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Abstract

SOXQ9 plays an important role in chondrocyte differentiation and, in the developing axial skeleton,
maintains the notochord and the demarcation of intervertebral disc compartments. Diminished
expression is linked to campomelic dysplasia, resulting in severe scoliosis and progressive disc
degeneration. However, the specific functions of SOX9 in the adult spinal column and disc are
largely unknown. Accordingly, employing a strategy to conditionally delete Sox9in Acar-
expressing cells (Acan“eERT25ox 91 we delineated these functions in the adult intervertebral
disc. Acan“ERTZSox g mice (Sox9cKO) showed extensive and progressive remodeling of the
extracellular matrix in nucleus pulposus (NP) and annulus fibrosus (AF), consistent with human
disc degeneration. Progressive degeneration of the cartilaginous endplates (EP) was also evident in
Sox9°KO mice, and it preceded morphological changes seen in the NP and AF compartments. Fate
mapping using fd7omato reporter, EdU chase, and quantitative immunohistological studies
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demonstrated that SOX9 is crucial for disc cell survival and phenotype maintenance. Microarray
analysis showed that Sox9 regulated distinct compartment-specific transcriptomic landscapes, with
prominent contributions to the ECM, cytoskeleton-related, and metabolic pathways in the NP and
ion transport, the cell cycle, and signaling pathways in the AF. In summary, our work provides
new insights into disc degeneration in Sox9°K© mice at the cellular, molecular, and transcriptional
levels, underscoring tissue-specific roles of this transcription factor. Our findings may direct future
cell therapies targeting SOX9 to mitigate disc degeneration.

Keywords

Intervertebral disc degeneration; extracellular matrix; Sox9; mouse model; nucleus pulposus;
annulus fibrosus

Introduction

Chronic low back pain (cLBP) and neck pain are ubiquitous pathological conditions
imposing immense healthcare and socioeconomic burdens [1]. These conditions are the
leading causes of disability worldwide, with cLBP ranked as the first and neck pain as the
fourth conditions contributing to years lived with disability [2, 3]. While cLBP has a
multifactorial pathology, it has been intricately linked with the health of the intervertebral
disc; patients with disc degeneration are 3.2 times more likely to suffer from cLBP [4, 5].
Characterized as a polyaxial, diarthrodial joint, the intervertebral disc is comprised of an
inner, proteoglycan-rich nucleus pulposus (NP), surrounded by a collagenous annulus
fibrosus (AF), and anchored inferiorly and superiorly to adjacent vertebrae by hyaline,
cartilaginous endplates (EP), which allow diffusion between vascularized vertebrae and the
avascular discs [6, 7]. Within the hypoxic niche of the NP, a high concentration of aggrecan
hydrates the tissue, conferring a high osmotic swelling pressure to counteract the
compressive forces exerted by mechanical loading on the spine [8]. Disc degeneration is
characterized by discrete cellular and structural changes, but changes in ECM composition
and organization are common to all compartments [9, 10]. Consequently, delineating the
mechanisms regulating homeostatic maintenance of the disc ECM is critical to our
understanding of degenerative processes afflicting the spine [11-14]. Of particular interest is
the transcription factor SOX9, known for its functions in cartilaginous tissues, many of
which coincide with the ECM-related genes critical to disc health [15].

SOX9 was first noted in skeletogenic mesenchymal progenitors for its role in fate
determination and differentiation within the chondrocyte lineage [16]. It features a highly
conserved SRY-related high-mobility-group-box DNA-binding domain, the shared
characteristic of the SOX family of cell type-specific transcription factors [17, 18].
Conditional deletion of Sox9in PrxI-expressing mesenchymal progenitors of the limb bud
results in cell death and subsequent failure of precartilaginous condensation [16, 19].
Furthermore, inactivation of Sox9during early stages of chondrogenesis in Co/2Cre-
expressing chondrocytes showed that cells are unable to express SOX9 targets, including
ColZaland Acan (encoding the aggrecan core protein) [15, 20, 21]. Observations made in
the notochord during axial skeletogenesis complement the findings in chondrocytic cells;
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Sox9 deletion prevents matrix-rich peri-notochordal sheath formation and results in
notochordal cell death [17]. Further, it is suggested that SOX9 regulates cell survival and
differentiation in the inner AF during disc development [22]. These studies affirm that SOX9
is critical in cartilage formation and vertebral column development [21, 23].

The role of SOX9 in the post-natal maintenance of the intervertebral disc was briefly
explored [24]. Henry et al. showed that Sox9 deletion in Acarn-expressing cells of adult mice
results in proteoglycan loss, disc compression, and downregulation of various ECM-related
genes [24]. Though this study demonstrated SOX9 is crucial for adult disc health, key
aspects of the phenotype and mechanistic links between Sox9 deletion and these
observations remain unknown. We therefore analyzed temporal changes in the spinal
phenotype of AcanceERT25ox9f mice with conditional deletion of Sox9at skeletal
maturity. Our work clearly demonstrates that SOX9 mutant mice experience early-onset,
progressive disc degeneration characterized by increased cell death, alterations in ECM
organization, and distinct transcriptomic changes in the NP and AF compartments. This
work enhances our understanding of SOX9 function in the intervertebral disc, with relevance
to human degenerative disc diseases, and provides new insights into the tissue-specific roles
of SOX9 in the skeletal system.

Sox9 deletion in Acan-expressing cells of skeletally mature mice causes progressive disc
degeneration and vertebral bone changes

Postnatal Sox9deletion results in gross degenerative changes in the spine [24]. To develop a
thorough understanding of the morphological alterations and underlying cellular and
molecular mechanisms, 3-month-old Acanc"eERT25ox g (Sox9cKO) and Sox9™"1
(Sox9CTRY mice were injected with tamoxifen [25, 26]. The Acan-CreFRT2 driver is highly
efficient for targeting of all three disc compartments in adult mice [26—28]. Safranin O/Fast
Green staining of lumbar discs showed that up to 1 month post deletion (4-month-old),
Sox9°KO animals maintained their disc architecture but evidenced proteoglycan loss and
disorganization of the vertebral growth plates (GP) (Fig. LA—C”). In contrast, at 2 months
post deletion (5-month-old), proteoglycan loss and fibrotic remodeling of the NP, buckling
of the AF lamellae, and loss of demarcation between the NP and AF were apparent (Fig. 1D,
D’). Noteworthy, EP cells in 5-month-old Sox9°KO mice were flatter and devoid of
pericellular safranin-o staining, indicating proteoglycan-rich matrix loss. Additionally,
partial (4-month-old) and complete (5-month-old) loss of the vertebral GP was observed in
Sox9°KO animals. Histological changes in the NP and AF of 4- and 5-month-old animals
were separately quantified using a modified Thompson grading scheme, and the EP was
scored using grading scheme reported by Tessier et al. [12, 29, 30]. Mild histological
changes observed in 4-month-old Sox9¢KC mice were reflected in the comparable
distribution of average grades in the AF and slight increase in the proportion of discs scoring
a2 inthe NP (Fig. 1E). However, there were significant differences in the distribution of
average grades in the AF and NP of 5-month-old mice, with Sox9¢KC mice exhibiting higher
percentages of degenerating discs (Fig. 1F). While 4-month-old Sox9°KP discs showed no
differences in collective average grades in the NP and AF (Fig. 1G-G”), higher grades were
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noted in the EP (Fig.1H-H"). By contrast, at 5 months of age, NP and AF compartments of
Sox9°KO mice showed significantly higher average grades (Fig. 11). Further level-by-level
analyses of the NP and AF showed that lower lumbar discs in 5-month-old mice, for the NP
(L3/4-L6/S1) and AF (L4/5-L6/S1), were prominently affected (Fig. 11’-1"). Moreover, the
EP of 5-month-old Sox9¢KO showed further deterioration of structure and higher grades than
Sox9CTR and 4-month-old Sox9°KC (Fig.1J-J’) To investigate possible contributing factors
to the phenotype progression from 4 to 5 months, TUNEL staining was performed (Fig. 1K-
L’). Quantitative analysis of TUNEL- and DAPI-stained nuclei showed a higher incidence of
cell death in the NP and AF at both time points and an overall decrease in AF cellularity by
5 months (Fig. 1M, N).

