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ARTICLE INFO SUMMARY

Keywords: Background: Abnormal bone formation in subchondral bone resulting from uncoupled bone remodeling is
Defactinib considered a central feature in osteoarthritis (OA) pathogenesis. H-type vessels can couple angiogenesis and
FAK

osteogenesis. We previously revealed that elevated H-type vessels in subchondral bone were correlated with OA
and focal adhesion kinase (FAK) in MSCs is critical for H-type vessel formation in osteoporosis. The aim of this
study was to explore the correlation between H-type vessels and MSCs in OA pathogenesis through regulation of
H-type vessel formation using defactinib (an FAK inhibitor).

Methods: In vivo: 3-month-old male C57BL/6J (WT) mice were randomly divided into three groups: sham controls,
vehicle-treated ACLT mice, and defactinib-treated ACLT mice (25 mg/kg, intraperitoneally weekly). In vitro: we
explored the role of conditioned medium (CM) of MSCs from subchondral bone of different groups on the
angiogenesis of endothelial cells (ECs). Flow cytometry, Western blotting, ELISA, real time (RT)-PCR, immuno-
staining, CT-based microangiography, and bone micro-CT (pCT) were used to detect changes in relative cells and
tissues.

Results: This study demonstrated that inhibition of H-type vessels with defactinib alleviated OA by inhibiting H-
type vessel-linked MSCs in subchondral bone. During OA pathogenesis, H-type vessels and MSCs formed a positive
feedback loop contributing to abnormal bone formation in subchondral bone. Elevated H-type vessels provided
indispensable MSCs for abnormal bone formation in subchondral bone. Flow cytometry and immunostaining
results confirmed that the amount of MSCs in subchondral bone was obviously higher in vehicle-treated ACLT
mice than that in sham controls and defactinib-treated ACLT mice. In vitro, p-FAK in MSCs from subchondral bone
of vehicle-treated ALCT mice increased significantly relative to other groups. Further, the CM from MSCs of
vehicle-treated ACLT mice enhanced angiogenesis of ECs through FAK-Grb2-MAPK-linked VEGF expression.
Conclusions: Our results demonstrate that defactinib inhibits OA by suppressing the positive feedback loop be-
tween H-type vessels and MSCs in subchondral bone.

The translational potential of this article: Our results provide a mechanistic rationale for the use of defactinib as an
effective candidate for OA treatment.

H-type vessels
MSCs
Osteoarthritis
Subchondral bone

Introduction osteophyte formation, and elevated cartilage degradation, is the most
common multifactorial degenerative joint disorder [1], with millions
Osteoarthritis (OA), characterized by subchondral bone sclerosis, affected worldwide [2]. Currently, the exact etiology of OA remains
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unclear [3,4], and there are no effective disease-modifying therapies for
OA.

Although articular cartilage degeneration is the main characteristic of
OA, the whole joint is involved during the progression of OA [5-8]. Of
note, abnormal bone formation in subchondral bone is considered a
central feature in OA initiation and progression [9,10]. Abnormal bone
formation results from erroneous mobilization and recruitment of
mesenchymal stem cells (MSCs) following increased and uncoupled bone
remodeling in subchondral bone [9,11,12]. Specifically, after acute
injury causing joint instability, such as anterior cruciate ligament (ACL)
damage, over-activated osteoclasts in subchondral bone resorb excessive
bone and liberate excessive factors embedded in the bone matrix, which
generates an aberrant bone marrow environment leading to erroneous
MSCs recruitment to bone marrow cavities or non-bone resorption sites
but not to the bone resorption pits. We previously found that MSCs
accumulated and were dispersed throughout the bone marrow during the
onset of OA [13]. However, the origin of elevated MSCs in subchondral
bone is still unknown.

Adequate blood supply is critical for bone formation [14]. In addition
to bone modeling associated with bone growth, capillaries are also pre-
sent at bone remodeling sites to orchestrate bone resorption and bone
formation [15]. A specific vessel subtype was recently identified called
H-type vessels (cD31"MEmen™) [16,17]. This new capillary can regulate
perivascular osteoprogenitor recruitment and differentiation coupling
angiogenesis with osteogenesis. We previously reported that the
expression of H-type vessels in subchondral bone increased during the
onset of OA [13].

