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Highlights

« Type V collagen regulates the collagen fibril nanostructure and micromechanics of both
the fibrocartilage and hyaline cartilage layers in temporomandibular joint condyle.

« Reduction of type V collagen leads to decreased cell density and aberrant cell clustering
in both fibrous and hyaline layers.

« Loss of type V collagen leads to reduced cell proliferation and -catenin expression in the
fibrous layer, indicating its role in maintaining the progenitor cell niche in condylar
cartilage.

. Ablation of type V collagen at the post-weaning age results in pronounced thinning of the
hyaline layer, highlighting the interplay between type V collagen and mechanoregulation
of condylar cartilage growth.

« Therole of type V collagen in regulating cell fate is specific to the progenitor cells in
condylar cartilage, and is absent in knee cartilage:
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Abstract

This study queried the role of type V collagen in the post-natal growth of
temporomandibular joint (TMJ) condylar cartilage, a hybrid tissue with a fibrocartilage layer
covering a secondary hyaline cartilage layer. Integrating outcomes from histology,
immunofluorescence imaging, electron microscopy and atomic force microscopy-based
nanomechanical tests, we elucidated the impact of type V collagen reduction on TMJ condylar
cartilage growth in the type V collagen haploinsufficiency and inducible knockout mice.
Reduction of type V collagen led to significantly thickened collagen fibrils, decreased tissue
modulus, reduced cell density and aberrant cell clustering in both the fibrous and hyaline layers.
Post-natal growth of condylar cartilage involves the chondrogenesis of progenitor cells residing
in the fibrous layer, which gives rise to the secondary hyaline layer. Loss of type V collagen
resulted in reduced proliferation of these cells, suggesting a possible role of type V collagen in
mediating the progenitor cell niche. When the knockout of type V c¢ollagen was induced in post-
weaning mice after the start of physiologic TMJ loading, the hyaline layer exhibited pronounced
thinning, supporting an interplay between type V collagen and occlusal loading in condylar
cartilage growth. The phenotype in hyaline layer can thus be attributed to the impact of type V
collagen on the mechanically regulated progenitor cell activities. In contrast, knee cartilage does
not contain the progenitor cell population at post-natal stages, and develops normal structure and
biomechanical properties with the loss of type V collagen. Therefore, in the TMJ, in addition to
its established role in regulating the assembly of collagen I fibrils, type V collagen also impacts
the mechanoregulation of progenitor cell activities in the fibrous layer. We expect such
knowledge to establish a foundation for understanding condylar cartilage matrix development
and regeneration, and to yield new insights into the TMJ symptoms in patients with classic
Ehlers-Danlos syndrome, a genetic disease due to autosomal mutation of type V collagen.

Keywords:

Type V collagen, cartilage matrix, temporomandibular joint, mechanobiology, collagen fibrils,
Ehlers-Danlos syndrome.
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Introduction

Temporomandibular joint (TMJ) disorder, known as TMD, afflicts 5-12% of the US
population, leading to limited jaw motion and chronic pain [1]. TMD, especially TMJ
osteoarthritis, is associated with degeneration of the mandibular condylar cartilage, a pivotal unit
to the load bearing and energy dissipation functions for everyday jaw activities such as speaking
and chewing [2]. Successful regeneration of condylar cartilage holds the potential for restoring
joint function for TMD patients without causing common complications, including bone
resorption or revision surgery, from standard treatments such as prosthetics and autografts [3].
However, one major roadblock for developing effective regeneration strategy [4] is the lack of
understanding of the formation and degeneration of condylar cartilage extracellular matrix (ECM)
[5]. The ECM has a hybrid structure integrating a fibrocartilage layer covering a secondary
hyaline cartilage layer [6, 7]. This is distinct from the articular surfaces of other diarthrodial
joints that are dominated by hyaline cartilage [8]. To this day, there is little knowledge on the
molecular activities that govern the formation of this unique hybrid ECM. Establishing the
structure-mechanics principles of condylar cartilage ECM will provide the necessary benchmark
for designing regenerative strategies [9]. Furthermore, the integrity of ECM is pivotal to cell
mechanotransduction, and aberrant remodeling of the ECM is a major driving force of tissue
dysfunction and perturbed cell signaling in disease [10-12]. Understanding the activities of ECM
molecules will enable a more targeted design of disease intervention and regeneration strategies

for this unique tissue [13, 14].

Type V collagen (collagen V) could be a central player in the establishment of condylar
cartilage ECM. In vivo, collagen V serves as the co-nucleator for initiating collagen I

fibrillogenesis [15], and its partially processed N-propeptide projects outward from the fibril
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surface to limit aberrant fibril lateral growth [16]. In tension-bearing fibrous tissues such as skin
[15], tendon [17] and cornea [18], reduction of collagen V leads to abnormally thickened
collagen fibrils, reduced fibril numbers and impaired mechanical properties. Complete deletion
of Col5al gene in mice results in embryonic lethality due to the incapability of collagen I
fibrillogenesis [19]. Since the top layer of TMJ condylar cartilage consists of collagen I-
dominated fibrocartilage [6], collagen V could play an essential role in regulating the formation
and maintenance of this layer. In fact, the importance of collagen V to TMJ health is highlighted
by the higher propensity towards TMD in patients with classic Ehlers-Danlos syndrome (cEDS)
[20], a human autosomal dominant disorder (prevalence of ~ 1:20,000) due to the mutation of

COLSAI or COLSA2 gene [21].