Progressive changes in disc architecture following Sox9 deletion was further evaluated by
histologically analyzing lumbar and caudal discs from 12-month-old mice, evidencing
increased severity of degeneration with age (Fig. 2A-C’). Notably, Sox9¢KO discs showed
the presence of non-vacuolated cells in the NP and EP, extensive fibrotic remodeling of the
proteoglycan rich NP, severe loss of demarcation between the NP and AF, inward AF
buckling, and GP loss (Fig. 2B’, C’). Average grade distributions, cumulative average
grades, and level-by-level scores for the NP and AF of lumbar and caudal discs reflected
further degeneration relative to 5-month-old mice (Fig. 2D-K). Importantly, level-by-level
grading (Fig. 2G-H, J-K) and EP scoring (Fig. 2L-L’, M—M") demonstrated the phenotype
was severe and affected most levels, independent of spinal position.

A previous study of Sox9°KC mice indicated vertebral size was not impacted by the

postnatal conditional deletion of Sox&?3. However, uCT analysis of 12-month-old mutants
clearly showed morphological changes in the vertebrae (Fig. 3). Three-dimensional
reconstructions of the hemi-sections of caudal (Fig. 3A, B) and lumbar (Fig. 3C, D) motion
segments showed reduced vertebral length and disc compression. Cross-sectional
reconstructions demonstrated small changes in trabecular and cortical bone architecture (Fig.
3A’-D’). The vertebral length (Fig. 3E) and disc height (Fig. 3F) were significantly reduced
in caudal and lumbar vertebrae; however, these changes were such that only lumbar
vertebrae had a lower disc height index (DHI) (Fig. 3G). Trabecular bone properties in the
caudal and lumbar spine were also assessed. Lumbar vertebrae also showed reduced
trabecular spacing (Fig. 3H) and trabecular thickness (Fig. 31). For caudal and lumbar
regions, the trabecular number, BV/TV, and SMI were unchanged (Fig. 3J-L). Analysis of
cortical bone properties demonstrated a thinner cortical shell (Fig. 3M) and lower BV/TV
(Fig. 3M, N) in the caudal vertebrae but no change in the cortical thickness (Fig. 3M) or
bone volume (Fig. 30) of the lumbar vertebrae. These results demonstrated Sox9 deletion
has a long-term, systemic effect on the vertebrae throughout the spine, with some differential
effects between lumbar and caudal regions.

Sox9°KO mice show progressive loss of disc cells without repopulation

The histological characterization suggested an altered disc cell phenotype in Sox9¢KO
animals, and TUNEL staining confirmed a degeneration-associated increase in apoptosis. To
track the fate of native cell populations in Sox9°KO animals and assess if they were replaced
by exogenous cells, lineage tracing was performed in 4-, 5-, 10-, and 12-month-old mice
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using a tdTomato+ reporter to mark Cre-recombinase activity in Acan-expressing cells
(R269Tomato/* A canCreERTZ 5ox g As expected, tdTOM+ cells were present in the NP, AF,
EP, and GP in control (R26/70mato/* AcanCreERT2) discs (Fig. 4A). However, an age-
dependent reduction in the numbers of tdTOM+ cells was evident in the NP, AF, and EP
compartments of Sox9°K0 mice, and such cells were noticeably absent in the vertebral GP of
the Sox9°KO animals, (Fig. 4B—E). Interestingly, despite drastic, age-dependent degeneration
following Sox9inactivation, native cell subpopulations (tdTOM+) were not replaced with
tdTOM-negative cells, and thus, repopulation with cells from outside the disc or Acar-
negative stem cells within the disc was not evident [31].

We next ascertained whether Sox9 deletion resulted in aberrant cell proliferation by
performing an EAU incorporation assay in 4- and 5-month-old mice. Congruent with post-
mitotic nature of disc cells in skeletally mature mice, we observed very few EdU-
incorporating NP and AF cells, indicating marginal or no cell proliferation in both genotypes
[32, 33]. As expected, vertebral marrow cells incorporated EdU during the 6-hour chase
experiment (Fig. 4F-F’).

The impact of Sox9deletion on cellular phenotype was assessed by measuring the levels of
select NP and AF phenotypic markers in 4- and 5-month-old mice. NP cells in 4-month-old
mice showed a comparable abundance of CA3 (carbonic anhydrase 3), GLUT-1 (glucose
transporter 1), and KRT19 (keratin 19) between genotypes. However, there was a significant
reduction in the abundance of these NP markers in in 5-month-old Sox9¢KO, relative to age-
matched controls and 4-month-old Sox9¢KC (Fig. 4G-I1”). Additionally, a few surviving cells
in 5-month-old mice did not express any of these phenotypic markers. Similarly, in the AF,
FMOD (fibromodulin) expression was markedly reduced in 5-month-old discs (Fig. 4J-J");
however, no differences were observed in staining patterns of the catabolic marker MMP13,
known to degrade FMOD and collagen substrates (Supplementary Fig. 1A-A”") [34]. This
reduction in the abundance of phenotypic markers in Sox9°KC mice may reflect a loss of
cells due to cell death and a possible change in cellular phenotype. Either case indicates that
Sox9 deletion promoted an altered cellular phenotype.

Sox9°KO discs show altered ECM organization and composition

We further investigated alterations in disc matrix organization and composition in Sox9¢KO
mice, with a specific focus on collagens and proteoglycans. To evaluate overall collagen
architecture and content during early and late stages of the degenerative cascade, Picrosirius
Red-stained discs from 5- and 12-month-old mice were visualized under polarized light (Fig.
5A-E). As expected, the AF and vertebral bone showed strong birefringence, with highly
organized collagen fibers in control discs (Fig. 5A-A’, C-C’) [35]. Mutant discs evidenced
an expanded AF, with prominent collagen fibril disorganization and inward buckling of the
annular lamellae at both time points (Fig. 5B-B’, D-D’). Interestingly, despite a
significantly higher number of discs exhibiting disorganized AF fiber architecture,
quantitative analysis showed no differences in the collagen fiber thickness distribution in 5-
and 12-month-old mice (Fig. 5E-E’).

Fourier transform infrared (FTIR) spectroscopic imaging was used to further assess the
chemical composition of 5- and 12-month-old discs. Spectral clustering that groups and
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classifies individual pixels based on their chemical compositions showed evidence of matrix
remodeling at both timepoints (Fig. 5F-G”). 5-month-old mutant and control discs showed
similar clustering patterns, except for the absence of a GP cluster (light blue) in mutants,
corresponding to the GP loss noted in histological findings (Fig. 5SF—F’). Spectral clustering
of discs from 12-month-old mutants showed dramatic phenotypic differences, demonstrating
poorly-defined anatomic regions and a complete loss of the NP tissue core and GP,
suggesting that by 12 months the NP tissue had an AF-like composition (Fig. 5G-G”).
Furthermore, average second derivative spectra were generated and analyzed for each disc
compartment at representative peaks for collagen (1338 cm™1), proteoglycans (1156 cm™1),
and total protein (1660 cm™1) (Fig.4H-I1"). Corresponding chemical maps, quantified for
each molecular class, indicated the 5-month-old Sox9°KC EP had an altered proteoglycan
content, with no differences in the overall collagen content, and decreased AF total protein
(Fig. 5J-0). By contrast, 12-month-old Sox9¢KO mice showed reduced NP proteoglycan
content, increased NP collagen, and significant changes in NP and AF total protein (Fig. 5P—
U). This analysis demonstrated abnormal redistribution of major matrix molecules in
Sox9KO discs.

To further evaluate localization and reorganization of characteristic matrix molecules,
quantitative immunohistochemical staining was performed on 12-month-old Sox9¢K© discs.
Consistent with the decreased NP proteoglycan content seen in the FTIR spectroscopic
analysis, ACAN and CS (chondroitin sulfate) levels were significantly reduced in the NP of
Sox9°KO mice (Fig. 6A-B”). Likewise, while baseline ACAN levels were appreciably lower
in the AF, a decrease was seen in Sox9¢KO mice, without a corresponding change in CS
abundance. There was pronounced ARGxx (an aggrecan neoepitope generated by
ADAMTS-dependent degradation) staining in the NP and AF, indicating active ADAMTS-
dependent aggrecan degradation (Fig. 6C-D). COL | and COL Il displayed similar staining
patterns and showed reduced abundance in the Sox9°KO AF (Fig. 6E-F’). Interestingly,
despite the fibrotic morphology and increased collagen content demonstrated by FTIR
spectroscopic analysis, the absence of appreciable increases in COL | and COL Il staining of
the NP suggested the presence of other, minor collagen types [36]. Collagen quality
assessment, using a fluorescently labeled peptide (CHP) that binds to denatured collagen,
showed the presence of significantly more denatured collagen via a higher CHP signal in the
NP but not in the AF of Sox9¢KO mice (Fig. 6G—H). However, consistent with Picrosirius
Red findings, CHP labeling evidenced disrupted collagen organization in the AF of Sox9°KO
animals. Additionally, reduced levels of COMP and FMOD were apparent in Sox9°KC mice,
indicating structural disorganization of the collagen network in the AF (Fig. 61-J") [37].
Additionally, the catabolic marker MMP13 displayed significantly increased levels in the
AF; whereas COL X abundance, a hypertrophic chondrocyte marker, was markedly lower in
all compartments of mutant discs, indicating cells did not adopt a hypertrophic chondrocyte-
like phenotype, as seen in other models of degeneration (Fig. 6K—M) [36]. Collectively,
these results delineated changes in disc matrix composition shown to be associated with disc
degeneration.
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Sox9 deletion results in distinct transcriptomic changes in NP and AF

