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Background: Annulus fibrosus (AF) is an important part of the intervertebral disc (IVD) and its injury leads to
back pain and impaired mobility. The stem/progenitor cells are essential for the maturation and repair of the AF,
however, the identity of AF stem/progenitor cells remain elusive.

Methods: In this study, we sorted cells from the murine IVDs and performed the single-cell RNA sequencing. Using
single-cell transcriptomics, genetic lineage tracing, in vitro stem cell experiment, ablation models and cell
transplantation, we elucidate the role of AF progenitor cells in maturation and injury.

Results: On the basis of single-cell RNA-sequencing (scRNA-seq) analysis of the intervertebral disc, we found that
the transcription factor Scleraxis (Scx) can specifically label a progenitor cell population of the outer AF. By
lineage tracing assay, Scx-lineage AF cells proliferate mainly prior to sexual maturity, but barely proliferate after
age of 8 weeks. The Scx-expressing AF cells are enriched for stem/progenitor cell markers and show a higher
proliferative capacity and differentiation potential than the Scx™ cells. The ablation of Scx-expressing AF cells
impairs the maturation of AF. The Scx™ AF cells are enriched for TGFp signaling. Transplantation of Scx-lineage
cells to injured AF with Connective tissue growth factor (CTGF) improved the AF healing.

Conclusions: Scleraxis-expressing progenitor cells are critical for the maturation of AF and demonstrate thera-
peutic potential for AF regeneration.

The translational potential of this article: These findings expand the important role of stem cells in maturation and
repair and provide new strategy for cellular therapy of AF repair.

structures, the annulus fibrosus (AF) and the intermediate nucleus pul-
posus (NP). The AF is rich in collagen and made up of fibrocartilage,

1. Introduction

Lower back pain (LBP) causes maximum productivity loss worldwide
and is the leading cause of years lived with disabilities [1]. The annual
expenditures for the management of LBP patients are estimated to
exceed $100 billion in the USA [2].

The intervertebral disc (IVD) connects the vertebraes and bears the
pressure of the spine during movement. It consists of two important
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similar to the ligament structure. It surrounds the middle NP, a cartilage-
like structure made up of proteoglycans [3]. AF can be divided into inner
and outer regions. The outer AF is ligamentous tissue and the inner AF is
cartilage-like tissue. The outer AF consists primarily of thick, dense type
I collagen fibers, resulting in higher stiffness, while the inner AF contains
thin, loose type II collagen fibers [4-6].
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The AF cells are descendants of the Scx™/Sox9™" progenitors [7].
Scleraxis (Scx) is important in tendon development, growth, and heal-
ing. Scx™ cells are required for maintenance of collagen extracellular
matrix (ECM) alignment and organization in adults, but not early
post-natal flexor tendon growth [8]. Scx is the marker of tendon pro-
genitor cells [9]. Previous studies found that Scx labels the caudal IVD
cells of mice [10]. However, the characteristics of Scx-expressing pro-
genitors and their therapeutic potential have not been explored.

Injuries of the AF result in the IVD herniation and degeneration. The
main treatment is surgical removal of herniated tissue, but is difficult to
repair AF, leading to recurrence. Relatively few studies have focused on
the endogenous AF repair capacity [11]. Identifying unique biomarkers
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of the AF is essential to ensure the quality control measures of stem cells
for regenerative treatments, which is an ongoing exploration [12].
AF-derived stem cells are multipotent and serve as ideal seed cells for AF
repair due to their tissue-specific origin [13]. AF stem/progenitor cells
express markers, including Col5al, Col12al, CD29, CD44, and CD166,
and exhibit differentiation potential [14-16]. Although resident AF
stem/progenitor cells have been identified in recent studies, there is still
no consensus in the field on definitive markers for these cells or their
location/potential [17].

In this study, we separated IVD cells from 8-week-old mice and
performed single-cell RNA-Seq (scRNA-Seq). Scx was identified as a
specific marker labeling outer AF cells. Lineage tracing revealed that
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Fig. 1. Single-cell RNA sequencing analysis identified transcription factor Scx specifically labeled the cells of the outer annulus fibrosus
(A) UMAP grouping of the single cell RNA sequencing of intervertebral disc cells isolated from 8-week-old WT mice. (B) Heat map of gene expression in different cell
groupings. (C) Marker gene expression in different groups. (D) Pseudotime analysis of cells from outer and inner AF. (E) Single cell data analysis of transcription
factor expression in different groups. (F) Single cell data analysis of Scx expression in different groups. (G) GO analysis of Scx™ AF cells.
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Scx™ AF cells contribute to AF maturation. Scxt AF cells expressed stem/
progenitor markers and were multipotent in vitro, which indicates Scx
can label a subpopulation of AF progenitors. By constructing an IVD
defect model, we found that treatment with Scx* cells promotes AF
repair, demonstrating their therapeutic potential.