This study aimed to elucidate the role of collagen V in the structure and biomechanics of
TMIJ condylar cartilage in vivo. To assess the impact of collagen V deficiency on condylar
cartilage ECM, we studied the murine model of cEDS (Col5aI ™" [15]) at 3 months of age. To
determine the age-dependent impact of collagen V loss, we tested the recently established
inducible collagen V knockout mice (Col5a1"° [18]). In these mice, we maintained the normal
level of collagen V in embryonic and neo-natal development, induced the knockout of Col5al
gene expression at 1 week (pre-weaning) and 1 month (post-weaning) of ages, and analyzed the
resulted phenotype at 1 and 2 months of ages, respectively. We assessed condylar cartilage
morphology and cellularity, major ECM molecule distribution, collagen fibril nanostructure, as
well as condylar cartilage tissue modulus. In these tests, the fibrous and hyaline layers were
analyzed separately to delineate the role of collagen V in these two distinct units. In addition, to
determine if the observed defects of condylar cartilage are associated with tissue-specific

activities of collagen V, we also tested the structure and biomechanics of knee cartilage in these
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mice, and compared cell proliferation and other phenotypic changes between condylar cartilage
and knee cartilage. Our findings pointed to a crucial role of collagen V in regulating both matrix

assembly and mechanosensitive cell activities during the post-natal growth of condylar cartilage.
Results
Distribution of ECM molecules in TMJ condylar cartilage

To assess the distribution of collagen V in condylar cartilage, we applied
immunofluorescence (IF) imaging to the condylar cartilage of 3-month-old wild-type (WT) and
Col5al™" mice. In WT condylar cartilage, collagen V was found to be highly expressed in the
fibrous layer with a preferential localization in the pericellular domain (Fig. 1a), similar to its
distribution pattern in tendon [22]. In the hyaline layer, collagen V was present at much lower
concentration, with trace amount detected in the pericellular region. In Col5al™" mice, the
amount of collagen V protein was markedly reduced relative to WT, validating the reduction of

collagen V in this model.

We then compared the distributions of other major ECM constituents between WT and
Col5al™" condylar cartilage. As expected, collagen I was more concentrated in the top fibrous
layer (Fig. 1b), while collagen II was localized in the hyaline layer (Fig. 1¢). There was also
modest amount of collagen I in the hyaline layer, which may represent collagen fibers that are
originated from the fibrous layer and rooted into subchondral bone [23]. Aggrecan, the major
proteoglycan of hyaline cartilage matrix, was present in both hyaline and fibrous layers, with
reduced concentration near the surface (Fig. 1d). In the hyaline layer, the two biomarkers of
cartilage pericellular matrix (PCM), collagen VI and perlecan [24], were localized in the PCM,

as expected (Fig. 1le,f). In the fibrous layer, however, collagen VI was present throughout the
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matrix, while perlecan still showed a more preferential localization in the pericellular domain.
The differentiated distributions of collagen VI and perlecan were similar to their patterns in
bovine meniscus [25, 26], suggesting perlecan to be a more specific biomarker of fibrocartilage
PCM than collagen VI. Comparing the two genotypes, we did not notice appreciable changes in
the distributions of these molecules, except for that of collagen V (Fig. 1). Therefore, reduction
of collagen V did not markedly alter the major ECM constituents of the two layers, or the
compositional distinction between the PCM and territorial/interterritorial extracellular matrix

(T/IT-ECM) domains that are further removed from cells.
Impact of collagen V reduction on the morphology and structure of condylar cartilage

To determine the contribution of collagen V to condylar cartilage matrix integrity, we
first applied histology to assess the gross-level morphology and cellularity of the TMJ in 3-
month-old WT and Col5al"" mice. We found that reduction of collagen V did not lead to
significant changes in the thicknesses of either fibrous or hyaline layers (Fig. 2a,b). We also did
not detect appreciable changes in sulfated glycosaminoglycan (sGAG) staining (Fig. 2a),
indicating that the formation of hyaline cartilage was not impaired at the histological level.
However, in both fibrous and hyaline layers, there was a significant reduction in overall cell
density (Fig. 2a,c) and increase in cell clustering (Fig. 2a, black arrowheads, and 2d), indicating

possible impairment of cell proliferation associated with collagen V reduction.

We then tested the impact of collagen V reduction on the nanostructure of collagen fibrils
by applying scanning electron microscopy (SEM) to the condylar surface and transmission
electron microscopy (TEM) to the cross-section of matrix interior (Fig. 3 and Table 1). On the

surface, there was a significant increase in average fibril diameter and variance (> 800 fibrils, n =
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3 animals each group). In the interior, for the fibrous layer, a similar contrast was observed,
where Col5al™" condylar cartilage exhibited increased fibril diameter and variance (Fig. 3b,c
and Table 1, > 350 fibrils, n = 3). These structural defects illustrated the established role of
collagen V, which is to limit the aberrant lateral growth of collagen I fibrils [16]. With the
reduction of collagen V, condylar surface maintained the transverse random fibrillar architecture
(Fig. 3a). This indicates that at 3 months of age, haploinsufficiency of collagen V has not yet led
to aberrant surface fibrillation, which is signified by the formation of highly aligned collagen

fibers [27, 28].

In the hyaline layer, despite the relatively low concentration of collagen V therein (Fig.
la), we also detected significant structural defects with its reduction, as illustrated by the
significant increase in both fibril diameter and variance (= 550 fibrils, » = 3, Fig. 3b,c and Table
1). Thus, in condylar cartilage, collagen V influences the fibril structure of both fibrous and
hyaline layers. The structural defects in the hyaline layer cannot be directly explained by the
established role of collagen V [16], and could suggest new activities of collagen V in regulating

the growth of condylar cartilage.
Impact of collagen V reduction on condylar cartilage biomechanics

To determine how the structural defects caused by collagen V reduction impairs the
biomechanical properties of condylar cartilage, we first applied AFM-nanoindentation to
measure the surface modulus of condylar cartilage in the central region. Results showed that the
modulus of Col5al™” condylar cartilage (0.10 + 0.05 MPa, mean + 95% CIL, n = 7) was 61 + 20%
(mean = 95% CI) lower than that of WT (p = 0.007, 0.26 + 0.09 MPa, n =7, Fig. 4a,b). In the

AFM test, the maximum indentation depth was controlled at = 0.4-0.6 um, which reflects the
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mechanical properties of top ~ 4-6 um layer (~ 10x maximum indentation depth [29]) of
condylar cartilage. Given that the fibrous layer is = 20 pm thick in the central region (Fig. 2b),

this modulus reduction mainly reflects the impairment of fibrous layer.