MSC stabilization of newly formed tubes is critical for angiogenesis
[18,19]. The interaction of MSCs with endothelial cells promotes blood
vessel formation by secretion of angiogenic growth factors and other
signaling molecules [20,21]. We previously reported that activation of
FAK signaling in MSCs enhanced H-type vessel formation in cortical bone
to ameliorate osteoporosis [22]. Moreover, FAK signaling can modulate
angiogenesis through FAK-Grb2-MAPK-linked VEGF expression [23,24].
Therefore, we hypothesized that H-type vessels might harbor a reserve of
MSCs that might be integral to the origin of MSCs necessary for abnormal
bone formation in subchondral bone during OA progression, and MSCs in
turn enhance angiogenesis through the FAK-Grb2-MAPK pathway to
form a positive feedback loop with H-type vessels. Thus, defactinib, a
FAK inhibitor, might attenuate OA by inhibiting H-type vessel-linked
MSCs indispensable to abnormal bone formation in subchondral bone.

In this study, we explored in vivo whether treatment with defactinib
could inhibit H-type vessel-linked MSCs integral to abnormal bone for-
mation in subchondral bone and then protect articular cartilage from
degeneration. In vitro, we examined the effect of MSCs from subchondral
bone of different groups on the angiogenesis of endothelial cells (ECs)
and the potential molecular mechanisms.

Materials and methods
Animals and OA model

Three-month-old male C57BL/6J (WT) mice (n = 120 total) were
purchased from the animal center at Southern Medical University.
Anterior cruciate ligament transection (ACLT) was done to induce
abnormal mechanical loading-associated OA of the left knee. A sham
operation was conducted by opening the joint capsule and then suturing
the incision in the left knee of independent rodents. We randomly
divided the mice into three groups: sham controls, vehicle-treated ACLT
mice (solvents of defactinib), and defactinib-treated ACLT mice (n = 10
per group). Defactinib (HY-12289, MCE) was administered intraperito-
neally weekly (25 mg/kg) [25]. The 30 mice were euthanized one month
after surgery for micro-CT analysis and histological staining of sub-
chondral bone and articular cartilage. An additional 90 mice were used
for the following individual experiments (with the same grouping strat-
egy and sample collection time): MSC sorting (n 5 per group),
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acquisition of conditioned medium (CM) of MSCs from subchondral bone
(n =5 per group), CT-based microangiography (n = 5 per group), calcein
double-labeling experiments (n = 5 per group), qRT-PCR to detect p-FAK
changes in the subchondral bone (n = 5 per group), and ELISA to detect
VEGF changes in the subchondral bone and blood (n = 5 per group). All
of the mice were housed in the animal facility at Southern Medical
University. The experimental protocols were reviewed and approved by
the Institutional Animal Care and Use Committee of the Southern Med-
ical University.

Histochemistry, immunohistochemistry, and histomorphometry analysis

The knee joints of the mice were dissected, fixed in 4% buffered
formalin for 48 h, and decalcified in 10% EDTA (pH 7.4) for four weeks.
The specimens were embedded in either paraffin or optimal cutting
temperature (OCT) compound (Sakura Finetek) (IF staining). Four-pm-
thick longitudinally oriented sections of the knee joint medial compart-
ment were cut and processed for H&E, Safranin O, and fast green stain-
ing. Hyaline cartilage was separated from calcified cartilage by the
tidemark line. We measured the distance from the tidemark to the sub-
chondral bone plate (SBP) as the thickness of the calcified cartilage. We
also measured the distance from the tidemark to the articular cartilage
surface as the thickness of the hyaline cartilage. Sagittal sections of the
knee joint medial compartment were incubated with primary antibodies
against CD31 (1:100, ab222783, Abcam, Cambridge, UK), endomucin
(1:50, sc-65495, Santa Cruz Biotechnology, Heidelberg, Germany),
Osterix (1:100, sc-393060, Santa Cruz, Biotechnology, Heidelberg, Ger-
many), p-FAK (1:50, sc-374668, Santa Cruz, Biotechnology, Heidelberg,
Germany), nestin (1:100, 66259-1-lg, Proteintech, Wuhan, China),
CD146 (1:200, GTX108777, GeneTex, Shenzhen, China), MMP13 (1:100,
ab39012, Abcam, Cambridge, UK), Col II (1:50, sc-52658, Santa Cruz,
Biotechnology, Heidelberg, Germany), aggrecan (1:50, sc-166951, Santa
Cruz, Biotechnology, Heidelberg, Germany) and ADAMTS5
(1:100,#C04789, SAB, Baltimore, USA) at 4°C overnight. For immuno-
fluorescence staining, second antibodies conjugated with fluorescence
were incubated for 1 h at room temperature (RT) while avoiding light.
Next, we microphotographed the slices to perform histomorphometric
measurements on the entire area of the tibia subchondral bone (Olympus
DP71). Quantitative analysis was conducted in a blinded fashion with
ImageJ software (v1.51j8). We counted the number of positively stained
cells in the whole tibia subchondral bone area per specimen and
measured five sequential specimens per mouse in each group. Osteoar-
thritis Research Society International-modified Mankin criteria (OARSI)
scores were calculated as previously described [26].