2. Results

Single-cell RNA sequencing analysis revealed that the transcription
factor Scx specifically labels the cells of the outer annulus fibrosus.

To gain insight into the cellular and molecular characteristics of the
intervertebral disc at the single cell resolution, we performed single-cell
RNA sequencing (scRNA-seq) of the lumbar disc from 8-week wild-type
mice. The total number of sequenced cells was 6,228, distributed as
follows: 1965 in Cluster 0, 1531 in Cluster 1, 885 in Cluster 2, 424 in
Cluster 3, 401 in Cluster 4, 375 in Cluster 5, 286 in Cluster 6, 168 in
Cluster 7, 107 in Cluster 8, 54 in Cluster 9, and 32 in Cluster 10. Eleven
distinct cell populations were identified, including: outer AF cells
(proteoglycan 4, Prg4), inner AF cells (collagen type IX alpha 1, Col9al),
nucleus pulposus cells (keratin 8, Krt8), basophils (serine protease 34,
Prss34), endothelial cells (protein tyrosine phosphatase receptor type B,
Ptprb), red blood cells (carbonic anhydrase 1, Carl), Pre B cells (V-Set
Pre-B cell surrogate light chain 1, Vprebl), neutrophils (S100 calcium
binding protein A8, S100a8), B cells (immunoglobulin Kappa constant,
Lgkc), mononuclear macrophage cells (lymphocyte antigen 6C2, Ly6c2),
and proliferating cells (proliferating cell nuclear antigen clamp associ-
ated factor, Pclaf) (Fig. 1A-C). To identify the stem/progenitor cell
population of the annulus fibrosus, we performed pseudotime analysis,
which revealed a trajectory from the outer annulus fibrosus cells to the
inner annulus fibrosus cells, indicating that the stem/progenitor cells
reside in the outer annulus fibrosus (Fig. 1D). We screened transcription
factors highly expressed in the annulus fibrosus cell group, such as
Nfatc1, Hes1, KIf9 and Csrnp, as candidates for labeling stem/progenitor
cells. However, most of these transcription factors were not only
expressed in the annulus fibrosus but also widely distributed among
other cell groups of the intervertebral disc (Fig. 1E). Interestingly, we
found that Scx was specifically expressed in the outer annulus fibrosus
(Fig. 1F). We used Monocle 2 unsupervised pseudotime to model the
relationship between these two clusters, which revealed nine states
(Figure below left). There are eight states (states 1-8) of outer AF cells
linked to inner AF cell fate (state 9) (Fig. S1A). Interestingly, the ma-
jority of Scx™ cells located in state 1 representing an early state among
these cell populations (Fig. S1B). Further GO analysis of Scx* AF cells
revealed that high expression of Scx was associated with extracellular
structure organization, extracellular matrix organization, connective
tissue maturation, and the transforming growth factor beta receptor
signaling pathway (Fig. 1G).

2.1. Fate mapping revealed that Scx-lineage AF cells contribute to AF
maturation

To study the function of Scx™ AF cells during maturation, we con-
structed Scx-CreER; Rosa26-Ai9 (R26-Ai9) mice. The Scx-CreER; R26-Ai9
mice were induced by tamoxifen at post-natal day 1 (d1) and analyzed at
d3 and 8 weeks(w8) (Fig. 2A). At d3, a few Ai9" cells were highly
restricted to the outer AF, whereas by w8, Ai9" cells were distributed
throughout most of the AF, demonstrating the massive expansion of Scx-
lineage cells (Fig. 2A and B). To study the function of Scx™ AF cells
during homeostasis, the adult (8 weeks old) Scx-CreER; R26-Ai9 mice
were induced by tamoxifen and analyzed after 2 days and 8 weeks
(Fig. 2C). Interestingly, the Ai9™ cells did not show significant expansion
(Fig. 2C and D). Most Ai9" cells expressed ScxGFP after consecutive
tamoxifen induction (Fig. 2E). We then utilized a cell-proliferation
tracing system named ‘ProTracer’ (Proliferation Tracer) to trace the
proliferating cells within the AF. ProTracer (R26-DreER; Ki67-CrexER;
ScxGFP; R26-Ai9) mice enable lifelong, noninvasive monitoring of cell
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proliferation following tamoxifen induction. Briefly, tamoxifen-induced
DreER-rox recombination converts the inducible Ki67-CrexER into
constitutively active Ki67-Cre in DreER-expressing cells, permanently
recording active Ki67 transcription by activating the R26-Ai9 reporter
(Fig. 2F) [18]. We induced ProTracer mice at d1 and 8 weeks of age with
tamoxifen and analyzed them after 2 months. Ki67" cells were distrib-
uted throughout the AF following d1 induction, whereas their numbers
decreased significantly with adult induction (Fig. 2G and H). These data
demonstrate that Scx-lineage AF cells contribute to AF maturation.