To assess the modulus of hyaline layer, we applied perlecan IF-guided AFM
nanomechanical mapping to the cryo-section of freshly dissected condylar cartilage, which also
allows us to delineate the micromodulus of PCM and T/IT-ECM [30, 31]. In both the PCM and
T/IT-ECM, we detected significantly lower modulus with the reduction of collagen V (Fig. 4c¢).
For the PCM, the modulus of Col5al™" group (0.052 + 0.014 MPa, n = 7) was 51 + 21% lower
than that of WT (0.106 = 0.064 MPa, p = 0.010), and for the T/IT-ECM, the modulus (0.080 +
0.027 MPa for Col5al™") was 59 + 23% lower (0.184 + 0.084 MPa for WT, p=0.010, Fig. 4d).
For both genotypes, as expected, the PCM modulus was significantly lower than the T/IT-ECM
(p =0.036 for WT, p = 0.043 for Col5al""). Taken together, deficiency of collagen V has a
profound impact on the biomechanics of TMJ condylar cartilage, leading to the impairment of
both fibrous and hyaline layers, and in both the overt tissue-level properties and microscale

properties of the PCM.
Age-dependent impact of collagen V knockout on condylar cartilage post-natal growth

Next, we tested how induced post-natal ablation of collagen V impacts the growth of
condylar cartilage using the Col5a1"° model. In these mice, we confirmed that tamoxifen
injection significantly reduced Col5al gene expression by quantitative PCR (Fig. 5a) and
collagen V protein content by IF (Fig. 5b), validating the use of this model for studying the
temporal impact of collagen V loss. We compared the TMJ phenotype in Col5a1%° mice at 1

and 2 months of ages, following the induced knockout at 1 week and 1 month of ages,

10
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respectively. In both age groups, induced knockout of Col5al did not alter the thicknesses of
both layers at the anterior and posterior ends (Fig. 5c,d), but resulted in significant decrease in
cell density (Fig. 5e), increase in cell clustering (Fig. 5f) and reduction in tissue modulus (0.126
+ 0.048 MPa for control versus 0.026 + 0.013 MPa for Col5a1%° at 1 month of age, 79 + 4%
reduction, p = 0.002; 0.124 + 0.059MPa for control versus 0.032 + 0.015 MPa for Col5a1™° at 2
months of age, 74 + 26% reduction, p = 0.004, Fig. 5g). These defects were similar to those
observed in Col5al™" mice. Notably, there was a significant reduction of hyaline cartilage
thickness in the central region (p = 0.048) for the 2-month group, but not the 1-month group
(Fig. 5¢,d). Given that the TMJ experiences higher physiologic loading after weaning at 3 weeks
[32-34], such contrast indicates the activities of collagen V could vary with age and be coupled

with post-weaning occlusal loading.

Absence of structural and biomechanical phenotype in knee cartilage with the reduction of

collagen V

To compare the activities of collagen V in condylar cartilage versus knee cartilage, we
tested the structure and biomechanics of knee cartilage in both Col5a1"" and Col5a1™° mice. In
3-month-old WT knee joint, collagen V was found to be present only in the pericellular domain
of the top superficial layer, and absent in the middle and deep layers (Fig. 6a). Given the relative
low content of collagen V, we did not detect appreciable differences between WT and Col5al™”
joints, unlike the case of condylar cartilage (Fig. 1a). Also, in contrast to the pronounced defects
of the T MJ, Col5al™" knee joints showed normal cartilage thickness, sSGAG staining and cell

density (Fig. 6b-d), and did not exhibit aberrant cell clustering as in TMJ condylar cartilage.

11
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The surface of both WT and Col5a1™" cartilage exhibited the transversely random
fibrillar architecture, as shown by SEM (Fig. 7a). In comparison to the WT, Col5al™" cartilage
surface had similar average fibril diameter (Fig. 7b), but contained a higher amount of both
thinner and thicker fibrils, contributing to a significantly higher variance of fibril diameter (Fig.
7¢). This indicates collagen V may play a role in mediating surface fibril homogeneity. On the
other hand, AFM-nanoindentation yielded similar modulus between WT (1.39 + 0.51 MPa) and
Col5al™" (1.04 + 0.15 MPa, p = 0.530) cartilage (Fig. 7d). Similarly, Col5a1"° knee cartilage
showed normal thickness, sGAG staining and cell density, as well as absence of cell clustering,
at both 1 and 2 months of ages (Fig. 8a-c). Meanwhile, AFM-nanoindentation also detected
similar modulus between control and Col5a1™*? groups (Fig. 8d). Therefore, at least in the tested
age groups, reduction of collagen V did not impair the post-natal development and load-bearing
biomechanical function of knee cartilage. This lack of phenotype is in stark contrast to the

pronounced defects in condylar cartilage hyaline layer, pointing to a tissue-specific role of

collagen V in the TMJ.
Impact of collagen V reduction on cell proliferation and p-catenin expression

Given the reduction in cell density observed in collagen V-deficient condylar cartilage,
we analyzed the expression of Ki-67, the cell proliferation biomarker [35], in 1-month-old
Col5a1™° and control mice (Fig. 9a,b). In the control mice, we detected appreciable Ki-67-
positive cells in the fibrous layer, affirming the proliferative capability of progenitor cells
therein. In contrast, the Ki-67 staining was absent in the underlying secondary hyaline layer,
underscoring clear differences in the differentiation stages of cells within the two layers. In
Col5a1™° condyle, the number of Ki-67-positive cells staining was significantly reduced in the
fibrous layer, and was also absent in the hyaline layer. Therefore, reduction of collagen V was

12
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found to impair the proliferation of progenitor cells in the fibrous layer. In the knee joint, on the
other hand, we did not detect noticeable Ki-67-positive cells in both genotypes, indicating very

limited chondrocyte proliferation at 1 month of age.

