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Mechanical stress determines the configuration of
TGFP activation in articular cartilage

Gehua Zhen', Qiaoyue Guo', Yusheng Li', Chuanlong Wu', Shouan Zhu', Ruomei Wang', X. Edward Guo?,
Byoung Choul Kim® 3, Jessie Huang?, Yizhong Hu?, Yang Dan', Mei Wan® !, Taekjip Ha® 3, Steven An® *° &
Xu Cao® ™

Our incomplete understanding of osteoarthritis (OA) pathogenesis has significantly hindered
the development of disease-modifying therapy. The functional relationship between sub-
chondral bone (SB) and articular cartilage (AC) is unclear. Here, we found that the changes of
SB architecture altered the distribution of mechanical stress on AC. Importantly, the latter is
well aligned with the pattern of transforming growth factor beta (TGF) activity in AC, which
is essential in the regulation of AC homeostasis. Specifically, TGFf activity is concentrated in
the areas of AC with high mechanical stress. A high level of TGFp disrupts the cartilage
homeostasis and impairs the metabolic activity of chondrocytes. Mechanical stress stimu-
lates talin-centered cytoskeletal reorganization and the consequent increase of cell con-
tractile forces and cell stiffness of chondrocytes, which triggers aV integrin-mediated TGFp
activation. Knockout of aV integrin in chondrocytes reversed the alteration of TGFp activation
and subsequent metabolic abnormalities in AC and attenuated cartilage degeneration in an
OA mouse model. Thus, SB structure determines the patterns of mechanical stress and the
configuration of TGFp activation in AC, which subsequently regulates chondrocyte meta-
bolism and AC homeostasis.
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steoarthritis (OA) is the most common degenerative joint

disease and the leading cause of physical disability.

Although the estimated prevalence of OA varies across
studies, there is agreement that substantial proportions of adults
are affected!2. A recent report showed that the global age-
standardized prevalence of knee OA and hip OA were 3.8 and
0.85%, respectively’. Because of a lack of disease-modifying
therapy, patients with OA typically undergo joint replacement
surgery at the end stage of the disease after experiencing joint
pain and stiffness for decades®. Enormous effort has been
devoted to studying OA pathogenesis, and many intrinsic sig-
naling pathways of articular cartilage (AC) degeneration have
been identified®’. However, targeting the pathways has not
generated any therapy that halts the degeneration of AC. As a
skeletal tissue, AC is constantly challenged by mechanical stress.
While AC buffers the mechanical force from the diarthrodial
joint, it also receives the counter-force that is transmitted by the
underlying subchondral bone (SB)3. Aberrant mechanical load is
one of the primary etiological factors that leads to AC
degeneration®10. The biomechanical interplay between SB and
AC and the molecular and cellular mechanisms that underlie the
transduction of physical signals to biochemical signals remains to
be elucidated.

In our previous study, we found that uncoupled remodeling
resulted in excessive transforming growth factor beta (TGFp)
activation, which induced the clustering of osteoprogenitors and
angiogenesis in the bone marrow cavity and abnormal formation
of SB at the onset of OA!l. Importantly, SB abnormality is highly
correlated with cartilage degeneration in both OA animal models
and humans with OA!l. AC degeneration in OA animal models
was ameliorated when the microarchitecture of SB was improved,
suggesting that normal SB structure is essential for the home-
ostasis of AC!213. We found that the incremental increase of
either SB size or subchondral plate stiffness modulus results in a
significant elevation of peak stress on the articular surface.
However, we still do not understand how the mechanical signals
in AC that are generated during the interplay with SB are
transformed into biological signaling for AC homeostasis or
degeneration in OA.

To accommodate the environment of constant mechanical
challenge, chondrocytes monitor and regulate their metabolic
activity in response to changes in the extracellular mechanical
environment!415, TGFp is critical for the anabolic activity of
chondrocytes. Interestingly, inhibition of TGFp activity abolishes
the anabolic activity of mechanical loading!'®!7, suggesting that
TGFB may also play an essential role in propagating the
mechanical signals in AC. TGFP has been shown to promote
chondrocyte proliferation and extracellular matrix (ECM) protein
synthesis and release!8-22. Genetic inactivation of TGFB type-II
receptor or its downstream factor, Smad3, leads to early onset of
OA?3-25. Conversely, intra-articular injection of recombinant
TGFp1 into mouse knee joints accelerated the development of
OAZ6, Constitutive overexpression of active TGF1 resulted in
hyperplasia of synovium and osteophyte formation?’. Moreover,
TGFp was reported to inhibit the insulin-like growth factor-1
(IGF-1) signaling pathway while IGF-1 is a well-accepted anabolic
factor that promotes matrix protein synthesis in
chondrocytes28-31, TGFB also induces the redox imbalance by
increasing mitochondrial reactive oxygen species (ROS) produc-
tion in various cell populations, including chondrocytes, which
results in cell apoptosis, senescence, fibrotic gene expression, and
more32-3%. Mechanical loading compromises the chondrocyte
respiratory function and results in decreased adenosine tripho-
sphate (ATP) levels, as well as proton leakage and ROS
formation3®. Indeed, superposition of mechanical compression
impairs the anabolic effect of TGFp on chondrocyte matrix

production37-38, These observations indicate that the main-
tenance of proper levels of TGFp is essential for AC homeostasis,
whereas excessive or inadequate activation of TGFp in AC are
both detrimental. Interestingly, the nonlinear effect of TGFp also
has been observed in bone and other tissues3*40.

TGEFp is deposited in AC matrix upon secretion by chon-
drocytes as an inactive form, and downstream signaling pathways
are triggered when the active form of TGFp binds to its receptor
on the chondrocyte membrane*!. The unique structure of latent
TGFP complex enables it to change its biological activity in
response to mechanical stimuli. The latency-associated peptide
(LAP) is the essential component within the latent TGFP complex
that masks the activity of TGFp. A conformational change of LAP
can result in the liberation of active TGFp from the sequester of
LAP#2. The exact mechanism for TGFB activation in chon-
drocytes, particularly in an active mechanical environment, has
not been studied. It has been shown that the arginylglycylaspartic
acid (RGD) motif in LAP is the natural ligand for the aV subunit
containing integrins*>*4. Cell contractile forces may induce a
conformational change of LAP and consequent TGFP activation
through the bond between oV integrins and the RGD sequence in
LAP#46, A recent study showed that the required minimal force
for inducing the conformational change of LAP is approximately
40 pN*7, Therefore, to physically activate TGFp, a cell should be
able to exert contractile forces >40 pN, and the bond between aV
integrin and RGD should be able to withstand this minimal
required force. In eukaryotes, the cytoskeletal system is respon-
sible for maintaining cell morphology and exerting forces through
polymerized actin filaments*8. Talin-centered focal complex
connects the intracellular domain of integrins and actin
filaments#?0, Moreover, the binding of talin to the cytoplasmic
domain of integrin is the key step for integrin clustering and
activation®1-2,

In our present study, we investigated how SB alterations affect
AC homeostasis, focusing on the molecular signaling pathway
that propagates the mechanical force in AC, particularly during
OA development. We found that aberrant SB architecture leads to
a redistribution of mechanical stress on AC. The pattern of
mechanical stress is closely correlated with the pattern of TGFp
activity in cartilage. Mechanical stress significantly contributed to
aV  integrin-mediated TGEFP activation in chondrocytes.
Mechanical force is responsible for the strengthening of the talin-
centered cytoskeleton reorganization and consequent aV integrin
activation. Knockout of aV integrin reversed abnormal TGFp
activation and attenuated abnormal mechanical loading-induced
cartilage degeneration in OA.

Results

Increase of TGFp activation in AC is correlated with the
alteration of SB microarchitecture. To examine the potential
relationship between SB microarchitecture and TGFp activity in
AC, we dissected AC and the underlying SB from the knee joints
of healthy donors and patients with OA undergoing knee repla-
cement. In each specimen, we categorized AC degeneration as
severe (OA-S), minimal (OA-M), or absent (healthy control
[HC]). Immuno-staining of pSmad2/3 revealed that the TGFp
activity was unevenly distributed in osteoarthritic AC. The ratio
of pSmad2/3-positive cells to total chondrocytes was significantly
higher in the OA-S group than that in the OA-M or HC group
(Fig. la, b). In parallel, micro-computed tomography (uCT)
analysis showed that SB microarchitecture was most altered in the
OA-S group, as indicated by significantly increased bone volume
fraction (trabecular bone volume per tissue volume (BV/TV)) and
decreased structural model index and bone surface/volume frac-
tion (Fig. la, c—e). We also examined the association between
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TGEF activity in AC and the underlying SB structural abnorm-
ality in the mouse anterior cruciate ligament transection (ACL-T)
OA model. The medial tibia plateaus of the mice were divided
into three regions (anterior, middle, and posterior), and the
structural indices were analyzed independently (Fig. 1f, g). The
structure between OA and sham-operated mice was significantly
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different in the anterior region, whereas the differences in the
middle and posterior regions were limited (Fig. 1g, h). Histolo-
gical analysis showed that the anterior region showed the earliest
signs of cartilage degeneration (Supplementary Fig. 1). Similar to
human OA specimens, in OA mice the distribution of TGFp
activity in AC was altered significantly, whereas it was relatively
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Fig. 1 Excessive activation of TGFf in AC was correlated with the structural alteration of SB in OA. a Immunohistological staining (first row, pSmad2/3:
brown), immunofluorescence staining (second row, pSmad2/3: green, DAPI: blue) staining of pSmad2/3 in AC, and representative uCT images of SB (third
row) of human knee joint specimens. HC healthy control, OA-M OA specimen with minimal cartilage degeneration, OA-S OA specimen with severe
cartilage degeneration. b Quantitative analysis of the ratio of pSmad2/37 cells in total chondrocytes in AC, n=>5 or 25 biologically independent joint
samples in HC or OA-M and OA-S group, respectively. c-e Quantitative analysis of uCT scanning: BV/TV: percent bone volume, BS/BV: bone surface/
volume ratio, SMI: structure model index, n =6, 10, and 9 biologically independent joint samples in HC, OA-M or OA-S group, respectively. In (b-e), data
were analyzed using one-way ANOVA followed by LSD post hoc test. Data are presented as mean values + /— SEM. Source data are provided as a Source
data file. f, g The region-defining strategy for medial compartment of mouse tibia. f Top view of tibia plateau for illustration. The gold dotted line represents
the location of the sagittal images in g, the black dotted lines represent the locations of the coronal images in h. P posterior, M middle, A anterior.

h Representative 3D reconstructed uCT images of coronal sections of the medial compartment of mice tibia (first and fourth columns), and
immunohistological staining of pSmad2/3 (brown) in AC at the corresponding locations (second, third, fifth, and sixth columns). The third and sixth
columns are the high-magnification images of the box region in columns 2 and 5, respectively. The mice were sacrificed 2 months after sham surgery or
ACL-T. i The ratio of pSmad2/3% cells to total chondrocytes in different regions of AC in h. Data were analyzed using two-way ANOVA Tukey's post
hoc test. j The correlation of trabecular pattern factor (Tb. Pf) of the SB and the percentage of pSmad2/37 cells in the above cartilage at the same location.

h-j n = 6 biologically independent animals, data are presented as mean values + /— SEM.

even in sham-operated mice. Specifically, the number of pSmad2/
3* cells increased significantly in the anterior region and was
moderately elevated in the posterior region but remained low in
the middle region (Fig. 1i). Using trabecular pattern factor (Tb.
Pf.) as an index for SB microstructure, we found a linear corre-
lation between Tb. Pf. and the number of pSmad2/3+ cells in the
AC (Fig. 1j). These results suggest that structural changes in
osteoarthritic SB are highly correlated with the pattern of TGF(
activation in AC.