To gain insight into transcriptional changes that could prompt disc degeneration and severe
NP and AF phenotypes, tissues were collected from mice 5- and 21-days post tamoxifen
injection and processed for total RNA extraction (Fig. 7A). Sox9 deletion was confirmed by
gRT-PCR (Fig. 7B), and microarray analyses were conducted on samples collected at 5 days.
Three-dimensional principal component analysis (PCA) showed distinct clustering in the NP
(Fig. 7C), but only three of the four samples clustered in the AF (Fig. 7C’). Hierarchical
clustering demonstrated distinctions in gene expression profiles between Sox9CTR and
Sox9°KO animals and the proportion of upregulated (green) and downregulated (purple)
differentially expressed genes (DEGS) (p < 0.05, 1.75-fold change) in the NP (Fig. 7D) and
AF (Fig. 7E). Log-log plots (Fig. 7D’-E”) showed the relative expression of DEGs from NP
and AF tissues. Interestingly, the deletion of Sox9resulted in a larger pool of DEGs in the
AF (Fig. 7F). When compared, only 8% overlap was observed between DEGs in the NP and
AF; approximately 73% of DEGs in the NP and 90% of DEGs in the AF were identified as
tissue-specific (Fig. 7F). Additionally, expression changes in select DEGs were validated by
gPCR in the NP (Fig. 7G, G’) and AF (Fig. 7H, H’), with specific attention given to genes
known to be regulated by SOX9, including Acan, Col2al, and other top DEGs.

To provide insights into the possible pathological relevance of the DEGs associated with
SOXQ9 loss in the AF and NP, the CompBio (PercayAl Inc., St. Louis, MO) tool was used for
pathway-level analysis [38]. Beginning at the thematic level, we visually assessed the
distinctions between the NP and AF using the top ten up- and downregulated themes
(Supplementary Fig. 2). Thematic overlap, including directionality, between the NP and AF,
was noted for “ECM-Related,” “Articular Cartilage,” “TGF-p Signaling,” and “Inheritance
Disorders, Chondrodysplasia.” However, the remaining top themes did not overlap between
compartments, suggesting that most concepts were unique. Further exploring this, the
CompBio tool was used to determine the relatedness of emergent concepts (shown within
spheres) in the literature associated with the lists of DEGs from the AF and NP (Fig. 8,
Supplementary Figs. 3, 4) [38]. From these concepts, themes (labels adjacent to spheres)
were organized into super clusters, demonstrating the most prominent biological features
associated with the transcript-level dysregulation resulting from Sox9 deletion. Within the
AF, super clusters related to the immune response, cytoskeleton, cell cycle, and ECM were
apparent from the list of upregulated DEGs (Fig. 8A). From the downregulated DEGs, two
super clusters, ECM and ion transport, were identified (Fig. 8B). Though it did not fall
within a super cluster, a group of downregulated concepts thematically organized into the
theme of WNT signaling, a known regulator of disc homeostasis [36, 39]. To predict the
most significant genes within each super cluster, the top 20% (defined by thematic CompBio
entity score) of genes contributing to each theme were assessed. Duplicate genes were
removed, remaining genes were cross-referenced with their CompBio entity high score, and
a minimum cutoff of 400 was imposed. This method of analysis allowed for DEGs to be
visualized according to their weight in the present body of literature and fold change
(Supplementary Figs. 3, 4). Expectedly, several genes known to be regulated by SOX9 in
chondrocytes and critical to disc health were downregulated, including ECM-related genes
ColZal, Colllal, Col9a2, and Acan. Several ion channel-encoding genes, including 7rpom4,
Trom?7, PiezoZ, and Trpv4, encoding osmosensitive ion channel proteins linked to disc
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degeneration and inflammation, were also downregulated [40]. On the other hand, several
genes involved with matrix remodeling and inflammation, including 7imp1, Adam10,
S5100a8, S100a9, and Cxcr4, were upregulated [12].

This analysis was also conducted for the NP tissue. From the upregulated DEGs, super
clusters related to the ECM, ECM subcategory of glycosaminoglycans, and immune
response were identified (Fig. 9A). In relation to the pathophysiology of disc degeneration,
upregulated matrix genes from the ECM super clusters included Dcnand Bgn, which encode
small proteoglycans, and Adamtsi, known to be involved in matrix assembly and proteolysis
[41]. These genes were organized under themes related to proteoglycans and GAG-
biosynthesis, suggesting Sox9 inactivation in the disc promotes the expression of small
leucine-rich proteoglycans known to regulate collagen fibril assembly [42]. Downregulated
genes resulted in the thematic super clustering of ECM, cytoskeleton, and signaling-related
concepts (Fig. 9B). In addition to NP markers, the expression levels of Krt8and critical
matrix genes such as Acanand Co/11al were decreased. Additionally, decreased expression
levels of important signaling genes, such as Fgfr3, Wnt16, and Lrp5, suggested reduced FGF
and WNT signaling activity [43, 44].

The CompBio analysis was then used to assess compartment-specific changes at the
thematic level. The majority of the top themes from the NP and AF did not overlap, as
previously noted (Supplementary Fig. 2). In the AF, themes pertaining to “Signaling
Pathways” were shown to be affected predominantly in this region. Themes pertaining to
“ECM & Cytoskeleton Related” and “Metabolic Pathways” were shown to be of greater
significance in the NP. Interestingly, there was no overlap within “Cell Growth and
Proliferation”; however, an apparent trend was observed with respect to directionality,
showing more substantial downregulation in the NP and upregulation in the AF. Further,
when the ECM super clusters (a dominant cluster from up- and downregulated themes in the
NP and AF) were explored, it became clear that distinct sets of genes were most critical to
each compartment (Supplementary Tables 1-4). To assess these compartment-specific
changes, the CompBio tool was further used to identify unique concepts from the AF and
NP DEGs (Supplementary Figs. 5, 6), using a gene-agnostic approach. Considering all
concepts derived from the DEGs in the AF and the NP, the CompBio overlap function was
used, and tissue-specific concepts were displayed, removing common concepts. The fraction
of remaining concepts is shown in parenthesis, and halos around the spheres indicate the
proportion of unique concepts within the theme (lowest to highest-ranked: blue, green,
orange, and red). In the AF, themes are super-clustered by the terms ECM, cell-cell
communication, and cell cycle, with the ECM having the lowest proportion of unique
concepts (Supplementary Fig. 5). Though the NP similarly super-clustered by the terms
ECM, cell-cell communication, and development, the majority of concepts represented by
the clustered themes were unique to the NP (Supplementary Fig. 6), indicating SOX9 may
have distinct functions in each compartment of the disc. Subsequent filtering of genes from
each theme of the super clusters further demonstrated that while the tissue compartments
may have common DEGs (including ColZal, Acan, Adamts1, and Prg4), the broader context
of the pool of DEGs from which each is analyzed provided greater physiological insight
(Supplementary Fig. 7). Accordingly, an examination of individual themes within the shared
super cluster of cell-cell communication provided insights into how different genes in the
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NP and AF relate to the same macro-level function. In the AF, the themes “Cell-Cell
Junctions” and “Actin Filament Organization” were strongly influenced by the differential
expression of Actal, Gjb6, KifZc, and ActaZ, in the NP, however, the related themes of “Cell
Adhesion” and “Cytoskeleton” were correlated with Krt8, Krt20, and Fasn expression.
Altogether, these findings contribute to our overall studies detailing the cellular and
molecular regulatory contributions of SOX9 to intervertebral disc health (Fig. 10).

Discussion

The transcription factor SOX is critical for the embryonic development and postnatal
maintenance of the intervertebral disc [17, 24, 45]. Embryonic inactivation of Sox9in mice
results in the loss of the notochord, preventing proper formation of the vertebral column
[17]. While a degenerative spinal phenotype was previously reported in mice with postnatal
Sox9 deletion, an understanding of disc compartment-specific temporal, cellular, and
molecular changes contributing to this phenotype was still lacking [24, 45]. In this study, we
provide novel insights into the phenotype of adult Sox9¢KO mice.

