osteogenesis-related
proteins, including RUNX2 (ab23981, Abcam, Cambridge, MA, USA), Col-I (ab34710,
Abcam, Cambridge, MA, USA), and osterix (ab209484, Abcam, Cambridge, MA, USA).
The primary antibody for apoptotic proteins, a frequently activated death protease, was
activated caspase-3 (ab2302, Abcam, Cambridge, MA, USA). The primary antibodies for
autophagy-related proteins included a negative regulator of autophagy, the mammalian
target of rapamycin (mTOR), i.e., phosphorylated-mTOR (Ser235/236) (4858s, Cell Signal-
ing, Danvers, MA, USA), Total-mTOR (2217S, Cell Signaling, Danvers, MA, USA), and
autophagy-required proteins, i.e., light chain 3 (LC3) (14600-1-AP, Proteintech, Rosemont,
IL, USA) and beclin-1 (11306-1-AP, Proteintech, Rosemont, IL, USA) [27,33,34]. The mem-
branes were washed in PBS for 30 min (10 min/time) and incubated with HRP-labeled goat
anti-mouse and IgG/HRP-labeled goat anti-rabbit IgG for 1 h at room temperature. The
blots were detected by enhanced chemiluminescence analysis (ECL system; GE Healthcare,
Piscataway, NJ, USA).

2.8. Statistical Analysis

All data are presented as mean ± SEM. The results were analyzed using one-way
ANOVA, and multiple comparisons were conducted by Tukey’s HSD using GraphPad
Prism (version 5.0). The statistical significance was considered p < 0.05.
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3. Results
3.1. OKO Mice Showed a Significant Decrease in Osteoblast/Osteocyte DDR1 Level in Femoral
Trabecular and Cortical Bones

We performed IHC staining to evaluate the deletion rate of DDR1 in osteoblasts/
osteocytes in OKO mice. The results showed that OKO mice exhibited a significant decrease
in DDR1-positive cells, both in osteoblasts and osteocytes, in trabecular (Figure 1A,B) and
cortical bones (Figure 1C,D) compared with FF mice.
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Figure 1. Ablation of DDR1 in osteoblasts/osteocytes showed a significant DDR1 protein level
decrease in femoral trabecular and cortical bones. (A) The representative micrographs of IHC
staining of DDR1 in trabecular bone. (B) Quantitative results of DDR1 in trabecular bone. (C) The
representative micrographs of IHC staining of DDR1 in cortical bone. (D) Quantitative results of DDR1
in cortical bone; OB: osteoblasts, OC: osteocytes. The representative Micro-CT images are shown
with scale bars of 50 µm, and the zoomed-in images are 20 µm. The positive immunolocalizations are
stained dark brown. In the quantitative analysis, each bar represents the mean ± SE of eight samples
in each group (*** p < 0.001 versus FF).

3.2. Deletion of DDR1 in Osteoblasts Induced Cancellous Bone Loss and Displayed Decreased
Cortical Bone Thickness and Diameter