TGFp activation pattern in AC is aligned with mechanical
stress distribution and influences chondrocyte metabolic
activity. To understand how structural changes in SB regulate
TGEFp activity in AC, we performed computerized finite element
analysis (FEA) to map the mechanical stress distribution in AC.
The stress levels and distributions in AC that transmitted from
SB were simulated in the FE model based on the microstructure
of SB. The three-dimensional (3D) reconstructed pCT images
showed that the microstructure of SB in OA mice was distinct
from that of the sham-operated mice. Compared with the sham-
operated mice, the overall SB structure was altered at the interface
between SB and AC, with a rugged appearance in OA mice
(Fig. 2a). The SB trabeculae were more porous with the dis-
organized structure in OA mice relative to the sham group
(Fig. 2a and Supplementary Movie 1). In conjunction with
observations of a more plate-like structure, the SB displays a
sclerotic bone phenotype with uneven distribution of bone mass
and local stiffening. As a result, the simulated maximum principle
strain and von Mises stress in OA mice were markedly elevated in
the anterior and interior regions of the medial plateau, whereas
they were slightly decreased in the center region (Fig. 2b, c). To
further examine the relationship between the distribution of
mechanical stress and TGFP activity in AC, we analyzed TGF(
activity from the immunofluorescence intensity of pSmad2/3 in
the whole layer of AC under a confocal microscope and corre-
lated it with levels of mechanical stress at the corresponding area
based on the FEA simulation. The pattern of TGFp activity was
highly correlated with the distribution of mechanical stress in AC
(Fig. 2¢, d). The fluorescent intensity of pSmad2/3* cells was
elevated significantly in the anterior and interior regions, with
higher mechanical stress relative to that in the center and pos-
terior regions (Fig. 2¢, d). The homeostasis of AC is a dynamic
balance between cartilage anabolism and catabolism. To investi-
gate the effect of excessive activation of TGFp under mechanical
stress on cartilage metabolism, we examined the metabolic
activities in chondrocytes cultured in low (2 ng/ml) or high
(10 ng/ml) concentration of active TGFp1. We found that glucose
uptake increased with the treatment of active TGFP1 (Fig. 2e).

However, ATP generation did not match the increase of glucose
uptake in chondrocytes treated with high concentrations of
TGFp1. Compared with the control group, ATP production was
higher in chondrocytes cultured in low-concentration TGF( and
lower in chondrocytes cultured in high-concentration TGFp
(Fig. 2f). We then measured the intracellular pH as an indicator
of the levels of glycolysis because lactic acid, the by-product of
glycolysis, is known to decrease intracellular pH. pHrodo fluor-
escence staining revealed that intracellular pH in the high-
concentration TGFP group was significantly decreased in the
majority of the cells and this phenomenon was not observed in
the controls and the low-concentration TGFp group (Fig. 2g).
Leaking of free radicals from the respiratory chain often occurs
simultaneously with a decrease in ATP production in mito-
chondria, so we used dihydroethidium (DHE) as a probe to
examine the ROS production. We found that a high concentra-
tion of TGFp increased ROS production significantly relative to
the control group (Fig. 2h). Together, our findings indicate that
the alteration of mechanical stress distribution in AC that is
induced by the compromised structure in SB was closely asso-
ciated with TGFP activity in AC. Moreover, high levels of
TGEFp1 significantly alter the metabolic activity of chondrocytes,
particularly in an environment with mechanical stress.

aV integrins mediate mechanical stress-induced activation of
TGFP in AC. We then investigated how mechanical stress
induces activation of TGFP in AC. We found that the upregula-
tion of TGF signaling in OA-S cartilage was correlated with the
positive expression of aVP6 integrins by double immuno-
fluorescence staining of oV integrins and pSmad2/3 in AC from
healthy donors and OA patients (Fig. 3a, b). Approximately 63%
of the pSmad2/3™ cells were also positive for aVB6 in OA-S
cartilage, whereas the aVP6 and pSmad2/3 double-positive cells
were rarely observed in the OA-M and HC groups (Fig. 3a, b).
Similar findings were observed in OA animal models. The
number of pSmad2/3 cells was almost doubled in the AC of OA
mice relative to sham-operated mice, with a significant increase of
aVP6T cells (Fig. 3c-e and Supplementary Fig. 2). Notably, the
pSmad2/3 and aVP6 double-positive cells accounted for
approximately 50% of the pSmad2/3* cells, a percentage similar
to the increase of pSmad2/3+ cells in total chondrocytes (Fig. 3c,
d, f), suggesting a possible role of aVP6 integrin in increased
TGFP activity in osteoarthritic cartilage. Immunohistological
staining of other aV-containing integrins showed that chon-
drocytes that were positive for aV3 and aVp5 integrins were also
increased in AC of OA mice relative to the sham controls
(Supplementary Fig. 3), suggesting that aVp6 might not be the

4 | (2021)12:1706 | https://doi.org/10.1038/s41467-021-21948-0 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

Sham

2

w

=

b

et

£

0

S

S 20

£

n

=%
0-

e 400 P=0.016 f P=0.034
s P=0027 o P=0.01 P<0.0001
23000 T 3
£ 5
© .

& 200 =,
=) =
o <
2 100 1
o~
0 o'
8 & S O
S o""& ,-S‘\Q S a®
Q‘Oe\ 90.@ Q‘Oe\ .oe
<0 ,\0« <@ I\é

only aV-containing integrin that is involved in TGFp activation
in osteoarthritic AC.

We then examined whether oV integrin plays a critical role in
mechanical stress-induced activation of TGFP. We found that
the expression of oV integrin was significantly increased when
chondrocytes (Supplementary Fig. 4) were subjected to

8  _poooor by Pe000d
P<0.0001 P=0.025
1.0 o -
3 =06
° ‘6 e
= -
* ~—
s 04
2o.s o
= o .
2. ® 02|
0.0’ 0.0’
&
O\‘ n'(‘g ,&(\Q (o :;QQ \Q(\Q
¥ & S
Q‘Oo ‘Oe? Q‘Oo ,°0\
QK L&

continuous shear stress for 48h. Moreover, the levels of
pSmad2/3 in chondrocytes also increased in the mechanical
stresst group (Fig. 3g). Importantly, knocking down the
expression of oV integrin using small interfering ribonucleic acid
(siRNA) abolished mechanical stress-induced activation of TGFp
in western blot analysis (Fig. 3g). The levels of active TGFp in the
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Fig. 2 TGFp activation pattern in AC was aligned with mechanical stress distribution. a Representative 3D reconstructed images of the tibia medial
compartment from mice T month after ACL-T or sham surgery. The left images in each panel: top view; right images in each panel: transaxial view of the
tibial plateau sectioned at the same horizontal level. b FEA simulation of the maximum principle strain at the tibia plateau based on the SB structure. The
numbered boxes represent the individual areas in €. Source data are provided as a Source data file. € Immunofluorescence images of pSmad2/3 staining in
full layer of AC of mouse tibia medial plateau at regions with different mechanical stress. The location of the image was indicated in b, pSmad2/3 (red),
DAPI (gray). d Quantitative analysis of pSmad2/3 fluorescent intensity of €. n =3 biologically independent animals, data were analyzed using two-way
ANOVA Tukey's post hoc test. Data are presented as mean values + /— SEM. e-h SV40 chondrocytes were cultured in low (2 ng/ml) or high (10 ng/ml)
concentration of recombinant TGFf1 for 48 h. n =3 or 6 independent experiments in e-g or h, respectively. Data were analyzed using one-way ANOVA
followed by LSD post hoc test. Data are presented as mean values 4+ /— SEM. Source data are provided as a Source data file for e-g. e Glucose uptake
assay using glucose analog 2-deoxyglucose (2-DG) to detect and quantify glucose uptake in chondrocytes. f Detection of total levels of cellular ATP based
on the production of light caused by the reaction of ATP with added firefly luciferin. g Quantitative analysis of the ratio of pHrodo™ cells to total
chondrocytes of pHrodo fluorescence staining in chondrocytes treated with low or high concentrations of recombinant TGFB1. h Quantitative analysis of
the ratio of DHE-positive cells to total chondrocytes treated with low or high concentration of recombinant TGFf1.

conditional medium increased significantly in the mechanical
stress™ group, and this phenomenon was not observed in the aV
integrin knockdown group (Fig. 3h). Immunofluorescence
staining of pSmad2 and Smad2 showed that the levels of pSmad2
or Smad2 nuclear translocation in chondrocytes were enhanced
by subjecting the cells to shear stress, and knockdown of aV
integrin abolished the effects of shear stress (Fig. 3i and
Supplementary Fig. 5). The expression of aV integrin in
chondrocytes was positively correlated with the magnitude of
shear stress, with the peak occurring at a speed of 6.58 dynes/cm?
(Fig. 3j). Similarly, the levels of pSmad2 continuously increased
along with the increase in shear forces, even when the level of aV
reached a plateau (Fig. 3j). Recombinant TGFP1 treatment
stimulated the expression of aV integrin and inhibition of TGF(
signaling. TGFp type-I receptor inhibitor SB-505124 eliminated
both TGFpB- and mechanical stress-stimulated oV integrin
expression (Fig. 3k), indicating the existence of a positive
feedback loop between aV integrin expression and TGFp
activation under mechanical stimulation.