Hard-tissue slicing and calcein double-labeling experiments

The fluorescent calcein binding dyes xylenol orange and calcein green
were used to sequentially label new bone deposition and bone remod-
eling in subchondral bone. Xylenol orange (Sigma, 90 mg/kg) and calcein
green (Sigma, 15 mg/kg) were injected subcutaneously at 10 days and 2
days, respectively, before the mice were euthanized. We then micro-
photographed slices to perform histomorphometric measurements on the
entire area of the tibia subchondral bone.

Micro-CT analysis

We acquired the knee joints of the mice and dissected them free of soft
tissue and fixed them in 70% ethanol overnight. Next, we scanned the
specimens using high-resolution micro-CT (SkyScan 1172) and recon-
structed the scanned images using image reconstruction software (NRe-
con v1.6). The data were analyzed using data analysis software (CTAn
v1.9) and three-dimensional model visualization software (p CTVol
v2.0). We set the scanner to a voltage of 50 kVp, current of 200 pA, and
resolution of 5.8 pm per pixel. We chose a threshold of 50 based on visual
interpretation. Three-dimensional histomorphometric analysis was
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performed using longitudinal images of the tibial subchondral bone. The
region of interest was defined as covering the whole tibial subchondral
bone medial compartment. Three-dimensional structural parameters
analyzed included bone volume/total tissue volume (BV/TV), sub-
chondral bone plate thickness (SBP.Th), trabecular number (Tb.N), and
trabecular pattern factor (Tb.Pf).

CT-based microangiography

Angiography of microfil-perfused bones was performed to image the
blood vessels in the bone. After the mice were euthanized, the vascular
system was flushed with 0.9% normal saline solution containing heparin
sodium (100U ml-1) through a needle inserted into the left ventricle. We
then pressure fixed the specimens with 10% neutral buffered formalin
and washed them with heparinized saline solution. Radiopaque silicone
rubber compound containing lead chromate (Microfil MV-122, Flow
Tech) was then injected. The specimens were stored at 4°C overnight for
contrast agent polymerization. We then dissected and harvested the
mouse knee joints and soaked them in 10% neutral buffered formalin for
four days to ensure complete tissue fixation. Before scanning, the speci-
mens were decalcified in a formic acid-based solution (Cal-Ex II) for 48 h
to facilitate image threshold of the vasculature from the surrounding
tissues. Images were acquired using a high-resolution micro-CT imaging
system (SkyScan 1172). Three-dimensional analysis was performed via
data analysis software (CTAn v1.9) using longitudinal images of the tibial
subchondral bone. The region of interest was defined as covering the
whole tibial subchondral bone medial compartment. The scanner was set
at a resolution of 9 pm isotropic voxel size. We chose a threshold of 100
based on visual interpretation of threshold two-dimensional tomograms.
Three-dimensional structural parameters including vessel volume/total
tissue volume (VV/TV) and vessel number (VN) were analyzed.

Flow cytometry

To detect the effect of subchondral bone MSCs on angiogenesis of ECs,
MSCs were isolated from the subchondral bone of the mice in different
groups following a previously described protocol [27,28]. Briefly, after
tibial subchondral bones were dissected free from metaphyseal bone, we
first removed the periosteum and periosteal progenitors by digesting the
outer surface of the subchondral bone with a protease solution (2 mg/ml
collagenase A and 2.5 mg/ml trypsin) for 20 min. Next, the subchondral
bone was cut into pieces and digested for 1 h to acquire mesenchymal
progenitors. After red blood cell lysis with a commercial lysing solution
(BD FACS, BD Biosciences, San Jose, CA, USA), cells in the supernatant
(endosteal bone marrow) were collected, washed once with culture
media, passed through a cell strainer, and then either used directly for
flow cytometry to detect changes in the number of MSCs in the sub-
chondral bone or plated at 1.5 x 10%/well for further culture to harvest
the conditioned medium (CM). For mouse MSCs, the cell surface marker
expression of CD45, CD29, Sca-1, and CD105 was identified using a
Mouse Multipotent Mesenchymal Stromal Cell 4-Color Flow kit (R&D
Systems, Minnesota, USA) according to the manufacturer's instructions.
Flow cytometric analyses were carried out with FACSCanto II Flow Cy-
tometer (BD Biosciences, San Jose, CA, USA). Data were analyzed using
BD FACSDiva software v6.1.3 (BD Biosciences, San Jose, CA, USA).