2.2. Limited repair capacity of AF in adult mice

To study Scx-lineage cells during repair, we established a caudal
vertebra puncture model in 8-week-old Scx-CreER; ScxGFP; R26-Ai9
mice. After the tamoxifen induction, adult Scx-CreER; ScxGFP; R26-Ai9
mice were treated with the caudal vertebra puncture and were analyzed
at 4,7, 14, and 28 days post-injury. Ai9" cells did not exhibit significant
expansion, indicating limited damage repair capacity of the AF (Fig. 3A
and B). EdU staining of the IVD at 4, 7, 14, and 28 days post-puncture
revealed a significantly lower number of EAU™ cells in the AF (Fig. 3C
and D). The TUNEL staining of AF cells on the day 4, day 7, day 14 and
day 28 after puncture showed that the number of TUNEL" cells in AF
was significantly higher on day 4 and 7 than that on day 14 and 28,
suggesting that a large number of cells would undergo apoptosis in the
early stages of injury (Fig. 3E and F).

2.3. Clonogenicity and multipotency of Scx™ progenitors

FACS analysis revealed that nearly all Scx™ cells were negative for
Lin markers (CD31/CD45/TER119) (Fig. 4A). Interestingly, Lin'Scx™
cells exhibited higher expression of stem/progenitor markers, including
Scal, CD200, CD73, Nestin, and CD44, compared to Lin'Scx™ cells
(Fig. 4B).The colony formation assay of Scx” AF cell and Scxt AF cell
from ScxGFP mice showed that Lin'ScxGFP™ cells had better capacity to
form colonies compared with Lin'ScxGFP™ cells (Fig. 4C). Alcian blue
staining also showed Scx™ cells exhibited stronger chondrogenic dif-
ferentiation than Scx™ cells (Fig. 4D). After differentiation, Scx™ cells
showed higher transcriptional levels of chondrogenic markers, including
Aggrecan, Col2al, and Sox9, compared to Scx” cells (Fig. 4F). Alkaline
phosphatase (ALP) and alizarin red S (ARS) staining revealed that Scx™
cells exhibited stronger osteogenic differentiation than Scx™ cells
(Fig. 4E). After differentiation, Scx™ cells displayed higher transcrip-
tional levels of osteogenic markers, including Alp, Bsp, and Opn,
compared to Scx” cells (Fig. 4F). However, Scx™ cells exhibited weaker
adipogenic differentiation than Scx™ cells by Oil Red O staining (Fig. 4G).
Taken together, these data indicated that Scx could label a subpopula-
tion of AF progenitors.

2.4. Inhibition of the postnatal maturation of AF tissue by ablation of
Scx™ cells

During postnatal growth, the size and cell number of the AF
increased significantly. To further verify the role of Scx™ cells in the
postnatal AF growth, we crossed Scx-CreER; R26-Ai9 mice with Rosa26-
DTA (DTA) mice. Scx-CreER; R26-Ai9; DTA mice and Scx-CreER; R26-Ai9
(Control) received a dose of Tamoxifen (Tam) at d1 (Fig. 5A). IVD
samples were harvested when the mice were 8 weeks old. Ai9" cells
decreased, and the depletion of Scxt cells led to abnormal AF
morphology (Fig. 5B and C). Both the size and cell numbers of the AF
were reduced (Fig. 5D and E). Taken together, these data indicate that
the expansion of Scx™ progenitor cells is indispensable for the early
postnatal maturation of AF.

