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ARTICLE INFO ABSTRACT

Keywords: Background: The key focal adhesion protein f1 integrin plays an essential role in early skeletal development.
p1 integrin However, roles of 1 integrin expression in osteocytes during the regulation of bone homeostasis and mecha-
Osteocyte

notransduction are incompletely understood.

Materials and methods: To study the in vivo function of osteocyte f1 integrin in bone, we utilized the 10-kb Dmp1
(Dentin matrix acidic phosphoprotein 1)-Cre to generate mice with f1 integrin deletion in this cell type. Micro-
computerized tomography, bone histomorphometry and immunohistochemistry were performed to determine
the effects of osteocyte p1 integrin loss on bone mass accrual and biomechanical properties. In vivo tibial loading
model was applied to study the possible involvement of osteocyte p1 integrin in bone mechanotransduction.
Results: Loss of Bl integrin expression in osteocytes resulted in a severe low bone mass and impaired biome-
chanical properties in load-bearing long bones and spines, but not in non-weight-bearing calvariae, in mice. The
loss of p1 integrin led to enlarged size of lacunar-canalicular system, abnormal cell morphology, and disorientated
nuclei in osteocytes. Furthermore, p1 integrin loss caused shortening and disorientated collagen I fibers in long
bones. Osteocyte p1 integrin loss did not impact the osteoclast activities, but significantly reduced the osteoblast
bone formation rate and, in the meantime, enhanced the adipogenic differentiation of the bone marrow stromal
cells in the bone microenvironment. In addition, tibial loading failed to accelerate the anabolic bone formation
and improve collagen I fiber integrity in mutant mice.

Conclusions: Our studies demonstrate an essential role of osteocyte p1 integrin in regulating bone homeostasis and
mechanotransduction.

The transnational potential of this article: This study reveals the regulatory roles of osteocyte 1 integrin in vivo
for the maintenance of bone mass accrual, biomechanical properties, extracellular matrix integrity as well as bone
mechanobiology, which defines 1 integrin a potential therapeutic target for skeletal diseases, such as
osteoporosis.

Bone homeostasis
Mechanotransduction
Collagen I

1. Introduction skeletal tissues, the component proteins of FAs, such as Kindlin-2 and
Pinch1/2, have been reported with essential functions in regulating bone

Focal adhesions (FAs) between cells and their environment are crucial development, cartilage functions, force-induced bone formation and
for the migration, proliferation, survival and differentiation of cells. In skeletal aging process [1-5]. As the major component of FAs, integrins
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are transmembrane heterodimers formed by o and p subunits, which
have long been recognized as the major bidirectional molecular links
interconnecting cells to their extracellular matrix (ECM) [6,7]. For
integrin heterodimers, the extracellular domains contribute to ligand
specificity and the intracellular domains are responsible for transducing
signals [8]. The most commonly found subchain in integrin heterodimers
is p1 integrin [9], which has been shown to be largely involved in the
process of normal development, such as embryo implantation [10] and
neuronal migration [11], and abnormal pathogenesis, such as tumor
initiation, cancer progression [9,12] and fibrotic diseases [13]. In skel-
etal environment, Pl integrin, the major type I collagen-binding sub-
chain, is reported with broad expression in multiple cell types, including
bone marrow stem cells, osteoclasts, osteoblasts and osteocytes [14-18].
Published studies show that 1 integrin actively participates in the pro-
cesses of bone development and functional regulation, including stem
cell differentiation, articular cartilage structure and calvarial ossification
[19-22]. However, roles of B1 integrin expression in osteocytes during
the regulation of bone homeostasis and mechanotransduction are
incompletely understood.

Osteocytes, as the most abundant and long-lived cell type in bone
tissue, are the terminally differentiated cells derived from osteoblasts.
For a century, the bone biology cornerstone illustrates that bone mass
maintenance is a balance between bone-forming osteoblasts and bone-
resorbing osteoclasts, whereas osteocytes had been considered as a
“passive placeholder” in mineralized bone. With the advances of tech-
nologies for the past twenty to thirty years, recent studies demonstrate
that osteocyte is an emerging multi-functional orchestrator in bone
remodeling [23] through direct regulation of local calcium abundance
and phosphate metabolism [24,25], indirect modulation of osteoblast
and osteoclast activities [25,26]. Importantly, osteocytes have been
demonstrated as the principal mechano-responsive cells in bone [19,21,
27-29].

1 integrin is one of the major integrin subunits expressed in osteo-
cytes [19]. Studies showed that Bl integrin in osteocytes is mainly
observed on the plasma membrane around cell body [30], where it forms
traditional FA complex with vinculin and paxillin [31]. The involvements
of 1 integrin in early skeletal development have been well documented,
including the survival of mesenchymal stem cells [18], mesenchymal
condensation [32], chondrocyte maturation [22] and pre-osteoblast
functions [32]. In contrast, roles of pl integrin in mature osteoblasts
and osteocytes have less been established and even appeared to be
controversial. For example, deleting pl integrin expression using the
Osteocalcin-Cre, which primarily targets differentiated osteoblasts and
osteocytes, caused no effects in the bone mineral density, biomechanics
or fracture healing, but only minor femur structure alternations in
12-week-old mice [32]. However, overexpression of a domain-negative
form of Bl integrin subunit (1 integrin-DN) under the same Osteo-
calcin promoter led to reduced bone mass, increased cortical porosity in
long bones and thinner skull flat bones in transgenic animals [33].

In this study, we demonstrate that mice with p1 integrin deletion in
osteocytes display severe osteopenia and fail to increase bone formation
by mechanical loading. Osteocyte 1 integrin loss did not impact the
osteoclast formation, but significantly reduced the osteoblast bone for-
mation rate and, in the meantime, enhanced the adipogenic differentia-
tion of the bone marrow stromal cells in the bone microenvironment. We
demonstrate that osteocyte 1 integrin regulates bone homeostasis
through both cell-autonomous and non-cell-autonomous mechanisms.

