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Abstract

Objective: TGFβ signaling plays a complex tissue-specific and non-linear role in osteoarthritis 

(OA). We sought to identify the osteocytic contributions of TGFβ signaling to OA.

Methods: To uncover the role of osteocytic TGFβ signaling in joint homeostasis, we used 

16-week-old male and female mice with an osteocyte-intrinsic ablation of TGFβ type II receptor 

(TβRIIocy−/−) and assessed defects in cartilage degeneration, subchondral bone plate (SBP) 

thickness, and SBP sclerostin expression. To further investigate these mechanisms in 16-week-old 

male mice, we perturbed joint homeostasis using the medial meniscal/ligamentous injury (MLI) 

model at 8 weeks of age, which preferentially disrupts the mechanical environment of the medial 

joint to induce OA.

Results: In all contexts, independent of sex, genotype, or medial or lateral joint compartment, 

increased SBP thickness and SBP sclerostin expression were spatially associated with cartilage 

degeneration. Male TβRIIocy−/− mice, but not female TβRIIocy−/− mice, have increased cartilage 

degeneration, increased SBP thickness, and higher levels of SBP sclerostin, demonstrating that the 

role of osteocytic TGFβ signaling on joint homeostasis is sexually dimorphic. With changes in 

joint mechanics following injury, control mice increase SBP thickness, subchondral bone volume, 

and SBP sclerostin expression. TβRIIocy−/− mice, however, are insensitive to subchondral bone 

changes with injury, suggesting that mechanosensation at the SBP requires osteocytic TGFβ 
signaling.

Conclusion: Our results provide new evidence that osteocytic TGFβ signaling is required for 

a mechanosensitive response to injury, and that osteocytes control SBP homeostasis to maintain 

cartilage health, uncovering osteocytic TGFβ signaling as a novel therapeutic target for OA.
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Introduction

Osteoarthritis (OA), considered a “whole joint” disease, is characterized by the irreversible 

disruption of multiple joint tissues including articular cartilage and subchondral bone (1). 

While the relationship between cartilage degeneration and subchondral bone changes is 

an established hallmark of OA, the causal mechanisms driving the coordinated loss of 

homeostasis in these two tissues remains unclear. The subchondral bone plate (SBP), for 

example, undergoes dynamic remodeling in OA, with thinning and increased remodeling 

in early joint disease and thickening spatially associated with cartilage degeneration 

in late-stage OA (1–7). SBP changes can impact both the mechanical and biological 

environment of the joint. Given its proximity to the articular cartilage, the SBP can 

impact the stress concentration at the articular cartilage during joint loading (2), which 

is one possible explanation for the spatial association of SBP thickening and cartilage 

degeneration. Additionally, the SBP acts as a physical boundary, regulating cartilage 

exposure to vasculature, oxygen, nutrients, and cytokines (1). During OA progression, the 

SBP becomes permeabilized with increased vascular invasion, disrupting the homeostatic 

biological environment and aggravating cartilage degeneration (1). While SBP thickening 

is considered an indisputable sign of late-stage OA, the underlying mechanisms of the 

thickening are still largely unknown, and whether it contributes to or is the consequence of 

cartilage degeneration remains elusive.

The transforming growth factor beta (TGFβ) signaling pathway plays an important role in 

both bone and cartilage homeostasis, and imbalanced TGFβ signaling results in disease 

in each tissue, such as osteogenesis imperfecta in bone (8) and OA in cartilage (9–11). 

TGFβ signaling is critical for maintaining bone mass and quality (12–15) and balanced 

TGFβ signaling in each tissue compartment is integral for joint health. In some contexts, 

TGFβ signaling protects against OA (9–11, 16–19), and in other contexts TGFβ signaling 

exacerbates OA (20, 21). Two key concepts clarify the sophisticated function of TGFβ 
in joint homeostasis. First, TGFβ action in the joint is tissue compartment- and cell type-

specific. Second, the effect of TGFβ on the joint is non-linear, such that an optimal level 

of signaling is required for joint homeostasis, and highly active, suppressed, or imbalanced 

canonical and non-canonical TGFβ signaling drives joint degeneration. More specifically, 

loss-of-function mutations in the canonical TGFβ effector SMAD3 increase the incidence of 

OA in humans (16, 18) and in mice (9–11). In the absence of chondrocyte-intrinsic Smad3, 

TGFβ signaling activates non-canonical pathways that prevent cartilage anabolism and 

stimulate MMP13-dependent cartilage catabolism (9–11). Conversely, systemic inhibition of 

TGFβ signaling in mice has been shown to exert dose-dependent benefits on joint health, in 

part, by suppressing TGFβ signaling within mesenchymal stem cells (MSCs) (20, 21). Taken 

together, this further emphasizes the need to uncover the precise role of TGFβ signaling in 

each joint tissue to maintain homeostasis.