2.5. Therapeutic potential of Scx™ progenitors for AF healing

KEGG analysis of Scx™ AF cells revealed that the Scx gene is
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Fig. 2. Fate mapping showed that Scx-lineage AF cells contributed to the maturation of the AF

(A) Comparison of Scx™ AF cells between mice induced by tamoxifen at day 1(d1) for one time and analyzed at d3 or 8 weeks (w8). n = 4 mice per group. (B)
Quantitative analysis of the numbers of Scx™ AF cells in (A). (C) Comparison of Scx™ AF cells between mice induced by tamoxifen at 8 weeks for one time and
analyzed after two days with mice induced by tamoxifen at 8 weeks and analyzed at 16 weeks. n = 4 mice per group. (D) Quantitative analysis of the numbers of
Scx™ AF cells in (C). (E) Confocal image showed the co-localization of Scx-CreER™ cells and ScxGFP™ cells. Mice were induced at 8 weeks old for five consecutive times
and analyzed after 1 week. (F) The construction of Protracer mice. (G) Comparison of Ki67" AF cells between mice with different induction strategies. Mice were
induced by tamoxifen at d1 or 8 weeks old for one time and analyzed after 8 weeks. n = 3 mice per group. (H) Quantitative analysis of the numbers of Ki67" AF cells

in (G). Scale bars,100 pm. Data are presented as the mean + SD. **,p < 0.01;

“,p < 0.001; ns,no significant difference, by unpaired, 2-tailed t test.

associated with PI3K-Akt signaling, Focal adhesion, ECM-receptor
interaction and the TGF-p signaling pathway (Fig. 6A). The TGF-B
signaling pathway has been reported to play a critical role in AF repair,
but its effect on Scx' progenitor function remains unclear. Connective
tissue growth factor (CTGF), a secreted protein involved in ECM
remodeling during development and pathology, mediates the down-
stream actions of TGF-p [19]. We sorted and cultured the Scx™ AF cells
from the ScxGFP mice. Scx™ AF cells displayed increased mRNA level of
transcription factors (Scx and Mkx), ECM genes (Col2al, Aggrecan and
Collal) with the treatment of CTGF (Fig. 6B). Scx™ progenitor cells are
necessary to build the AF, express progenitor cell markers, and show
multipotency and clonogenicity in vitro. We therefore explored the
therapeutic potential of Scx™ cells to enhance AF healing, with the
long-term goal of developing a stem cell-based treatment for AF regen-
eration. Scx™ cells were sorted, expanded in vitro, and transplanted into
the injured AF. Different treatments were administered at the time of
puncture. Analysis was performed 56 days after injury. SOFG staining
revealed that, compared to the normal AF, the injured AF exhibited
obvious defects and a disrupted structural boundary between the AF and
the nucleus pulposus. Compared to the puncture group, AF treated with
Matrigel alone showed no significant difference. Following injury, in-
jection of Matrigel enclosing Scx” cells reduced the AF defect, but the
structure between the nucleus pulposus and the AF remained disorga-
nized. Compared to the Matrigel enclosing Scx™ cells group, the AF
structure in the Matrigel enclosing Scx™ cells group was more regular.
After injury, injection of Matrigel enclosing Scx™ cells stimulated with
CTGF resulted in a smaller AF defect and maintained the boundary be-
tween the AF and the nucleus pulposus (Fig. 6C). The average Modified
Thompson Grading score was used to quantify AF structure. The results
showed that compared with the normal annulus fibrosus, the scores in
other groups were significantly higher. However, the score of the
Matrigel enclosing Scx™ cells stimulated by CTGF was relatively lower,
while the area ratio of the inner AF to the total AF of the Matrigel
enclosing Scx™ cells stimulated by CTGF was significantly higher than
that in the other puncture groups (Fig. 6D and E). The fluorescent images
showed ScxGFP™ cells resided in the AF region after transplantation and
increased significantly with CTGF treatment, indicating that the trans-
planted cells could survive the transplantation and CTGF enhance the
function of Scx™ cells (Fig. S1C). These two results suggest that the
treatment of the Matrigel enclosing Scx™ cells stimulated by CTGF was
more efficient.

3. Discussion

The adult IVD is normally non-regenerative since AF injury leads to
decreased IVD cellularity, matrix degeneration, innervation, and
inflammation [20]. Tissue regeneration utilizing resident progenitor
cells may become a feasible strategy for IVD repair in the future. Sun
et al. identified two new functional AF cell subpopulations with stem-
ness and vascularization induction potential [21].