Temporal histological characterizations uncovered an early and progressive GP loss,
followed by fibrotic remodeling of the NP, and loss of demarcation between the NP and AF
in Sox9 mutants. This phenotype was alluded to by previous work demonstrating severe
changes in disc architecture following Sox9 deletion before and after mice achieved skeletal
maturity [24]. Our findings expanded upon this work in adult mice, demonstrating that one
month following Sox9 deletion, the EP was significantly disrupted, and by two months, all
compartments exhibited compromised architecture. Given the critical role of the EP in
nutrient diffusion into the avascular disc, and thereby disc cell viability, EP degeneration
preceding AF and NP changes supports observations made by Fields and colleagues [7, 46].
This disc phenotype progressed with time, resulting in complete collapse of the disc by 12
months. Noteworthy, grading results suggested that these changes affected all compartments
with equal severity. Moreover, level-by-level analysis of 5-month-old Sox9°KC mice clearly
indicated lower lumbar levels were more prone to degenerative changes during the early
stages of disease, an observation consistent with previous studies [47—49]. Our analysis
suggests SOX9 directly impacts disc cell survival, as the NP and AF of Sox9¢KO mice
evidenced increased TUNEL staining, with more pronounced effects in the NP. Previous
work demonstrated SOX9 indirectly mediates apoptotic events in NP cells and, in MSCs,
attenuates expression of p21, a known pro-survival molecule in the NP [50, 51]. Further, a
slow removal of dying cells was evident, as the elevated cell death index did not correlate
with absolute cell counts in the NP. This is not surprising, considering the avascularity of the
compartment and possibly compromised phagocytic capacity of surviving cells [52].

A lineage tracing strategy marking Acanc"eERT2 cells with a tdTomato reporter supported the
progressive loss of cells and correlated with histological degeneration. The fate mapping
experiment combined with an EdU-chase assay also supported the hypothesis that SOX9
absence does not promote compensatory proliferation, rather contributes to cell survival.
Additionally, a lack of evidence for the ingress of extradiscal (tdTOM-negative) cells,
despite severe degeneration and remodeling of the compartments, suggests that in the
absence of NP herniations and annular tears, immune cell ingress is unlikely. Given the
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chondrogenic nature of SOX9, it was important to delineate its direct impact on the disc cell
phenotype. A subpopulation of the surviving cells lost their molecular identity, evidenced by
the lost expression of disc markers CA3, GLUT-1, KRT19, and FMOD. However, unlike
other mouse models of early onset disc degeneration or aging, these cells did not assume a
hypertrophic chondrocyte-like identity, evident from the lack of prominent COL X and
MMP13 staining in Sox9°KC discs [36, 53, 54].

Considering the function of the ECM in maintaining proper disc function and the role of
SOXQ9 in controlling matrix gene expression in chondrocytes, substantial disc matrix
remodeling was expected [55]. Despite decreased levels of COL I and Il in the AF and
evidence of severely disorganized collagen fiber architecture, the proportion of fibers with
varying thicknesses remained unaltered. This suggested other fibrillar collagens may have
compensated for COL | and Il in the AF, an idea supported by FTIR spectroscopic
measurements. By contrast, progressive disorganization of collagen could be a consequence
of a loss of collagen-interacting and -stabilizing molecules, including FMOD, COMP, and
ACAN (inner AF), as well as elevated MMP13 and ADAMTS activity [56-58]. These
analyses further revealed the differential sensitivity of disc compartments to SOX9 deletion.
Unlike the AF, the EP showed no changes in matrix composition; whereas the degenerated
NP of 12-month-old mutants closely resembled the AF than healthy NP tissue, as seen by
spectral clustering analysis. This is partially explained by the degradation of aggrecan
(increased ARGxx levels in the NP) and increased collagen content, evident from FTIR
spectroscopic imaging and CHP staining. This denatured NP collagenous matrix was not due
to an increased abundance of COL | and Il, as reported in other mouse models of disc
degeneration [36]. Moreover, the similarity between the NP and AF gives credence to the
idea that SOX9 is critical for the maintenance of the distinct compartmental identities[22].
Together, these results imply compromised disc functionality, providing a possible
explanation for the discrepancies in trabecular and cortical bone properties in Sox9¢KO
vertebrae. Disc degeneration can offset loading on the spine, inducing remodeling responses
in the vertebrae [12, 59]. The size difference in caudal and lumbar vertebrae, however, is
most likely an attribute of Sox9deletion impacting chondrocytes in the GP [16].

Despite several similarities between our phenotypic observations and the body off work
regarding SOXO9 in cartilaginous tissue, our analysis in its totality suggests unique SOX9-
related transcriptional programs in the NP and AF. The results of our microarray
experiments largely align with the downregulated genes reported by Henry and colleagues
(with exceptions for Rspo4 and AA465934 transcripts) [24]. Additionally, our microarray
data showed that 212 of 291 NP DEGs were significantly downregulated; whereas 375 of
786 AF DEGs were downregulated. It is likely that DEGs identified in our analysis are
enriched with SOX9 transcriptional targets, as tissues were collected within five days of
initiating SOX9 deletion; however, many indirectly regulated genes may have also been
captured. This explains the contrast between the upregulated genes reported here and those
previously identified by RNA-sequencing in animals analyzed one month after Sox9
inactivation [24].

When the concepts associated with NP and AF DEGs were compared, eliminating the
overlap between datasets, we found the majority of concepts to be compartment-specific,
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despite two common super clusters (ECM and cell-cell communication) emerging from the
overall analysis. At the gene level, limited overlap was observed among the most significant
genes of these super clusters. This variation in genes, concepts, and themes culminating
under the same categorical terms suggests the mechanisms through which SOX9 participates
in ECM homeostasis and cell-cell communication differ across tissue types. Thematic
organization observed, when up-and down-regulated DEGs were separated by disc
compartment, evidenced this trend. At the thematic level, the cytoskeleton was significantly
impacted by Sox9inactivation in the AF and NP. In the AF, the upregulation of genes such
as Actal, ActaZ, and KifZcindicated AF cells may respond to the SOX9 deficiency-related
destabilization of the native matrix by augmenting their cellular and matrix-based adhesion
complexes [60]. On the other hand, the relationship between the cytoskeleton and SOX9 in
the NP is captured by Krt8and Krt20being the most significant downregulated DEGs under
this theme [61]. It is also interesting to note the apparent differences in SOX9 regulatory
function between the NP and AF. Though alterations in signaling programs were apparent in
both tissues, at the gene, conceptual, and thematic levels, the interplay between ion channels,
mechanotransduction, and electrophysiology was predominant in the AF, following Sox9
inactivation. This finding complements a recent study, in which the AF was proposed to be
more piezoelectric (largely due to collagen fibril organization) than the NP and previous
findings of SOX9 directly controlling 7rpv4[24, 62, 63]. The TRP-family proteins are ion
channels of particular interest, as they respond to osmotic and shear stress [64]. The
observation that 7rpv4, Trom4, Trpm5, and Trpm7 are significantly downregulated in the AF
of Sox9°KO mice in tandem with several other ion channels, including Piezo2and Kcnip3,
provides a strong indication that SOX9 expression is essential to maintaining
electrochemical and osmotic gradients in the disc, especially in response to mechanical cues.
These observations in Sox9°KC complement reports showing altered ion channel activity
during disc degeneration in SM/J mice that evidence spontaneous degeneration and mice
deficient in NFATS, a key osmoregulatory protein [12, 65]. Of additional interest, Adgrg6
and Frzbwere downregulated in the AF. Adgrgé conditional knockout mice are predisposed
to disc degeneration marked by endplate herniations [66]. Although animals in the present
study did not show herniations, Sox9expression was unchanged in the former study,
suggesting that this gene may be directly or indirectly controlled by SOX9 [66]. FRZB is a
WNT-binding protein that inhibits WNT signaling. Its downregulation is demonstrated in
osteoarthritis, and disrupted WNT signaling is a feature of spontaneous intervertebral disc
degeneration and aging [36, 39, 67]. Further, a ChlP-seq assay evidenced that SOX9 bound
to Frzbregulatory sequences in a rat chondrosarcoma-derived cell line, suggesting this may
also be the case in the AF [68].