The growth of TMJ condylar cartilage is regulated by its physiologic loading [36]. In this
process, the canonical Wnt/B-catenin signaling is one key mechanosensitive pathway regulating
TMJ development [37-39]. We thus tested whether loss of collagen V also alters B-catenin
expression (Fig. 9¢,d). Consistent with the literature [40], in control mice, B-catenin was found to
be actively expressed in the fibrous layer proliferative zone, but not in the hyaline layer. Similar
to the Ki-67 expression pattern, in Col5a1"° mice, B-catenin was significantly reduced in the
fibrous layer, and absent in the hyaline layer. Also, we did not detect appreciable B-catenin
expression in knee cartilage for both genotypes. Therefore, our results indicate that Wnt/f-
catenin pathway could be associated with the progenitor cell proliferation and matrix
development during condylar cartilage post-natal growth. In turn, collagen V could regulate the
proliferation through mediating Wnt/B-catenin signaling. In addition, B-catenin was found in

both nucleus and cytoplasm (Fig. 9¢), indicating that it may be involved in mechanisms other

than canonical Wnt signaling, which involves nuclear translocation of -catenin [41].
Discussion
Role of collagen V in the post-natal growth of condylar cartilage hyaline layer

This study highlights a distinctive role of collagen V in the establishment of TMJ
condylar cartilage ECM, a fibrous-hyaline hybrid (Fig. 10). In condylar cartilage, we found that
collagen V impacts the structure and biomechanics of not only the collagen I-dominated fibrous

layer, but also the collagen II-rich secondary hyaline layer. In the fibrous layer, the relative high

13
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concentration of collagen V (Fig. la), as well as the phenotype observed in Col5al™" and
Col5a1™° mice, support the established structural role of collagen V in regulating collagen I
fibril assembly [15]. In the hyaline layer, despite a much lesser presence of collagen V (Fig. 1a),
we still detected salient structural and biomechanical defects. In addition, given that the initial
steps of collagen fibrillogenesis take place in the PCM [22], the reduction of PCM modulus (Fig.
4d) suggests that collagen V also impacts the early collagen fibril assembly of the hyaline layer.
This observation cannot be directly explained by current knowledge of hyaline cartilage ECM, in
which, the initial assembly of collagen II fibrils is primarily regulated by collagen XI, not
collagen V [42]. In hyaline cartilage, collagen V is only known to play a minor role in adulthood,
when one 02(XI) chain is gradually replaced by al1(V) [43]. Indeed, the lack of overt phenotype
in Col5al™" and Col5a1™° knee cartilage (Figs. 6-8) supports limited participation of collagen V
in the growth and biomechanical function therein. These observations together point to a unique
role of collagen V in regulating the growth of TMJ condylar cartilage. This finding is distinct
from current understanding of hyaline cartilage assembly [42] and the established structural role

of collagen V [44].

The impact of collagen V on the hyaline layer can be attributed to its regulation of the
progenitor cells in the fibrous layer. The condylar cartilage is defined as a “secondary cartilage”,
which contains a population of Sox9-expressing progenitor cells in the fibrous layer (mainly the
polymorphic zone) [45]. During post-natal growth, these progenitors maintain their proliferative
capability and undergo chondrogenesis, giving rise to the hyaline layer [46, 47]. In contrast, knee
articular cartilage does not contain this progenitor population and has limited proliferative
capability in post-natal stages [48]. In control mice, a substantial portion of Ki-67-expressing

proliferative cells is present in the fibrous layer, but absent in the hyaline layer of condylar

14
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cartilage or knee cartilage (Fig. 9a). The importance of collagen V in mediating progenitor
proliferation is highlighted by the reduced Ki-67 activity (Fig. 9a) and cell density in Col5a1"°
condyle (Fig. 5e). Thus, collagen V could be a crucial constituent that maintains the progenitor
cell microniche. This is in alignment with its higher concentration in the fibrous layer
pericellular domain (Fig. 1a), the impairment of PCM with collagen V reduction (Fig. 4d), as
well as its role in retaining the muscle stem cell niche [49]. Given that the hyaline layer is
established by these progenitors undergoing chondrogenesis during post-natal growth [46, 47],

collagen V could regulate the establishment of hyaline layer by mediating the progenitor cell fate

and proliferation (Fig. 10).
Mechanobiological regulation of condylar cartilage growth by collagen V

The growth of condylar cartilage is an adaptive process regulated by physiologic TMJ
loading [36], during which, the chondrogenesis of progenitor cells and synthesis of SGAGs are
suppressed by decreased occlusal loading [50, 51], and enhanced by increased loading [52, 53].
By directly regulating the structure and mechanics of the fibrous layer, collagen V could
influence the load transmission to the residing cells of both layers. This is supported by the
impairment of the immediate cell microenvironment, i.e., the PCM, in Col5al™" condylar
cartilage (Fig. 4d). In addition, the more pronounced cartilage thinning observed in 2-month-old,
but not 1-month-old, Co/5a1"° mice (Fig. 5¢.d) is contrary to current understanding of collagen
V activities. Given that collagen V mainly regulates the initial stage of collagen I fibrillogenesis,
it is expected to have a more crucial role in embryonic and neo-natal development than in later
stages of post-natal growth [15]. On the other hand, murine TMJ starts to experience extensive
physiologic occlusal loading after weaning at 3 weeks of age [32-34]. The more pronounced
cartilage thinning observed in the post-weaning 2-month group thus supports an interplay

15
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between collagen V and TMJ loading in condylar cartilage growth. This role is further supported
by the observation that the thinning is most pronounced in the central region (Fig. 5d), where the

compressive stress is the highest [54], and the hyaline layer is the thickest (Figs. 2b, 5d).

One axis by which collagen V regulates condylar cartilage mechanobiology is through
the canonical Wnt/B-catenin pathway. Wnt/B-catenin signaling is a crucial regulator of the
craniofacial skeletal development [55], whereby an intricately balanced -catenin level is
required for normal TMJ growth and maintenance. In murine models with both the loss-of-
function [37] and gain-of-function [38, 39] of B-catenin, condylar cartilage develops reduced cell
proliferation, impaired hyaline cartilage formation, and OA-like degeneration. Here, localization
of B-catenin in the fibrous layer and low expression in the pre-hypertrophic and hypertrophic
chondrocytes of the hyaline layer (Fig. 9c and [40]) support active involvement of Wnt/B-catenin
signaling in the proliferation and chondrogenic differentiation of progenitors. Thus, the reduced
B-catenin content in Col5a1"%? fibrous layer supports that one mechanism of collagen V
mediating the progenitors is through the Wnt/B-catenin pathway. Since Wnt/B-catenin signaling
is highly sensitive to mechanical stimuli [56], the impact of collagen V on progenitor
proliferation and Wnt/B-catenin signaling can have cross-talk with its regulation of matrix
integrity as well as physiologic occlusal loading. In addition, while canonical Wnt signaling
induces B-catenin nuclear translocation [41], cytoplasmic -catenin participates in E-cadherin-
catenin-actin complex-mediated cell-cell adhesion and mechanotransduction [57]. In Col5a1™°
progenitors, the decreased cytoplasmic -catenin content (Fig. 9c,e) could also contribute to
altered cell-cell adhesion, and thus, the aberrant cell clustering with the loss of collagen V (Figs.