AF cells exposed to acute cyclic tensile strain showed significantly
increased expression of the ECM gene Prg4.Prg4 is mechanically regu-
lated in the AF [22]. Lubricin, the primary boundary lubricant for
articular cartilage, protects against the development of osteoarthritis
[23]. Shine et al. reported that lubricin, encoded by Prg4, is expressed in
the AF of caprine IVDs [24]. Our study found that PRG4 is expressed in
the outer AF of mice.
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In addition to repair cells that deposit granulation tissue, immune
cells such as pro-inflammatory macrophages, T lymphocytes, and mast
cells have been implicated in poor adult AF healing [25-28]. However,
mechanistic studies testing the requirement of these cells in healing have
not been carried out and the sources of fibrotic repair cells remain
largely unidentified. Our scRNA-seq results identified immune cell
populations in the IVD, including basophils, Pre B cells, neutrophils, B
cells, and mononuclear macrophage cells.

Adult annulocytes remained quiescent after injury, with minimal
proliferation or cell recruitment observed overall. It is well known that
the adult human IVD has limited capacity for endogenous repair and
regeneration. This may result from a loss of proliferative capacity during
maturation [29]. It has been reported that AF regeneration in neonatal
mice depends on Scx-lineage cells, with neonatal mice capable of repair
through the conversion of Scx-cells into Scx™ cells [17]. This suggests
that self-repair is not feasible in adulthood. Scx™ cells can participate in
repair in a IVD puncture model in neonatal mice but are unable to do so
in adulthood [30]. However, AF injuries are most common in adults, so
it is necessary to study treatment methods for AF injuries in adults. Our
lineage tracing found that Scx* cells proliferated before 8 weeks of age.
Injection of Scx™ cells into the injury site of the adult AF has a reparative
effect.

Transforming growth factor p3 (TGFp3) is a potent anabolic growth
factor and has been widely used for cartilage and tendon repair [31,32].
TGFp3 plays an important role in promoting viability and ECM pro-
duction [33-35]. The combined action of vanillin and TGFp3 permitted
the elimination of excess reactive oxygen substances (ROS), mainte-
nance of the disc height, water content, the biomechanical property and
promoted the regeneration of IVD [36]. Nanofibrous scaffold that re-
leases basic fibroblast growth factor (bFGF) can promote AF repair and
regeneration [37]. Connective tissue growth factor (CTGF), a secreted
protein, can mediate several downstream actions of TGF-p [19]. CTGF
plays a great role in angiogenesis and wound healing. CTGF significantly
induced fibrogenic differentiation of BMSCs [38]. CTGF exhibits key
properties beneficial to the healing process, including stimulating
fibroblast proliferation and enhancing collagen deposition [39,40]. We
found that CTGF can enhance the effect of Scx cells in repairing the AF.

Scx deficiency results in accelerated aging and imbalance of the
Achilles tendon [41]. Some studies have shown that knockout of Scx
during the embryonic stage does not affect the AF [42]. However, during
the postnatal maturation stage, the depletion of Scx™ cells may lead to
abnormalities in the structure of the AF. We built Scx-CreER; DTA mice
and found that ablating Scx™ cells disturbed AF maturation.

It is worth mentioning that we chose an IVD injury model, which
destroys almost all of the annulus fibrosus and probably affects the
nucleus pulposus, in order to ensure that the degree of annular disrup-
tion was consistent in each experimental group. In this model, the AF
was difficult to repair, but our cell transplantation efficiently repaired
the AF.

Many studies are developing repair strategies to deliver cells or
biomaterials to the IVD. However, cell delivery approaches have been
particularly challenging due to the lack of a precise definition of AF cells
and the absence of robust differentiation strategies [43]. AF repair
strategies require considerations of safety, biocompatibility, and inte-
gration with native tissue [44]. Some studies indicated that adult cells of
the AF derive from a population of Scx'/Sox9" progenitors. This means
that Scx™ AF cells have differentiation ability and stem-progenitor cell
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Fig. 3. Unrepairable AF in adult mice