To determine whether DDR1 deletion in osteoblasts/osteocytes affected cancellous bone
homeostasis in young adults, we examined the skeletal phenotypes of 8- to 14-week-old
OKO and FF control mice. To characterize the morphology of the cortex bone and the
microarchitecture of the trabecular bone, distal femurs were scanned using a high-resolution
Micro-CT scanner (Figure 2A). The representative images of Micro-CT examinations at 8
and 14 weeks old are shown in Figure 2B. The results showed that the cancellous bone
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decreased by 10% in bone/tissue volume (BV/TV) between 10 and 12 weeks old. The
trabecular number (Tb.N) and thickness (Tb.Th) significantly decreased and the trabecular
separation (Tb.Sp) significantly increased between 10 and 12 weeks old (Figure 2C–F).
We also examined the cortical bone thickness and diameter with a Micro-CT analysis
(Figure 2G,H). The results showed a significant reduction in the cortical outer thickness
and diameter (Figure 2I–J), but no influence on the cortical inner-thickness (data not
shown) in OKO mice compared with those in FF control mice (p < 0.05). The results
also showed a significant decrease in the cortex bone mineral density (BMD) from 8 to
10 weeks old in OKO mice (Figure 2K). These results indicated that DDR1 knockout in
osteoblasts/osteocytes caused decreased cancellous and cortical bone volume in young
adulthood mice, contributing to presentations of the osteopenia phenotype.
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Figure 2. Deletion of DDR1 in osteoblasts/osteocytes decreased cancellous bone volume in femur
trabecular bone and showed a thinning cortical bone in the femur. (A) The region of the trabecular
bone cross section includes evaluating 2.5 mm of the trabecular bone starting at 0.5 mm below the
growth plate. The representative Micro-CT images of the distal femoral of FF/OKO mice. (B) The femur
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trabecular bone in the 3D structure of FF and OKO mice at 8 and 14 weeks old. (C) The quantitative
results of the bone/tissue volume (BV/TV). (D) Trabecular number (Tb.N). (E) Trabecular thickness
(Tb.Th) and (F) trabecular separation (Tb.Sp) in FF/OKO mice between 8 and 14 weeks old. (G) The
1-mm selected region of the cortical bone cross section was analyzed in the middle of the femur. The
representative Micro-CT images of the diaphysis of the femur of FF/OKO mice are shown. (H) The
transverse section view of the femur shaft at 8 and 14 weeks old. (I) Quantitation of the thickness
(J) diameter and the (K) bone mineral density (BMD). The representative Micro-CT images are shown
with scale bars of 50 µm. In the quantitative analysis, each bar represents the mean ± SE of eight
samples in each group (* p < 0.05 versus FF; ** p < 0.01 versus FF; *** p < 0.001 versus FF).

3.3. Deletion of DDR1 in Osteoblasts Decreased Bone Formation in OKO Mice

To assess the effects of DDR1 in bone formation, we next investigated DDR1 knockout
in osteoblasts/osteocytes in OKO mice compared with those in FF control mice with bone
labeling and dynamic histomorphometric analyses. The representative images presented
the distal femurs in OKO mice compared with those in FF mice, and the thickness of the
fluorochrome-marker-labeled cortex bone showed significant attenuation in the mineral-
izing surface and mineral apposition rate (Figure 3A). The results exhibited a significant
decrease in the mineralized over bone surface (MS/BS, %) (Figure 3B), mineral apposition
rate (MAR) (Figure 3C), and bone formation rate (BFR) (Figure 3D) in DDR1-deficient
mice. These findings indicated that DDR1 knockout in osteoblasts/osteocytes significantly
suppressed the functional capacity of the average osteoblasts, causing an approximately
20% reduction in bone formation.
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Figure 3. Decreased bone formation rate in the femurs of DDR1 knockout mice. (A) Representa-
tive calcein and alizarin red S labeling images demonstrating cortical bone formation in the cortical
endosteum of the distal femora of 12-week-old FF/OKO mice. The white arrow points to the label
of the distance between calcein (Green) and alizarin red S (Red) dyes in a time interval of 28 days.
Quantitation of dynamic histomorphometry parameters of periosteum, including (B) the mineralized
over bone surface (MS/BS), (C) the mineral apposition rate (MAR), and (D) the bone formation rate
(BFR) in the distal femur metaphysis of FF and OKO mice. The representative images of fluorochrome
marker labels are shown with scale bars of 50 µm. In the quantitative analysis, each bar represents
the mean ± SE of six samples in each group (*** p < 0.001 versus FF mice).
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3.4. OKO Mice Showed a Significant Decrease in the Expression of Osteogenesis-Related Proteins

To investigate whether DDR1 knockout in osteoblasts/osteocytes has a significant
influence on the level of osteogenesis-related proteins, we performed IHC staining in
OKO and FF mice. The representative images of IHC staining of osteogenesis-related
protein markers in 12-week-old OKO mice are shown in Figure 4A,C,E, and the results of
the quantitative analysis are shown in Figure 4B,D,F. The immunostained osteogenesis-
related proteins, in terms of RUNX2, osteocalcin, and osterix, decreased after DDR1
knockout in the osteoblast in OKO mice. These results indicated that DDR1 knockout
in osteoblasts/osteocytes significantly decreased the total bone mass when the level of
osteogenesis-related proteins in OKO mice decreased compared with those in FF mice.
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Figure 4. DDR1 deficiency significantly reduced osteogenesis-related protein expression. (A) The
representative micrographs of immunolocalized osteogenesis-related protein RUNX2. (B) Quantita-
tive results of RUNX2. (C) The representative micrographs of immunolocalized osteogenesis-related
protein osteocalcin. (D) Quantitative results of osteocalcin. (E) The representative micrographs
of immunolocalized osteogenesis-related protein osterix. (F) Quantitative results of osterix. All
results were present in the cortical bone of the femur in 12-week-old FF and OKO mice. The positive
immunolocalizations are stained dark brown. A black arrow indicates positive cells (OB + OC); OB:
osteoblasts, OC: osteocytes. Magnifications of 400× are shown, with scale bars of 50 µm. Each bar
represents the mean ± SE of six samples in each group (*** p < 0.001 versus FF mice).