Acquisition of conditioned medium (CM)

MSCs from the subchondral bone of the mice in the different groups
were seeded into 48-well culture plates at a density of 1.5 x 10%/well and
cultured with minimum essential medium o (a-MEM, Mediatech, Inc.)
supplemented with penicillin (100 U ml~!, Sigma-Aldrich), strepto-
mycin sulfate (100 pg ml ™}, Sigma—Aldrich), and 10% lot-selected fetal
bovine serum (FBS, Atlanta Biologicals) at 37°C in a 5% CO2 humidified
incubator. After seven days of culture, the CM of the MSCs from the sham
controls, vehicle-treated ACLT mice, and defactinib-treated ACLT mice
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was harvested and centrifuged at 2000xg for 10 min to collect the su-
pernatant, which was stored at —80°C or used for downstream experi-
ments. Proteins of cultured MSCs from different groups were harvested
for Western blotting.

Tube formation assay

We plated Matrigel (BD Biosciences) in 96-well culture plates and
incubated them at 37°C to polymerize for 45 min. We then seeded bone
marrow endothelial cells (BMECs, JNO-19263, Guangzhou, China) onto
Matrigel-coated 96-well plates at a density of 2 x 10* cells/well and
cultured them in culture media with the CM of the MSCs from the sham
controls, vehicle-treated ACLT mice, or defactinib-treated ACLT mice.
After incubation at 37°C for 6 h, the cells were observed with an inverted
microscope (Leica). All of the parameters (total tube length, total loops,
and total branching points) revealing the ability of BMECs to form tubes
were measured using Image-Pro Plus 6 software.

Quantitative real-time PCR (qRT-PCR) analysis

The subchondral bones dissected from proximal tibias were pulver-
ized with a pestle and mortar prechilled in liquid nitrogen. The bone
particles were homogenized in TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) and the total RNA was harvested following the manufacturer's in-
structions. ¢cDNA was synthesized from 1 pg of total RNA using a
RevertAid First Strand cDNA Synthesis kit (Fermentas, Burlington, Can-
ada). Next, qRT-PCR was performed using a FastStart Universal SYBR
Premix ExTaq II (Takara Biotechnology, Japan) on an ABI PRISM
7900HT System (Applied Biosystems, Foster City, CA, USA). Relative
gene expression was calculated via the 27ALCT method and GAPDH was
used as the reference for normalization. The primer sequences used for
qRT-PCR were as follows: FAK: forward, 5-GAAGCATTGGGTCGG-
GAACTA-3, and reverse, 5'-CTCAATGCAGTTTGGAGGTGC-3'; GAPDH:
forward, 5-TGTCGTGGAGTCTACTGGTG-3’; and reverse, 5'-
GCATTGCTGACAATCTTGAG-3'.

Western blotting (WB) and enzyme-linked immunosorbent assay (ELISA)

Proteins were collected as previously described from the cultured
MSCs. The protein levels in the supernatant were measured using a Pierce
BCA Protein Assay kit (Thermo Fisher Scientific, Waltham, MA, USA). We
centrifuged the lysates and separated the supernatants via SDS-PAGE,
blotted them onto polyvinylidene fluoride (PVDF) membranes (Bio-Rad
Laboratories), analyzed them with specific antibodies for FAK (1:1000,
sc-271195, Santa Cruz, Biotechnology, Heidelberg, Germany), p-FAK
(1:1000, sc-374668, Santa Cruz, Biotechnology, Heidelberg, Germany),
Grb2 (1:1000, PA5-27151, Thermo Fisher Scientific, Waltham, MA,
USA), p-Grb2 (1:1000, Ser159, Thermo Fisher, Waltham, MA, USA),
MAPK (1:1000, ab197348, Abcam, Cambridge, UK), p-MAPK (1:1000,
CY6390, Abway, Beijing, China), and GAPDH (1:2000, 10494-1-AP,
Proteintech, Wuhan, China), and visualized them via enhanced chem-
iluminescence (ECL kit, Amersham Biosciences). The concentrations of
VEGEF in the supernatant of the bone marrow, blood, or in the CM were
measured using a commercial mouse VEGF ELISA kit (ab100751, Abcam,
Cambridge, UK) according to the manufacturer's instructions. The optical
density of each well was determined using a microplate reader (Bio-Rad
680, Hercules, CA, USA) set to 450 nm. Wavelength correction was set to
570 nm. The protein concentration in each sample was calculated ac-
cording to the standard curve.