The role in OA of TGFβ signaling in bone cell types is less well-defined. Although 

osteocytes participate in human and mouse OA (22), the role of osteocyte-intrinsic TGFβ 
signaling in joint homeostasis is unknown. In addition to coordinating the flow of nutrients 

through the canalicular network and regulating the mechanosensitivity of bone, osteocytes 

may also impact cartilage through a process known as perilacunar/canalicular remodeling 
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(PLR) (23). During PLR, osteocytes secrete acid and proteases to dynamically resorb 

and then replace their surrounding bone matrix to maintain the mineral homeostasis, the 

canalicular network, and bone quality (24–27). Osteocyte-intrinsic inhibition of TGFβ 
signaling causes PLR suppression, including disrupted canalicular networks, dysregulation 

of PLR enzyme expression, increased trabecular bone volume, and inferior bone quality 

in male, but not in female, mice (23, 28). Thus, osteocytic TGFβ signaling functions 

to maintain both biological and structural properties of bone, each of which could 

impact cartilage integrity. Combined with the known role of TGFβ signaling in skeletal 

mechanobiology (29–32), osteocytic TGFβ signaling may contribute to joint homeostasis 

through a number of mechanisms.

To dissect the osteocyte-specific contributions of TGFβ signaling on joint homeostasis, we 

tested the hypothesis that loss of osteocytic TGFβ signaling exacerbates OA through its 

control of subchondral bone. Our findings reveal that osteocytic TGFβ signaling is critical 

for cartilage health, SBP homeostasis, and mechanosensitive response to injury, elucidating 

a new mechanism of bone-cartilage crosstalk.

Materials and Methods

Mice

To assess the role of osteocytic TGFβ signaling in joint homeostasis, mice were bred 

to generate TβRIIocy−/− mice (DMP1-Cre+; TβRIIfl/fl) and littermate control mice (DMP1-

Cre−; TβRIIfl/fl) (23, 28). Animals were housed in groups in a pathogen-free facility at 22°C 

with a 12-hour light/dark cycle and supplied with standard irradiated mouse chow and water 

ad libitum. The Institutional Animal Care and Use Committee (IACUC) at the University of 

California San Francisco approved all animal procedures.

For the basal joint phenotype, hindlimbs were collected from 16-week-old control and 

TβRIIocy−/− male and female mice (n=7-11 mice per group). To analyze the effect of joint 

injury, male control and TβRIIocy−/− mice (8 weeks) were subjected to bilateral sham or 

meniscal-ligamentous injury (MLI) surgery, as described (n=9-11 mice per group) (33). 

Under sterile conditions and in isoflurane-anesthetized mice, incisions were made through 

the skin and joint capsule medial to the patella, and the medial collateral ligament (MCL) 

was transected and the medial meniscus was removed. Sham-injured animals received 

bilateral incisions without MCL transection or meniscal removal. Incisions were closed 

with sutures, and animals received an injection of long-acting buprenorphine analgesic. 

Hindlimbs were collected 8 weeks post-surgery.

MicroCT Analysis

A 4-mm region of the left hindlimb, centered on the joint, was scanned using a Scanco 

μCT50 specimen scanner with an X-ray potential of 55 kVp, current of 109 μA voxel size of 

10 μm, and integration time of 500 milliseconds. Thresholding was performed as described 

(22, 23, 34).

The tibial plateau subchondral bone region was designated 200 μm from the proximal 

surface of the tibia to exclude the subchondral bone plate (SBP) and extended 250 μm 
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distally. Contours were delineated by a blinded reviewer at the periosteal surface with a 

linear boundary bisecting the medial and lateral halves, and bone volume fraction (BV/TV) 

was reported.

The femoral SBP was contoured in a blinded manner in sagittal microCT images of the 

femoral condyles. Femoral SBP thickness, rather than tibial SBP thickness, was analyzed 

because tibial SBPs were too thin and too close to the growth plate for meaningful analysis 

(7). For quantification, circles of diameter 750 μm were consistently placed on grayscale 3D 

thickness maps, centered on the lateral anterior, medial anterior, lateral posterior, and medial 

posterior regions, as described (7), and mean pixel intensity was measured. Pixel intensity 

was converted to SBP thickness in μm (n=9-10 mice per group). Representative grayscale 

images were converted to pseudocolor for illustration in figures.

Qualitative differences in shape between control and TβRIIocy−/− mice were identified by 

a blinded grader on 2D sagittal images of the knee, using cross-section of the patella as a 

landmark (n=7-11 mice per group).