Talin-centered cytoskeleton reorganization induces aV
integrin-mediated TGFp activation under mechanical stress. We
further investigated the molecular mechanism of oV integrin-
mediated TGFp activation under mechanical stress. Chondrocytes
isolated from mouse AC were cultured in the free well or under
6.58 dynes/cm? of shear stress. Most of the free well-cultured
chondrocytes were in a spherical/polygonal shape, whereas most
of the chondrocytes challenged by shear stress were in a
dendritic/spindle-like shape (Supplementary Fig. 6). Immuno-
fluorescence staining showed that the F-actin fibers were loosely
piled up without dominant direction and relatively thin in the
primary chondrocytes in the free well. Immunohistological
staining of human AC showed that talin was expressed by the
chondrocytes of both OA-M and OA-S specimens with slightly
increased expression in the OA-S specimen (Supplementary
Fig. 7). In the chondrocytes challenged by shear stress, the stress
fiber formed with talin clustered at the tip of the bundles of actin
filaments (Fig. 4a). Furthermore, immunoprecipitation (IP)
demonstrated that the p6 subunit of the integrin complex binds
to talin at a very low level in the chondrocytes cultured in free
well, whereas mechanical stress enhanced the binding (Fig. 4b).
The binding between oV integrin and LAP is the prerequisite for
the aV integrin-mediated TGFP activation. To further test
whether talin binding to the B6 subunit regulates binding
between aV integrin and LAP, we knocked down the expression
of talin in chondrocytes with or without mechanical stress. The IP
experiment showed that the binding of aV integrin to LAP was
promoted by mechanical stress, and the effect was abolished by
knocking down talin (Fig. 4c). Similarly, inhibition of polymer-
ization of actin filament with cytochalasin D also abolished
mechanical stress-induced binding of aV integrin with LAP

(Fig. 4d), suggesting that talin and actin polymerization are
essential for binding of aV integrin with LAP. Indeed, western
blot analysis showed that pSmad2/3 levels increased in the
mechanical stress group and that knockdown of talin abolished
the effect (Fig. 4e). A similar result was achieved by inhibition of
polymerization of actin filaments using cytochalasin D (Fig. 4f).
To validate that talin-integrin binding or actin polymerization
under mechanical stress induces activation of TGFpB, we used
enzyme-linked immunosorbent assay (ELISA) to measure the
levels of active TGFp in the conditional medium of chondrocyte
culture with or without mechanical stress. Mechanical stress
stimulated the production of active TGFp, and this effect was
abolished by knocking down talin or treating with cytochalasin D
(Fig. 4g, h). We further tested the role of talin in mediating
mechanical stress-induced TGFp activation in the OA mouse
model. We injected the siRNA of talin into the knee joint synovial
capsule of mice received ACLT or sham surgery and harvested
the knee joints of the mice 1 month post-surgery. Immunohis-
tological staining of talin confirmed that the expression of talin in
articular chondrocytes was successfully inhibited (Fig. 4i top, Fig.
4j). Importantly, the TGFP signaling was significantly down-
regulated by suppressing the expression of talin as evidence by a
reduced number of pSmad2™ chondrocytes in the ACLT group
(Fig. 4i bottom, Fig. 4k). This phenomenon was not observed in
the sham-operated mice which indicates that talin particularly
plays an essential role in the process of aV integrin-mediated
TGFp activation under mechanical stress. The safranin O fast
green staining and OARSI grading showed that talin inhibition
partially prevented cartilage degeneration that was induced by
abnormal mechanical loading (Supplementary Fig. 8).

Mechanical stress enhanced the traction force between aV
integrin and its ligand. To investigate the mechanism of talin-
aV integrin in activation of TGFP in response to mechanical
stress, we used a double-stranded deoxyribonucleic acid (dsDNA)
tether as a tension gauge to measure the tension tolerance of
bonding of aV integrin with its RGD-containing ligands, such as
latent TGFB, in chondrocytes with or without mechanical stress.
dsDNA has been used to measure the single molecular force
because its rupture force can be precisely calculated according to
the number/type of base pairs and force application geometry>3.
By conjugating biotin at different locations on the strand that was
designed to bind the avidin on the polyethylene glycol (PEG)
surface, dsDNA tethers with “tension tolerances” (rupture forces)
of 43 and 54 pN were generated, respectively (Fig. 5a). The
RGDfk was conjugated with the antisense strand of the dsDNA
serving as a ligand for aV integrins on the chondrocytes that were
seeded on top of the dsDNA tethers. When the contractile force
generated by chondrocytes is higher than the tension tolerance of
the dsDNA tether (tension gauge tether [TGT]), the dsDNA
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ruptures and a “black dot” is observed under the epi-fluorescence
microscope because of the loss of Cy3 fluorescence at the rupture
site. When most TGTs that link the chondrocytes with the PEG
surface are ruptured, the attachment of the cell is lost (Fig. 5b, d).
On both 43- and 54-pN TGT surfaces, chondrocytes in the shear
stress group (shear™) induced TGT rupture more frequently

relative to chondrocytes in the shear™ group. On the 43-pN TGT
surface, the number of remaining chondrocytes in shear™ groups
was significantly lower than that of the shear™ groups, whereas
the talin siRNA-treated sheart group was comparable to the
shear™ groups. This result indicates that the contractile force
that is exerted by most of the chondrocytes in the shear™ group
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Fig. 3 aV integrins mediate mechanical stress-induced TGFp activation in chondrocytes. a Double immunofluorescence staining of aVp6 (red) and
pSmad2/3 (green) in AC of human knee joints. HC healthy control, OA-M OA specimen with minimal cartilage degeneration, OA-S OA specimen with
severe cartilage degeneration. b Quantitative analysis of aV6 and pSmad2/3 double staining in a. n =10 biologically independent specimens, *P < 0.05 in
comparison to aVf6 and pSmad2/3 double-positive cells. Data are presented as mean values + /— SEM. Data were analyzed using one-way ANOVA LSD
post hoc test. PS+: pSmad2/3+, AV+: aVp6+. € Immunofluorescence staining of aVp6é (red) and pSmad2/3 (green) in mouse AC harvested 1 month after
ACL-T or sham surgery. Nuclei were labeled with DAPI (blue). d-f Quantitative analysis of the percentage of pSmad2/37 cells (d) and aVB6™ cells (e) in
total chondrocytes and the ratio of aVp6™ cells in pSmad2/3 cells (f). n = 3 biologically independent animals, data are presented as mean values + /—
SEM. Data were analyzed by two-tailed unpaired t test. g Western blot of aV integrin and pSmad?2 protein in SV40 chondrocyte cell line. The cells were
cultured in the free well or subjected to shear stress (6.58 dynes/cm?2) for 48 h. The gene expression of aV integrin or a5 was knocked down using siRNA.
Source data are provided as a Source data file. h ELISA of TGFf in the conditional medium of the SV40 chondrocyte culture. The cells were cultured in the
free well or subjected to shear stress (6.58 dynes/cm?2) for 48 h. n = 3 independent experiments, data are presented as mean values + /— SEM. Data were
analyzed using one-way ANOVA LSD post hoc test. Ctr or si-alphaV: cells treated with siRNA of control or aV integrin, respectively. i Immunofluorescence
staining of pSmad2/3 and Smad2 in the SV40 cells with or without shear stress. Ctr or si-alphaV cells treated with siRNA of control or aV integrin,
respectively. j Western blot of aV integrin and pSmad2 protein in SV40 chondrocyte cell line subjected to shear stress at different speeds. k Western blot
of aV integrin and pSmad?2 protein in SV40 chondrocyte cell line. Shear shear stress, hTGF recombinant human TGFf1 (2 ng/ml), SB SB505124, TpRI

selective inhibitor (1uM). All the in vitro experiments were repeated three times independently. Source data are provided as a Source data file.

was 243 pN, the minimal required force required to induce
conformational change of LAP in activation of TGF(, and
that knocking down the expression of talin abolished the effect of
mechanical stress (Fig. 5¢). On the 54-pN TGT surface, although
the remaining chondrocyte numbers increased in all groups
compared with that on 43-pN TGT surface, the cell numbers
in shear™ groups were still significantly lower than those of the
shear™ groups, suggesting that a substantial number of chon-
drocytes in the shear™ group can exert a contractile force >54
pN (Fig. 5c). Similarly, talin knockdown significantly reduced
the rupture of 54-pN TGT (Fig. 5d), although it did not reach the
threshold for disturbing the cell attachment (Fig. 5¢). Because
the contractile force exerted by the chondrocytes was relayed
by the aV integrin-RGD bond, our result suggests that the
aV integrin-RGD bond could bear a strong molecular tension
>43 pN and even 54 pN in chondrocytes that are challenged by
mechanical stress.

To further investigate the mechanism by which mechanical
stress enhances the tension tolerance of the integrin-RGD bond,
we examined chondrocyte mechanics probed with live cell
micromechanical methods and traction microscopy (Supplemen-
tary Fig. 9). Consistent with the findings in the TGT experiment,
chondrocytes subjected to shear stress showed greater root mean
square (RMS) traction forces compared with that of the no-stress
group. Silencing talin expression with siRNA abolished the effect
of shear stress in increasing the traction forces (Fig. 5e-g).
Moreover, the chondrocytes subjected to shear stress had
significantly greater stiffness, and knocking down talin attenuated
the increase of stiffness induced by shear stress (Fig. 5h). Shear
stress also reduced the rate of cytoskeletal remodeling, and this
reduction was not significantly altered when talin was silenced
(Fig. 5i and Supplementary Fig. 10). To validate the mechanism
in an OA animal model, we performed live cell biomechanical
testing in chondrocytes isolated from the AC of OA mice that
underwent ACL-T or sham surgery. As indicated by FEA, the
anterior region of the tibial plateau experienced greater mechan-
ical stress relative to that of the posterior region in ACL-T mice.
We found that the cell stiffness of chondrocytes from the anterior
region was significantly greater than that of the posterior region
in OA mice. In contrast, the cell stiffness did not differ between
chondrocytes collected from different regions of sham-operated
mice (Fig. 5j). Taken together, these data demonstrate that shear
stress increases cell stiffness, enhances the contractile force of
chondrocytes, and increases the tension tolerance of the
integrin-RGD bond in a talin-dependent manner. It is con-
ceivable that TGFp activity will increase in the AC region when a
significant number of chondrocytes in that region exert a

contractile force above the minimum contractile force require-
ment for TGFP activation. Our finding at least partially explains
the uneven TGEFp activity distribution in osteoarthritic AC under
aberrant mechanical loading.

aV integrin-mediated excessive TGFP activation for AC
degeneration in OA mice. To validate the potential role of aV
integrin in excessive TGFp activation in an OA mouse model, we
crossed col2aCreERT mice with aVI/fl mice to generate col2a-
CreERT:q VM (aV—/=) mice, in which ITGAV is specifically
deleted in type-II collagen (Col2a)-expressing cells (chon-
drocytes) upon tamoxifen injection. The structural difference in
SB between aV—/~ ACLT OA mice and sham-operated mice was
similar to that between wild-type ACLT OA mice and sham-
operated mice, indicating that deletion of the ITGAV in chon-
drocytes did not affect the structure of SB (Fig. 6a). However,
deletion of ITGAV counteracted the effect of abnormal
mechanical stress in regionally elevating TGFp activity in AC.
The distribution and number of pSmad2/3+ cells in AC of aV—/~
OA mice was similar to that of both sham-operated aV—/~ and
wild-type mice (Fig. 6b). Moreover, the proteoglycan loss at the
anterior region was attenuated in aV—/~ mice after ACL-T sur-
gery, and the proteoglycan levels in the aV—/= ACL-T group were
comparable to those of the sham-operated aV—/~ or wild-type
groups (Fig. 6¢). Consistently, immunofluorescence staining of
pSmad2/3 showed that conditional deletion of IGTAV in chon-
drocytes abolished the aberrant activation of TGFp in anterior
AQC, the region that has been found to have the higher mechanical
stress in FEA (Fig. 6¢). Double immunostaining of pSmad2/3
with aggrecan showed that the number pSmad2/3+ chondrocytes
in the anterior region significantly increased in OA mice relative
to sham-operated mice. Notably, most of the pSmad2/3+
cells were negative for aggrecan staining in wild-type ACL-T
mice (Fig. 6d, f). The number of pSmad2/3*/aggrecan— cells were
significantly decreased and the pSmad2/3~/aggrecan™ cells were
increased in the cartilage, particularly in the anterior region,
when the aV gene was conditionally deleted in chondrocytes
(Fig. 6d, g). Co-immunofluorescence staining of oVP6 and
vimentin, a marker for fibrochondrocytes, showed that the number
of aV/vimentin double-positive chondrocytes was significantly
increased in the AC of ACL-T mice relative to that of sham-
operated mice (Supplementary Fig. 11a). The ratio of 8-OHdg"
chondrocytes was increased in the AC of wild-type mice after
ACL-T. Importantly, most 8-OHdg" chondrocytes were also
positive for pSmad2/3. The increase of 8-OHdg"/pSmad2/3+
chondrocytes in AC after ACL-T was prevented by conditionally
deleting the aV gene (Fig. 6e, h-i). Considering that 8-OHdg
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labels the oxidative modifications of DNA, our findings indicate
that aV*t-induced excessive TGFp activation is associated with
free radical-induced DNA damage in chondrocytes, which may
further contribute to decreased aggrecan synthesis and fibro-
cartilage formation. We further validated the findings by incu-
bating primary chondrocytes in different concentrations of