Statistical analysis

Data are presented as mean + standard deviation (s.d). One-way
analysis of variance (ANOVA) was used for multifactorial comparisons.
First, homogeneity of variance was tested, after which differences be-
tween groups were assessed by post hoc multiple comparisons. If no
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heterogeneity was observed, the LSD test was used to assess the differ-
ences between groups. However, if heterogeneity was present, the Welch
test was used to determine the equality of means and Dunnett's T3 was
used to assess the differences between groups. The investigators were
blinded to allocations during the experiments and outcome assessment.
In the figures, statistical significance is shown as follows: *p < 0.05,
**p < 0.01 compared to sham, and *p < 0.05, **p < 0.01 compared to
vehicle. All of the data analyses were conducted using SPSS 21.0 analysis
software (SPSS Inc.).

Results

Defactinib inhibits the formation of H-type vessels in subchondral bone
during OA pathogenesis

We previously found that elevated H-type vessels in subchondral bone
correlating with osteoarthritis (OA) and focal adhesion kinase (FAK) in
MSCs is critical for H-type vessel formation in osteoporosis [13,22]. In
this study, we found that FAK expression was elevated significantly in the
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subchondral bone of the vehicle-treated ACLT mice in comparison with
the sham controls and defactinib (FAK inhibitor)-treated ACLT mice
(Fig. 1A). Through CT-based microangiography, we certified that the
vessel number (VN) and vessel volume/total tissue volume (VV/TV)
increased significantly in the subchondral bone of the vehicle-treated
ACLT mice (Fig. 1B-D), whereas defactinib treatment normalized
them. These demonstrated that the vasculature in the subchondral bone
was significantly elevated during the onset of OA. We further confirmed
that the increase in the vasculature was from H-type vessels. Double
immunofluorescence staining of CD31 and endomucin revealed a sig-
nificant increase in H-type vessels (CD31" endomucin™) in the sub-
chondral bone marrow of vehicle-treated ACLT mice, whereas defactinib
treatment lowered H-type vessels with no significant difference relative
to the sham controls (Fig. 1E and F). Taken together, these results
demonstrate that an increase in FAK modulates H-type vessel formation
during the onset of OA.
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Fig. 1. Defactinib inhibits H-type vessels in subchondral bone. (A) qRT-PCR analysis of the mRNA expression of FAK in the subchondral bone. n = 5 per group.
(B-D) Three-dimensional CT-based microangiography of the medial tibial subchondral bone one month post-surgery (B) with quantification of the vessel volume
relative to the tissue volume (VV/TV) (C) and vessel number (VN) (D). n = 10 per group. Scale bar, 500 ym. (E-F) Confocal images (E) and quantification of CD31 and
endomucin-positive cells (CD31: green; endomucin: red; merge: yellow). n = 10 per group. Scale bar, 100 pm. Sham = sham controls; ACLT + Veh = vehicle-treated
ACLT mice; ACLT + Def = defactinib-treated ACLT mice. *p < 0.05 and **p < 0.01 compared to sham. *p < 0.05 and *#p < 0.01 compared to vehicle.
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Defactinib suppresses H-type vessel-induced abnormal bone formation in
subchondral bone

H-type vessels couple angiogenesis with osteogenesis [16]. Triple

CD31 EMCN Osterix
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immunofluorescence staining of CD31, endomucin, and Osterix revealed
that elevated H-type vessels were highly enriched by Osterix-positive
cells. Defactinib-treated ACLT mice had significantly decreased H-type
vessels and accompanied Osterix" cells, similar to the level of the sham

Osterix*/

F
0.1

0.08
0.06
+ 0.04
0.02

SBP.Th(mm)

Sham

(=}

BV/TV(mm?®)

(2}

Th.N(mm-")

ACLT+Veh

(=2
o
*

50 #
40
30
20
10
066

5

4

3

2

1

"