In summary, our work provides detailed insights into disc degeneration in Sox9¢KO mice at
the cellular, molecular, and transcriptional levels, underscoring tissue-specific roles. This
knowledge could be exploited for devising therapeutic strategies to treat intervertebral disc
degeneration and, consequently, chronic low back pain. Reduced levels of SOX9 have been
correlated with age-related disc degeneration, and SOX9 has long been speculated to be a
potential therapeutic target to delay disc degeneration or restore a healthy disc phenotype
[69, 70]. Demonstrating a clear, positive relationship between SOX9 expression, disc
cellularity, and maintenance of a healthy ECM, our findings provide novel temporal insights
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into the relationship between disc health and SOX9 activity. Further, campomelic dysplasia
(CMPD), a severe disorder linked to Sox%inactivating heterozygous mutations, is
characterized by generalized malformations of the endochondral skeleton and spinal
deformations, largely attributed to improper vertebral development [71]. Work investigating
disc degeneration in CMPD patients has yet to be conducted; however, results from the
present study may offer insights into disease pathogenesis and a gateway into future studies.

Materials and Methods

Mice

All animal procedures were performed under protocols approved by the Institutional Animal
Care and Use Committee (IACUC) of the Children’s Hospital of Philadelphia. Sox9
conditional knock-out (Sox9°KO: AcanCreERTZSoxd1Ifly and control (Sox9CTR: Soxg’/r
mice were generated as shown in Figure 1A and analyzed after 1 week and 1 (4-month-old),
2 (5-month-old), and 9 (12-month-old) months post deletion to assess degeneration [24, 25].
These animals carried previously reported Sox9 conditional null (Sox9%™ and Acan©eERTZ
alleles [25, 26]. The Sox9 conditional allele was generated independently of the Sox9
conditional null allele used by Henry and colleagues, but both alleles are virtually identical
[19, 24]. They harbor loxP sites flanking exons 2 and 3 of the Sox9gene, which encode half
of the DNA-binding HMG domain and the entire transactivation (TAD) domains,
respectively. Cre-mediated recombination of these alleles result in complete inactivation of
Sox9in target cells [25, 26]. The Acan“"®ER72 gllele used in our study is the same as in the
study by Henry and colleagues; here it is documented as Acan“"®ER72, as opposed to
Agc1CERTZ hacause Acanis the HGNC-approved acronym for the aggrecan gene. To
perform fate-mapping experiments, a loxP-stop-loxP tdTomato reporter mouse
(GH(ROSA)26S0rmI(CAG-tdTomato)Hze) (Stock # 007909, Jackson Labs) was crossed with
mice with (AcancERTZSox 1M or without (Acan®®ER72) conditional Sox9loss, and
tdTOM™ cells were followed over time [72]. For all experiments, 3-month-old female and
male mice of all genotypes received an intraperitoneal injection of 100 mg/kg tamoxifen
(Sigma-Aldrich, St. Louis, MO, USA) dissolved in olive oil (Sigma-Aldrich) for 2-5
consecutive days to activate Cre recombinase, and were analyzed at 5, 7, and 21 days as well
as after 1 to 9 months to investigate the effects of Sox9loss on disc health and the fate of
resident cells.

Histological Analysis

Spines were dissected and immediately fixed in freshly made 4% paraformaldehyde (PFA)
for 48 hours, followed by decalcification in 20% EDTA at 4°C prior to embedding in
paraffin. Lumbar motion segments at 4 months (n=4 discs/animal, 4 animals/genotype,16
total discs/genotype) and 5 months (n=6 discs/animal, 5 animals/genotype, 30 total discs/
genotype) were processed in addition to lumbar and caudal motions segments at 12 months
(n=3 lumbar discs/animal, 5 caudal discs/animal, 10 animals/genotype, 30 lumbar and 50
caudal discs/genotype). Coronal sections 7 pm in thickness were stained with 1% Safranin-
0O, 0.05% Fast Green, and 1% Hematoxylin to assess morphology and imaged on an Axio
Imager A2 microscope using 5x/0.15 N-Achroplan or 20x/0.5 EC Plan-Neofluar (Carl Zeiss)
objectives, Axiocam 105 color camera, and Zen2™ software (Carl Zeiss AG, Germany). To
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evaluate disc degeneration, 4 blinded observers used a Modified Thompson grading scale for
the NP and AF and the method reported by Tessier et al. for the EP to perform histological
scoring of 4, 5- and 12-month-old Sox9¢ TR and Sox9¢KO animals [27-29, 52]. For both
grading scales, higher scores reflect a higher degree of degeneration.

TUNEL Assay and Cell Number Quantification

TUNEL assay was performed on 4- (n=4 discs/animal, 4 animals/genotype, 16 total discs/
genotype) and 5-month-old (n=5 discs/animal, 5 animals/genotype, 25 total discs/genotype)
disc tissue sections using an “in situ cell death detection” kit (Roche Diagnostic). Briefly,
sections were deparaffinized and permeabilized with Proteinase K (20 ug/mL) for 15 min at
room temperature. Then TUNEL assay was carried out per manufacturer’s protocol. The
sections were washed and mounted with ProLong® Gold Antifade Mountant with DAPI
(Thermo Fisher Scientific, P36934). All mounted slides were imaged with an Axio Imager 2
microscope using 5%/0.15 N- Achroplan or 10x/0.3 EC Plan-Neofluar or 20x/0.5 EC Plan-
Neofluar objectives (Carl Zeiss) objectives, X-Cite® 120Q Excitation Light Source
(Excelitas), AxioCam MRm camera (Carl Zeiss), and Zen2™ software (Carl Zeiss).
TUNEL-positive cells and DAPI-positive cells were analyzed respectively to assess cell
death and cell number in disc compartments.

Micro-Computed Tomography (UCT) Analysis

HCT imaging was performed on the lumbar and caudal spine of 12-month-old Sox9¢TR and
Sox9°KO mice (n=4 discs/spine region/animal, 10 mice/genotype, 40 total discs/genotype)
using the high-resolution uCT scanner (Skyscan 1272, Bruker, Belgium). Samples were
placed in PBS and scanned with an energy of 50kVp and current of 200uA resulting in 15
um3 voxel size resolution. Intervertebral disc height and the length of the vertebral bones
were measured and averaged along the dorsal, midline, and ventral regions in the sagittal
plane. Disc height index (DHI) was calculated as previously described [12]. The 3-D
microarchitecture of the trabecular bone was tabulated in a region of interest (ROI) defined
by contouring the outer boundary of the trabeculae throughout the vertebral body. Resulting
datasets were assessed for the following parameters: trabecular separation (Th. Sp.),
trabecular thickness (Th. Th.), trabecular number (Th. N.), bone volume fraction (BV/TV),
and structure model index (SMI). The cortical bone was analyzed in two dimensions and
assessed for mean cross-sectional bone thickness (Cs. Th.), bone volume fraction (BV/TV),
and bone volume (BV).

EdU-Chase Assay

EdU-based assay was performed on 4- and 5-month-old lumbar spines (n=2 discs/animal, 4
animals/genotype/time point, 8 total discs/genotype/time point) to assess cell proliferation in
situ. Mice were injected with EdU 6 hours prior to tissue collection, using methods
previously described [73]. Incorporation was assessed using the Click-iT™ EdU Alexa
Fluor™ 594 Imaging Kit per the manufacturer’s protocol (Invitrogen, Carlsbad, CA). The
sections were then washed, mounted, and imaged as described above. EdU-positive cells
were measured to assess the index of proliferative cells.
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Picrosirius Red Analysis

Picrosirius Red staining and analysis was performed on 5- (n=4 discs/animal, 5 animals/
genotype, 20 total discs/genotype) and 12-month-old (n=3 discs/animal, 6 animals/genotype,
18 total discs/genotype) caudal spines to visualize the heterogeneity of collagen organization
using a polarizing, light microscope, Eclipse LVV100 POL (Nikon, Tokyo, Japan) with a 10x/
0.25 Pol/WD 7.0 objective Nikon’s Digital Sight DS-Fi2 camera. Images were analyzed in
the NIS Elements Viewer software (Nikon, Tokyo, Japan). Under polarized light, stained
collagen bundles appear either green, yellow, or red pixels that correlate to fiber thickness.
Color threshold levels remained constant.

FTIR Spectroscopic Imaging and Spectral Clustering Analysis

5 um deparaffinized sections of decalcified mouse caudal disc tissues were collected from
control and mutant animals at the 1-year (n=1 disc/animal, 10 animals/genotype, 10 total
discs/genotype) and 5-month (n=1 disc/animal, 5 animals/genotype, 5 total discs/genotype)
time points and used to acquire FTIR (Fourier Transform Infrared) spectral imaging data
using methods previously described [12]. Briefly, spectra were collected across the mid-IR
region of three consecutive sections/disc to minimize section-based variation. Using the ISys
Chemical Imaging Analysis software (v. 5.0.0.14) mean second-derivative absorbances in
the amide 1 (1660 cm™1), collagen side-chain vibration (1338 cm™1), and proteoglycan sugar
ring (1156 cm™1) regions were quantified and compared in control and mutant AF, NP, and
EP disc compartments at both time points. Significant differences in parameters were
assessed by t-test or Mann-Whitney test, where relevant; p < 0.05 was considered
significant.