2. Materials and methods
2.1. Animal study

Floxed ItgB1 mice (Itg81”) were purchased from Jackson Laboratory
(Stock No: 004605) with the loxP sites flanking exon 3 of the Itgf1 gene.
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Mice with 10-kb mouse Dmp1 gene promoter-driving Cre recombinase
expression (Dmp1-Cre) were generated as described in Ref. [34]. Mice
with conditional deletion of Itg81 (Dmp1-Cre; Itgf1/f, referred to as cKO
hereinafter) were generated by inter-crossing heterozygote male mice
(Dmp1-Cre; Itgp1” ) with homozygous female mice (Itg8”/) mice. In this
study, age- and gender-matched Cre-negative littermates (Itgﬁ]f/f) were
used as control mice in each experiment. Primers used for mouse geno-
typing were listed in Table 1. All research protocols were approved by the
Institutional Animal Care and Use Committee (IACUC) of Southern
University of Science and Technology. All relevant guidelines for the
work with animals were adhered to in this study.

2.2. Mouse tail DNA extraction and genotyping

Experimental mice were weaned at day of postnatal 21, with a small
bit of tail tissue collected. Mouse genome DNAs were extracted from tail
tissue with Quick Genotyping Assay Kit (Beyotime, Cat# D7283M)
following the manufacturer's protocol. PCR and agar gel examination
were performed for mouse genotyping by using the PCR primers for
Dmp1-Cre and 1 integrin sequences as listed in Table 1.

2.3. Micro-computerized tomography (uCT)

Either live anesthetized mice or fixed non-demineralized bones were
subjected to PCT analyses in the Southern University of Science and
Technology using a Bruker pCT (SkyScan 1172 Micro-CT, Bruker Micro-
CT, Kontich, Belgium) as described before [35]. The parameters for
cortical bone include the bone mineral density (BMD, g/cm3), bone
volume fraction (BV/TV) and cortical thickness (Ct.Th, mm). The pa-
rameters for trabecular bone include BMD, BV/TV, trabecular thickness
(Tb.Th, pm), trabecular separation (Tb.Sp, pm) and trabecular number
(Tb.N, 1/mm). Tibial parameters were assessed at the proximal spon-
giosa from the end of growth plate to 0.75 mm extending distally for
trabecular bone, 0.5 mm length of mid-shaft tibia for cortical bone.
Femur trabecular bone parameters were assessed from the distal growth
plate to 1.0 mm extending proximally; cortical bone parameters were
determined from 1.0 mm length of mid-shaft femur. The whole head was
scanned with the calvarial region-of-interest (ROI) set at the center of
skull with 2 mm Xx 2 mm size. The lumbar spines were dissected and
scanned from L3 to L5. Detailed pCT analyses of spine trabecular bone
parameters were assessed from the proximal growth plate to the distal
growth plate in the L4 lumbar spines.

2.4. Femur three-point bending

The three-point bending test was conducted with ElectroForce (Bose
ElectroFore 3200; EndureTEC Minnetonka, MN, USA) as previously
described [35]. Briefly, femurs were dissected free of soft tissue and
immediately kept in 1xPBS at 4 °C before bending test. The strength test
was performed at the mid-shaft of femurs with continuous displacement
of 0.05 mm/s in a single stop setting (ramp waveform, span length, 7
mm). Whole femur mechanical properties, including maximum load,
maximum displacement, stiffness and work-to-fracture were determined
using load-displacement diagrams.

Table 1

Mouse genotyping PCR sequences.
Name 5’ primer 3’ primer
Cre GATCTCCGGTATTGAAACTCCAGC GCTAAACATGCTTCATCGTCGG
Itgp1 CGGCTCAAAGCAGAGTGTCAGTC CCACAACTTTCCCAGTTAGCTCTC
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2.5. In vivo tibial loading

Force loading experiments were conducted as previously described in
Ref. [35] using an electro actuator (Bose ElectroFore 3200; EndureTEC
Minnetonka, MN, USA). Briefly, mice were under anesthesia with 2.5%
Avertin injection (100 pl per 10 g body weight). The right tibia was
cyclically loaded with axial compression force (triangular waveform, 4
Hz, 9.0 N peak force, 1200 cycles per loading). The left limbs were kept
intact and served as unload internal controls. Mice were loaded on
alternative day for two weeks. Injection of calcein (30 mg/kg body
weight; Sigma, Saint Louis, MO, USA) was administered at Day 4 and Day
12, respectively. Animals were sacrificed two weeks (Day 14) after ex-
periments for bone histomorphometry.

2.6. Bone histology and immunohistochemistry

For double calcein labeling experiments, bone samples were
embedded in methyl methacrylate following the manufactory plastic
embedding protocol (EM0200, Osteo-Bed Bone Embedding Kit, Sigma,
MO, USA) as described in Ref. [1]. Transverse sections of 6 pm thickness
of bone samples were cut with an annular diamond saw. Images of double
calcein labeling bone sections were visualized using the argon 488 nm
laser of fluorescent microscopy (Olympus, BX53). The mineral apposition
rate (MAR) was calculated as the average distance between the double
calcein labels divided by the number of the days between the two calcein
injections. The mineralizing surface per bone surface (MS/BS) was
calculated as MS/BS = (dLS + sLS/2)/BS, where dLS is the total length of
double-labeled surfaces and sLS is the total length of single-labeled sur-
faces. The bone formation rate per bone surface (BFR/BS) is the volume
of mineralized bone formed per unit time and per unit bone surface,
calculated as BFR/BS = MAR x (MS/BS).

For bone immunohistochemistry (IHC) and immunofluorescence (IF),
bone samples were decalcified with 10% ethylenedinitrilotetraacetic
acid (EDTA, Sigma) for 2-3 weeks. Samples were embedded in paraffin
and cut in 5 pm thickness sections. IHC and IF experiments were per-
formed using our standard protocols as previously described in Refs. [36,
37]. Collagen staining and concentration detection were performed with
sirius red/fast green collagen staining kit (Chondrex, Inc, Woodinville,
WA, USA cat#: 9046) following the manufacturer staining and extraction
protocol. F-actin cytoskeleton staining was conducted on tibial cry-
osections stained with Rhodamine-Phalloidin dye (Thermo Fisher, Alexa
Fluor™ 488, Cat# A12379). For lacunar-canalicular system (LCS)
staining, bone samples were collected and treated as described in
Ref. [38]. In general, tibia bone blocks were pre-stained with FITC so-
lution (10%, diluted in 100% ethanol; Thermo Fisher, Alexa Fluor™ 488,
Cat# A10235) for 2 days, then embedded for frozen section and cut into
10 pm thickness for direct confocal imaging. Antibodies used in this study
are listed in Table 2.