%00
%

ACLT+Veh

N.ectopic bone*(mm?) —

351
304
25+
204
154
104

54

0+

16

ACLT+Def

Fig. 2. Defactinib inhibits h-type vessel-induced
abnormal bone formation in subchondral bone.
(A and B) Confocal images (A) and quantification of
CD31 and endomucin-positive cells (CD31: green;
endomucin: red; merge: yellow) and Osterix ™ (purple)
cells. n = 10 per group. Scale bar, 100 pm. (C)
Representative three-dimensional micro-CT images of
the sagittal views of the subchondral bone medial
compartment. Scale bar, 500 pm. (D-G) Quantitative
micro-CT analysis of the tibial subchondral bone of the
bone tissue relative to the total tissue volume (BV/
TV). (D) Trabecular pattern factor (Tb.pf). (E) Sub-
chondral bone plate thickness (SBP.Th). (F) Trabecular
N (Tb.N) (G). n = 10 per group. (H) Fluorochromes
xylenol orange and calcein green staining in the sub-
chondral bone after surgery. Scale bar, 100 pm. (I)
Quantification of abnormal bone formation in the
subchondral bone. n = 5 per group. Sham = sham
controls; ACLT + Veh = vehicle-treated ACLT mice;
ACLT + Def = Defactinib-treated ACLT mice.
*p < 0.05 and **p < 0.01 compared to sham.
#p < 0.05 and *#p < 0.01 compared to vehicle.
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controls (Fig. 2A and B). This implies that H-type vessels are strongly
correlated with abnormal bone formation in subchondral bone. To detect
the changes in the subchondral bone microarchitecture, we then per-
formed three-dimensional microcomputed tomography (uCT) of the
tibial subchondral bone and found increased BV/TV and Tb.Pf and
reduced SBP thickness in the vehicle-treated ACLT mice. Defactinib
treatment, however, normalized BV/TV, Tb.Pf, and SBP.Th with no sig-
nificant difference noted relative to the sham controls (Fig. 2C-G). In
addition, fluorescent double-labeling experiments revealed that
abnormal bone formation in the subchondral bone was enhanced in the
vehicle-treated ACLT mice (green and orange were not linked and
separated from each other) relative to the sham controls (green and or-
ange were layered and closer to each other), whereas defactinib treat-
ment decreased abnormal bone formation in the subchondral bone
(Fig. 2H and I). Taken together, these results suggest that elevated H-type
vessels link abnormal bone formation in subchondral bone during the
onset of OA.

Defactinib further protects articular cartilage from degeneration

Abnormal bone formation in subchondral bone can result in subse-
quent articular cartilage degradation [8,9,11-13]. Safranin O/fast green
staining revealed that proteoglycan loss was significantly alleviated in
the defactinib-treated ACLT mice compared with the vehicle-treated
ACLT mice, similar to the level of the sham controls (Fig. 3A). Osteoar-
thritis Research Society International (OARSI)-modified Mankin scores
also showed that defactinib treatment significantly lowered OARSI scores
compare to the vehicle-treated ACLT mice (Fig. 3B). Additionally, HE
staining showed that defactinib treatment rescued the thickening of
calcified cartilage zone defined by an upward moving tidemark in the
vehicle-treated ACLT mice (Fig. 3C and D). Moreover, immunofluores-
cence staining of the cartilage markers revealed increased MMP13 and
ADAMTSS5 and decreased collagen II and aggrecan in the vehicle-treated
ACLT mice. Treatment with defactinib normalized the expression of
MMP13, ADAMTSS, collagen II, and aggrecan in the cartilage similar to
the sham controls (Fig. 3E-I). Combined with in Figs. 1 and 2, these re-
sults demonstrate that defactinib may protect articular cartilage from
degeneration through the inhibition of H-type vessel-induced abnormal
bone formation in the subchondral bone.

Defactinib lowers H-type vessel-linked MSCs essential for abnormal bone
formation in subchondral bone

Abnormal bone formation results from erroneous mobilization and
recruitment of MSCs to bone marrow cavities or non-bone resorption
sites but not to bone resorption pits [12,29]. We explored whether in-
hibition of H-type vessels with defactinib could reduce MSCs in sub-
chondral bone. Fluorescence-activated cell sorting (FACS) was used to
sort MSCs (CD45CD29"Sca-17CD105") from subchondral bone in the
sham controls, vehicle-treated ACLT mice, and defactinib-treated ACLT
mice. The results showed that the amount of MSCs increased dramati-
cally in the subchondral bone of the vehicle-treated ACLT mice. Treat-
ment with defactinib significantly reduced the amount of MSCs in the
subchondral bone, with no significant difference noted relative to the
sham controls (Fig. 4A and B). Immunofluorescence staining of nestin
revealed similar results (Fig. 4C and D). We further revealed that H-type
vessels in the subchondral bone were highly enriched by CD146" peri-
vascular cells [30-32], whereas defactinib treatment reduced H-type
vessels and accompanied CD146" perivascular cells, similar to the level
of the sham controls (Fig. 4E-G). Taken together, these results indicate
that H-type vessels might be integral to the origin of MSCs necessary for
abnormal bone formation in subchondral bone during OA progression.