3.5. DDR1 Knockout Increased Osteocyte Apoptosis in 12-Week-Old OKO Mice

To determine the relevance of osteoblast/osteocyte apoptosis after the deletion of
DDR1, we examined the femurs of OKO/FF mice with TUNEL staining. The results showed
that the deletion of DDR1 in osteoblasts/osteocytes revealed more osteoblast/osteocyte
apoptosis in OKO mice (Figure 5A). The apoptotic rate in OKO mice (50 ± 2.65%) sig-
nificantly increased compared to that in the FF mice (21 ± 2.45%, p < 0.001) (Figure 5B).
The expression of activated caspase-3, a crucial mediator of apoptosis, also significantly
increased after DDR1 knockout (Figure 5C,D).
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Figure 5. Knockout of DDR1 in OKO mice significantly increased apoptotic osteoblasts/osteocytes.
(A) TUNEL staining in femoral cortical bone of FF and OKO mice. The magnification is 100×, and
the scale bar is 250 µm. Red: TUNEL-positive cells; blue: DAPI-stained cells. (B) Quantification of
TUNEL-positive cells in the area beneath the cortical bone. (C) The representative micrographs of
IHC of activated caspase-3 (caspase 3-II). (D) Quantitative analysis of the IHC staining of activated
caspase-3. The positive immunolocalizations are stained dark brown. A black arrow indicates positive
cells (OB + OC); OB: osteoblasts, OC: osteocytes. Magnifications of 400× are shown, with scale bars
of 50 µm. Each bar represents the mean± SE of six samples in each group (** p < 0.01 versus FF mice).

3.6. DDR1 Knockout Significantly Increased Autophagy-Related Markers—mTOR, LC3, and
Beclin-1 Expressions—In OKO Mice

Autophagy is a master regulator of cellular metabolism. To determine whether DDR1
knockout in osteoblasts/osteocytes results in reduced autophagy, we used IHC staining to
examine the expression of autophagy-related markers, including mTOR, LC3, and beclin-1
in the femur bones of FF/OKO mice (Figure 6A,C,E). We found a significant increase in
the level of phosphorylated mTOR in the OKO mice compared with that in the FF control
mice (Figure 6B). Additionally, the expression levels of LC3 and beclin-1 in OKO mice were
significantly lower than that in the FF control mice (Figure 6D,F). These results indicated a
decrease in osteoblast/osteocyte autophagy after DDR1 knockout in OKO mice.
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Figure 6. DDR1 knockout significantly decreased autophagy-related protein levels in OKO mice.
(A) The representative IHC of the phosphorylation of the mechanistic target of rapamycin (phospho-
mTOR) in FF and OKO mice. (B) Quantitative analysis of the IHC staining of phospho-mTOR. (C) The
representative IHC of beclin-1. (D) Quantitative analysis of IHC of beclin-1. (E) The representative
IHC of light chain 3 (LC3). (F) Quantitative analysis of IHC of LC3. The positive immunolocalizations
are stained dark brown. A black arrow indicates positive cells (OB + OC); OB: osteoblasts, OC:
osteocytes. Magnifications of 400× are shown, with scale bars of 50 µm. Each bar represents the
mean ± SE of six samples in each group (*** p < 0.001 versus FF mice).