Histology

Right hind limbs were paraffin-embedded at 90 degrees of flexion in the coronal orientation 

and sectioned at 6 μm thickness. Brightfield images were acquired on a Nikon Eclipse E800 

microscope, and fluorescent images were acquired on a Leica DMi8 confocal microscope.

Immunofluorescence (IF) was used to identify cells expressing TβRII or sclerostin in the 

subchondral bone and articular cartilage of the knee. Sections (6 μm) were incubated 

with primary antibodies: rabbit anti-TGF beta Receptor II antibody (1:500 for male mice, 

1:250 for female mice, Abcam ab186838), goat anti-SOST/Sclerostin (1:200, R&D Systems 

AF1589), or species-specific non-immune IgG negative controls. This was followed by 

incubation with secondary antibody conjugated to Alexa Fluor 594 (for TβRII: goat anti-

rabbit 1:1000, Invitrogen AB_2534079; for sclerostin: donkey anti-goat 1:1000, Invitrogen 

AB_2534105). Positively-stained cells were counted by a blinded grader in 20x visual fields 

from each joint quadrant using ImageJ and reported as % positive cells in each respective 

tissue (n=4-8 mice per group).

The osteocytic lacunocanalicular network was visualized using the Ploton silver stain with a 

Cresyl Violet counterstain, and articular cartilage was visualized using the Safranin-O/Fast 

Green stain. Sections (6 μm) were selected from the mid-joint region using the identification 

of the ACL and PCL as landmarks and stained, as described (22, 23, 35, 36).

For subchondral bone mean canalicular length, four images per joint quadrant at 100x visual 

field were acquired, and length was quantified in a blinded manner using ImageJ by tracing 

10 canaliculi per osteocyte and three osteocytes per image (48 osteocytes per animal, n=5 

mice per group). Canalicular lengths were averaged to obtain a mean canalicular length for 

each sample, and mean lengths were averaged and reported for each group.

For OA score, each joint quadrant (medial tibia, lateral tibia, medial femur, lateral femur) 

was imaged and graded by three blinded graders using modified Mankin (37) and OARSI 

(38) grading schemes (n=9-11 per group). Scores from all graders were averaged to obtain a 
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mean score, and mean scores were then averaged within each group. Total score represents 

the sum of all four quadrants.

Statistical Analysis

Comparisons between genotypes, for male and female mice, were tested using an unpaired 

two-tailed Student’s t-test. Comparisons among genotype and injury employed two-way 

ANOVA followed by Tukey post-hoc tests. Statistical analyses were performed in GraphPad 

Prism 8 (GraphPad Software, Inc.). Values are expressed as mean ± SD for outcomes 

reporting a mean of individual measurements or ± SEM for outcomes reporting a mean of 

mean measurements. P-values less than 0.05 were considered statistically significant, with 

sample size “n” specified in figure legends.

Results

Requirement of osteocytic TβRII for subchondral bone canalicular homeostasis

To determine the specificity of the DMP1-Cre promotor in the joint, we evaluated 

the expression of TβRII in control (DMP1-Cre−;TβRIIfl/fl) and TβRIIocy−/− (DMP1-

Cre+;TβRIIfl/fl) knees. Relative to a control non-immune IgG, immunofluorescence revealed 

TβRII expression throughout the meniscus, cartilage, subchondral bone, and bone marrow of 

control mice (Figure 1A, 1C). A blinded semiquantitative analysis of TβRII expression 

in subchondral bone osteocytes revealed a significant 38% decrease between control 

and TβRIIocy−/− male mice, with no change in percentage of TβRII-positive articular 

chondrocytes (Figure 1B) or in osteocyte density. This selective disruption of TβRII in 

subchondral bone allows us to evaluate the role of osteocytic TGFβ signaling in joint 

homeostasis.

We have previously reported that male TβRIIocy−/− mice demonstrate osteocyte perilacunar/

canalicular remodeling (PLR) suppression within the axial femur, with reduced expression 

of several essential PLR enzymes and a corresponding reduction in canalicular length (23, 

28). We evaluated the effect of osteocyte-intrinsic TβRII-deficiency on canalicular length 

in subchondral bone. TβRIIocy−/− mice exhibit a significant reduction in canalicular length 

within the subchondral bone of the tibial plateau and femoral condyles compared with 

control mice at 16 weeks of age (Figure 1D, 1E). In our model of an osteocyte-specific 

loss of TGFβ signaling, we find evidence of impaired PLR in the subchondral bone of male 

TβRIIocy−/− mice.

Requirement of osteocytic TβRII for cartilage homeostasis is sexually dimorphic.