recombinant TGFP1. Aggrecan production indeed decreased in
the chondrocytes that were cultured in a high concentration of
TGFp1 (Supplementary Fig. 11b). Moreover, a high level of active
TGFp increases chondrocyte stiffness in chondrocytes with or
without shear stress measured by magnetic twisting cytometry
(Supplementary Fig. 11c), suggesting that excessive TGFp impairs
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Fig. 4 Talin-centered cytoskeleton reorganization transmitted mechanical stress to aV integrins in activation of TGFf. a Immunofluorescence staining
of talin (red) in primary chondrocytes isolated from mouse AC. F-actin was labeled by phalloidin (green). Primary chondrocytes were subjected to shear
stress (6.58 dynes/cm?) for 48 h. b-d IP experiments. IP was carried out using the lysates of the SV40 cells subjected to 48-h shear stress or cultured in the
free well. IP immunoprecipitation, IB immunoblotting, NTC negative control, B6 p6 integrin, aV oV integrin, si-Talin talin siRNA. Source data are provided as a
Source data file. e, f Western blot of the SV40 cell lysates. The cells were subjected to shear stress or cultured in the free well for 48 h. CD cytochalasin D.
Source data are provided as a Source data file. g, h ELISA of the concentration of active form TGFp (g) or ratio to total TGFf (h) in the conditional medium of
the SV40 chondrocyte culture. The cells were cultured in the free well or subjected to shear stress for 48 h. n =2 independent experiments. Data are
presented as mean values 4+ /— SEM. Source data are provided as a Source data file. i Representative image of immunohistochemical staining of talin (top,
brown) and pSmad2 (bottom, brown) of AC of knee joints harvested from C57BL/6 mice subjected to and intra-articular injection of si-Talin or control
siRNA for 1 month post ACLT or sham surgery. Scale bar: 50 um. j, k Quantitative analysis of talin staining (j) and pSmad2 staining (k). n = 4 biologically
independent animals. Data are presented as mean values + /— SEM. Data were analyzed using one-way ANOVA LSD post hoc test.
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Fig. 5 Talin mediates the strengthening of aV integrin-RGD bond under mechanical stress. a The sequence of the dsDNA and the conjugation sites of
specific molecules. b Schematic illustration of the TGT principle. A dsDNA tether is immobilized on the PEG surface through an avidin-biotin linker. The
location of the biotin determines the tension tolerance (Ttol) of the dsDNA. The integrins expressed by the cell bind to the RGDfk conjugated with

the dsDNA at one end. The dsDNA ruptures if the tension applied by the cell through the integrin-RGD bond is greater than its Ttol. The Cy3 fluorescence
signals and the adhesion of the cells on the PEG surface are maintained if the tension applied by the cell through the integrin-RGD bond is lower than its
Ttol. ¢ Cell density represents the rupture of the DNA tether. n =13-17 independent cells. Data are presented as mean values + /— SEM. Data were
analyzed using two-tailed t test. Source data are provided as a Source data file. d Representative differential interference contrast (DIC) images of the
SV40 cells on the PEG surface (upper row) and the direct imaging of RGDfK-dsDNA-Cy3 removal on the PEG surface (bottom row). The cells were
prechallenged with or without shear stress. The quantitative analysis is shown in €. Ctr cells were treated with control siRNA, Si-Talin cells were treated
with talin siRNA. e Representative phase contrast (left column), the displacement of magnetic beads (middle column), and traction map images (right
column) of SV40 cells that were preconditioned with or without shear stress. White lines show the cell boundary; colors show the magnitude of the
tractions in Pa (see color scale). f Representative phase contrast (upper row) and traction map images (bottom row) of SV40 cells preconditioned with or
without shear stress. Ctr cells were treated with control siRNA, Si-Talin cells were treated with talin siRNA. The quantitative analysis results are shown in
g-i. g-i Quantitative analysis of RMS traction force (g), cell stiffness (h), and cytoskeleton remodeling (i) based on the displacement of magnetic beads.
n =10 independent experiments. Data were analyzed using two-way ANOVA Turkey's post hoc tests. Source data are provided as a Source data file.

j Quantitative analysis of cell stiffness of primary chondrocytes isolated from AC of mice tibia medial compartment. The mice were sacrificed 1 month after
ACL-T or sham surgery. Ant anterior region, Pos posterior region. n = 3 independent animals. Data were analyzed using two-way ANOVA Turkey's post
hoc test. Source data are provided as a Source data file.

10 NATURE COMMUNICATIONS | (2021)12:1706 | https://doi.org/10.1038/s41467-021-21948-0 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

b WT sham aV7/- Sham d WT aV/
a 5 £
, , 5 2
oV’ sham aV/ACLT £ g
<
2 o
3 Z
=
\_ e
o
g - :
100unfie
& pae >
—
c [}
<
£ f h
B 1.0 P=0.0211 P=0.0002 P<0.0001 + 5
oo o
_VC’ . . T
O os b T4 .
< o]
+ s 3 .
% 0.6 g . e .
N T | .
® 04 2
©
& ®
0.2 1
a % ¢ H
0.0 Q L
A
- 6“@ & 9‘3@ \59 ‘;f é“:\
Q
b4 = KO = WT = KO
k ~ - /‘ Actin
77T > filament
Talin
. \ polymerized
L actin
. e J Normal — OA O S . \-‘/ﬁument
o == = T © @ 5 - 1
3 SR, -y o
g 40 = = o O P - w o ¢ Cell stiffnesst
o % - - = © o € ° - RGD V
‘- 5 - : . TGEB ~
%zo : e w ”~ 'Hmh
. F
7] HY
Q o oy
&,
: s )’ Low
L

Fig. 6 aV integrin-mediated excessive TGFf activation in AC degeneration of OA mice. a Transaxial view of 3D reconstructed images of tibia medial
compartment from Col2a-CreERT: aVf/fl (aV—/=) mice at 1 month after ACL-T or sham surgery. b Representative immunofluorescence staining images of
pSmad2/3 in AC isolated from mice tibia medial compartment at 1 month after ACL-T or sham surgery (red: pSmad2/3, gray: DAPI). n =3 biological
independent animals in a, b. ¢ Safranin O/fast green staining (left and middle columns) and fluorescence staining of pSmad2/3 (right column) of the
sagittal sections of knee joint medial compartment of mice sacrificed at 1 month post sham or ACLT surgery. pSmad2/3: green, DAPI: blue. n = 3 biological
independent animals. d-i Double immunofluorescence staining of pSmad2/3 (green) and aggrecan (red) in d and pSmad2/3 (red) and 8-OHdg (green) in
e, and the AC were collected from mice at 1 month after ACL-T or sham surgery. f The ratio of pSmad2/3-positive and aggrecan-negative chondrocytes in
total chondrocytes. g The ratio of pSmad2/3-negative and aggrecan-positive chondrocytes in total chondrocytes. h The ratio of pSmad2/3-negative and 8-
OHdg-positive chondrocytes in total chondrocytes. i The ratio of pSmad2/3 and aggrecan double-positive chondrocytes in total chondrocytes.

f-i n =5 biologically independent animals. Data were analyzed using two-way ANOVA followed by Turkey's post hoc analysis. Data are presented as mean
values + /— SEM. j Schematic illustration of aberrant configuration of the TGFp activity in OA cartilage due to the redistribution of mechanical stress in AC.
k Schematic illustration of abnormal mechanical stress induced aberrant TGFp activation and subsequent influence on chondrocyte metabolism in OA
articular cartilage. Structural alteration of subchondral bone disrupts the mechanical environment in above cartilage. Under low mechanical stress, the aV
integrin is in an inactive status and the latent TGFfs are deposited in the extracellular matrix. High mechanical stress induces the activation of aV integrins
and the reorganization of cytoskeleton (stress fiber formation). Stress fiber formation increases cell stiffness and ensures chondrocytes exert contractile
force higher than the minimal forces required for a conformational change of LAP and release of active TGFp. Upregulated TGFf signaling in turn increases
cell stiffness and aV integrin expression in chondrocytes.

the synthesis of matrix proteins in chondrocytes. In the mean-
time, it also increases cell stiffness, which further facilitates cell
contractile force-induced TGFp activation.

Because deletion of aV prevented excessive TGFp activation
and consequent cartilage degeneration in OA mice, we tested
whether recombinant RGD peptide could act as a neutralizing
ligand for aV integrin to prevent AC degeneration in OA mice.
Indeed, degeneration of AC has been partially improved by RGD
intra-articular injection in OA mice relative to vehicle-treated
mice. Unfortunately, mild proteoglycan loss was also observed in
RGD-treated sham-operated mice, possibly because of the
nonspecific binding of RGD peptide to other domains in
chondrocytes or suppressing the normal TGFp activation
(Supplementary Fig. 12). Thus, intra-articular injection of RGD

can partially mimic the beneficial effect of the conditional
deletion of the &V gene in osteoarthritic cartilage.

Discussion

TGEFpP has been considered an anabolic factor essential for AC
homeostasis. However, both deleterious and protective effects of
TGFpP have been observed on AC in human OA and animal
models. Both increased and decreased levels of TGFp activity
have been associated with osteoarthritic cartilage!8-21:27>455_ Qur
findings support the concept that temporal-spatial activation of
TGFp to maintain TGFp activity within an appropriate range is
essential for the maintenance of AC metabolic homeostasis and
structural integrity; activity above or below the range leads to AC
degeneration. We found that TGFp signaling is not universally
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upregulated or downregulated in osteoarthritic cartilage. Because
of aberrant mechanical loading, the distribution of TGFp activity
in osteoarthritic AC is altered—increased in high-stress regions
and decreased in low-stress regions. In either situation, TGFf
activity outside the normal physiological range is detrimental to
chondrocyte metabolism and cartilage structural integrity. The
uneven distribution of TGFp induced by abnormal mechanical
stress may explain the multiple phases of cartilage degeneration
observed in the osteoarthritic joint. The alteration of the
expression of TGFP receptors in chondrocytes has been observed
in various OA animal models®®>’. It is conceivable that the
altered expression of TGFp receptor amplifies the detrimental
effect of regional excessive TGFP activation in aged or
osteoarthritic AC.