3.7. DDR1 Is Required for Osteogenesis and Autophagy Induction in MC3T3-E1 Cells

To confirm the influence of DDR1 in autophagy, we used gain- and loss-of-function as-
says by lentiviral-mediated overexpression (OvDDR1)/knockdown (ShDDR1) of DDR1 in
preosteoblast MC3T3-E1 cells. Firstly, we found that DDR1 increased osteogenesis-related
markers in the OvDDR1 group as assessed with Western blot. The result showed that the
expressions of RUNX2, Col-I, and osterix decreased in MC3T3-E1 cells with DDR1 knock-
down (Figure 7A,C) and increased in MC3T3-E1 cells overexpressing DDR1 (Figure 7B,D).
In terms of the effect of DDR1 on autophagy, we found that shDDR1 suppressed autophagy
activity with alterations in the related markers, including the phosphorylation of p-mTOR,
LC3, and beclin-1 in MC3T3-E1 cells (Figure 7E,G). On the contrary, the autophagy capabil-
ity was upregulated after an overexpression of DDR1 (Figure 7F,H). Our results suggested
that DDR1 knockout in osteoblasts resulted in a reduction of osteogenesis, accompanied by
a decrease in autophagy activity.
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Figure 7. DDR1 enhanced osteogenesis and decreased autophagy in MC3T3-E1 cells. (A,B) West-
ern blotting against DDR1, RUNX2, Col-I, osterix, and GAPDH in MC3T3-E1 cells infected with
shLacZ/shDDR1 and Vehicle/ovDDR1. (C,D) Quantitation results of DDR1, RUNX2, Col-I, and
osterix for shDDR1 compared with those of shLacZ and ovDDR1 compared with those of the vehi-
cle. (E,F) Western blotting against DDR1, p-mTOR, t-mTOR, beclin-1, and LC3 in MC3T3-E1 cells
infected with shLacZ/shDDR1 and Vehicle/ovDDR1. (G,H) Quantitation of the results for shDDR1
compared with those for shLacZ and ovDDR1 compared with those of the vehicle. This experiment
was performed in quadruplicate and repeated three times with similar results. ShLacZ/Vehicle:
the transduction by empty lentivirus; RUNX2: runt-related transcription factor 2; Col-I: collagen I;
Osx: osterix; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; p-mTOR: phosphorylation of the
mechanistic target of rapamycin; t-mTOR: total of the mechanistic target of rapamycin; LC3: light
chain 3 (* p < 0.05 versus shLacZ or Vehicle, ** p < 0.01 versus shLacZ or Vehicle, *** p < 0.001 versus
shLacZ or Vehicle).

4. Discussion

This study was the first to show, by regulating the programmed cell death of os-
teoblasts/osteocytes in vivo and in vitro, that DDR1 is an important regulatory factor
in bone formation during adulthood. We demonstrated that DDR1 knockout in os-
teoblasts/osteocytes exhibited a lower bone volume in the trabecular bone, a lower thick-
ness, and a shorter diameter in the cortical bone compared with those in the control
group. The osteoblast/osteocyte apoptosis was enhanced, and the autophagy activity
was suppressed after DDR1 deletion, suggesting the regulatory role of DDR1 during the
programmed cell death of osteoblasts/osteocytes. In addition, the in vitro study showed
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that the osteogenesis- and autophagy-related proteins both increased after DDR1 overex-
pression and decreased after the silencing of DDR1 in preosteoblast MC3T3-E1 cells. These
findings indicated that DDR1 may regulate osteogenesis by modulating the autophagy
activity of osteoblasts/osteocytes.

The effects of DDR1 inhibition on osteoblasts and osteoclasts have been investigated
from studies on DDR1 inhibitors. It has been reported that DDR1 inhibitors, including
imatinib and nilotinib, may have a positive effect on bone metabolism through potently
inhibited osteoclastogenesis, mediated by stromal-cell-dependent mechanisms or direct
effects on osteoclast precursors [35]. The results of a clinical trial also showed a low to
normal level of bone markers after treatment with nilotinib, despite secondary hyper-
parathyroidism, further revealing the antiresorptive effect of DDR1 inhibition [36]. Though
previous studies have reported similar findings on osteoclasts, the effects on osteoblasts
are diverse. DDR1 inhibitors potently activated osteoblast differentiation and inhibited
osteoblast proliferation through inhibiting platelet-derived growth factor receptor sig-
naling [37]. A low concentration of imatinib (0.1–1.0 µM) enhanced differentiation and
mineralization in both primary rat osteoblastic cells and MC3T3-E1 cells, but 1.0 µM
imatinib significantly increased osteoblast apoptosis and 50% more apoptosis at a higher
concentration (5 µM) [35]. By contrast, nilotinib (0.1–0.5 µM) reduced osteoblast differentia-
tion and mineralization [36]. The diverse effects of DDR1 inhibitors on osteoblasts suggests
that osteoblastic differentiation varies with the maturation stage of cells. It was reported
that imatinib promoted osteoblastic differentiation of human mesenchymal stem cells in
the early stage but inhibited osteoblastic differentiation and mineralization in the late stage
by reducing the expression of RUNX2, Col1, and osterix [38].