Given the evidence for osteocyte dysfunction in human OA (22) and the cell-type specific 

role of TGFβ in OA, we evaluated the cartilage phenotype of TβRIIocy−/− mice to elucidate 

the role of osteocytic TGFβ signaling in joint homeostasis. When compared with control 

mice, TβRIIocy−/− mice had significantly increased Mankin scores in the whole joint and in 

the medial and lateral compartments, with a disruption of articular cartilage structure, loss of 

proteoglycan staining, increased hypertrophic chondrocytes, and increased subchondral bone 

thickness (Figure 1F–1I). TβRIIocy−/− mice did not have a statistically significant increase in 

OARSI score (data not shown).
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Although female TβRIIocy−/− mice also had reduced osteocytic expression of TβRII in the 

subchondral bone by 45% (Figure 2A, 2B), for canalicular length and Mankin score, female 

TβRIIocy−/− mice were indistinguishable from female controls (Figure 2C–2G). Therefore, 

phenotypic differences in male and female TβRIIocy−/− mice are not the result of differences 

in reduction of osteocytic TβRII, and the requirement of osteocytic TβRII for subchondral 

bone lacunocanalicular network maintenance and articular cartilage homeostasis is sexually 

dimorphic.

Increased subchondral bone plate thickness in male, but not female, TβRIIocy−/− joints

Osteocytic defects in TGFβ signaling could drive cartilage degeneration in male mice by 

disrupting the mechanical or biological environment of the subchondral bone. Changes 

in joint mechanics and subchondral bone plate (SBP) thickness are closely linked to 

OA development, suggesting that disruption of subchondral bone mechanics exacerbates 

cartilage degeneration (2, 39). To examine the relationship between osteocytic TβRII, 

subchondral bone mechanics, and cartilage degeneration, we quantified SBP thickness 

in male and female mice, focusing on the load-bearing posterior regions of control and 

TβRIIocy−/− distal femora (7). We found that the SBP of male TβRIIocy−/− mice is 

significantly thicker than in control mice on both the lateral and medial condyles (Figure 3A, 

3B). The load-bearing femoral SBP thickness of female TβRIIocy−/− mice, however, does 

not significantly differ from female controls (Figure 3F, 3G). Coupled with the sex-specific 

effect of osteocytic TGFβ signaling on the canalicular network and SBP thickness in the 

bone, the sexual dimorphism in OA raises the possibility that altered joint mechanics in 

male TβRIIocy−/− mice leads to cartilage degeneration, while female TβRIIocy−/− mice have 

relatively normal joint mechanics and therefore healthy cartilage.

Coupled deregulation of sclerostin expression, SBP thickness, and cartilage homeostasis

Sclerostin is a negative regulator of bone formation, and TGFβ regulates load-dependent 

bone formation in a sclerostin-dependent manner (32, 40). We sought to determine if 

SBP sclerostin expression is sensitive to osteocytic TGFβ signaling, and furthermore, 

if this regulation is sexually dimorphic. Sclerostin was not detected in chondrocytes or 

articular cartilage in any condition (Figure 3C, 3H, 4B). Sclerostin expression in male 

TβRIIocy−/− SBP was significantly increased when compared with male controls (Figure 

3C–3E), corresponding to the increased SBP thickness observed in TβRIIocy−/− mice. We 

previously observed elevated sclerostin levels in male mice expressing dominant negative 

TβRII under the control of the osteocalcin promoter (32), and we find the same to be 

true in male mice with an osteocytic ablation of TβRII. However, the female SBP showed 

no genotype-dependent difference in sclerostin expression (Figure 3H–3J), indicating that 

SBP sclerostin expression in TβRIIocy−/− mice is also sexually dimorphic. Thus, we 

observe a close relationship among cartilage degeneration, SBP thickness, and deregulated 

sclerostin expression; in male TβRIIocy−/− mice, genotype-dependent increases in cartilage 

degeneration colocalize with SBP thickening and excessive sclerostin, whereas in female 

TβRIIocy−/− mice, none of these outcomes differ from female controls. The extent to which 

these structural or biological changes in subchondral bone drive OA is unclear.
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Osteocytic TGFβ signaling is required for injury-induced changes in subchondral bone 
and sclerostin expression

Given the need to clarify the relationship between OA progression and the changes in 

SBP thickness and sclerostin expression in TβRIIocy−/− mice, and the extent to which 

these may be mechanoregulated, we implemented an OA model in which a meniscal/

ligamentous injury (MLI) preferentially disrupts the mechanical environment of the medial 

joint. MLI of control mice significantly increased SBP thickness, subchondral bone volume, 

and SBP sclerostin expression in the medial joint but elicited a more modest increase 

in SBP thickness on the lateral side (Figure 4). Importantly, MLI did not affect any of 

these parameters on either the ‘loaded’ medial side or the lateral side of the TβRIIocy−/− 

subchondral bone, indicating that injury-induced changes in subchondral bone require 

osteocytic TGFβ signaling (Figure 4E, 4H, 4K). Furthermore, on the medial side, apparent 

genotype-dependent differences in subchondral bone volume and sclerostin expression 

in sham mice disappeared following MLI (Figure 4F, 4I). Together with prior evidence 

implicating TGFβ in the anabolic response of bone to mechanical load (32), these 

data reveal that osteocytic TGFβ signaling is required for mechanosensitive changes in 

subchondral bone formation and sclerostin expression.