AC degeneration is the primary concern in OA, yet its
homeostasis and integrity rely on the biochemical and bio-
mechanical interplay with SB and the other joint tissues!2. Our
study demonstrated that the distribution of TGFp activity in AC
is well aligned with the structural configuration of SB. We pre-
viously showed that aberrant activation of TGFP during osteo-
clastic bone resorption at the onset of OA disrupts the migration
of mesenchymal stem cells and leads to pathological changes in
SB*%11 In this study, we demonstrated that SB structural
alterations lead to redistribution of mechanical stress in AC,
which in return determines the pattern of TGFp activation in AC.
Indeed, AC and SB are integrated through the osteochondral
junction and act as a functional unit>>0. It has been reported
that small molecules such as sodium fluorescein could diffuse
readily from SB to the articular space®:%2. Moreover, neovascu-
lature that penetrates from SB to AC also facilitates the bio-
chemical cross-talk between these two tissues®3. However, the
tidemark and mineralized cartilage may not be permeable to
larger molecules, such as TGFp. The dense, nonspecific TGFp-
binding sites also restrict the free diffusion of TGF within AC®%.
The abundant storage of latent TGFP provides the material base
for local activation of TGFp in AC. Because of its greater stiffness
and strength compared with the overlying AC%-67, SB act as a
structural girder and shock absorber during AC-SB load trans-
mission. The effect of structural changes in the SB on stress/strain
distributions in the AC has been demonstrated and explored in
detail in previous studies®®. It was shown that, by creating local
stiffening (densification) in the SB that mimics an osteoarthritic
bone phenotype, stresses in the overlaying cartilage could be
elevated by up to 50%. The explanation for this observation was
that sclerotic SB has reduced ability to attenuate and distribute
load evenly throughout the joint, which subsequently increases
stress and creates uneven stress distributions in the overlaying
AQC, as the cartilage and bone work together in load-bearing in the
joint. In the present study, local increased BV/TV and reduced
structure model index (SMI; indicating a more plate-like struc-
ture) are signs that the SB has become sclerotic, which is stiffer
and more unevenly distributed. Our finding of TGFp activation
by mechanical stress in AC uncovers the mechanism of how SB
controls the configuration of TGFp activity in AC.

The mechanism of chondrocyte mechanotransduction (ie.,
how mechanical forces are transformed into biochemical signals
in chondrocytes) is under active investigation. We show that
chondrocytes sense and respond to abnormal mechanical signals
through the aV integrin and talin-centered cytoskeletal system.
The unique feature of oV-containing integrins to bind to the
RGD sequence in the LAP allows aV integrin to mediate TGFp
activation through cell contractile forces. Mechanical stress
strengthens the bond between aV integrin and RGD and
increases its tension tolerance. The increased cell stiffness and
elevated tension tolerance of the oV integrin-RGD bond pre-
pared chondrocytes to withstand the contractile forces required

by TGFp activation. Furthermore, as one of the key adapter
proteins in the system of cellular mechanotransduction, talin
establishes mechanical linkages between the cytoskeleton and the
integrin heterodimers®®-71. We found that mechanical stress
promotes the binding of talin to the cytoplasmic domain of the
integrin, as well as to the F-actin bundles. When talin expression
was inhibited, the increase of cell stiffness and elevated contractile
forces between oV integrin and the RGD sequence in response to
mechanical stress was diminished. Talin is an important cytos-
keletal protein and global knockout of talin is embryonic lethal
due to early developmental abnormalities’2. Studies employing
the conditional knockout of talin 1 in different tissues showed
variety of pathological alterations, such as progressive
myopathy’? and severe hemostatic defects’4. Although condi-
tional deletion of talin gene (TLNI) in chondrocytes may blunt
the excessive TGFp activation under mechanical stress, the overall
in vivo outcome is hard to predict as the absence of talin in
chondrocytes itself may lead to functional or structural impair-
ment of AC. Consequently, the mechanical loading-induced
TGEFp activation that was mediated by aV integrin was abolished.
This finding indicates that talin has a key role in the mechan-
osensory system of chondrocytes, which coordinates cytoskeleton
reorganization while reinforcing integrin-RGD interactions. Our
study provides a possible explanation for how extracellular
mechanical signals are translated into intracellular mechanical
signals and thereby further modify the cell fate and behaviors.
The integrin-mediated contractile force activates latent TGFP
in a nonlinear mechanism, which occurs only when contractile
forces reach a certain level (approximately 40pN). This
mechanism also explains why TGFp activity significantly
decreased in AC areas with less mechanical stress in human OA
specimens and animal models. Moreover, TGF promotes the
expression of aV integrins and increases chondrocyte stiffness
through a positive feedback mechanotransduction cascade.
Importantly, disruption of the “on/off” switch for TGFp activa-
tion in a high or low mechanical stress environment amplifies the
cascade of detrimental effects and results in cartilage fibrillation
during the early stage of OA. Therefore, modulation of aV
integrin expression in AC could be a potential therapeutic target
for OA. Targeting aV integrins may have the advantage of locally
eliminating the detrimental effects of excessive TGFp in AC
without disturbing cartilage homeostasis by further reducing
TGEP activity in areas of low mechanical stress. Normalization of
mechanical loads on joints through rescuing SB bone remodeling
may prevent cartilage degeneration during the early stage of OA.

Methods

Human subjects. After institutional review board (IRB; Johns Hopkins Institu-
tional Review Boards) approval, we collected tibial plateau specimens from 78
patients with OA who were undergoing total knee replacement. The waiver of the
consent from the participants was approved by our institutional IRB because the
specimens are de-identified tissue archived by the pathological department, which
meet the US Food and Drug Administration regulation of consent waiver (Orga-
nization Policy FDA 50.1). The specimens were processed for pCT and histological
examination. The OA specimens were collected from the tibial plateau specimens
of OA patients who received total knee replacement. The specimens were examined
by raw eyes and one OA-M and one OA-S sample at 1 x 1 x 1 cm3 were collected
from each OA specimen. The samples with intact cartilage coverage under the raw
eye were categorized into the OA-M group while samples with severe cartilage
damage were categorized into the OA-S group. The healthy knee specimens were
purchased from the National Disease Research Interchange (Philadelphia, PA) to
serve as controls. These knee joint specimens are collected from human donors
without a history of OA.

Animals

Mice. We purchased C57BL/6] (wild-type) mice from Charles River Laboratories
(Wilmington, MA). We anesthetized 3-month-old male mice with ketamine and
xylazine and then transected the anterior cruciate ligament surgically to induce
mechanical instability-associated OA on the right knee. Sham operations were
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performed on independent mice. Operated mice were euthanized at 30 days
postoperatively, n = 8-12.

We purchased Col2al-CreERT mice (strain name: FVB-Tg(Col2al-cre/ERT)
KA3Smac/]) from the Jackson Laboratory (Bar Harbor, ME). Floxed aV integrin
receptor (aV//f) mice were obtained from Dr. Lacy-Hulbert’s laboratory (Benaroya
Research Institute, Seattle, WA). Col2al-CreERT mice were crossed with aV/ mice.
The offspring were intercrossed to generate the following offspring: Col2al-CreERT::
oV mice, in which Cre was fused with a mutated estrogen receptor that could be
activated by tamoxifen. We determined the genotype of transgenic mice by PCR
analysis of genomic DNA isolated from mouse tails. Genotyping for the Cre transgene
was performed by PCR with the primers Cre 5’ (5'-CACTGCGGGCTCTACTTCAT-
3/) and Cre 3’ (5-ACCAGCAGCACTTTTGGAAG-3'). The loxP «aV allele was
identified with the primers lox1F (5-GGTGACTCAATGTGTGACCTTCAGC-3')
and lox1R (5-CACAAATCAAGGATGACCAAACTGAG-3') (Supplementary
Table). We performed ACL-T or sham surgery on 3-month-old, male Col2al-
CreERT:aV//!l mice; aV///! littermates were used as wild-type controls. One week
before surgery, we treated each group with 80 mg/kg bodyweight of tamoxifen twice a
week for 37 days and euthanized the mice at 30 days postoperatively (n =8 per
treatment group). The dosage and treatment frequency were determined based on our
preliminary experiment.

Intra-articular injection of siRNA solution. Three-month-old C57BL/6 mice were
randomly distributed into four groups: sham group treated with control siRNA,
sham group treated with talin siRNA, ACLT group treated with control siRNA, and
ACLT group treated with talin siRNA. The talin siRNA or control RNA were
prepared by dissolving 5nM siRNA (Ambion, Austin, TX) in 1 ml TransIT®-QR
Delivery Solution (Mirus, Madison, WI). Starting from 1 day post surgery, 30 pl
(10~2 nM) of talin siRNA or control siRNA were injected into the synovial capsule
of the mice knee joints once a week under sterile condition using a microliter
syringe. The mice knee joints were harvested at 28 days after injection.

All animals were maintained in the animal facility of The Johns Hopkins
University School of Medicine (Baltimore, MD). The experimental protocol was
reviewed and approved by the Institutional Animal Care and Use Committee of
The Johns Hopkins University.

Cell culture. We purchased immortalized human chondrocytes SV40 from
Applied Biological Materials (Richmond, BC, Canada). We maintained cells
(passage 3-10) in Iscove’s modified Dulbecco’s medium (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal calf serum (Atlanta Biologicals, Flowery Branch, GA)
and 1% penicillin-streptomycin (Mediatech, Manassas, VA). We cultured SV40
cells in 6-well plates at a density of 1 x 10° cells per well for 7 days. The pure ECM
secreted by SV40 chondrocytes was obtained by removing cells with ice-cold
desoxycholate buffer (0.5% desoxycholate, 1% NP-40, and 150 mM NaCl in 10 mM
Tris-HCI [pH 8.0]) for 10 min, followed by washing with phosphate-buffered
saline. Then the second batch of SV40 cells was seeded on the ECM remaining
plates at a density of 5 x 10%/well. The cells were cultured in free wells in Dulbecco’s
Modified Eagle Medium (DMEM) with serum-free media supplement (Nutridoma-
SP, Roche, Basel, Switzerland) for 48 h. The orbital shear stress was applied at 37 °C
in the presence of CO, by placing the 6-well plates on an orbital shaker (Thermo
multipurpose rotator, ThermoFisher Scientific, Waltham, MA). The shear stress
across the cells on the periphery of the dishes was calculated as 7, =

a\/pn(2nf)’, where a is the radius of orbital rotation (1.75 cm), p is the density of

the medium (1.0 g/ml), 7 is the viscosity of the medium (7.5 x 103 dynes-s/cm?),
and f is the frequency of rotation (rotations/s)”>~78, Using this equation, shear
stress of 6.58 dynes/cm? is achieved at a rotating frequency of 118 rpm. After shear
stress, only the cells on the periphery of the dishes were collected for further
analysis. The cells that underwent siRNA treatment (Santa Cruz Biotechnology,
Dallas, TX) were cultured in a 6-well plate at a density of 5 x 10% One day before
transfection, culture medium was changed to DMEM without the supplement of
antibiotics. Twenty minutes before transfection, siRNA was mixed with lipo-
fectamine 2000 and held at room temperature for 20 min. The
siRNA-lipofectamine 2000 mixture was then added to cultured cells at a final
concentration of 50 nM. After 6 h of incubation, the transfection was terminated by
replacing the medium that contained siRNA-lipofectamine 2000 with fresh culture
medium, and the cells were collected for further analysis.