2.7. Serum ELISA

Serum samples were collected from the supernatant of centrifuged
(4 °C, 12000g, 20 min) mouse whole blood after coagulation for 1 h at
room temperature. Samples were immediately kept at —80 °C fridge
before usage. Serum levels of PINP and CTX-1 were measured by ELISA

Table 2
Antibodies information.

Name Supplier Cat # Western blot usage IF/THC usage
p1 Integrin Cell Signaling #34971 1:1000

p1 Integrin Abcam Ab95623 1:200

B3 Integrin Cell Signaling #13166 1:1000

Kindlin-2 Millipore MAB2167 1:1000

Perilipin Cell Signaling #3470 1:200

Gapdh Abcam Ab245355 1:1000
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kits, i.e., IDS Rat/Mouse PINP EIA kit and The RatLaps™ (CTX-I) EIA
assay (Immunodiagnostic Systems Limited, 10 Didcot Way, Boldon
Business Park, Boldon, Tyne & Wear, NE35 9PD, UK).

2.8. Immunofluorescence, confocal imaging and two-photon imaging

Immunofluorescence staining with paraffin samples were conducted
as described in Refs. [39,40]. Specifically, paraffin bone samples were cut
in 5 pm thickness, followed by standard re-hydration process, penetrated
with 0.25% Triton X-100, blocked with 1% BSA and then incubated with
antibodies. Antibodies used in this study are listed in Table 2. Confocal
images were conducted by Nikon AIR laser-scanning confocal micro-
scopy with 0.5 pm z-stack interval. Second-harmonic generation (SHG)
and two-photon excited fluorescence imaging were conducted to inves-
tigate collagen fibers with inverted two-photon Olympus FVMPE-RS
microscopy.

2.9. Quantitative real-time PCR and western blotting analyses

Protein and mRNA samples from long bone tissues, i.e. tibiae and
femurs, were dissected free of muscle or other soft tissues, flashed out the
bone marrow and only kept osteocyte-enriched cortical bones. The pro-
cedure for qPCR and western blotting experiments were conducted as
described in Refs. [41,42]. Generally total RNA was extracted from
cultured cells and bone samples using Trizol reagents. Synthesis of cDNA
was performed using 2 pg of RNA by a Transcriptor First Strand cDNA
Synthesis Kit according to the manufacturer's instructions. Relative
mRNA expression levels were determined using a SYBR Green qPCR kit
with CFX96 Real-Time System. Gapdh mRNA was used for normalization.
The specific primers for gene expression analysis were listed in Table 3.
For western blotting, cell lysates and bone samples were harvested in
RIPA lysis buffer. Protein concentration was measured with a BCA kit.
Aliquots of 20 pg total protein were separated and transferred onto a
PVDF membranes. Membranes were blocked at room temperature in 5%
non-fat powdered milk for 1 h, followed by an overnight incubation at 4
°C with primary antibodies. The specific primary antibodies for western
blotting were listed in Table 2. After incubation with appropriate
HRP-conjugated secondary antibodies, blots were developed using an
enhanced chemiluminescence and exposed in ChemiDoc XRS chem-
iluminescence imaging system.

2.10. Nano-indentation

The nano-indentation experiments were performed as described in
Ref. [35] with a Nano Indenter G200 (Keysight Technologies, Inc, Santa
Rosa, CA, USA), equipped with a three-sided pyramid Berkovich dia-
mond tip. Briefly, the identical loading scheme applied consists of a
loading stage at a constant rate of 20 mN/min to a depth of 1000 nm,
holding at this load for a period of 10 s and then unloading to 15% of the
peak load at a rate of 10 mN/min. Each sample was performed for twenty
indentations at the midshaft of bone samples. For the indenter tip,

Table 3

Mouse quantitative real-time PCR primers.
Name 5' primer 3 primer
Gapdh CAGTGCCAGCCTCGTCCCGTAGA CTGCAAATGGCAGCCCTGGTGAC
Collal GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG
Runx2 AACGATCTGAGATTTGTGGGC CCTGCGTGGGATTTCTTGGTT
Sp7 ATGGCGTCCTCTCTGCTTG TGAAAGGTCAGCGTATGGCTT
Bglap AGGGAGGATCAAGTCCCG GAACAGACTCCGGCGCTA
Cebpa CAAGAACAGCAACGAGTACCG GTCACTGGTCAACTCCAGCAC
Cebpp CAAGCTGAGCGACGAGTACA CAGCTGCTCCACCTTCTTCT
Ap2 GGGGCCAGGCTTCTATTCC GGAGCTGGGTTAGGTATGGG
Pref-1 CCCAGGTGAGCTTCGAGTG GGAGAGGGGTACTCTTGTTGAG
Adiponectin  TGTTCCTCTTAATCCTGCCCA CCAACCTGCACAAGTTCCCTT
Ppary TCGCTGATGCACTGCCTATG GAGAGGTCCACAGAGCTGATT
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Young's modulus (Ei) = 1140 GPa and Poisson's ratio (vi) = 0.07. The
Poisson ratio for bone is set at 0.3 for calculating the modulus values.

2.11. In vitro bone marrow stromal cells (BMSCs) culture and
differentiation

Mouse primary BMSCs were isolated from both femurs and tibiae and
cultured as described previously [43]. For osteogenic differentiation,
BMSCs were cultured in osteogenic medium (a-MEM containing 10% FBS
and 50 pg/mL ascorbic acid) for 7 days and then stained for ALP using a
BCIP/NBT ALP color development kit (Beyotime, China). BMSCs were
differentiated in osteogenic medium for 14 days for alizarin red S
staining using Alizarin Red S Staining Kit (Beyotime, China) and qPCR
analysis. For adipogenic differentiation, BMSCs were cultured with re-
agents from the MesenCult™ Adipogenic Differentiation Kit (Stemcell
Technologies) for 9 days and then stained with Oil red O (Sigma) and
gPCR analysis.

2.12. Statistical analysis

All data were analyzed in this study by using the GraphPad Prism
software (Version 8.0). The differences between two groups were
analyzed by unpaired two-tailed Student's t-test. Results are expressed as
mean =+ standard deviation (s.d.). Difference with p < 0.05 was consid-
ered as statistically significant. All experiments were repeated at least
three times.