2a,d and 5c,f).

Comparison to the activities of collagen V in knee cartilage

16
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Our results also underscore the stark contrasts of collagen V activities in TMJ condylar
cartilage versus knee cartilage. Knee cartilage ECM is dominated by collagen II/IX/XI fibril
network entrapping aggrecan-hyaluronan aggregates, and lacks the collagen I-rich fibrous layer
[58]. As a primary cartilage tissue, it does not contain the proliferative progenitor population, as
supported by the absence of Ki-67 and B-catenin staining (Fig. 9). Thus, the hypothesized
activities of collagen V in condylar cartilage (Fig. 10) are not expected to impact knee cartilage,
consistent with the lack of structural or biomechanical defects in both Col5al™" and Col5a1™
mice (Figs. 6-8). Although accelerated cartilage degradation and early OA onset was reported in
tendon-specific collagen V knockout mice, such phenotype is expected to be induced by
abnormal joint gait and increased laxity due to the impaired tendon and ligament [59]. On the
other hand, collagen V is present in the top superficial zone of knee cartilage, albeit at a lower
concentration (Fig. 6a), and reduction of collagen V appears to increase the surface fibril
heterogeneity (Fig. 7a-c). Since the embryonic development of knee cartilage involves the a
population of Gdf5-expressing proliferative progenitors [48], collagen V may play a role in this
early development process, and collagen V detected on cartilage surface may represent the
residual molecules retained from the primitive embryonic matrix. The superficial zone cells have
been shown to retain some degree of the stemness or progenitor capacity [60, 61], it is possible
that collagen V could have a role in mediating the progenitor cell fate therein, similar to its
activities in the TMJ. Thus, despite the lack of overt tissue phenotype, collagen V may have an
impact on the early development of knee cartilage or the maintenance of surface progenitors.
Further investigations are needed to test these hypothesized activities. To this end, contrast

between defects of the two cartilage types observed here supports the tissue- and cell-specific

17
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role of collagen V in mediating progenitor cell fate and mechanically regulated growth of TMJ

condylar cartilage (Fig. 10).
Limitations and outlook

This study has several limitations. First, given the wide interactome of collagen V, we
have not fully uncovered the mechanisms by which collagen V regulates condylar cartilage
growth. For instance, in endothelial cells, collagen V influences fibroblast growth factor-2 (FGF-
2)-mediated angiogenesis through binding to FGF-2 via its heparin-binding site and inhibiting
FGF-2 signaling [62]. Collagen V was also found to mediate the quiescence of muscle stem cells
through the reciprocal Notch-collagen V-calcitonin signaling loop, albeit such role is mainly
manifested through its minor a3(V) isoform [49]. In addition, collagen V regulates cell
mechanotransduction through mediating the activation of integrins a,f3 and a,fs in cardiac scar
tissues [63], as well as integrins a,f; and o,f3 in dermal fibroblasts [64]. In the TMJ, collagen V
could have also multifaceted roles, and our ongoing studies aim to assess the impact of collagen
V on the transcriptome of the condylar cartilage progenitor cells, and thus, to elucidate if
collagen V impacts other biological and mechanobiological pathways. Second, we did not focus
on collagen XI, which has high structural homology to collagen V [65] and regulates the initial
assembly of collagen II fibrils [42]. Given the hybrid nature of condylar cartilage, collagen XI
could also have an important regulatory role, especially in the hyaline layer [66, 67]. Recent
studies have shown that collagen V and XI can have synergistic activities in regulating tendon
fibril structure [68]. Our long-term goal is thus to delineate the individual and coordinated
activities of collagens V and XI in the growth and remodeling of condylar cartilage, which will
establish a more comprehensive picture of the molecular driving forces that govern the function
and disease-associated degeneration of this unique fibrous-hyaline hybrid matrix.
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Our results suggest collagen V as a potential target for improving TMJ regeneration.
Stem cell-based cartilage regeneration is a promising approach to promote endogenous tissue
regeneration without requiring cell transplantation [69, 70]. According to this study, collagen V
is a key player in mediating the mechanically regulated growth of condylar cartilage, as it
impacts both the matrix assembly and progenitor cell proliferation (Fig. 10). Thus, collagen V
can be used in synergy with mechanical stimuli to modulate progenitor cell activities and control
synchronized regeneration of the fibrous and hyaline layers. In addition, our results on Col5al ™"
mice provide the basis for understanding the higher propensity of TMD in cEDS patients [71],
and may assist the development of improved patient care. On the technical front, this study is the
first to quantify the structural and biomechanical phenotype of condylar cartilage in genetic
murine models. Our results demonstrate that integrating advanced AFM-nanomechanical tools
with imaging assays will enable a thorough evaluation of the integrity and function-relevant

biomechanical properties of TMJ in various genetic or disease murine models.
Conclusions