Collected spectra were analyzed using K-means clustering analysis in the Eigenvector Solo
+MIA software (v. 8.8) to agnostically delineate anatomical regions within the disc, using
methods previously reported [36]. Briefly, regions of IR images are separated into two or
more classes, or “clusters,” according to spectral similarity. The K- means partitional
clustering method starts with the manually defined selection of K objects that are to be used
as cluster targets, where K is determined a priori; in our analyses, K = 7. During each
iteration, the remaining objects (pixels of the spectral image) are assigned to one of these
clusters based on the distance from each of the K targets. New cluster targets are then
calculated as the means of the objects in each cluster, and the procedure is repeated until no
objects are reassigned after the updated mean calculations.

Immunofluorescence Microscopy

Mid-coronal 7 pm sections of lumbar discs from 4- (n=2—-4 discs/animal, 4 animals/
genotype, 8-15 discs/genotype/stain), 5- (n=2-4 discs/animal, 5 animals/genotype, 10-16
discs/genotype/stain), and 12-month-old (n=1-3 discs/animal, 6 animals/genotype, 9-16
discs/genotype/stain) animals were processed and evaluated by quantitative
immunohistochemistry. Paraffin-embedded samples were deparaffinized in histoclear and
rehydrated in ethanol prior to antigen retrieval. Antigen retrieval methods included a 20-min
incubation in hot citrate buffer, a 10-min incubation at room temperature with proteinase K,
or a 30-min incubation at 37°C with Chondroitinase ABC. Sections were then blocked in 5%
or 10% normal serum (Thermo Fisher Scientific, 10,000C) in PBS-T (0.4% Triton X-100 in
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PBS), and incubated with primary antibodies against CA3 (1:150; Santa Cruz
Biotechnology; sc-50715), keratin-19 (1:50; DSHB; TROMA-I111), fibromodulin (1:100;
Abcam; ab81443), and MMP13 (1:200; Abcam; ab39012), aggrecan (1:50; Millipore;
AB1031), collagen | (1:100; Abcam; ab34710), collagen Il (1:400; Fitzgerald; 70R-CR008),
collagen X (1:500; Abcam; ab58632), and COMP (1:200; Abcam; ab231977) in blocking
buffer overnight at 4°C. For GLUT-1 (1:200; Abcam; ab40084), ARGxx (1:200; Abcam;
ab3773), and chondroitin sulfate (1:300; Abcam; ab11570) staining, a Mouse on Mouse Kit
(\Vector Laboratories, Burlingame, CA, USA) was used for blocking and subsequent
incubation with primary antibodies. Then, sections were washed and incubated with Alexa
Fluor-594 or —488 conjugated secondary antibody (1:700; Jackson ImmunoResearch
Laboratories, Inc., West Grove, PA, USA) for 1h at room temperature prior to being washed,
mounted, and imaged as described above.

Denatured Collagen Hybridizing Peptide (CHP) Assay

Lumbar spines from 12-month-old animals (n=1-3 discs/animal, 5 animals/genotype, 12-15
total discs/genotype) were fixed for 6h in 4% PFA, decalcified in 20% EDTA and then
immersed in 30% sucrose prior to OCT-embedding and snap-freezing in a liquid nitrogen
bath. 10 um frozen-cut sections were washed twice with PBS for 5 minutes, and the F-CHP
(3Helix) was applied according to the manufacturer’s protocol. Sections were washed and
mounted, and images were acquired as described above.

Digital Image Analysis

All immunohistological quantification was conducted in greyscale using the Fiji package of
ImageJ [74]. Images were thresholded to create binary images, and NP and AF
compartments were manually segmented using the Freehand Tool. These defined regions of
interest were analyzed either using the Analyze Particles (TUNEL and cell number
quantification) function or the Area Fraction measurement.

RNA Isolation

NP and AF tissues were separately micro-dissected from Sox9¢TR and Sox9¢KO animals
under a stereo microscope (Zeiss, Stemi 503) and immediately placed in RNAlater®
Reagent (Invitrogen, Carlsbad, CA) as previously described [52]. For each animal, tissues
from L1-S1 and C1-C12 were pooled to serve as a single sample (n=17 discs/animal, 4
animals/genotype). NP and AF tissues were homogenized with a Pellet Pestle Motor (Sigma
Aldrich, Z359971), and RNA was extracted from the lysates using an RNeasy® Mini kit

(Qiagen).

Microarray Assay and Bioinformatic Analysis

Purified DNA-free RNA was quantified and quality was assessed using a Nanodrop ND- 100
spectrophotometer (Thermo Fisher Scientific) and Agilent 2200 TapeStation (Agilent
Technologies, Palo Alto, CA, USA) respectively. The GeneChip WT Plus kit (Thermo
Fisher Scientific) was used to synthesize fragmented biotin-labeled cDNA. Mouse Clariom
S gene chips were hybridized with fragmented, biotin-labeled cDNA in 100 L of
hybridization cocktail. Arrays were washed and stained with GeneChip hybridization wash
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and stain kit using GeneChip Fluidics Station 450 (Thermo Fisher Scientific) and
subsequently scanned on an Affymetrix GeneChip Scanner 3000 7G, using Command
Console Software (Affymetrix, Santa Clara, CA, USA). CHP files were generated by sst-
rma normalization from CEL files and quality control of the experiment was performed in
the Transcriptome Analysis Console (TAC) v4.0.2 (Affymetrix). The experimental group
was compared to the control group in the TAC, including all probe sets where at least 50%
of the samples had a DABG (detected above background) p < 0.05. Inclusion cutoffs were
defined at a 1.75-fold change and p-value < 0.05. Significantly differentially up- and down-
regulated genes from the NP and AF compartments were analyzed using the GTAC-
CompBio Analysis Tool (PercayAl Inc., St. Louis, MO) [38].

CompBio performs a literature analysis to identify relevant biological processes and
pathways represented by the input differentially expressed entities, in this case, DEGs. This
is accomplished with an automated Biological Knowledge Generation Engine (BKGE) that
extracts all abstracts from PubMed that reference entities of interest (or their synonyms),
using contextual language processing and a biological language dictionary that is not
restricted to fixed pathway and ontology knowledge bases. Conditional probability analysis
is utilized to compute the statistical enrichment of biological concepts (processes/pathways)
over those that occur by random sampling. Related concepts built from the list of
differentially expressed entities are further clustered into higher-level themes (e.g.,
biological pathways/processes, cell types, and structures, etc.). Within CompBio, scoring of
entity (DEG), concept, and overall theme enrichment is accomplished using a multi-
component function referred to as the Normalized Enrichment Score (NES). The first
component utilizes an empirical p-value derived from several thousand random entity lists of
comparable size to the user’s input entity list to define the rarity of a given entity-concept
event. The second component, effectively representing the fold enrichment, is based on the
ratio of the concept enrichment score to the mean of that concept’s enrichment score across
the set of randomized entity data. As such, the NES reflects the rarity of the concept event
associated with an entity list, as well as its degree of overall enrichment. Based on these
empirical criteria, observed entity-concept scores above 10.0, 100.0, and 1000.0 are labeled
as moderate, marked, or high in level of enrichment above random. Themes scoring above
500.0, 1000.0, and 5000.0 are labeled similarly.

The program was further used to compare the NP and AF profiles at the concept level. This
was done through the consideration of the biological terms/concepts to create a difference
filter. This filter, when applied, revealed the unique concepts within each theme, represented
as a fraction in parenthesis. Coloring of the theme halos represent the percent of unique
concepts, with red (= 76%) indicating the most, and blue (< 25%) indicating the fewest
unique concepts. Orange and green are intermediate, indicating 51-75% and 25-50%
respectively.

Real-Time gRT-PCR

Purified DNA- free RNA was converted to cDNA using EcoDryTM Premix (Clontech
Laboratories, Palo Alto, CA, USA). Template cDNA and gene-specific primers were
combined with SYBR Green master mix (Applied Biosystems, Foster City, CA, USA) and
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MRNA expression was quantified using the Step One Plus Real- time PCR System (Applied
Biosystems). Gene expression was normalized to GAPDH. Specificity and the absence of
primer dimer formation were confirmed through melting curve analysis. All samples were
assessed in duplicate included a template-free control, and were cycled using a previously
described program [27]. Primers were synthesized by Integrated DNA Technologies
(Coralville, 1A, USA) and as are listed in Supplementary Table 5.