3. Results

3.1. Deletion of 1 integrin in osteocytes causes low bone mass in the
weight-bearing bones of adult mice

To determine the in vivo roles of pl integrin in osteocytes, we
generated osteocytes-specific pl integrin deletion mice (hereinafter
referred to as Itg#1°™? or conditional knock-out or cKO) by breading the
floxed Itgfi1 mice (Itgﬂlf/f) with the 10-kb mouse Dmp1 (dentin matrix
acidic phosphoprotein 1)-Cre transgenic mice [34]. The deletion of p1
integrin was confirmed by PCR genotyping using mouse tail DNAs
(Supplementary Fig. 1a) and western blotting of osteocyte-enriched
cortical bone tissues (Fig. 1a and b) and immunohistochemistry (IHC)
with the cortical bone sections of tibiae from control (Itgﬂlf/f) and cKO
(Itgﬁ]D’"Pl) mice (Fig. 1c). Compared to the cortical bone samples, the
expression levels of p1l integrin in other organs, such as heart, kidney,
lung, spleen and liver were indistinguishable between control and cKO
mice (Supplementary. Fig. 1b). cKO mice exhibited indistinguishable
body weight, and similar body structure compared to their age- and
sex-matched control mice during development (Supplementary. Fig. 1c
and d). Likewise, there were no differences in the length of femurs and
tibiae between the two genotypes (Supplementary. Fig. 1e-h).

Detailed analysis of potential skeletal phenotypes of control and cKO
mice were examined through high resolution micro-CT (pCT) at 4-month
age when their skeletons were matured. We detected the bone mass from
the mid-shaft cortical bone of femurs and tibiae, the distal trabecular
bone of femurs, and the proximal trabecular bone of tibiae from male
control and cKO mice (Fig. 1d, h). Compared with their age- and sex-
matched controls, cKO mice showed an 44.7% increase in trabecular
separation (Tb. Sp) and a 39.9% reduction in trabecular number (Tb. N)
of femurs (Fig. 1e and f). These numbers went to 56.0% increase in Tb. Sp
and 52.5% reduction in Tb. N for the tibiae of cKO mice (Fig. 1i and j).
Importantly, the cortical thickness (Ct.Th) of femurs and tibiae from cKO
mice significantly dropped 8.5% and 5.3% compared to the control mice,
respectively (Fig. 1g, k). In line with these observations, the bone volume
fraction (BV/TV) and the relative intensity of mineralized bone at the
spine (L3 to L5) of cKO mice were significantly reduced compared to
those in control mice (Fig. 11-0). Similar with these observations in male
mice, cKO female mice also displayed a similar osteopenia in tibiae with
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a 24.2% reduction in trabecular BV/TV and a 23.2% reduction in Tb. N
(Supplementary Figs. 2a—c). However, the cortical thickness of tibiae was
comparable between control and cKO female mice at 4-month age
(Supplementary Fig. 2d). Detailed bone parameters from pCT analyses
for male femurs, male tibiae, male spines and female tibiae were listed in
Supplementary Fig. 3.

We next determined the potential impact of p1 integrin loss in oste-
ocytes on calvariae, which are non-weight-bearing bones, by comparing
the bone mass and structure of calvariae from the two genotypes. The
overall skull size, structure and shape were comparable between control
and cKO mice (Supplementary Fig. 4a e, f). A region-of-interest (ROI)
analysis of the 2 mm x 2 mm center in the skull showed that control and
cKO mice shared similar bone mineral density (BMD), BV/TV and skull
thickness (Supplementary Figs. 4b—d).

Collectively, these results demonstrate that deletion of f1 integrin in
osteocytes causes a severe osteopenia in femurs, tibiae and spines, all
weight-bearing long bones.

3.2. p1 integrin loss in osteocytes impairs multiple mechanical properties
with collagen I fiber disorientation in long bones

Besides bone mass, the mechanical property of bones is another
important parameter that defines bone health. Wondering whether p1
integrin in osteocytes participates in bone quality control, we challenged
the femurs from 4-month-old male mice with three-point-bending test. As
presented in the load-displacement curve (Fig. 2a), femurs from control
mice resisted to significantly higher bending forces with larger
displacement before bone fracture, compared to those from cKO mice.
Statistically, the average maximum load of control femurs (18.35 + 2.30
N) were 2.63 £ 0.75 N higher than that of cKO femurs (15.72 + 1.49 N)
(Fig. 2b). The average stiffness of control femurs was 140.0 + 5.44 N/
mm,; this number was dropped to 116.80 + 4.99 N/mm of cKO femurs
(Fig. 2c). Moreover, the average fracture energy (work-to-fracture) for
control femurs was significantly higher in control mice (7.51 + 0.40 N
mm) than that for cKO femurs (4.29 + 0.37 N mm) (Fig. 2d). In consis-
tence with these observations from male mice, the three-point-bending
results from female mice also presented clear reduction of bone me-
chanical properties in cKO femurs (Supplementary Figs. 2e-h). Collec-
tively, these results demonstrate that osteocyte pl integrin actively
participates in the maintenance of bone mechanical properties.

Bone samples are generally defined with two mechanical properties,
elastic modulus and hardness [44]. The elastic modulus, often known as
Young's modulus, is an intrinsic material property of bone which is
related to the resistance offered by the bone to elastic deformations.
Hardness is an engineering property in characterization of bone micro-
structures and its resistance to penetration, which has been shown with
great associations to bone matrix composition, such as collagen fibers
[45,46]. To further examine the bone mechanical properties of the two
genotypes in nano- and micro-scale, we applied the nanoindentation
approach to evaluate both Young's modulus and hardness of
non-decalcified tibial samples from control and ¢cKO male mice (Fig. 2e
and f). We analyzed the center region of tibial middle-shaft cortical bone
sections. Interestingly, we found that the average Young's modulus was
comparable between control (9.15 + 0.63 GPa) and cKO tibiae (8.88 +
0.69 GPa) with a slight drop in cKO mice. However, the hardness of cKO
tibiae (0.177 + 0.03 GPa) was dramatically reduced by 60.4% compared
to that of control tibiae (0.447 + 0.04 GPa).