In summary, this study is the first to query the matrix molecular activities that give rise to
the fibrous-hyaline hybrid ECM of TMJ condylar cartilage. Results highlight a crucial role of
collagen V in this process. In addition to its expected role in regulating the fibrillar structure of
fibrous layer, collagen V also regulates the formation of hyaline layer. The impact of collagen V
on the hyaline layer can be attributed to its role in regulating the proliferation of progenitor cells
in the fibrous layer (Fig. 10). Such impact is coupled with the mechanically regulated TMJ
growth, and is mediated through the canonical Wnt/B-catenin pathway. This role of collagen V in
retaining the progenitor cell niche is specific to the secondary cartilage nature of TMJ condyle,
as loss of collagen V does not impact the post-natal growth of knee cartilage, a primary cartilage
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without the highly proliferative progenitor cells. These findings will advance the understanding
of collagen V activities in multiple tissue types, and provide a new foundation for future studies
to improve condylar cartilage regeneration by designing collagen V-targeting gene therapy [72]

or collagen V-derived peptides and biomaterials [73].
Methods

Animal model

Col5al™" [15] and Col5a1™° (Col5a """ /Rosa26Cre"™ ) [18] mice in the C57BL/6
strain were generated as previously described and were housed in the Calhoun animal facility at
Drexel University. To induce the knockout of Col5al gene, tamoxifen (T5648, Sigma) was
intraperitoneally (i.p.) injected into Col5a1%° mice at 4.5 mg per 40 g of body weight per day for
3 consecutive days in the form of 20 mg/mlL suspended in sesame oil (S3547, Sigma) with 1%
benzyl alcohol (305197, Sigma). By day 5, the excision of Col5al expression in TMJ condylar
cartilage was confirmed by qPCR (forward primer: 5~ AAGCGTGGGAAACTGCTCTCCTAT-
3’, reverse primer: 5’-AGCAGTTGTAGGTGACGTTCTGGT-3’). The knockout was induced at
1 week and 1 month of ages, and mice were sacrificed at 1 and 2 months of ages, respectively.
For Col5al"" mice, age-matched WT littermates from the breeding of Col5al"" mice were used
as controls. For Col5a1"° mice, two control groups were used, including
Col5a " /Rosa26Cre™® mice injected with vehicle (the same amount of sesame oil and benzyl
alcohol but without tamoxifen) and WT mice injected with tamoxifen at the same dosage and

frequency. We found no differences between these two groups. We also found no significant

differences between male and female mice, and thus, both genders were included in this study.
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All animal studies were approved by the Institutional Animal Care and Use Committee at Drexel

University.
Histology and immunofluorescence imaging

TMIJs and knee joints were harvested, fixed in 4% paraformaldehyde in PBS (Santa Cruz
Biotech) for 24 hrs, decalcified in 10% ethylene-diaminetetraacetic acid (EDTA, pH = 7.4,
E9884, Sigma) over 14-21 days. Serial 6-um-thick sagittal sections were prepared, and one out
of every five sections were stained with Safranin-O/Fast Green or Hematoxylin/Eosin (H&E),
and imaged with a Zeiss Axio Observer microscope (Carl Zeiss). For TMJ, a 200 x 100 pm?
region of interest (ROI) was defined to include anterior, central and posterior domains. In each
ROI, the thickness and cell density were measured separately for the fibrous and uncalcified
hyaline layers, as directed by the staining for sSGAGs and cell morphology using ImageJ [74].
Similar procedure was applied to quantify cartilage thickness and cell density in knee joint (n >
5). For both joints, we assessed cell arrangement scores on H&E-stained sections based on the

established semi-quantitative metrics [75].

Immunofluorescence (IF) imaging was performed on additional sections (7 > 4 to
confirm repeatability). Sections were first incubated with Bloxall (SP-6000, Vector Labs) to
quench endogenous peroxidases and phosphatases activities, and then, stained with primary
antibodies overnight at 4°C (collagen V: AB7046, Abcam, 1:100 dilution; collagen I: AB34710,
1:100; collagen 1I: AB34712, 1:100; aggrecan: AB1031, MilliporeSigma, 1:100; collagen VI:
70R-CR0O09X, Fitzgerald, MA, 1:200; perlecan: A7L6, ThermoFisher, 1:200; Ki-67: 550609, BD
Biosciences, 1:50, B-catenin: 610153, BD Biosciences, 1:50). For matrix molecules, sections

were then incubated with the secondary antibody (AlexaFlour 488nm, A-11037, ThermoFisher,
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1:250) at room temperature for 1 hr. For Ki-67 and B-catenin, sections were incubated with HRP
horse anti-mouse IgG (MP-7402, Vector Labs) for 1 hr, and then, stained with TSA fluorescein
reagent (SAT701001EA, Akoya Biosciences) for 8 min. Immunofluorescence images were taken
with a DM6000B fluorescence microscope (Leica) or a DMi8 confocal microscope (Leica). For
all images, sections incubated without the primary antibody but with the secondary antibody
were included as internal negative controls to confirm the specificity. For Ki-67 and B-catenin
images taken on TMJ condylar cartilage, we analyzed the percentage of Ki-67 positive cells, and
relative B-catenin intensity normalized by the DAPI number within the fibrous layer in each 150

x 50 pm?® ROI using ImageJ (n = 5/genotype).
Collagen nanostructural analysis.

Scanning electron microscopy (SEM) was applied to quantify collagen fibril structure on
the surfaces of condylar cartilage and knee cartilage, following the established procedure [76].
Immediately after AFM-nanoindentation, joints were processed for proteoglycan removal, fixed
and dehydrated, air dried overnight, coated with =~ 6 nm thick platinum-palladium mixture, and
then, imaged using a Supra 50 VP SEM (Carl Zeiss). Transmission electron microscopy (TEM)
was applied to delineate the collagen fibril structure in the interior fibrous and hyaline layers of
condylar cartilage ECM, following the established procedure [77]. Additional freshly dissected
condyles were fixed, dehydrated, processed, embedded for the preparation of ~ 90 nm cross-
sections, and then, imaged using a JOEL 1400 TEM (JOEL). We then quantified collagen fibril

diameters for each region using ImageJ (FLJI).

AFM-based nanomechanical analysis
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AFM-nanoindentation was performed on the surfaces of freshly dissected TMJ condylar
cartilage and femoral condyle knee cartilage using custom-made microspherical colloidal tips (R
~ 5 um, nominal £ = 2 N/m, NSC36-B for TMJ; R =5 um, k= 5.4 N/m, NSC35-C for knee
cartilage, NanoAndMore) and a Dimension Icon AFM (Bruker Nano) at = 10 um/s rate in 1x
PBS with protease inhibitors (Pierce 88266, ThermoFisher), following our established procedure
[78]. For each sample, at least 10-15 locations were tested to account for spatial heterogeneity.
The indentation modulus, E;,4, was calculated by fitting the entire loading portion of the F-D
curve with Hertz model, assuming Poisson’s ratio v = 0 for condylar cartilage [79], and 0.1 for

knee cartilage [80].