Defactinib further inhibits MSC-regulated angiogenesis

To investigate the role of subchondral bone MSCs in the different

17

Journal of Orthopaedic Translation 24 (2020) 12-22

groups on angiogenesis, we first cultured MSCs from subchondral bone of
the groups. We previously found that FAK activation in MSCs enhanced
H-type vessel formation in cortical bone to alleviate osteoporosis [22].
Thus, we performed immunofluorescence staining of p-FAK in MSCs from
the different groups and revealed that p-FAK in MSCs from the
vehicle-treated ACLT mice was higher than those from the sham controls
and defactinib-treated ACLT mice (Fig. 5A and B). Western blotting
confirmed that defactinib inhibited activation of FAK and further exerted
an effect on the FAK-Grb2-MAPK pathway (Fig. 5C and D).

FAK signaling can modulate angiogenesis through FAK-Grb2-MAPK-
linked VEGF expression [24]. We then detected the level of VEGF in
the CM of the MSCs from the different groups and found that its level in
the CM of the MSCs from the vehicle-treated ACLT mice was higher than
in the sham controls and defactinib-treated ACLT mice. This was similar
to the VEGF level in subchondral bone and blood in vivo (Fig. 6A-C). We
then investigated the effect of the CM of MSCs on the angiogenesis of ECs
in vitro. We divided the CM into four groups according to the source of
MSCs: sham controls, vehicle-treated ACLT mice, vehicle-treated ACLT
mice with the addition of VEGF neutralizing antibody in CM, and
defactinib-treated ACLT mice. We found that the CM of the MSCs from
the vehicle-treated ACLT mice promoted angiogenesis of ECs, whereas
the addition of VEGF neutralizing antibody in the CM of the MSCs from
the vehicle-treated mice and defactinib-treated ACLT mice significantly
decreased angiogenesis of ECs similar to the CM of the MSCs from the
sham controls (Fig. 6D-G). Taken together, these results demonstrate
that subchondral bone MSCs can enhance angiogenesis through
FAK-Grb2-MAPK-linked VEGF expression.

Discussion

Subchondral bone and overlying articular cartilage form functional
units in the joints [8,9]. Subchondral bone provides mechanical support
for overlying articular cartilage and undergoes constant remodeling to
adapt to changes in the surrounding mechanical environment. It has been
reported that changes in subchondral bone precede articular cartilage
during OA pathogenesis [33-35]. Abnormal bone formation exerts a key
role in the degeneration of articular cartilage [12]. Specifically, under
normal conditions, subchondral bone undergoes coupled bone remod-
eling to maintain the homeostasis and structure integrity of the overlying
cartilage. However, following an acute injury of joint instability,
increased and uncoupled bone remodeling occurs, resulting in a varied
metabolic microenvironment beneficial for angiogenesis and abnormal
osteogenesis in subchondral bone. Of note, abnormal bone formation is
mainly involved in the subchondral plate and calcified cartilage [9], key
regions of initial cartilage degeneration. Moreover, articular cartilage is
designed for loadbearing, and cartilage's high water allows it to deform
without failure under compressive loads. However, cartilage is me-
chanically less capable of withstanding tension or shear stresses [9].
Thus, regions with abnormal bone formation in the junction of the sub-
chondral plate and calcified cartilage cause cartilage to deform more,
leading to cartilage degeneration. It has been reported recently that
orchestration of increased subchondral bone remodeling using
bisphosphonate (BP) therapy in patients with knee OA attenuated OA
progression and decreased the risk of knee replacement surgery [36,37].
In this study, we also found that the inhibition of H-type vessels in sub-
chondral bone could alleviate overlying cartilage degeneration and
attenuate the onset of OA.