Published studies suggest that the contents of bone matrix, especially
type I collagen, which accounts for 90% of the bone matrix proteins, in
the cortical bones influence the bone strength [47]. The maturation and
orientations of collagen fibers, as well as their interactions with bone
mineral together determinate bone quality. To test whether collagen
matrix was altered after p1 integrin loss in osteocytes, we visualized and
semi-quantitatively measured the collagen content on the sagittal tibial
sections from control and cKO mice with sirius red/fast green dye
staining (Fig. 2g—j). In this staining, sirius red specifically binds the
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Figure 1. B1 integrin deletion in osteocytes results in significant bone loss in weight-bearing long bones in adult mice (a-b) Western blotting results of
cortical bone samples from control and cKO mice. Protein extracts were isolated from osteocyte-enriched cortical bone tissues and subjected to western blotting for the
expression analyses of pl integrin. a-actin was used as a loading control. (¢) Immunohistochemistry (IHC) of the tibial cortical bone sections from control and cKO
mice. (d) Micro-computerized tomography (pCT) images of the distal trabecular bone and mid-shaft cortical bone of femurs from 4-month-old male control and cKO
mice (e-g) Quantitative pCT analyses of trabecular separation (Tb.Sp), trabecular number (Tb.N), and cortical thickness (Ct.Th) of femurs. N = 9 for control group and
N = 10 for cKO group. (h) pCT images of the proximal trabecular bone and mid-shaft cortical bone of tibiae from 4-month-old male control and cKO mice (i-k)
Quantitative pCT analyses of Tb. Sp, Tb.N, and Ct. Th of tibiae. N = 14 for control group and N = 10-12 for cKO group. (1) pCT images of the sagittal view of L3-5
lumbar spines from 4-month-old male control and cKO mice. (m) Cross-section images (at yellow dotted line in 1) and 3D reconstruction images (at red square ROI in 1)
of the L4 lumbar spines from control and ¢cKO mice (n-0) Quantitative pCT analyses of the bone volume/tissue volume (BV/TV) and arbitrary intensity of spine
sections from control and cKO mice. N = 9 for control group and N = 8 for cKO group. Results are expressed as mean =+ standard deviation (s.d.). **p < 0.01; ***p

< 0.001.
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Figure 2. p1 integrin loss impairs bone mechanical properties and alters collagen fiber integrity. (a) Representative load—-displacement curve from three-point-
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nanoindentation test. N = 8 for each group (g-i) Sirius red/fast green dye staining of tibial sections from 4-month-old male control and cKO mice (j) Semi-quantitative
measurement of the collagen content on the sagittal tibial sections from control and cKO mice. N = 6 for each group (k) Representative images of collagen fibers under
two-photon microscopy from 4-month-old male control and cKO tibial sections (I-m) Quantitative analyses of collagen fiber intensity and length for control and cKO
mice. N = 6 for each group. Results are expressed as mean + standard deviation (s.d.). n. s. p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.
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[Gly-X-Y]n helical structure of fibrillar collagens, whereas fast green
binds to non-collagenous proteins. Since the cortical bone mainly con-
tains type I collagen in the matrix, we visualized the collagen I with sirius
red dye staining. As shown in Fig. 2g, the red staining of collagen I was
relatively uniformed throughout the sections of control tibiae, but was
discontinuous with some disrupted non-collagenous proteins detected in
the middle of cKO tibiae (red arrows in Fig. 2g). These observations could
be found under higher magnification microscopy. In both trabecular
bone (Fig. 2h) and cortical bone (Fig. 2i), we visualized continous
collagen I fibers in control tibiae, but disrupted collagen I fibers coupled
with non-collagen proteins in cKO tibiae (yellow arrows in cKO sections).
We also semi-quantified the amount of collagen in these bone sections
and found that collagen content was only slightly, but not significantly,
reduced in cKO mice relative to that in control mice (Fig. 2j).

To further confirm the changes of collagen I fibers in cKO bone, we
applied second-harmonic-generation (SHG) microscopy with two-photon
excited fluorescence imaging to in vivo visualize fibrillar collagen fibers
[48]. As collagen I is the primary matrix constituent responsible for SHG
signals in cortical bone section, we were able to visualize the fiber in-
tensity, fiber length and orientation in the sagittal sections of both con-
trol and cKO tibiae. As shown in Fig. 2k, control tibiae displayed highly
oriented collagen I fibers, most of which were well aligned in the lon-
gitudinal direction in which the tibiae experience the majority of me-
chanical load. In contrast, cKO tibiae showed either non-uniformed fiber
orientation with some gaps between different fibers (yellow arrows in
cKO-1 of Fig. 2k), or dis-orientated fibers, such as transverse fibers
(yellow arrows in cKO-2 of Fig. 2k). When we compared the arbitrary
intensity from collagen fibers between control and cKO tibial sections
(Fig. 21), we found that the average intensity of collagen fibers from 10
pm thickness sections were similar between two groups. This data sug-
gests that 1 integrin loss in osteocytes causes no or little reduction of
collagen I fiber content in bone, which was consistent with previous
semi-quantitative collagen concentration detection (Fig. 2j). However,
after manually tracking the single fiber length in tibial sections, we
observed a dramatic shortening of collagen fibers in cKO mice (Fig. 2m).

Collectively, these results demonstrate that loss of 1 integrin in os-
teocytes reduces both bone mass and bone quality of load-bearing long
bones in mice. The reduction of bone hardness in ¢KO mice could be a
consequence of the shortening and disorientation of collagen I fibers in
long bones.