Statistical analysis was performed using Prism 8 (GraphPad, La Jolla, CA, USA) with data
presented as mean + standard deviation (SD). Differences between distributions were
checked for normality using Shapiro-Wilk tests and further analyzed using an unpaired t-test
for normally distributed data and the Mann-Whitney U test for non-normally distributed
data. Comparison of multiple distributions of non-normally distributed data used Kruskal-
Wallis and Dunn’s multiple comparison tests; whereas normally distributed data were
compared using one-way ANOVA with a posthoc Tukey’s multiple comparison test [27].
Analyses of Modified Thompson Grading data distributions and fiber thickness distributions
were performed using a XZ test at a 0.05 level of significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Sox9 deletion in discs of skeletally mature mice causes progressive
degeneration
. Sox9 conditional knockout mice show progressive loss of disc cells
. Deletion of Sox9 results in extracellular matrix remodeling and changes in
disc cell phenotype
. Sox9 regulates distinct transcriptomic landscapes in nucleus pulposus and

annulus fibrosus tissue compartments
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Figure 1. Sox9¢KO mice show signs of early degenerative changes.
(A) Timeline of tamoxifen administration to generate Sox9€TR (Soxd1/fl) and Sox9cKO

(AcanCreERTZ5oxdlIfl) mice. Mice of both genotypes were injected at 3 months (3M) and
analyzed at 1 week (3M 1 wk), 1 month (4M), and 2 months (5M) post injection. (B-D”)
Safranin O/Fast Green staining of lumbar discs showing disc morphology and overall
proteoglycan content in the intervertebral disc. (B-B”) One week post Sox9 deletion
Sox9°KO mice show comparable disc morphology to Sox9€TR (scale bar = 200 um). (C-D”)
Whole disc (row 1, scale bar = 200 um) and high-magnification images of the NP, EP, and
NP/AF boundaries (rows 2, 4, scale bar = 50 um; row 3, scale bar = 25 pm) in 4- and 5-
month-old Sox9€TR and Sox9¢KO mice. (C’, D’) Yellow arrowheads indicate proteoglycan
loss in the growth plate at 4 months, without changes in other compartments. (D’) Complete
ablation of the growth plate, fibrotic remodeling in the NP, loss of hypertrophic cells, and
reduced definition between NP and AF compartments was evident in 5-month-old Sox9¢KO
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mice. (E-H”) Histological grading assessment of 4-month- and 5-month-old lumbar discs
using the modified Thompson and Tessier scales (n=4-5 discs/animal, 4-5 animals/
genotype, 16-25 total discs/genotype). (E, F) Distribution of average histological grades in
the NP and AF of 4-month-old (E) and 5-month-old (F) animals, with higher scores
indicating higher levels of degeneration. (G-J’) Cumulative average, level-by-level average
histological grades of the NP and AF, and average collective EP scores in 4-month-old (G-
H’) and 5-month-old (1-J) animals. (K-L”) TUNEL staining showing apoptotic cells in the
NP and AF regions of lumbar intervertebral disc sections from 4-month (n=4 discs/animal, 4
animals/genotype, 16 total discs/genotype) and 5-month-old (n=6 discs/animal, 5 animals/
genotype, 30 total discs/genotype) mice (scale bar= 200 pum). (M, N) Corresponding
quantification showing the percentage of TUNEL-positive cells and the number of DAPI-
stained nuclei. Significance for the grading distribution was determined using a Xz test.
Significance for all other quantitative measures was determined by using an unpaired t-test
or Mann-Whitney test if data were not normally distributed. Quantitative measurements
represent mean + SD.
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Figure 2. Sox9°KO mice show severe disc degeneration at 12 months of age.
(A) Timeline of tamoxifen administration to mice at 3 months. 9 months post injection, 12-

month-old (12M) Sox9°KO and Sox9CTR mice were analyzed. (B-C’) Safranin O/Fast Green
staining of (B, B’) lumbar and (C, C’) caudal discs showing tissue morphology and
proteoglycan content (row 1, scale bar= 200 um) and high magnification images of the NP,
EP, and NP/AF tissue boundary (rows 2-4, scale bar= 50 um). Yellow arrowheads indicate
the fibrotic remodeling in the NP, loss of hypertrophic cells, and reduced demarcation
between NP and AF compartments. (D-K) Histological grading assessment using the
modified Thompson and Tessier scales for 12-month-old (D, F-H) lumbar and (E, I-K)
caudal discs (n=3 lumbar discs/animal, 5 caudal discs/animal, 10 animals/genotype, 30
lumbar and 50 caudal discs/genotype). (D-E, F, I) Distribution of and average histological
grades in the NP and AF, with higher scores indicating higher levels of degeneration. (G-H,
J-K) Level-by-level average grades of NP and AF degeneration. (L-L’, M-M’) Average
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collective scores of endplate degeneration. Significance for grading distribution was
determined using a XZ test. Significance of level-by-level data was determined using an
unpaired t-test or Mann-Whitney test, if data were not normally distributed. Quantitative
measurements represent mean + SD.

Matrix Biol. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tsingas et al.

Caudal

Hemi-section

Cross-section

Page 27

E =0 0008 <0 000" F =0.0007 P 000 G P 3642 p=0{210
E S 4 e 18 M
z i 5 ‘ =
‘g 40004 Q = a0 019 . a
5 g ¢ “ g‘ i’ F3 H lg‘
E 3000 2¢ o0s =
- B o
é 25004 g
> e -~ - - *
CTR cK® CTR cKO CTR ¢KO CTR X0 CTR cKD CTR cKO
Candal Cumbar Cavdal Lumbier Candal Cumbar
H pe0.6221 p=00187 | 03029 =0 0% J ped 6351 p=0.1672 K p=02912 p*0.3403
as — | e | " 1 L3 * | | » ‘ P bt —_—
o L = 3 >, S =
i g: . 144 . 1k I
= o . £ E |3 el g : > =
& ; £ 4 ; - > - 1
i ; . " e . z . " - gl 4
g 3 | 8 .E' "
g LE] - -3 g» -
-
o Ll
CTH X0 CTR <KO CTR cKO CTR X0 CTR cXD CTR oK CTR KO CTR cKO
Catcha Cumbar Covatlal Lumeer "G Lumbar “Caude | Tamibar
p=0.3667 p=0.1756 p<0) 0001 p=0 667 =0 0002 p=0.1678
& | o | e 0k —_— — = 100 —_— 18 (pr——
e - £ o~
} 3 - ) P - A
3 E o 2 " a, £ 1.
3 . ¢ i U
2 : a2 ] >
S HINE Tl S F .
o 3 I
’ Q' z s Qg o N 5 s
]
'

0

CTR KO CTR cKO

CTR oXD CTR XD

Cavsa) Lumbar

Candal Lumbar

cTR

L
Lumbar

Figure 3. Conditional deletion of Sox9 results in reduced vertebral size and compromised
trabecular and cortical bone quality.

(A-D) Representative uCT reconstructions of the hemi-section of a caudal (A, B) and lumbar
(C, D) motion segment in a 12-month-old Sox9¢TR and Sox9°%O mouse. (A’-D’) Cross-
section of a representative caudal (A’, B”) and lumbar (C’, D) vertebral body of 12-month-
old Sox9CTR and Sox9KO animals. (E) Vertebral length, (F) disc height, (G) and disc height
index (DHI) are shown for caudal and lumbar vertebrae. (H-L) Trabecular bone properties of
(H) Trab. Sp, (1) Th. Th., (J) Th. N., (K) Trab. BV/TV, and (L) structure model index (SMI)
are shown for caudal and lumbar vertebrae. (M-O) Cortical bone properties of (M) Cs. Th.
(caudal and lumbar), (N) Cort. BV/TV (caudal only), and (O) Cort. BV (lumbar only) are
shown. Quantitative measurements represent mean + SD (n=3 caudal discs and 4 vertebrae//
mouse, 10 mice/genotype; n=2 lumbar discs and 3 vertebrae/mouse, 10 mice/genotype). (A-
D) Scale bar = 1Imm. (A’-D’) Scale bar = 250 pm. Significance of differences was
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Figure 4. Sox9°KO mice progressively lose native cell populations and show diminished
phenotypic marker expression.