Increased cartilage degeneration in injured male TβRIIocy−/− mice

Compartmental evaluation of OA severity in this medial injury model allows dissection of 

mechanisms of joint crosstalk. Injury further exacerbates joint degeneration in TβRIIocy−/− 

mice compared with injured control mice, resulting in a significantly increased total 

Mankin score due to more severe disruption of the articular cartilage structure, loss of 

proteoglycans, and increased hypertrophic chondrocytes (Figure 5A, 5B). Compartmental 

analysis reveals that the increased Mankin score in injured TβRIIocy−/− joints results from 

increased cartilage degeneration on the uninjured lateral side of the TβRIIocy−/− joints 

relative to controls (Figure 5D). Importantly, on the injured medial side, the effect of MLI 

on cartilage in the control and TβRIIocy−/− mice is indistinguishable (Figure 5C). Thus, 

on the injured medial side, cartilage degeneration correlates with increased subchondral 

bone and sclerostin levels, independently of genotype. On the uninjured lateral side, where 

the mechanical environment is less affected, we observe worsened cartilage degeneration 

in TβRIIocy−/− mice, similar to that observed in the uninjured TβRIIocy−/− mice (Figure 

1). Overall, independent of genotype, sex, or injury, increased SBP thickness corresponds 

spatially to cartilage degeneration. These findings suggest a critical role for osteocytic TGFβ 
signaling in controlling the SBP response to mechanical changes with injury.

Interestingly, our data suggest that osteocytic TGFβ signaling plays a bidirectional role in 

response to injury. Following injury, osteocytic TβRII expression in control subchondral 

bone is indistinguishable from TβRIIocy−/− mice, resulting in an injury-dependent decrease 

(p=0.051) in osteocytic TβRII expression in control mice (Figure 6A, 6B), further 

implicating osteocytic TGFβ signaling as key in the mechanosensitive response to injury. 

We examined possible mechanisms that could contribute to the more severe phenotype in 

male TβRIIocy−/− joints First, our findings suggest that the worsened cartilage phenotype on 

the lateral side in TβRIIocy−/− mice with MLI (Figure 5D) is due, at least in part, to the 

underlying increased SBP thickness, subchondral bone volume, and SBP sclerostin levels 
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prior to injury (Figure 4D, 4G, 4J). Second, changes in SBP thickness are insufficient 

to explain why injured TβRIIocy−/− mice exhibit more cartilage degeneration than sham 

TβRIIocy−/− mice (Figure 5B). Indeed, TβRIIocy−/− mice were insensitive to injury-induced 

changes in SBP thickness, subchondral bone volume, or sclerostin levels (Figure 4C–4K), 

indicating that other bone-independent factors with injury, such as inflammation or increased 

direct loading on the cartilage with meniscectomy, worsen cartilage degeneration in injured 

TβRIIocy−/− mice. We additionally observe a number of genotype-dependent differences that 

may participate. The expected genotype-dependent reduction in canalicular length was lost 

in the context of MLI (Figure 6C, 6D). Finally, we detect qualitative genotype-dependent 

differences in shape of the femoral condyles in TβRIIocy−/− mice, which were apparent in 

both male and female TβRIIocy−/− mice (Supplemental Figure 1C, 1F).

Discussion

In this study, we show that loss of osteocytic TGFβ signaling plays a causal role in 

articular cartilage degeneration through its spatial control of subchondral bone. Using 

an established mouse model of osteocyte-specific ablation of TβRII (23), we observed a 

close relationship among cartilage degeneration, SBP thickening, and osteocytic sclerostin 

upregulation in male TβRIIocy−/− mice and injured control mice, which additionally showed 

an injury-dependent decrease in osteocytic TβRII. On the contrary, female TβRIIocy−/− mice 

do not show these differences, indicating a sex-specific role for osteocytic TGFβ signaling 

in OA. With injury-induced changes in joint mechanics, control mice increase SBP thickness 

and sclerostin expression in spatial association with cartilage degeneration and repress 

osteocytic TβRII within the subchondral bone. Without osteocytic TβRII, however, injured 

TβRIIocy−/− mice do not increase SBP thickness and sclerostin expression, suggesting that 

SBP mechanosensation requires osteocytic TGFβ signaling. Overall, we find that increased 

SBP thickness and sclerostin expression, whether by loss of osteocytic TGFβ signaling or 

by medial injury, drives cartilage degeneration. Together, this work provides new insight 

into the factors driving changes in SBP thickness during joint degeneration, identifying 

osteocytes as potential targets for OA therapeutics.