3.3. p1 integrin loss in osteocytes alters lacunar-canalicular size, cellular
morphology, and nuclear orientation

With above observations on the bone quantity and quality changes in
cKO mice, we further analyzed the possible cell-autonomous defects of
osteocytes after pl integrin deletion. We first compared the number of
osteocytes in both trabecular bones and cortical bones between the two
genotypes. As shown in Fig. 3a-d, the average osteocyte numbers in the
sections of tibial trabecular bones and cortical bones were similar be-
tween control and cKO mice, which suggests that the reduced bone mass
and quality are not a result of cell loss. Results from the hematoxylin and
eosin (H/E) staining showed that the lacunar size surrounding osteocytes
in cKO bones appeared to be larger than that in control bones (red arrows
in cKO section of Fig. 3c). Next, we stained the lacunar-canalicular sys-
tem (LCS) and actin cytoskeleton of osteocytes from the sagittal cry-
osections of tibiae, and quantified the related parameters under confocal
microscopy with higher magnifications. As shown in Fig. 3e, compared to
control mice, the lacuna from cKO mice had larger but less uniformed
size (Fig. 3f) with a higher roundness score (Fig. 3g). Consistent with LCS
detection, we also observed rounder and more disorientated osteocytes in
cKO tibial sections. As shown in Fig. 3h, control osteocytes displayed a
typical spindle-like cell body with complex and out-reaching actin-
enriched processes (also see zoom-in image #1 in Fig. 3h). However, cKO
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osteocytes had rounder cell body with less and shorter processes (also see
zoom-in image #2 in Fig. 3h). Statistical data showed that the average
length of actin-enriched processes dropped 40.6% (Fig. 3i), and that the
number of processes per osteocyte dropped 42.1% (Fig. 3j) after 1
integrin deletion. Moreover, results from western blotting showed sig-
nificant reductions in the expression of other FA proteins, including 3
integrin and Kindlin-2, in cKO cortical bone samples (Fig. 3k and 1).

From above staining images, we noticed a clear nuclear size and
orientation changes in cKO sections (Fig. 3h). We next quantified the
osteocyte nuclear size and roundness, and found significant alternations
of nuclear size (Fig. 3n) and shape (Fig. 30) in p1 integrin deleted oste-
ocytes. Furthermore, analysis focused on nuclear orientation showed that
the majority of control osteocytes (80.2%) displayed a longitudinal
orientation (angle-a within 0-30°) (Fig. 3m, p). However, in cKO oste-
ocytes, there were increasing numbers of osteocytes that orientated in a
transverse way (angle-p larger than 30°) (Fig. 3m, p). Statically, the
average nuclear angle was increased 9.3 + 2.20° (16.88° for angle-o in
control osteocytes compared to 26.19° for angle-p in cKO osteocytes)
after p1 integrin was deleted (Fig. 3p).

Together these results suggest that p1 integrin controls osteocytes'
autonomous functions, including LCS size and roundness, process length
and density, and their nuclear size, shape and orientations.

3.4. p1 integrin loss reduces bone formation without affecting osteoclast
activities

To test the non-cell-autonomous effects of p1 integrin deletion in
osteocytes, we next analyzed the number and activity of the other two
important bone cells, i.e., osteoclasts and osteoblasts, in control and cKO
mice. We performed tartrate-resistant acid phosphatase (TRAP) staining
on tibial sections from the two genotypes (Fig. 4a). We found that the
osteoclast surface/bone surface and osteoclast number were comparable
between 4-month-old male cKO mice and their control littermates
(Fig. 4b and c). To test the in vivo osteoclast activity, we measured the
serum levels of collagen type I cross-linked C-telopeptide (CTX-1), an in
vivo indicator of osteoclast-mediated bone resorbing activity, and found
that there was no significant difference of the serum CTX-1 levels be-
tween the two genotypes (Fig. 4d). Thus, p1 integrin loss in osteocytes
seems not to affect the number and the bone-resorbing activity of
osteoclasts.

We next traced the bone formation activity of osteoblasts in control
and cKO long bones. We conducted double calcein labeling to measure
the in vivo bone-forming activity of osteoblasts and found significant
decreases in the mineral apposition rate (MAR) and a clear drop in the
mineralizing surface per bone surface (MS/BS) of the metaphyseal
trabecular bones (Tb) and mid-shaft cortical bones (Cb) in 4-month-old
male cKO mice compared to their control littermates (Fig. 4e-g). We
also measured the level of serum procollagen type 1 N-terminal pro-
peptide (P1NP), a serum indicator of in vivo osteoblast function and bone
formation, and observed a clear reduction of PINP in the serum of cKO
mice compared to that in control littermates (Fig. 4h).

We next collected the bone marrow stromal cells (BMSCs) from
control and cKO mice and conducted in vitro osteogenic differentiation
assays with these BMSCs. During BMSC collection and culture, we
noticed that the total BMSC numbers and their in vitro doubling speed
were indistinguishable between control and cKO cultures. To detect the
ability of BMSCs in early stage osteogenic differentiation, we cultured
BMSCs from both genotypes with osteogenic medium for 7 days and
detected a significant reduction of alkaline phosphatase (ALP) activity in
cKO BMSC cultures relative to that in control BMSC cultures (Fig. 4i and
j). We also extended the osteogenic induction period to 14 days and
conducted alizarin red S staining and quantitative PCR (qPCR) experi-
ments to test the ability of BMSCs for late stage osteogenic differentia-
tion. Alizarin red S staining is a commonly used method for visualizing
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Figure 3. B1 integrin loss alters lacunar-canalicular (LCS) size, cellular morphology and nuclear orientation in osteocytes (a, ¢) H/E staining results of
trabecular and cortical sections from 4-month-old male control and cKO tibiae (b, d) Quantitative analyses of trabecular and cortical osteocyte numbers per 100 pm?
area in tibial sections. (e) Representative LCS images from the cortical tibial sections of 4-month-old male control and cKO mice (f-g) Quantitative analyses of size and
roundness of LCS in control and cKO mice. (h) Representative actin cytoskeleton images from Rhodamine-Phalloidin staining of the cortical tibial sections from 4-
month-old male control and cKO mice. Zoom-in images of #1 and #2 represent control and cKO osteocyte actin cytoskeleton, respectively (i-j) Quantitative ana-
lyses of cortical osteocyte process length and number for control and cKO mice (k, 1) Western blotting results and quantifications for f1 integrin, p3 integrin, Kindlin-2
and Gapdh expression from osteocyte-enriched cortical bone samples of control and ¢cKO mice (m) Representative images for osteocyte nuclei from the cortical tibial
sections of 4-month-old male control and cKO mice. Zoom-in images of #1 and #2 represent the angle o and p, respectively, i.e., angles between longitudinal direction
of tibia sections and major axis of control and cKO nuclei (n-p) Quantitative analyses of nuclear size, nuclear roundness, and angle a/p from control and cKO cortical
osteocytes. Results were collected from three biological replicates (N = 3) for each group. Results are expressed as mean + standard deviation (s.d.). n. s. p > 0.05; *p
< 0.05; **p < 0.01; ***p < 0.001.