For the quantification of the hyaline layer mechanical properties, freshly dissected TMJ
condyles were embedded in optimum cutting temperature (OCT) medium to prepare = 6-um-
thick, unfixed sagittal sections via Kawamoto’s film-assisted cryo-sectioning [81]. Following the
established procedure, sections were immunolabelled with perlecan (primary antibody: A7L6,
ThermoFisher, 1:50 for 20 min, secondary antibody: goat anti-rat IgG, 28903, Rockland, 1:200,
for 20 min at room temperature), and immediately tested by AFM [82]. Guided by perlecan IF-
imaging, AFM-nanomechanical mapping was performed using microspherical tips (R = 2.25 um,
k=1 N/m, NSC36-A, NanoAndMore) and MFP-3D AFM (Asylum Research) in 1x PBS with
protease inhibitors. For each map, we acquired F-D curves from 30 x 30 indentation grid within
a 15 x 15 pum? ROI (or a 40 x 40 grid within a 20 x 20 um? ROI), consisting of ring shaped PCM
domains and the further-removed, territorial/interterritorial extracellular matrix (T/IT-ECM) [30,
76]. The modulus, Eji,g, was calculated via the finite thickness corrected Hertz model [29],

assuming v = 0.05 for the hyaline layer [23].

Statistical analysis
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To avoid the assumption of normal distribution of the data, nonparametric statistical tests
were applied to test the significance between genotypes. Mann-Whitney U test was applied to
compare cartilage thickness, cell density, cell arrangement scores, relative IF intensity, gene
expression and Ej,g, using the average values of each animal. For collagen nanostructural data,
since > 350 fibrils were measured for each region and each genotype, based on the central limit
theorem, unpaired two-sample #-test was applied to compare the mean fibril diameters, and two-
sample F-test was applied to compare the fibril diameter variances. For outcomes involving
multiple comparisons across tissue regions, such as cartilage thickness and collagen fibril
diameter, Eiqg of PCM and T/IT-ECM, Holm-Bonferroni correction was applied to adjust for

family-wise type I errors [83]. In all the tests, the significance level was set at o = 0.05.
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Figure Captions

Figure 1 Immunofluorescence (IF) images of matrix molecules in the extracellular matrix
(ECM) of wild-type (+/+) and Col5al™" (+/—) murine TMJ condylar cartilage at 3 months of
age, including a) collagen V, b) collagen I, ¢) collagen II, d) aggrecan, e) collagen VI and f)
perlecan (blue: DAPI; F: fibrous layer; H: hyaline layer). The negative control is shown at the
bottom (n > 4).

Figure 2 Impact of collagen V reduction on the gross-level morphology of TMJ condylar
cartilage. a) Hematoxylin and Eosin (H&E, top panel) and Safranin-O/Fast Green (bottom panel)
histology images of wild-type (+/+) and Col5a1"~ (+/—) murine TMJ condyle at 3 months of
age show no appreciable changes in cartilage morphology or sulfated glycosaminoglycan
(sGAG) staining, but altered cell density and arrangement (black arrowheads). b) Cartilage
thickness, ¢) cellular density and d) cell arrangement score measured on each of the fibrous (F)
and hyaline (H) layer of TMJ condylar cartilage at 3 months of age (n > 5, mean + 95% CI, *: p
< 0.05). Each data point represents the average value measured from one animal.

Figure 3 Impact of collagen V reduction on the nanostructure of collagen fibrils on the surface
and matrix interior of TMJ condylar cartilage. a) Representative electron microscopy images of
collagen fibril nanostructure of wild-type (+/+) and Col5al " (+/—) murine TMJ condyle at 3
months of age: surface via SEM, as well as the fibrous and hyaline layers of the matrix interior
via TEM. b) Histogram of fibril diameter distribution, d.o (> 350 fibrils from » = 3 animals for
each genotype in each region). Shown together are the normal distribution, N(u, o®), fits to fibril
diameters (for each fit, values of x4 and ¢ correspond to the mean and standard deviation of fibril
diameters). ¢) Comparison of fibril diameter heterogeneity (variance) between the two genot}/pes
(mean =+ 95% CI). For data in panels b and c, adjusted p < 0.0001 between WT and Col5al""
groups for all three regions.

Figure 4 Impact of collagen V reduction on the biomechanical properties of TMJ condylar
cartilage. a) Representative AFM-nanoindentation force versus depth, F-D, curves measured on
the central regions of wild-type (+/+) and Col5al *~ (+/-) murine TMJ condyle surfaces at 3
months of age. The symbols are experimental data (density reduced for clarity), and solid lines
are associated Hertz model fits to the entire loading portion of each F-D curve. b) Comparison of
the indention modulus, Ej,q4, between the two genotypes (mean + 95% CI, n = 7). Each data point
represents the average modulus of > 10 indentation locations from one animal. ¢) Schematic
illustration of perlecan IF-guided AFM-nanomechanical mapping experimental set-up and a
representative 15 pm x 20 pum map of indentation modulus, Ej,g, measured from 3-month-old
wild-type condylar cartilage, which illustrates the separation of the PCM and T/IT-ECM
microdomains in the hyaline layer. d) Box-and-whisker plot of Ej,4 distribution on the PCM (>
600 locations from n > 5 animals for each genotype) and T/IT-ECM (> 2,800 locations, n > 5) of
the hyaline layer (p-values were obtained via Mann-Whitney test on the averaged modulus from
each animal). Each data point represents the average value measured from one animal.