Bone quality (41, 42) and OA (43, 44) show sex-specific differences in humans and mice. 

OA is more prevalent in women than in men, particularly after menopause, demonstrating a 

need to better understand the sex-specific pathogenesis of OA (44). We have recently shown 

that osteocytic TGFβ signaling induces PLR in a sex-specific manner (28). While male 

TβRIIocy−/− mice demonstrate hallmarks of suppressed PLR in the cortical bone, including 

blunted canalicular networks, reduced expression of PLR enzymes, and defective bone 

quality, PLR and bone quality in female TβRIIocy−/− mice remain intact (28). This set of 

observations remains true in this study, where 16-week-old male TβRIIocy−/− mice showed 

a disruption of the subchondral bone canalicular network, increased SBP thickness, and 

signs of worsened joint degeneration while female TβRIIocy−/− mice, did not, demonstrating 

that the sexually dimorphic role of osteocytic TGFβ signaling extends to the joint. These 

findings are consistent with the idea that altered mechanics at the SBP lead to cartilage 

degeneration. However, female TβRIIocy−/− joints were not entirely normal. Both male 

and female TβRIIocy−/− joints show qualitative shape differences of the femoral condyle, 

including a marked thickening of the SBP in the anterior region and an apparent rounding 
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of the condyle, as well as increased SBP thickness in the relatively unloaded anterior region 

of the femoral condyle (Supplemental Figure 1). These differences in female TβRIIocy−/− 

joints appear insufficient to affect joint degeneration at this time point, and further work is 

needed to understand the injury-induced mechanosensitive response in osteocytes in female 

TβRIIocy−/− mice. Osteocytes emerge as important regulators of SBP thickness and joint 

shape, and female TβRIIocy−/− mice are thus able to maintain joint health in the absence of 

osteocytic TGFβ signaling.

SBP thickness changes over the course of OA progression, and the spatial association 

of SBP thickening with cartilage degeneration is a hallmark of late-stage OA (1–7). 

Additionally, TGFβ signaling participates in mechanoregulation of the skeleton (29–32), 

which, in the context of osteocytic TGFβ signaling, could impact the response of the 

SBP to changes in joint mechanics. Using TβRIIocy−/− mice, we find evidence that the 

mechanoresponse to injury at the SBP requires osteocytic TGFβ signaling. Unlike injured 

control mice, injured TβRIIocy−/− mice are insensitive to injury-induced changes in SBP 

thickness, subchondral bone volume, and SBP sclerostin expression. Notably, injured 

TβRIIocy−/− mice still have worsened cartilage degeneration, which was primarily driven 

by an increase in OA score on the uninjured lateral tibia (Figure 5D). This suggests that 

the underlying increase in SBP thickness on the ‘uninjured’ lateral side of TβRIIocy−/− mice 

is sufficient to disrupt the normal mechanical environment of the joint and drives cartilage 

degeneration. Notably, although we previously observed an injury-dependent disruption 

of the subchondral bone lacunocanalicular network in a different mouse model of PLR 

suppression (22), we do not observe an injury-dependent decrease in canalicular length in 

this study, possibly due to genetic differences in these mouse models or selected regions of 

interest. Together, these findings indicate that osteocytic TGFβ signaling is critical for the 

spatial association between cartilage degeneration and SBP thickness in late-stage OA and 

the mechanosensitive response to injury.

In contrast to previous studies, we observed an increase in sclerostin expression in the 

setting of increased SBP thickness and cartilage degeneration. Others observe an inverse 

relationship between sclerostin levels and OA severity in humans (45) and a repression of 

sclerostin with increased SBP thickness in late-stage OA in mice (7). Because sclerostin 

expression is induced by TGFβ (32, 40), repressed in response to load (46), and stimulates 

PLR (27), we expected to observe decreased sclerostin expression in TβRIIocy−/− mice and 

injured control mice. Instead, we surprisingly observed a significant increase in sclerostin-

positive osteocytes in all cases with increased SBP thickness, which was spatially confined 

to the SBP and not the axial femur (Supplemental Figure 2). One possible explanation 

for the elevated sclerostin is that increased SBP thickness reduces osteocyte sensitivity 

to equivalent loads. Additionally, sclerostin upregulation may indicate a compensation for 

defective PLR due to loss of osteocytic TβRII (27) or altered dynamics of osteocytic 

differentiation. Taken together, our study and others (7) demonstrate that coordinated 

regulation of sclerostin and the SBP is critical in joint homeostasis, which is likely dynamic 

over the course of OA progression. While sclerostin has been studied in the context of OA in 

mice and rats, either through sclerostin inhibition or treating with recombinant Sost protein 

(47, 48), the extent to which sclerostin exacerbates the joint phenotype remains unclear. 