3.5. Loss of p1 integrin in osteocytes enhances BMSC adipogenic
differentiation in vitro and in bone

the calcium mineral deposition in culture and bone tissue. We found that
BMSCs derived from control mice had more positive staining with larger
calcium deposits in culture dishes than that of cKO mice (Supplementary
Fig. 5). Moreover, we further showed that the expression of osteoblast-
specific markers, including those encoding collagen type I alpha 1
chain (Collal), runt-related transcription factor 2 (Runx2), Sp7/Osterix
and Bglap/Osteocalcin, were significantly reduced in cKO BMSC cultures
(Fig. 4Kk).

Since BMSC can differentiate into osteoblast-lineage cells and adi-
pocytes in bone, we wondered whether their adipogenic differentiation is
affected in cKO mice. We determined the adipogenic differentiation
capability of collected BMSCs with both Oil red O staining and qPCR
analysis. After 9 days’ adipogenic induction, we observed an obvious
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Figure 4. p1 integrin loss in osteocytes reduces bone formation without affecting osteoclast activities in bone. (a) Representative images of tartrate-resistant
acid phosphatase (TRAP) staining from tibial sections of 4-month-old male control and cKO mice (b-c) Quantitative analyses of osteoclast surface and osteoclast
numbers in tibial sections from TRAP staining. (d) Serum levels of collagen type I cross-linked C-telopeptide (CTX-1) from ELISA detection of 4-month-old male control
and cKO mice. (e) In vivo double calcein labeling for bone formation detection in the trabecular (Tb) and cortical bone (Cb) of ulna sections of 4-month-old male
control and cKO mice (f-g) Quantitative analyses of MAR, MS/BS for double calcein labeling results. (h) Serum levels of procollagen type 1 N-terminal propeptide
(P1NP) from ELISA detection of 4-month-old male control and cKO mice. (i) Alkaline phosphatase (ALP) activity detection from BMSC osteogenic differentiation
experiments (j) Quantitative analysis of ALP-positive regions in BMSC osteogenic differentiation experiments (k) The transcription of Collal, Runx2, Sp7 and Bglap
were detected through quantitative PCR analysis after BMSC osteogenic differentiation. Results were collected from three biological replicates (N = 3) for each group.
Results are expressed as mean =+ standard deviation (s.d.). n. s. p > 0.05; *p < 0.05; **p < 0.01.

accumulation of oil droplets in cKO cultures (Fig. 5a), and the quanti-
tative measurement (Fig. 5b) showed an average 3.82 times more oil
droplets in cKO cultures compared to control cultures. Results from qPCR
analyses showed that the expression levels of adipogenic differentiation
genes, including those encoding peroxisome proliferator-activated re-
ceptor gamma (Ppary), adiponectin (Adipo), adipocyte protein 2 (Ap2),
and CCAAT/enhancer-binding protein alpha (Cebpa), but not Cebpp and
preadipocyte factor-1 (Pref-1), were significantly increased in cKO versus
control cultures (Fig. 5¢). Furthermore, we observed that a large quantity
of fat was accumulated in the bone marrow of cKO tibiae, but not control
mice, as demonstrated by H/E staining (Fig. 5d, g) and Perilipin immuno-
staining (Fig. 5e, h). Quantitative measurements further demonstrate a
large number of oil droplets accumulated in the bone marrow of both
trabecular and cortical bones from cKO mice (Fig. 5f, i).
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3.6. p1 integrin deletion in osteocytes impairs load-induced bone formation
and collagen fiber integrity

Based on our above observations of bone mass loss in load-bearing
long bones (Fig. 1) and reduced FA proteins in cortical bone samples
after p1 integrin deletion (Fig. 3), we wondered whether these pheno-
types in cKO mice are associated with mechanical stimulations. To test
the involvement of pl integrin in osteocyte mechanotransduction, we
conducted in vivo tibial loading experiments with 4-month-old male
control and cKO mice. We challenged the right tibiae of experimental
animals with 9.0 N cyclic mechanical compression for 2 weeks, and kept
their left tibiae as intact and unload limbs. During the loading period, we
monitored their tibial bone mass changes with in vivo pCT scanning on
Day 1 (D1 before loading) and Day 14 (D14 after loading) (Fig. 6a). By
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Figure 5. 1 integrin loss in osteocytes enhances BMSC adipogenic differentiation in vitro and in bone. (a) Oil red O staining results of adipogenic differ-
entiation from cultured primary BMSC derived from control and cKO mice. (b) Quantitative analyses of numbers of oil droplets per frame in Oil red O staining results.
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blue) and oil droplets (marked with Perilipin in green) in the trabecular and cortical bone sections from control and cKO tibiae (f, i) Quantitative analyses of numbers
of oil droplets per 1 mm? in the trabecular and cortical sections from control and cKO tibiae. Results were collected from three biological replicates (N = 3) for each
group. Results are expressed as mean + standard deviation (s.d.). n. s. p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.

comparing the bone mass before and after loading stimulations, we
observed slight, but consistent, increases of the trabecular bone mass
(yellow asterisks) and cortical bone thickness (red arrows) in control
mice (Fig. 6a). However, these load-stimulated bone augmentations were
lost in cKO mice (Fig. 6a). We also determined the bone formation rate
with double calcein labeling experiments. As shown in Fig. 6b, bone
formation was markedly enhanced by loading in the trabecular bone of
tibiae from control mice, which was lost in cKO mice. Quantitative
analysis focused on the ratio between load right tibiae and unload left
tibiae further demonstrated significant increases of the bone mineral
apposition rate (MAR) and bone formation rate per bone surface (BFR/
BS) in control tibiae than those in cKO tibiae (Fig. 6¢—e). Consistent with
the trabecular bone results, the average increment of cortical thickness
within two-week loading treatment was 6.0 + 2.43% in control tibiae;
this value was dropped to 0.57 + 1.20% in cKO tibiae (Fig. 6f). These
results suggest that mice with pl integrin loss in osteocytes fail to
properly respond to mechanical stimulation.