Osteogenesis is often coupled with angiogenesis [38]. H-type vessels,
a recently identified specific vessel subtype, link angiogenesis with
osteogenesis [16,17]. This study demonstrated that H-type vessels were
strongly correlated with abnormal bone formation in OA pathogenesis.
Triple immunofluorescence staining showed that H-type vessels were
highly enriched by Osterix-positive cells. Inhibition of H-type vessels in
subchondral bone significantly inhibited the amount of accompanied
Osterix-positive cells. Micro-CT and calcein double-labeling experiments
confirmed that the inhibition of H-type vessels reduced abnormal bone
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of Safranin O and fast green staining. Scale bar, 100 pm. (B) International modified Mankin scores of articular cartilage 60 days after surgery. n = 10 per group. (C)
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*p < 0.05 and **p < 0.01 compared to sham. *p < 0.05 and *#p < 0.01 compared to vehicle.
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Fig. 5. Defactinib inhibits the activation of FAK-
Grb2-MARK in MSCs from subchondral bone dur-
ing OA development. (A and B) Immunostaining and
quantification of p-FAK in MSCs from subchondral
bone of the sham controls, vehicle-treated ACLT mice,
and defactinib-treated ACLT mice. Scale bar, 20 ym
n = 5 per group. (C and D) Western blotting of p-FAK,
p-Grb2, and p-MAPK in MSCs from the different
groups. Sham = sham controls; ACLT + Veh = vehicle-
treated ACLT mice; ACLT + Def = defactinib-treated
ACLT mice. *p < 0.05 and **p < 0.01 compared to
sham. #p < 0.05 and *#p < 0.01 compared to vehicle.

Fig. 6. Defactinib inhibits MSC-regulated angio-
genesis through FAK-Grb2-MAPK-linked VEGF.
(A-C) ELISA analysis of the expression of VEGF in CM
of MSCs from the different groups (A), subchondral
bone marrow (B), and in blood (C). n = 5 per group.
(D) Representative images showing tube formation of
BMECs on Matrigel. Scale bar: 200 pm. (E-F) Total
tube length and total loops were measured to quantify
the ability of BMECs to form tubes. n = 5 per group.
Sham = CM of MSCs from the sham controls;
ACLT + Veh = CM of MSCs from the vehicle-treated
ACLT mice; ACLT + Def = CM of MSCs from the
defactinib-treated ACLT mice; ACLT + VEGF-
anti = addition of VEGF neutralizing antibody in CM
of MSCs from the vehicle-treated ACLT mice.
*p < 0.05 and **p < 0.01 compared to sham.
#p < 0.05, *#p < 0.01 compared to vehicle.
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formation in subchondral bone. Flow cytometry results revealed that the
amount of MSCs in the defactinib-treated ACLT mice dramatically
decreased in comparison with the vehicle-treated ACLT mice. We found
that H-type vessels were highly surrounded by CD146" perivascular cells
[30-32], whereas defactinib treatment significantly inhibited H-type
vessels and accompanying CD146" perivascular cells.

MSCs are believed to reside as perivascular cells or pericytes. In 2008,
Crisan et al. first reported that pericytes expressed MSC marks in vivo and
behaved as MSCs in vitro, which was a prominent advance toward the
identification of MSCs [39]. Since then, increasing studies have advo-
cated this concept, demonstrating that transplantation of purified peri-
cytes [31,39] and genetically traced pericytes [40-42] may lead to
tissue-specific repair in vivo. However, one important question yet to be
answered is whether all pericytes function equally, as some opposing
viewpoints have proposed [43]. We posit that pericytes may behave as
MSCs but that this behavior depends on the specific tissues and devel-
opmental stages [44,45]. Combined with our results, we believe that
H-type vessels, elevated in subchondral bone during OA progression,
might be integral to the origin of the elusive MSCs necessary for aberrant
bone formation.

In turn, MSCs further enhance angiogenesis to form a positive feed-
back loop between H-type vessels and MSCs. We previously found that
FAK activation in MSCs promoted H-type vessel formation in osteopo-
rosis [22]. However, it remains unknown whether this is suitable for OA
development. We isolated MSCs from the subchondral bone of sham
controls, vehicle-treated ACLT mice, and defactinib-treated ACLT mice to
explore the role of subchondral bone MSCs on angiogenesis. We found
that p-FAK was increased significantly in the MSCs from the
vehicle-treated ACLT mice in comparison with the sham controls and
defactinib-treated ACLT mice. Moreover, the CM of the MSCs from the
vehicle-treated ACLT mice enhanced angiogenesis of ECs in vitro,
whereas the addition of VEGF neutralizing antibody in the CM of the
MSCs from the vehicle-treated mice and defactinib-treated ACLT mice
significantly inhibited angiogenesis of ECs.

Conclusions

Taken together, our present study revealed that, during OA patho-
genesis, H-type vessels and MSCs formed a positive feedback loop
contributing to abnormal bone formation in subchondral bone. H-type
vessels provide MSCs integral to abnormal bone formation during OA
progression, and MSCs in turn enhance angiogenesis through the FAK-
Grb2-MAPK pathway. Further, defactinib can attenuate OA by inhibit-
ing H-type vessel-linked MSCs indispensable to abnormal bone formation
in subchondral bone.
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