Given the current clinical use of romosozumab, an anti-sclerostin antibody, for human 
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osteoporosis (49, 50), further work is needed to resolve the mechanistic role of sclerostin in 

the joint and OA.

Limitations of this study include the use of a mouse model with constitutive ablation 

of osteocytic TβRII, which confounds the observed TβRIIocy−/− joint phenotype with the 

effects of TβRII in joint development. While this work describes a correlation among 

osteocytic TGFβ signaling, SBP thickness, and SBP sclerostin expression, further work is 

needed to establish a causal role for SBP sclerostin in the cartilage phenotype. Though 

uninjured TβRIIocy−/− mice have an increased Mankin score when compared with uninjured 

controls, sham-operated TβRIIocy−/− mice do not have a genotype-dependent increase in 

cartilage degeneration, suggesting that other factors impact joint homeostasis, such as 

inflammation following incision in the sham-operated groups. Finally, additional work is 

needed to elucidate the mechanisms by which joint injury represses subchondral bone 

osteocytic TβRII expression.

In summary, our findings demonstrate that mechanoregulation of bone requires osteocytic 

TGFβ signaling to regulate sclerostin and SBP thickness and maintain cartilage homeostasis 

(Figure 6E). We observed increased sclerostin expression at the SBP and exacerbated joint 

degeneration in settings with increased SBP thickness, such as in male TβRIIocy−/− mice 

or on the medial side of injured control mice, but not in female TβRIIocy−/− mice. These 

findings suggest that osteocyte-intrinsic defects in TGFβ signaling can play a contributory 

role in OA progression, further implicating osteocytes as being a key participant of healthy 

joint homeostasis through bone-cartilage crosstalk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Osteocytic TGFβ signaling is required for canalicular network and articular cartilage 
homeostasis in 16-week-old male mice.
Immunofluorescence (IF) of TβRII shows a significant repression in subchondral bone 

osteocytes with no difference in expression in articular chondrocytes in male TβRIIocy−/− 

mice compared with control mice (A, scale bar = 50 μm, C, scale bar = 15 μm), 

demonstrating an osteocyte-specific loss of TβRII in TβRIIocy−/− mice (B, n = 4 mice 

per genotype). Lacunocanalicular networks of the subchondral bone are disrupted in male 

TβRIIocy−/− mice compared with control mice (Ploton Silver stain, D, scale bar = 10 μm), 

resulting in significantly decreased canalicular length (E, n = 5 mice per genotype). 16-week 
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old male TβRIIocy−/− mice have significantly increased Mankin scores in the whole joint 

(H, n = 10 mice per genotype) and the medial and lateral joint compartments (I, n = 10 

mice per genotype) when compared with control mice (Safranin-O/Fast Green stain, F, scale 

bar = 100 μm, G, scale bar = 50 μm). Arrows denote proteoglycan loss and hypertrophic 

chondrocytes in TβRIIocy−/− medial tibia. Bar graphs represent mean ± SD (B) and mean ± 

SEM (E, H, I). *p<0.05 between genotypes by unpaired Students t test.
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Figure 2: The requirement of osteocytic TβRII for canalicular network and articular cartilage 
homeostasis is sexually dimorphic.
Compared with female control mice, female TβRIIocy−/− mice demonstrate a repression of 

TβRII-positive osteocytes in the subchondral bone with no difference in TβRII expression 

in articular chondrocytes using immunofluorescence (IF) of TβRII (A, B, scale bar = 50 

μm, n = 4 mice per genotype). Lacunocanalicular networks between female TβRIIocy−/− 

mice and female control mice are indistinguishable (Ploton Silver stain, C, scale bar = 10 

μm), resulting in no difference in canalicular length (D, n = 5 mice per genotype). Female 

TβRIIocy−/− mice at 16 weeks of age show no differences in cartilage degeneration when 

compared with control mice (Safranin-O/Fast Green stain, F, scale bar = 100 μm), resulting 

in no difference in Mankin scores in the whole joint (E, n = 7-11 mice per genotype) or 

in the medial and lateral joint compartments (G, n = 7-11 mice per genotype). Bar graphs 

represent mean ± SD (B) and mean ± SEM (D, E, G). *p<0.05 between genotypes by 

unpaired Students t test.
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Figure 3: Subchondral bone plate thickness and sclerostin expression are increased in male, but 
not in female, TβRIIocy−/− mice.
Male TβRIIocy−/− femoral condyles have spatial differences, denoted by white arrows, 

in subchondral bone plate (SBP) thickness compared with male control mice (microCT 

thickness maps, A, scale bar = 200 μm), resulting in significantly higher SBP thickness in 

the medial and lateral condyles (B, n = 10 mice per genotype). SBP thickness in female 