Figure S Impact of induced collagen V knockout on the post-natal growth of TMJ condylar
cartilage. a) Quantitative PCR (qPCR) on the condylar cartilage between wild-type (WT),
Col5al"”/Rosa26Cre™® mice injected with vehicle (V) or tamoxifen (TM) at 1 month of age
illustrates the reduction of Col5al gene by TM (mean + 95% CI, n = 6). b) Immunofluorescence
(IF) images of collagen V show the reduction of collagen V protein after the induced knockout
(iKO) of Col5al gene at 1 month (TM injection at 1 week of age) and 2 months (TM injection at
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1 month) of ages, respectively (F: fibrous layer, H: hyaline layer). ¢) Safranin-O/Fast Green
histology images illustrate the absence of morphological changes at 1 month of age, but a
substantial reduction in the hyaline layer thickness at 2 months of age (black arrowheads), after
the induced knockout of Col5al gene. d) Cartilage thickness, e) cellular density, f) cell
arrangement score on each of the fibrous (F) and hyaline (H) layer, and g) indentation modulus,
FEing, measured on condylar cartilage surface following the induced knockout of collagen V (n >
5, mean + 95% CI, *: p <0.05). Each data point represents the average value measured from one
animal.

Figure 6 Absence of gross-level knee cartilage morphological phenotype with the reduction of
collagen V. a) Immunofluorescence (IF) images of collagen V show the presence of minor
amount of collagen V on the superficial layer of knee cartilage in wild-type (+/+) and Col5al™"
(+/—) mice at 3 months of age. b) Hematoxylin and Eosin (H&E, top panel) and Safranin-O/Fast
Green (bottom panel) histology images of knee cartilage. Col5al " knee cartilage shows no
appreciable changes in cartilage morphology, sulfated glycosaminoglycan (sGAG) staining, cell
density or arrangement. ¢) Uncalcified and total cartilage thickness, d) cellular density within
each of the uncalcified and calcified cartilage layer of knee cartilage at 3 months of age (n =5,
mean + 95% CI). Each data point represents the average value measured from one animal.

Figure 7 Impact of collagen V reduction on the surface collagen fibril nanostructure and
biomechanical properties of knee cartilage. a) Representative electron microscopy images of
collagen fibril nanostructure of wild-type (+/+) and Col5al™~ (+/—) murine knee cartilage
surface at 3 months of age via SEM. b) Histogram of fibril diameter distribution, d.o (> 420
fibrils from n = 4 animals for each genotype). Shown together are the normal distribution, N(u,
o%), fits to fibril diameters (for each fit, values of u and o correspond to the mean and standard
deviation of fibril diameters; p = 0.848 between the two genotypes via unpaired two-sample z-
test). ¢) Comparison of fibril diameter heterogeneity (variance) between the two genotypes
(mean £+ 95% CI). d) AFM-nanoindentation modulus, Eji,4, of murine knee cartilage surface at 3
months of age (n > 6. mean + 95% CI). Each data point represents the average value measured
from one animal.

Figure 8 Absence of structural or biomechanical defects in knee cartilage with the induced
knockout of collagen V. a) Safranin-O/Fast Green histology images of control and induced
collagen V knockout (iK() murine knee cartilage at 1 month (TM injection at 1 week) and 2
months (TM injection at 1 month) of ages. Both age groups show no appreciable changes in
cartilage morphology, sulfated glycosaminoglycan (sGAG) staining, cell density or arrangement.
¢) Uncalcified and total cartilage thickness, d) cellular density within each of the uncalcified and
calcified cartilage layer, and e) AFM-nanoindentation modulus, Ej,g, of murine knee cartilage
surface following the induced knockout of collagen V (n > 5, mean + 95% CI). Each data point
represents the average value measured from one animal.

Figure 9 Reduction of cell proliferation and B-catenin expression in the fibrous layer cells of
condylar cartilage after the induced knockout of collagen V. a) Immunofluorescence (IF) images
show appreciable staining of Ki-67 in the fibrous layer of condylar cartilage in control mice, and
its reduction in that of induced collagen V knockout (iKO) mice at 1 month of age (TM injection
at 1 week of age). Knee cartilage in either control or ;KO mice does not show appreciable Ki-67
staining. b) Comparison of the percentage of Ki-67 positive cells in TMJ condylar cartilage
fibrous layer between control and iKO mice. c) IF images show the appreciable staining of j3-
catenin in the fibrous layer cells of condylar cartilage in control mice, and its reduction in that of
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iKO mice. Knee cartilage in both genotypes does not show appreciable -catenin staining. d)
Comparison of relative f-catenin intensity normalized by DAPI number in condylar cartilage
fibrous layer between control and /KO mice. e) Zoom-in -catenin IF images illustrate the

presence of B-catenin nuclear translocation in both control and iKO mice (white arrowheads).

Figure 10 Schematic illustration of the working hypothesis on the role of collagen V in TMJ
condylar cartilage ECM, inspired by Refs. [44, 47]. In the condylar cartilage, collagen V
regulates the assembly of collagen I fibrils, and thus, determines the integrity and mechanical
properties of the fibrous layer. In addition, collagen V also mediates the mechanobiology of
progenitor cells in the fibrous layer, and in turn, regulates the proliferation, mechanosensing and
Whnt/B-catenin signaling of these cells. Given that these progenitors undergo chondrogenesis and
give rise to hyaline cartilage during post-natal growth [46, 47], collagen V thus plays a crucial
role in regulating the development of the secondary hyaline layer.
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Table 1 Summary of collagen fibril diameter distributions on the surface, in the interior fibrous
and hyaline layers of TMJ condylar cartilage, as well as the surface of knee cartilage, measured
by scanning electron microscopy (SEM) and transmission electron microscopy (TEM)

TMJ Condylar Cartilage Knee Cartilage
unit (nm) Surface Fibrous Layer Hyaline Layer Surface
+/+ +/— +/+ +/— +/+ +/— +/+ +/—
mean 25 31 21 34 24 33 33 33
std 5 7 7 10 6 9 7 13
0O 21 26 17 28 20 27 29 22
O 24 31 20 32 23 33 32 30
0Os 28 36 25 38 27 39 36 41
min 11 16 8 13 11 15 16 11
max 48 63 50 85 50 71 68 77
Pfibrils 812 887 485 362 553 585 420 509
adjusted p-value <0.0001 <0.0001 <0.0001 0.848
(mean)
adjusted p-value | _ 5 55 <0.0001 <0.0001 <0.0001
(variance)
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