Cell metabolism assays. SV40 cells were seeded in a 6-well plate at a density of
5 x 104/well. The cells were cultured in DMEM supplemented with 10% fetal calf
serum (Atlanta Biologicals), and 1% penicillin-streptomycin (Mediatech).
Recombinant TGFB1 (R&D Systems, Minneapolis, MN) was added to the culture
medium at final concentrations of 2 and 10 ng/ml, respectively. Glucose uptake
assay was performed using the Glucose Uptake Assay Kit (Abcam, Cambridge, UK)
according to the manufacturer’s instructions. ATP production was measured using
the Luminescent ATP Detection Assay Kit (Abcam) following the protocol pro-
vided by the manufacturer. Intracellular pH detection was performed using the
pHrodo Red AM intracellular pH indicator (Life Technologies, Carlsbad, CA).
Ten-microliter pHrodo Red AM was mixed with 100 ul of PowerLoad concentrate
and added to 10 ml of HEPES buffer. After washing the cells with HEPES buffer,
the pHrodo Red AM/PowerLoad/HEPES mix was added to cells and incubated at

37 °C for 30 min. Then the cells were stained with 4,6-diamidino-2-phenylindole
(DAPI; 1:1000, 15 min at room temperature) to label the nucleus. The pHrodo Red
AM fluorescence was detected under a fluorescence microscope. The oxidative
fluorescent DHE was used to evaluate the intracellular production of ROS. The
cells were incubated in phenol red-free Hanks containing DHE (10 umol/l) at 37 °C
for 30 min. Then the cells were stained with DAPI (1:1000, 15 min at room tem-
perature) to label the nucleus. DHE fluorescence was detected under the
microscope.

ELISA, western blot, and co-IP. We determined the concentration of active TGF-
1 in the conditioned media by the ELISA Development Kit (R&D Systems)
according to the manufacturer’s instructions. We measured the levels of both active
and total TGFp using ELISA assay. As instructed by the vendor-provided manual,
the active TGFp was measured directly from the conditioned media while the total
TGFp was measured after treating with acid. IP was performed on the protein of
lysates from in vitro cultured SV40 cells and their secreted ECM. The lysates were
incubated with primary antibody (anti-ITGB6, Abcam, 1:50 or anti-ITGAV, Cell
Signaling Technology, Danvers, MA, 1:50) at 4 °C under rotary agitation overnight.
The antigen sample/antibody mixture was then incubated with pre-washed Protein
A coupled Magnetic beads (ThermoFisher Scientific) under rotary agitation for 1 h
at room temperature. After carefully washing and removing the nonspecific
binding, the sample/antibody/beads conjugates were collected with a magnetic
stand. The beads were eluted by adding 60 pl of sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) reducing sample buffer
and incubating the sample for 5 min at 100 °C. The supernatant containing the
target antigen was saved for further western blot. Western blot analyses were
conducted on the protein of lysates from in vitro cultured SV40 cells or the protein
complex pulled down by co-IP. The cell lysates were centrifuged at a rcf of 180 x g,
and the supernatants were separated by SDS-PAGE and blotted on polyvinylidene
fluoride membrane (Bio-Rad Laboratories, Hercules, CA). After incubation in
specific antibodies, we detected proteins using an Enhanced Chemiluminescence
Kit (Amersham Biosciences, Little Chalfont, UK). We used antibodies recognizing
human pSmad2 (Cell Signaling Technology, #3108, 1:1000), Smad2 (Cell Signaling
Technology, #5339 S 1:1000), integrin aV (Cell Signaling Technology, #4711,
1:1000), LAP antibody (R&D Systems, MAB246-SP, 2 pg/ml), and anti-talinl
(Abcam, ab71333, 1 pg/ml) to examine the protein concentrations.

Histochemistry and immunohistochemistry. At the time of mouse sacrifice, we
resected and fixed the knee joints in 10% buffered formalin for 48 h, decalcified in
10% ethylenediamine tetraacetic acid (pH 7.4) for 21 days, and embedded in
paraffin or optimal cutting temperature compound (Sakura Finetek USA, Tor-
rance, CA). Four-pm-thick sagittal oriented sections of the knee joint medial
compartment were processed for hematoxylin and eosin and safranin O/Fast green
staining. Tartrate-resistant acid phosphatase staining was performed using the
standard protocol (Sigma-Aldrich, St. Louis, MO). Immunostaining was performed
using a standard protocol. We incubated sections with primary antibodies to
mouse pSmad2/3 (sc-11769, Santa Cruz Biotechnology, 1:100), aVP6 (BS-5791R,
Bioss Antibodies, Woburn, MA, RRID:AB_11042026, 1:100), aVB3 (BS-1310R,
Bioss Antibodies, RRID: AB_10854294, 1:100), aVB5 (BS-1356R, Bioss Antibodies,
RRID: AB_10853044, 1:100), Anti-integrin p8 (orb184308, Biorbyt Inc., 1:100),
Anti-Talin (ab71333, Abcam, RRID: AB_2204002, 5 pg/ml), and Aggrecan
(AB1031, MilliporeSigma, Burlington, MA, 10 pg/ml) overnight at 4 °C. For
immunohistochemical staining, a horseradish peroxidase-streptavidin detection
system (Dako, Santa Clara, CA) was subsequently used to detect the immu-
noactivity followed by counterstaining with hematoxylin (Dako). For immuno-
fluorescent staining, secondary antibodies conjugated with fluorochrome were
added, and slides were incubated at room temperature for 1 h while avoiding light.
We calculated the ratio of positively stained cells to total chondrocytes in the region
of interest in five sequential sections per mouse in each group. For cell staining, the
SV40 cells were grown on glass coverslips collated with 0.1% gelatin. After fixation
with 3.7% paraformaldehyde solution, the primary antibody was applied on the
coverslip for 1h at room temperature. After carefully washing, the cells were
incubated with secondary antibodies conjugated with fluorochrome for 1h at
room temperature. F-actin was labeled by Phalloidin Conjugates (Sigma-Aldrich,
50 ug/ml) for 40 min at room temperature. For the quantitative analysis of all the
immunostaining, we first averaged the positive cell numbers in three randomly
selected fields of view for each specimen. The final values shown in the bar chart
are the average value of all specimens. The » value represents the sample size (how
many specimens) that have been used in the experiments. In the parallel experi-
ment that characterizes the TGFp activity distribution in the AC, the pSmad2/3
immunofluorescence intensity at the different regions with distinctive mechanical
stress was calculated and averaged from three independent specimens. The
mechanical stress at different regions was determined by the FE analysis.

Micro-computed tomography. We dissected mouse knee joints free of soft tissue,
fixed them overnight in 70% ethanol, and analyzed them by high-resolution uCT
(Skyscan1172, Bruker, Kontich, Belgium)”. We reconstructed and analyzed images
using NRecon, v1.6, and CTAn, v1.9, respectively. Three-dimensional model
visualization software, CTVol, v2.0, was used to analyze parameters of the
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trabecular bone in the metaphysis. The scanner was set at a voltage of 50kV, a
current of 200 pA, and a resolution of 5.7 um per pixel. Cross-sectional images of
the tibial SB were used to perform 3D histomorphometric analysis. We defined the
region of interest as covering the whole SB medial compartment, and we used ten
consecutive images from the medial tibial plateau for 3D reconstruction and
analysis. 3D structural parameters analyzed were TV (total tissue volume, which
includes both trabecular and cortical bone), BV/TV, Tb. Th (trabecular thickness),
Tb. Sp (trabecular separation), structural model index, Conn. Dn (connectivity
density), and Tb. Pf (trabecular pattern factor). The SMI was used to measure rods
and plates in the trabecular bone®’. The trabecular pattern factor (Tb. Pf) was used
to reflect the connectedness of trabeculae®!. The bone surface/volume fraction
(BS/BV) was obtained in the 3D pattern by calculating the average ratio of the bone
surface area to the volume of mineralized bone in each CT scan sections within the
region of interests (bone microarchitecture analysis manual, https://analyzedirect.
com/documents/BMA_Manual.pdf).

Finite element analysis. Using the Image Processing Language software (IPL,
version 5.6, Scanco Medical AG), the tibial plateaus above the growth plate were
selected from the uCT images, thresholded, segmented into cartilage and bone, and
converted into finite element models by setting each image voxel to an eight-node
brick element$283. A uniaxial compression test was simulated by fixing the bottom
and prescribing a constant load (10 uN, resulting in average strain of approximately
10% in the cartilage elements) on the top along the loading axis. The applied load
was evenly distributed among nodes belonging to cartilage elements at the top
surface of the tibial plateau. Bone and cartilage elements were assigned linear elastic
material properties: Young’s modulus of 15 GPa and 1 MPa and Poisson’s ratio of 0.3
and 0.12, respectively. Stresses and strains in the cartilage were calculated using the
ABAQUS finite element software (Version 6.11, DASSAULT Systems, Johnston, RI).

Live cell micromechanical methods. To detect the cytoskeletal remodeling rate
and cell stiffness, we used spontaneous nanoscale tracer motions and magnetic
twisting cytometry, respectively. These methods make use of spontaneous and
forced motions of RGD-coated ferrimagnetic beads anchored to the cytoskeleton
through cell surface integrin receptors, as described in detail elsewhere84-87. For
these studies, cells were plated on collagen I-coated plastic wells (96-well Remo-
vawell, Immulon II, Dynetech). Spontaneous nanoscale movements of individual
beads bound to adherent cells were recorded, and bead motions were characterized
by computing the mean square displacement of the beads as a function of time
[MSD(#)] (nm?), as previously described®*. We then created forced bead motions
by applying a horizontal magnetic field and twisting with a vertically aligned 20-
Gauss magnetic field that varied sinusoidally in time. The resulting oscillatory
torque causes beads to rotate along the cell surface®®: as the beads move, the cell
develops internal stress to resist the bead motion. Lateral bead displacements were
detected via a charge-coupled device camera (Orca II-ER, Hamamatsu Photonics,
Hamamatsu, Japan) attached to an inverted optical microscope (Leica Micro-
systems, Bannockburn, IL). We defined the ratio of applied torque to lateral bead
displacements as the complex elastic modulus (g*) of the cell, g*(f) = g’ (f)+
ig" (f), where g’ is the elastic/storage modulus (cell stiffness), g” is the loss modulus
(cell friction), and i2 = —18°. Cell stiffness was measured over a physiologic range
of frequency (f) and expressed in units of Pascal per nm (Pa/nm).

Fourier transform traction microscopy. Using traction microscopy, we measured
the distribution of traction fields arising at the interface between each adherent cell
and its substrate. As described in detail elsewhere80-89, inert elastic polyacrylamide
gel blocks were coated with collagen I (0.2 mg/ml) using a photo-activating cross-
linker sulfo-SANPAH (Pierce, Rockford, IL). In brief, vehicle or sheared SV40 cells
were plated sparsely on the respective gel blocks and allowed to adhere for 2 h. For
each adherent cell, images of fluorescent microbeads (0.2 um in diameter, Molecular
Probes, Eugene, OR) embedded near the apical surface of the gel were taken. The
fluorescent image of the same region of the gel after cell detachment with trypsin was
used as the reference (traction-free) image. The displacement field between a pair of
images was then obtained by identifying the coordinates of the peak of the cross-
correlation function®8. From the displacement field and known elastic properties of
the gel (Young’s modulus of 8000 Pa with a Poisson ratio of 0.48), the traction field
was computed using constrained Fourier transform traction cytometry®8. The
computed traction field was used to obtain RMS traction, which is a scalar measure
of the cell’s contractile strength®8. RMS traction is expressed in Pascals (Pa).