TβRIIocy−/− mice is not significantly different from female control mice (F, G, scale bar = 

200 μm, n = 7-11 mice per genotype). Immunofluorescence (IF) of sclerostin at the SBP is 

significantly increased in male TβRIIocy−/− mice compared with male control mice overall 

and in the lateral tibia, medial femur, and medial tibia joint quadrants specifically (C, D, 

E, scale bar = 50 μm, n = 8 mice per genotype). IF of sclerostin in female TβRIIocy−/− 

mice is indistinguishable from female control mice (H, scale bar = 50 μm), resulting in no 

significant differences in sclerostin expression overall or in each independent joint quadrant 

(I, J n = 4 mice per genotype). Bar graphs represent mean ± SD. *p<0.05 between genotypes 

by unpaired Students t test.
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Figure 4: Osteocytic TβRII is critical for injury-induced changes in subchondral bone and 
sclerostin expression.
MicroCT thickness maps show spatial differences, denoted by white arrows, in subchondral 

bone plate (SBP) thickness of the femoral condyles (A, scale bar = 200 μm). Injury in 

control mice resulted in a significant increase in SBP thickness on the medial and lateral 

femoral condyles (C, D, n = 9-10 mice per group). Subchondral bone volume fraction (F, 

G, n = 9-10 mice per group) and immunofluorescence (IF) of sclerostin in the SBP (B, I, J, 

scale bar = 50 μm, n = 4 mice per group) reveal a genotype-dependent increase in sham mice 

in the medial and lateral tibia, and an injury-dependent increase in the medial tibia of control 

Bailey et al. Page 18

Arthritis Rheumatol. Author manuscript; available in PMC 2022 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mice. TβRIIocy−/− mice were insensitive to injury-induced changes in SBP thickness (E, n = 

9-10 mice per group), subchondral bone volume fraction (H, n = 9-10 mice per group), and 

sclerostin expression (K, n = 4 mice per group). Bar graphs represent mean ± SD. *p<0.05 

between groups by two-way ANOVA and Tukey post-hoc test.
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Figure 5: Loss of osteocytic TGFβ signaling exacerbates joint degeneration with injury.
Cartilage degeneration is worsened on the medial side with injury in TβRIIocy−/− and control 

mice, and injured TβRIIocy−/− mice have worsened OA phenotype compared with injured 

control mice (Safranin-O/Fast Green stain, A, scale bar = 100 μm), resulting in significantly 

higher whole joint Mankin score in injured TβRIIocy−/− mice compared with injured control 

mice. Medial injury increased total joint Mankin score (B, n = 9-11 mice per group) and 

medial tibia Mankin score (C, n = 9-11 mice per group) in control and TβRIIocy−/− mice 

when compared with respective sham controls. There was no difference between injured 

TβRIIocy−/− mice and injured control mice in the medial tibia (C, n = 9-11 mice per 

group), but significantly higher Mankin score in the lateral tibia of injured TβRIIocy−/− mice 

compared with injured control mice (D, n = 9-11 mice per group). Bar graphs represent 

mean ± SEM. *p<0.05 between groups by two-way ANOVA and Tukey post-hoc test.
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Figure 6: Injury represses osteocytic TGFβ signaling and diminishes genotype-dependent 
differences in canalicular length.
Compared with sham-operated control mice, sham-operated TβRIIocy−/− mice possess 

fewer TβRII-positive osteocytes in the subchondral bone using immunofluorescence (IF) 

of TβRII (A, B, scale bar = 25 μm, n = 4 mice per genotype). Injury eliminates 

this genotype-dependent difference, resulting in a decrease in TβRII-positive osteocytes 

in injured control mice when compared with sham-operated control mice (p=0.051). 

Lacunocanalicular networks in the subchondral bone are disrupted between sham-operated 

control and TβRIIocy−/− mice, but not between injured control and TβRIIocy−/− mice (Ploton 

Silver stain, C, scale bar = 10 μm), resulting in a significant decrease of canalicular length 

between sham groups, but not between injured groups (D, n = 5 mice per group). Bar 

graphs represent mean ± SD (B) and mean ± SEM (D). *p<0.05 between groups by two-way 

ANOVA and Tukey post-hoc test. Mechanosensitive function of bone requires osteocytic 

Bailey et al. Page 21

Arthritis Rheumatol. Author manuscript; available in PMC 2022 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TGFβ to regulate subchondral bone thickness (SBP) and sclerostin in a concerted manner to 

maintain joint homeostasis (E).
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