(A-E) Fate mapping using tdTOM in a (A) Sox9€TR and (B) 4M), (C) 5M, (D) 10M and (E)
12M Sox9KO animals (top row scale bar= 200 pm; bottom row scale bar= 50 um). Loss of
tdTOM™ cells was evident with time without replacement by tdTOM™ cell types, n=2 discs/
animal, 2 animals/time point, 4 total discs/time point (F-F’) EdU labeling in (F) 4M and (F’)
5M animals, injected 6 hours prior to euthanasia (scale bar = 200 um). White arrowheads
indicate EdU-positive cells. (G-1"") Quantitative immunohistological staining of NP
phenotypic markers using 4- and 5-month-old lumbar discs: (G-G”) carbonic anhydrase 3
(CA3); (H-H") glucose transporter 1 (GLUT1); and (I-1"") keratin 19 (KRT19) (scale bar=
100 pm). Decreased staining area for all the markers and a subpopulation of cells negative
for marker expression was evident in Sox9°KC mice. (J-J”) Quantitative immunohistological
staining conducted on 4- and 5-month-old lumbar discs for AF phenotypic marker
fibromodulin (FMOD) (scale bar= 100 um). (h=2-4 discs/animal, 4 animals/genotype (4M),
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8-15 discs/genotype/stain; 5 animals/genotype (5M), 10-16 discs/genotype/stain). Dotted
lines demarcate different tissue compartments within the disc. Quantitative measurements
represent mean = SD. Significance was tested using Kruskal-Wallis and Dunn’s multiple
comparison tests.

Matrix Biol. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Tsingas et al.

Page 31

W Y s
- -

L L

Polerens  Brght Pt

M 1M

'3 If e ,,.-F.‘.f' -t —hr
(i § T e
4% a"b-—“-*r"ld-!-{f' ot
i Y 1A

1| =)

Kl

H

‘3_,... ‘g . VT e

»

}? "o ‘:c-l 1 ‘\‘
£ 3 oo L -.-,__..l.w..vl
:9}-.. sia.q 8 |

, ‘ M e

Figure 5. Changes in chemical composition accompany increased severity of disc degeneration in
S0x9°KO mice.

(A-D’) Picrosirius Red staining of (A-B’) 5-month-old and (C-D”) 12-month-old caudal
discs showing collagen organization of the AF in the (A-D) bright field and collagen fiber
distribution under (A’-D”) polarized light (scale bar= 100 um). (E-E”) Quantification of (E)
fiber thickness distribution and (E”) proportion of discs with AF buckling for 5-month-old
(n=4 discs/animal, 5 animals/genotype, 20 total discs/genotype) and 12-month-old (n=3
discs/animal, 6 animals/genotype, 18 total discs/genotype) caudal discs. (F-G”) Spectral
cluster analysis images (Scale bar = 200 um). (H-1") Average second derivative spectra,
inverted for positive visualization, of the NP, AF, and EP of (H, H’) 5-month-old (n=1 disc/
animal, 5 animals/genotype, 5 total discs/genotype) and (1, 1”) 12-month-old (n=1 disc/
animal, 10 animals/genotype). (J-L” and P-R’) Chemical maps and (M-O and S-U)
quantification of mean second derivative peaks for (J-J’, M, P-P’, S) proteoglycan (1156 cm
1), (K-K’, N, Q-Q’, T) collagen (1338 cm™1), and (L-L’, O, R-R’, U) total protein (1660 cm
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~1y content. Significance between fiber distribution was determined using a x 2 test. AU:
arbitrary units. Quantitative measurements represent mean + SD. Significance of chemical
components was determined using an unpaired t-test or Mann-Whitney test, if data were not
normally distributed.
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Figure 6. Sox9¢KO mice show matrix remodeling characteristic of disc degeneration.
Quantitative immunohistological staining of 12-month-old Sox9¢TR and Sox9¢KO lumbar

discs for: (A, A’) aggrecan (ACAN); (B, B”) chondroitin sulfate (CS); (C, C”) aggrecan
neoepitope, generated by ADAMTS-dependent degradation (ARGxx); (E, E’) collagen |
(COL 1), (F, F’) collagen 11 (COL Il); (G, G”) denatured collagen, measured by a collagen
hybridization peptide binding (CHP); (1, 1) cartilage oligomeric matrix protein (COMP); (J,
J’) fibromodulin (FMOD); (K, K”) matrix metalloproteinase 13 (MMP13); (L, L") collagen
X (COL X). Yellow arrowheads indicate (D) ARGxx-expressing cells and (M) COL X
deposition. A-C, G, L, : scale bar= 200 um; E-F, H-K: scale bar= 100 pm, and ARGxx, COL
X: scale bar=50 pm. (n=1-3 discs/animal; 6 animals/genotype, 9-16 discs/genotype/stain; 5
animals/genotype, 12-15 total discs/genotype for CHP) Dotted lines demarcate different
tissue compartments within the disc. Quantitative measurements represent mean + SD.
Significance was determined using an unpaired t-test or Mann-Whitney test as appropriate.

Matrix Biol. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Tsingas et al. Page 34

F oD Chnge
PO e 1 GA P D

‘;1"{
i
" W a8 iy AT " SEED TR
3 - e
D NP D £ AF F
e
™ "
Abn - fub
O
w ! Los
| Aptn
4 - &m
e [
» o n
* 'S«Zh':u' ™ W»l "
(£ ‘.- / e fagd
o BN R TF AR TID AL NTE Y PRI ECETLTRUE
STR Saieg ) G N gr

AP Fald Charyge
PO Sod b MG

-
-
Bl
Y
-
.
N
H
3

P "
l""lt :L',:]i x®Z

T D T S5 TN W o0
W PRl Beile  AcM RN Bk e
vy

Figure 7. Sox9¢KO mice show early transcriptional reprogramming in NP and AF tissues
(A) Timeline of tamoxifen administration in Sox9€TR and Sox9°KO mice at 3 months; RNA

was analyzed 5 and 21 days post injection. (B) mMRNA expression levels of Sox9in the NP
and AF of Sox9C€TR and Sox9¢KO —mice 5 days post tamoxifen injection (n=17 discs/
animal, 4 animals/genotype). (C-C”) Clustering of transcriptomic profiles by Principal
Component Analysis of NP (C) and AF (C’) tissues. (D, E) Hierarchical clustering of
significantly differentially expressed genes (DEGs) (p < 0.05, = 1.75-fold change). (D’, E’)
Log-log scatterplots of DEGs in the (D) NP and (E’) AF. (F) Venn Diagram showing the
distribution and directionality of unique and common DEGs in the NP and AF (p <0.05, =
1.75-fold change). (G-H’) Relative mRNA expression levels of genes confirmed by gPCR in
the (G, G”) NP and (H, H") AF of animals (G, H) 5 days (n=17 discs/animal, 7 animals/
genotype) and (G’, H’) 21 days post tamoxifen injection (n=17 discs/animal, 5 Sox9C¢TR, 7
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Sox9°KO). PCR data represents the mean + SD. Significance was determined using an
unpaired t-test or Mann-Whitney test, if data were not normally distributed.
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Figure 8. Sox9 deletion in the AF significantly impacts transcriptional programming related to
the immune response, cytoskeleton, cell cycle, extracellular matrix, and ion transport.

(A) Thematic organization of concepts determined by literature correspondence to
significantly differentially upregulated genes in the AF of Sox9°KO mice, emphasizing
immune responses (blue), the cytoskeleton (red), the cell cycle (orange), and the
extracellular matrix (yellow) as prominent physiological features impacted by SOX9 loss of
function. (B) Downregulated DEGs in the AF of Sox9¢KC mice indicating the extracellular
matrix (yellow) and ion transport (pink) as the most prominent physiological features
impacted by Sox9deletion. (n=17 discs/animal, 4 animals/genotype)
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Figure 9. Sox9 deletion in the NP significantly impacts transcriptional programs related to
extracellular matrix, glycosaminoglycans, immune response, cytoskeleton, and signaling.

(A) Thematic organization of concepts determined by literature correspondence to
significantly differentially upregulated genes in the NP of Sox9°KO mice emphasizes the
immune response (blue), the extracellular matrix (yellow), and the extracellular matrix
subset of glycosaminoglycans (dark yellow) as prominent physiological features impacted
by Sox9deletion. (B) Downregulated genes in the NP of Sox9°KO mice indicate the
extracellular matrix (yellow), cytoskeleton (red), and signaling (green) as the most
prominent physiological features impacted by Sox9deletion. (n=17 discs/animal, 4 animals/

genotype)
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Figure 10.
Schematic summarizing roles of SOX9 in post-natal maintenance of the intervertebral disc

and its unique biological functions in the AF and NP compartments.
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