Apoptosis is essential for the balance between bone formation and resorption [39].
Dysregulated apoptosis of osteoblasts or osteocytes accounts for bone-loss-related diseases
such as osteoporosis or osteonecrosis. It was reported that parathyroid hormones (PTHs)
increased bone formation by reducing osteoblast apoptosis and could reverse corticosteroid-
induced osteoporosis [40]. Further, catechin reduced osteoblast apoptosis contributing
to a positive effect on osteogenesis [41]. In this study, we found that OKO mice revealed
increased osteoblast/osteocyte apoptosis in terms of TUNEL and IHC staining during
adulthood compared with the FF mice. The IHC staining of OKO mice also exhibited more
osteocyte lacuna compared with that of FF mice. The increased number of osteocyte lacuna
indicated an increased clearance of osteocyte material from the sites of death cells. These
results supported the hypothesis that DDR1 is essential for osteoblast/osteocyte apoptosis
during bone formation.

We previously reported that the osteoblast-specific deletion of DDR1 during the devel-
opmental stage reduced the osteoblast differentiation and exhibited skeletal dysplasia [17].
In the embryonic stage, endochondral ossification was gradually replaced by bone, the
primary type of biological process for developing the skeleton [42]. The skeletal mass
during adulthood is controlled by the coupling signals between osteoblasts and osteo-
clasts, which regulate the balance of bone formation and resorption [43]. Continuing our
previous work on embryonic bone development, we further investigated the regulatory
mechanism of DDR1 in bone formation during adulthood. We found that the increased
apoptosis of osteoblasts/osteocytes was significantly coupled with reduced autophagy
activity after DDR1 deletion in osteoblasts, contributing to a reduction of bone formation
during adulthood. The formation of the cortical bone is more related to the osteoblasts in
the periosteum, with few roles for osteoclasts [44,45]. Therefore, we also noted a significant
decrease in the thickness of the cortical bone after DDR1 deletion in osteoblasts/osteocytes.

The crosstalk between apoptosis and autophagy is important in cellular metabolic sur-
vival and cellular housekeeping mechanisms [46–48]. It has been reported that modulating
the autophagy of osteoblasts could avoid oxidative damage and allow cells to continue
normal function through the endoplasmic reticulum stress pathway [49]. Li et al. showed
that the autophagy inducer (rapamycin) significantly increased the autophagy activity
and attenuated the oxidative-stress-mediated apoptosis of osteoblasts, and the autophagy
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inhibitor (3-methyladenine) reduced autophagy and enhanced hydrogen-peroxide-induced
oxidative stress and apoptosis [50]. The autophagy of osteoblasts is positively involved
in tissue mineralization and bone homeostasis. The deletion of autophagy-essential genes
in osteoblasts increases oxidative stress and further reduces the mineralization capacity.
Our study also found that the expression of autophagy genes was positively correlated
with the expression of osteogenic genes, and this change was regulated by the expression
of DDR1 in MC3T3-E1 cells. In our in vivo study, DDR1 deletion significantly reduced
the osteoblast/osteocyte autophagy levels, resulting in more osteoblast/osteocyte apop-
tosis compared with that in FF control mice. We suggest that DDR1 could maintain
autophagy activity and regulate osteoblast/osteocyte apoptosis, which also contributes
to the achievement of normal bone homeostasis. However, the detailed mechanisms of
DDR1 in regulating autophagic activity and the crosstalk in decreasing osteoblast/osteocyte
apoptosis require further studies.

5. Conclusions

Our results demonstrated that DDR1 knockout in osteoblasts/osteocytes decreased
bone formation in adult OKO mice. These phenomena, by decreasing autophagy both
in vitro and in vivo, were associated with an increased apoptosis in bone-forming cells. We
demonstrated that DDR1 in osteoblasts/osteocytes played a regulatory role in the balance
between osteoblast/osteocyte autophagy activity and apoptosis, and it also contributed to
maintaining bone formation. These findings suggested that DDR1 is an important regulator
in bone formation and could be a potential therapeutic target for bone-loss disease.
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