TGT assay. To determine molecular tension on a single integrin-ligand bond
exerted by the chondrocyte, we fabricated TGT as described elsewhere3. Briefly, a
cyclic peptide RGDfK (cRGDfK) ligand was conjugated to the 3’ end of an 18-
nucleotide single-stranded DNA (ssDNA; 5-/5Cy3/GGCCCGCAGCGACCACCC/
3ThioMC-D/3) by a thiol-maleimide coupling reaction, as well as an N-hydro-
xysuccinimide ester—-amino reaction. A complementary ssDNA (5-GGGTGGTC
GCTGCGGGCC-3) with biotin at distinct locations was annealed to the cRGDfK-
ssDNA, resulting in dsDNA with different tension tolerances (Ttol, 43 and 54 pN).
We immobilized 1 uM of each TGT on a PEGylated glass slide via a
neutravidin-biotin interaction. Next, chondrocytes treated with combinations of
siRNA (targeting av or a5 integrin) and shear stress were collected from a culture

dish, resuspended in a serum-free DMEM, and loaded onto the TGT surface at a
density of 105 cells/ml. After 30-min or 2-h incubation at 37 °C, the cells were fixed
with 4% paraformaldehyde. A differential interference contrast image of the fixed
cells and a fluorescence image of the TGT rupture patterns induced by the cells
were taken using an epi-fluorescence microscope (Ti-E, Nikon, Tokyo, Japan). The
number of adherent cells on each TGT surface and the rupture patterns were
further analyzed using the Image] software (public domain, version 1.50i).

Statistics. Data are presented as mean + standard error. The comparisons for
Osteoarthritis Research Society International scores, bone mass, and micro-
architecture among different groups were performed using multifactorial analysis
of variance (ANOVA). When ANOVA testing indicated the overall significance of
main effects, without interaction between them, the differences between individual
time points and sites were assessed by post hoc tests. The level of significance was
set at P <0.05. All data analyses were performed using the SPSS, version 15.0,
analysis software (SPSS, Chicago, IL).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All relevant data that support the findings of this study are available within this published
article or available from the corresponding author upon reasonable request. Source data
are provided with this paper.

Received: 7 October 2019; Accepted: 19 February 2021;
Published online: 17 March 2021

References

1. Murphy, L. & Helmick, C. G. The impact of osteoarthritis in the United States:
a population-health perspective: a population-based review of the fourth most
common cause of hospitalization in U.S. adults. Orthop. Nurs. 31, 85-91
(2012).

2. Kotlarz, H.,, Gunnarsson, C. L., Fang, H. & Rizzo, J. A. Insurer and out-of-
pocket costs of osteoarthritis in the US: evidence from national survey data.
Arthritis Rheum. 60, 3546-3553 (2009).

3. Cross, M. et al. The global burden of hip and knee osteoarthritis: estimates
from the global burden of disease 2010 study. Ann. Rheum. Dis. 73, 1323-1330
(2014).

4. Berenbaum, F. Osteoarthritis year 2010 in review: pharmacological therapies.
Osteoarthr. Cartil. 19, 361-365 (2011).

5. Hawker, G. A, Mian, S., Bednis, K. & Stanaitis, I. Osteoarthritis year 2010 in
review: non-pharmacologic therapy. Osteoarthr. Cartil. 19, 366-374 (2011).

6. Pap, T. & Korb-Pap, A. Cartilage damage in osteoarthritis and rheumatoid
arthritis-two unequal siblings. Nat. Rev. Rheumatol. 11, 606-615 (2015).

7. Loeser, R. F, Collins, J. A. & Diekman, B. O. Ageing and the pathogenesis of
osteoarthritis. Nat. Rev. Rheumatol. 12, 412-420 (2016).

8. Goldring, S. R. & Goldring, M. B. Changes in the osteochondral unit during
osteoarthritis: structure, function and cartilage-bone crosstalk. Nat. Rev.
Rheumatol. 12, 632-644 (2016).

9. DeFrate, L. E., Kim-Wang, S. Y., Englander, Z. A. & McNulty, A. L.
Osteoarthritis year in review 2018: mechanics. Osteoarthr. Cartil. 27, 392-400
(2019).

10. Griffin, T. M. & Guilak, F. The role of mechanical loading in the onset and
progression of osteoarthritis. Exerc. Sport Sci. Rev. 33, 195-200 (2005).

11. Zhen, G. et al. Inhibition of TGF-f signaling in subchondral bone
mesenchymal stem cells attenuates osteoarthritis. Nat. Med. 19, 704 (2013).

12. Lories, R. J. & Luyten, F. P. The bone-cartilage unit in osteoarthritis. Nat. Rev.
Rheumatol. 7, 43-49 (2011).

13. Zhen, G. & Cao, X. Targeting TGFp signaling in subchondral bone and
articular cartilage homeostasis. Trends Pharmacol. Sci. 35, 227-236 (2014).

14. Chen, C,, Tambe, D. T., Deng, L. & Yang, L. Biomechanical properties and
mechanobiology of the articular chondrocyte. Am. J. Physiol. Cell Physiol. 305,
C1202-C1208 (2013).

15. Grodzinsky, A. J., Levenston, M. E., Jin, M. & Frank, E. H. Cartilage tissue
remodeling in response to mechanical forces. Annu. Rev. Biomed. Eng. 2,
691-713 (2000).

16. Malaviya, P. & Nerem, R. M. Fluid-induced shear stress stimulates
chondrocyte proliferation partially mediated via TGF-betal. Tissue Eng. 8,
581-590 (2002).

17. Neu, C. P., Khalafi, A., Komvopoulos, K., Schmid, T. M. & Reddi, A. H.
Mechanotransduction of bovine articular cartilage superficial zone protein by
transforming growth factor beta signaling. Arthritis Rheum. 56, 3706-3714
(2007).

14 | (2021)12:1706 | https://doi.org/10.1038/s41467-021-21948-0 | www.nature.com/naturecommunications


https://analyzedirect.com/documents/BMA_Manual.pdf
https://analyzedirect.com/documents/BMA_Manual.pdf
www.nature.com/naturecommunications

ARTICLE

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Goldring, M. B., Tsuchimochi, K. & jiri, K. The control of chondrogenesis. J.
Cell. Biochem. 97, 33-44 (2006).

Onyekwelu, I, Goldring, M. B. & Hidaka, C. Chondrogenesis, joint
formation, and articular cartilage regeneration. J. Cell. Biochem. 107, 383-392
(2009).

Kawakami, Y., Rodriguez-Leon, J. & Izpisua Belmonte, J. C. The role of
TGFbetas and Sox9 during limb chondrogenesis. Curr. Opin. Cell Biol. 18,
723-729 (2006).

Quintana, L., zur Nieden, N. I. & Semino, C. E. Morphogenetic and regulatory
mechanisms during developmental chondrogenesis: new paradigms for
cartilage tissue engineering. Tissue Eng. B Rev. 15, 29-41 (2009).

van der Kraan, P. M., Blaney Davidson, E. N., Blom, A. & van den Berg, W. B.
TGF-beta signaling in chondrocyte terminal differentiation and osteoarthritis:
modulation and integration of signaling pathways through receptor-Smads.
Osteoarthr. Cartil. 17, 1539-1545 (2009).

Yang, X. et al. TGF-beta/Smad3 signals repress chondrocyte hypertrophic
differentiation and are required for maintaining articular cartilage. J. Cell Biol.
153, 35-46 (2001).

Wu, Q. et al. Induction of an osteoarthritis-like phenotype and degradation of
phosphorylated Smad3 by Smurf2 in transgenic mice. Arthritis Rheum. 58,
3132-3144 (2008).

Shen, J. et al. Deletion of the transforming growth factor beta receptor type II
gene in articular chondrocytes leads to a progressive osteoarthritis-like
phenotype in mice. Arthritis Rheum. 65, 3107-3119 (2013).

van Beuningen, H. M., Glansbeek, H. L., van der Kraan, P. M. & van den Berg,
W. B. Osteoarthritis-like changes in the murine knee joint resulting from
intra-articular transforming growth factor-beta injections. Osteoarthr. Cartil.
8, 25-33 (2000).

van der Kraan, P. M. The changing role of TGFbeta in healthy, ageing and
osteoarthritic joints. Nat. Rev. Rheumatol. 13, 155-163 (2017).

Nixon, A. J., Saxer, R. A. & Brower-Toland, B. D. Exogenous insulin-like
growth factor-I stimulates an autoinductive IGF-I autocrine/paracrine
response in chondrocytes. J. Orthop. Res. 19, 26-32 (2001).

Tahimic, C. G., Wang, Y. & Bikle, D. D. Anabolic effects of IGF-1 signaling on
the skeleton. Front. Endocrinol. 4, 6 (2013).

Elford, P. R. & Lamberts, S. W. Contrasting modulation by transforming
growth factor-beta-1 of insulin-like growth factor-I production in osteoblasts
and chondrocytes. Endocrinology 127, 1635-1639 (1990).

Mincione, G. et al. TGF-beta 1 modulation of IGF-I signaling pathway in rat
thyroid epithelial cells. Exp. Cell Res. 287, 411-423 (2003).

Herrera, B. et al. Reactive oxygen species (ROS) mediates the mitochondrial-
dependent apoptosis induced by transforming growth factor (beta) in fetal
hepatocytes. FASEB J. 15, 741-751 (2001).

Wu, J. et al. TGF-betal induces senescence of bone marrow mesenchymal
stem cells via increase of mitochondrial ROS production. BMC Dev. Biol. 14,
21 (2014).

Jain, M. et al. Mitochondrial reactive oxygen species regulate transforming
growth factor-beta signaling. J. Biol. Chem. 288, 770-777 (2013).

Jallali, N., Ridha, H., Thrasivoulou, C., Butler, P. & Cowen, T. Modulation of
intracellular reactive oxygen species level in chondrocytes by IGF-1, FGF, and
TGF-betal. Connect. Tissue Res. 48, 149-158 (2007).

Coleman, M. C., Ramakrishnan, P. S., Brouillette, M. J. & Martin, J. A.
Injurious loading of articular cartilage compromises chondrocyte respiratory
function. Arthritis Rheumatol. 68, 662-671 (2016).

Imler, S. M., Doshi, A. N. & Levenston, M. E. Combined effects of growth
factors and static mechanical compression on meniscus explant biosynthesis.
Osteoarthr. Cartil. 12, 736-744 (2004).

Lima, E. G. et al. The beneficial effect of delayed compressive loading on
tissue-engineered cartilage constructs cultured with TGF-beta3. Osteoarthr.
Cartil. 15, 1025-1033 (2007).

Balooch, G. et al. TGF-beta regulates the mechanical properties and composition
of bone matrix. Proc. Natl Acad. Sci. USA 102, 18813-18818 (2005).

Borton, A. J., Frederick, J. P., Datto, M. B., Wang, X. F. & Weinstein, R. S. The
loss of Smad3 results in a lower rate of bone formation and osteopenia
through dysregulation of osteoblast differentiation and apoptosis. J. Bone Min.
Res. 16, 1754-1764 (2001).

Hinz, B. The extracellular matrix and transforming growth factor-betal: tale
of a strained relationship. Matrix Biol. 47, 54-65 (2015).