Considering the critical involvement of collagen fiber orientation in
determination of mechanical properties, we further examined the
collagen I fibers in long bones of the two genotypes with and without
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loading treatment through two-photon imaging. We found that me-
chanical loading markedly enhanced the collagen I fiber intensity in both
cortical (Fig. 6g) and trabecular bones (Fig. 6h) of tibiae in control mice.
In contrast, either the arbitrary intensity nor the fibrillar structure of
collagen I in cKO tibiae were enhanced by loading (Fig. 6g and h).
Collectively, these results demonstrate critical roles of pl integrin in
osteocytes for bone formation and collagen fiber integrity under me-
chanical stimulations.

4. Discussions

In the present study, we demonstrate critical roles of osteocyte p1
integrin in the control of bone mass and mediation of bone mechano-
transduction. We demonstrate that mice lacking p1 integrin in osteocytes
exhibit remarkable bone loss in both trabecular bone and cortical bone of
load-bearing bones, including tibiae, femurs and lumbar spines, but not
in non-weight-bearing calvariae. This osteopenic phenotype is associated
with significant reductions of bone mechanical properties. Furthermore,
we demonstrate that osteocyte 1 integrin expression is essential for
normal responses of bones to mechanical loading.
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0.05; **p < 0.01; ***p < 0.001.

We further demonstrate that pl integrin loss in osteocytes causes
bone loss through both cell-autonomous and non-cell-autonomous
mechanisms in the mutant mice. On one hand, pl integrin loss causes
significant changes in osteocyte itself through cell-autonomous mecha-
nisms. While cKO mice had no reduction of the osteocyte number in
trabecular and cortical bones, they displayed altered LCS size and shape,
decreased length and number of dendritic processes, as well as abnormal
nuclear size and orientations in osteocytes. These alterations could
negatively affect osteocyte function, including nutrient supply [49],
mechanical signal transduction [21], as well as cellular communications
[50]. On the other hand, osteocytes modulate bone mass and homeostasis
through non-cell-autonomous mechanisms by affecting bone remodeling,
i.e., the osteoclast-mediated bone resorption followed by the
osteoblast-mediated bone formation. In the present study, we demon-
strate that 1 integrin loss in osteocytes largely impairs osteoblast for-
mation and function, leading to a dramatic decrease in bone formation
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and a low bone mass phenotype in cKO mice. Interestingly, cKO dis-
played reduced osteogenic, but enhanced adipogenic, differentiation in
their bone marrow. Similarly, primary BMSCs derived from cKO dis-
played dramatic decrease in osteoblast differentiation but enhanced
adipogenic  differentiation in cultures. Interestingly, similar
non-cell-autonomous alterations are observed in primary BMSC cultures
and in bone of transgenic mice lacking other FA proteins Pinch1/2 [1]
and Kindlin-2 [37] in osteocytes. It should be noted that 1 integrin loss
in osteocytes does not impact osteoclast formation and bone resorption,
which is similar to the results from Pinch1/2 cKO mice [1], but different
from that in mice with Kindlin-2 loss in osteocytes [37]. The latter mice
display reduced osteoblast, but increased osteoclast formation in bone
[37]. Thus, these FA proteins in osteocytes may display different regu-
lations of bone remodeling, and the underlying mechanisms of these
differences are unclear and remain to be determined.

Previously published reports showed that deletion of pl integrin
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using the Osteocalcin-Cre, which is known to target both mature osteo-
blasts and osteocytes, caused only subtle skeletal phenotype in mice
(Itgp1 Ostocaleiny with minor structural alternations in femurs without
affecting the bone mass nor the mechanical properties [32]. Further-
more, mice with deletion of p1 integrin using the Collal-Cre (Itgs1¢°!el),
which target early and mature osteoblasts, displayed normal skeletal
phenotype [51]. The phenotypic discrepancies between Itg#1°™! mice in
current study and IrgB1%°°M mice or Irgf1°°! mice by others are
probably because these Cre lines target different osteoblastic cell pop-
ulations, i.e., Dmp-1-Cre, Osteocalcin-Cre and Collal-Cre are not identical.
These discrepancies could also due to potential differences in deletion
efficiencies of p1 integrin in osteocytes among these Cre mice. Our pre-
viously published results showed that the 10-kb Dmp1-Cre had a signif-
icantly higher deletion efficiency in cortical osteocytes than that
displayed by the 2.3-kb Collal-Cre mice [37].

In the present study, we reveal a critical role of osteocyte p1 integrin
in mediation of bone mechanotransduction. Our data suggest that p1
integrin exerts this key function partially through regulation of osteocyte
cytoskeleton, cell orientation and ECM collagen I fiber integrity in bone,
which are known to be involved in regulation of external mechanical
loading and force adaptation in bone [52,53]. In addition, loss of f1
integrin further diminishes the expression of other FA-associated pro-
teins in osteocytes, such as p3 integrin and Kindlin-2. It is worth
mentioning that 1 and 3 integrins are the two major beta chains
expressed in osteocytes [19]. According to published results, these two
subchains display unique protein localization in osteocytes, i.e., pl
integrin was mainly located to osteocyte cell body [30], while p3 integrin
was reported to be primarily expressed along osteocyte dendrites and
formed FA connections with ECMs [30]. Moreover, in vitro cell culture
studies demonstrate that both 1 [19] and p3 integrins [54] are necessary
for propel mechanotransduction under fluid shear stress in osteocytes. It
would be interesting to further examine the potential interaction and
communications between these two integrin subchains in osteocytes. In
the current study, we provide in vivo evidence that f1 integrin is pre-
dominantly expressed at the cell body of osteocytes and plays a crucial
role in osteocyte mechanotransduction. However, detailed examinations
regarding the in vivo function of B3 integrin in osteocyte mechano-
transduction remains to be determined.

In summary, our study demonstrates a critical role of osteocyte p1
integrin in regulation of the cellular morphology, LCS and ECM integrity,
and modulation of the bone microenvironment to maintain bone ho-
meostasis and mediate mechanotransduction in bone. We and others
showed that several FA-associated proteins, such as (1 integrin, Kindlin-2
[35], Pinch1/2 [1], and FAK [55], are essential for osteocyte-meditated
bone mechanotransduction in mice. These results together emphasize a
critical involvement of the FA signaling pathway in mediation of bone
mechanotransduction. Our findings bring new molecular insights into
osteocyte biology and may provide a potential therapeutic target for
metabolic bone diseases, such as osteoporosis.
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