Annes, J. P., Munger, J. S. & Rifkin, D. B. Making sense of latent TGFbeta
activation. J. Cell Sci. 116, 217-224 (2003).

Dong, X., Hudson, N. E., Lu, C. & Springer, T. A. Structural determinants of
integrin beta-subunit specificity for latent TGF-beta. Nat. Struct. Mol. Biol. 21,
1091-1096 (2014).

Dong, X. et al. High integrin alphaVbeta6 affinity reached by hybrid domain
deletion slows ligand-binding on-rate. Proc. Natl Acad. Sci. USA 115,
E1429-E1436 (2018).

Munger, J. S. et al. The integrin alpha v beta 6 binds and activates latent TGF
beta 1: a mechanism for regulating pulmonary inflammation and fibrosis. Cell
96, 319-328 (1999).

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Shi, M. et al. Latent TGF-beta structure and activation. Nature 474, 343-349
(2011).

Buscemi, L. et al. The single-molecule mechanics of the latent TGF-betal
complex. Curr. Biol. 21, 2046-2054 (2011).

Dowling, E. P. et al. The effect of remodelling and contractility of the actin
cytoskeleton on the shear resistance of single cells: a computational and
experimental investigation. J. R. Soc. Interface 9, 3469-3479 (2012).
Morimatsu, M., Mekhdjian, A. H., Adhikari, A. S. & Dunn, A. R. Molecular
tension sensors report forces generated by single integrin molecules in living
cells. Nano Lett. 13, 3985-3989 (2013).

Nader, G. P., Ezratty, E. J. & Gundersen, G. G. FAK, talin and PIPKIgamma
regulate endocytosed integrin activation to polarize focal adhesion assembly.
Nat. Cell Biol. 18, 491-503 (2016).

Klapholz, B. & Brown, N. H. Talin - the master of integrin adhesions. J. Cell
Sci. 130, 2435-2446 (2017).

Atherton, P. & Ballestrem, C. Talin gets SHANKed in the fight for integrin
activation. Nat. Cell Biol. 19, 265-267 (2017).

Wang, X. & Ha, T. Defining single molecular forces required to activate
integrin and notch signaling. Science 340, 991-994 (2013).

Pombo-Suarez, M., Castano-Oreja, M. T., Calaza, M., Gomez-Reino, J. &
Gonzalez, A. Differential upregulation of the three transforming growth factor
beta isoforms in human osteoarthritic cartilage. Ann. Rheum. Dis. 68, 568-571
(2009).

Blaney Davidson, E. N., van der Kraan, P. M. & van den Berg, W. B. TGF-beta
and osteoarthritis. Osteoarthr. Cartil. 15, 597-604 (2007).

Blaney Davidson, E. N. et al. Increase in ALK1/ALK5 ratio as a cause for
elevated MMP-13 expression in osteoarthritis in humans and mice. J.
Immunol. 182, 7937-7945 (2009).

van der Kraan, P. M., Blaney Davidson, E. N. & van den Berg, W. B. A role for
age-related changes in TGFbeta signaling in aberrant chondrocyte
differentiation and osteoarthritis. Arthritis Res. Ther. 12, 201 (2010).

Tang, Y. et al. TGF-betal-induced migration of bone mesenchymal stem cells
couples bone resorption with formation. Nat. Med. 15, 757-765 (2009).
Duncan, H., Jundt, J., Riddle, J. M., Pitchford, W. & Christopherson, T. The
tibial subchondral plate. A scanning electron microscopic study. J. Bone Jt.
Surg. Am. 69, 1212-1220 (1987).

Layton, M. W., Fudman, E. J., Barkan, A., Braunstein, E. M. & Fox, I. H.
Acromegalic arthropathy. Characteristics and response to therapy. Arthritis
Rheum. 31, 1022-1027 (1988).

Pan, J. et al. In situ measurement of transport between subchondral bone and
articular cartilage. J. Orthop. Res. 27, 1347-1352 (2009).

Arkill, K. P. & Winlove, C. P. Solute transport in the deep and calcified zones
of articular cartilage. Osteoarthr. Cartil. 16, 708-714 (2008).

Findlay, D. M. & Kuliwaba, J. S. Bone-cartilage crosstalk: a conversation for
understanding osteoarthritis. Bone Res. 4, 16028 (2016).

Albro, M. B. et al. Accumulation of exogenous activated TGF-beta in the
superficial zone of articular cartilage. Biophys. J. 104, 1794-1804 (2013).
Brown, T. D. & Vrahas, M. S. The apparent elastic modulus of the
juxtarticular subchondral bone of the femoral head. J. Orthop. Res. 2, 32-38
(1984).

Choi, K., Kuhn, J. L., Ciarelli, M. J. & Goldstein, S. A. The elastic moduli of
human subchondral, trabecular, and cortical bone tissue and the size-
dependency of cortical bone modulus. J. Biomech. 23, 1103-1113 (1990).
Lotz, J. C., Gerhart, T. N. & Hayes, W. C. Mechanical properties of
metaphyseal bone in the proximal femur. J. Biomech. 24, 317-329 (1991).
Radin, E. L. et al. Response of joints to impact loading. 3. Relationship
between trabecular microfractures and cartilage degeneration. J. Biomech. 6,
51-57 (1973).

Banno, A., Goult, B.T., Lee, H,, Bate, N., Critchley, D.R. & Ginsberg, M.H.
Subcellular Localization of Talin Is Regulated by Inter-domain Interactions. J.
Biol. Chem. 287, 13799-13812 (2012).

Wegener, K.L. et al. Structural Basis of Integrin Activation by Talin. Cell 128,
171-182 (2007).

Moes, M. et al. The Integrin Binding Site 2 (IBS2) in the Talin Rod Domain Is
Essential for Linking Integrin  Subunits to the Cytoskeleton. J. Biol.

Chem. 282, 17280-17288 (2007).

Monkley, S. J. et al. Disruption of the talin gene arrests mouse development at
the gastrulation stage. Dev. Dyn. 219, 560-574 (2000).

Conti, F. J. et al. Progressive myopathy and defects in the maintenance of
myotendinous junctions in mice that lack talin 1 in skeletal muscle.
Development 135, 2043-2053 (2008).

Nieswandt, B. et al. Loss of talinl in platelets abrogates integrin activation,
platelet aggregation, and thrombus formation in vitro and in vivo. J. Exp. Med.
204, 3113-3118 (2007).

dela Paz, N. G., Walshe, T. E., Leach, L. L., Saint-Geniez, M. & D’Amore, P. A.
Role of shear-stress-induced VEGF expression in endothelial cell survival. J.
Cell Sci. 125, 831-843 (2012).

Stenner, F. et al. RP1 is a phosphorylation target of CK2 and is involved in cell
adhesion. PLoS ONE 8, 67595 (2013).

| (2021)12:1706 | https://doi.org/10.1038/s41467-021-21948-0 | www.nature.com/naturecommunications 15


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

77. Sumpio, B. E. et al. MAPKs (ERK1/2, p38) and AKT can be phosphorylated by
shear stress independently of platelet endothelial cell adhesion molecule-1
(CD31) in vascular endothelial cells. J. Biol. Chem. 280, 11185-11191 (2005).

78. Martin, A. Hubbe Adhesion and detachment of biological cells in vitro. Prog.
Surf. Sci. 11, 65-138 (1981). pp.

79. Wu, X. et al. Inhibition of Sca-1-positive skeletal stem cell recruitment by
alendronate blunts the anabolic effects of parathyroid hormone on bone
remodeling. Cell Stem Cell 7, 571-580 (2010).

80. Hildebrand, T. & Ruegsegger, P. Quantification of bone microarchitecture
with the structure model index. Comput. Methods Biomech. Biomed. Eng. 1,
15-23 (1997).

81. Hahn, M., Vogel, M., Pompesius-Kempa, M. & Delling, G. Trabecular bone
pattern factor-a new parameter for simple quantification of bone
microarchitecture. Bone 13, 327-330 (1992).

82. Hollister, S. J., Brennan, J. M. & Kikuchi, N. A homogenization sampling
procedure for calculating trabecular bone effective stiffness and tissue level
stress. J. Biomech. 27, 433-444 (1994).

83. Meireles, S. et al. Knee contact forces are not altered in early knee
osteoarthritis. Gait Posture 45, 115-120 (2016).

84. Bursac, P. et al. Cytoskeleton dynamics: fluctuations within the network.
Biochem. Biophys. Res. Commun. 355, 324-330 (2007).

85. Fabry, B. et al. Scaling the microrheology of living cells. Phys. Rev. Lett. 87,
148102 (2001).

86. Kim, J. J. et al. Acquisition of paclitaxel resistance is associated with a more
aggressive and invasive phenotype in prostate cancer. J. Cell. Biochem. 114,
1286-1293 (2013).

87. Gajula, R. P. et al. The twist box domain is required for Twistl-induced
prostate cancer metastasis. Mol. Cancer Res. 11, 1387-1400 (2013).

88. Butler, J. P, Tolic-Norrelykke, I. M., Fabry, B. & Fredberg, J. J. Traction fields,
moments, and strain energy that cells exert on their surroundings. Am. J.
Physiol. Cell Physiol. 282, C595-C605 (2002).

89. Garzon-Muvdi, T. et al. Regulation of brain tumor dispersal by NKCC1
through a novel role in focal adhesion regulation. PLoS Biol. 10, e1001320
(2012).

Acknowledgements

This research was supported by National Institute on Aging of the National Institutes of
Health under Award Number RO1 AG068997 and PO1AG066603 (to X.C.). G.Z were
partially supported by DOD grant W81XWH-19-1-0222.

Author contributions

Conceptualization: G.Z. and X.C.; methodology: G.Z., S.Z, B.C.K,, and J.H.; investigation:
GZ,QG,S8Z,YL,CW,SZ,RW,B.CK,]J.H, Y.H, and Y.D; writing—original draft:
G.Z., B.CK, J.H, and Y.H; writing—review and editing: G.Z. and X.C; funding acqui-
sition: X.C. and G.Z; resources: E.G., T.H., S.A., M.W., and X.C,; supervision: X.E.G.,
T.H., S.A, and X.C.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-21948-0.

Correspondence and requests for materials should be addressed to X.C.

Peer review information Nature Communications thanks Peter van der Kraan and the
other anonymous reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

16 | (2021)12:1706 | https://doi.org/10.1038/s41467-021-21948-0 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-021-21948-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Mechanical stress determines the configuration of TGFβ activation in articular cartilage
	Outline placeholder
	B1

	Results
	Increase of TGFβ activation in AC is correlated with the alteration of SB microarchitecture
	TGFβ activation pattern in AC is aligned with mechanical stress distribution and influences chondrocyte metabolic activity
	αV integrins mediate mechanical stress-induced activation of TGFβ in AC
	Mechanical stress enhanced the traction force between αV integrin and its ligand
	αV integrin-mediated excessive TGFβ activation for AC degeneration in OA mice

	Discussion
	Methods
	Human subjects
	Animals
	Mice
	Intra-articular injection of siRNA solution
	Cell culture
	Cell metabolism assays
	ELISA, western blot, and co-IP
	Histochemistry and immunohistochemistry
	Micro-computed tomography
	Finite element analysis
	Live cell micromechanical methods
	Fourier transform traction microscopy
	TGT assay
	Statistics

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