(A)The caudal vertebra puncture model of 8-week-old Scx-CreER; ScxGFP; R26-Ai9 mice on the 4th, 7th, 14th, and 28th days after puncture. n = 3 mice. (B)
Quantitative analysis of the ratio of AF area to visual field area. (C) EAU staining of AF cells on the 4th, 7th, 14th and 28th day after puncture. n = 3 mice per group.
(D) Quantitative analysis on the numbers of EQU™" AF cells in (C). (E) TUNEL staining of IVD on the 4th, 7th, 14th, and 28th days after puncture. n = 3 mice per group.
(F) Quantitative analysis of the TUNEL fluorescence intensity in (E). Scx-CreER; ScxGFP; R26-Ai9 or Scx-CreER; R26-Ai9 mice were induction by tamoxifen for 3-5
times continuously before injury. Data are presented as the mean + SD. **,p < 0.01; ***,p < 0.001, by unpaired, 2-tailed t test.
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(A) Flow cytometry analysis of Lin (CD45/Ter119°/CD31°) ScxGFP" cells. n = 5 mice. (B) The expression of Scal, CD200, CD73, Nestin, and CD44 of Lin'ScxGFP™
and Lin'ScxGFP” AF cells was assayed by FACS. n = 5 mice. (C) The colony formation assay of Lin'ScxGFP™ and Lin'ScxGFP™ AF cells by Crystal violet staining. Scale
bars, 2 mm. (D) The Alcian blue staining of Lin'ScxGFP" and Lin"ScxGFP” AF cells after chondrogenic differentiation.Scale bars, 2 mm. (E) The ALP and ARS staining
of Lin'ScxGFP™ and Lin'ScxGFP™ cells after osteogenic differentiation. Scale bars, 2 mm. (F) qPCR results showed that the mRNA levels of relative genes in
Lin'ScxGFP™ and Lin'ScxGFP™ AF cells. Data are presented as the mean & SD (n = 3). **,p < 0.01; *** p < 0.001, by unpaired, 2-tailed t test. (G) The Oil Red O
staining of Lin'ScxGFP" and Lin'ScxGFP™ AF cells after adipogenic differentiation. Scale bars, 100 pm.
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(A) The strategy of ablating Scx™ cells using R26-DTA mice. Mice were induced by intraperitoneal injection of tamoxifen (10 pul/g) for one time. (B) Representative
confocal images of the cell number in the AF of control and Scx-CreER; DTA mice. n = 4 mice per group.Scale bars, 100 pm. (C) Quantitative analysis of AF cell
number in (B). (D) SOFG staining showed the AF phenotype of Ctrl and Scx-CreER; DTA mice. n = 4 mice per group. Scale bars,100 pm. (E) Quantitative analysis of
the area of AF. Data are presented as the mean + SD. **,p < 0.01, by unpaired, 2-tailed t test.

characteristics [7]. Using Scx markers, we are able to refine the cell
source for AF cell therapy to a certain extent. Currently, materials sci-
ence is also focused on recruiting AF cells and promoting inflammatory
repair through TGFp [45]. Our research provides new basis for this
(Fig. 7).

4. Methods

Animals. Scx-CreER mice were provided by Dr. Qiujian Zheng.
Rosa26-LSL-tdTomato (R26-Ai9) mice were provided by Dr. Zilong Qiu,
and Rosa26-DTA (R26-DTA) mice were provided by Dr. Aria Zeng.
ProTracer mice were provided by Dr. Bin Zhou. ScxGFP mice were
provided by Dr. Hongwei Ouyang. CreER-expressing mice were induced
by intraperitoneal injection of tamoxifen (10 pl/g). Tamoxifen was
dissolved in corn oil at a concentration of 10 mg/ml. We crossed R26-
DreER mice, Ki67-CrexER mice, ScxGFP mice, and R26-Ai9 mice to
generate Rosa26-DreER; Ki67-CrexER; ScxGFP; R26-Ai9 mice [18]. We
crossed Scx-CreER; R26-Ai9 mice with ScxGFP mice to obtain Scx-CreER;
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ScxGFP; R26-Ai9 mice. We crossed Scx-CreER; R26-Ai9 mice with
Rosa26-DTA (DTA) mice to generate Scx-CreER; R26-Ai9; DTA mice. All
analyzed mice were maintained on the C57BL/6 background.
Sex-matched littermate controls were used in all analyses. Both male
and female mice were analyzed. All mice were bred and maintained
under specific pathogen—free conditions.

Single-cell sequencing of sorted IVD cells from wild-type mice. Sorted
cells obtained from the mouse IVD at 8 weeks were subjected to 10X
Chromium Single Cell3’ Solution (version 2) library preparation ac-
cording to the manufacturer’s instructions (10X Genomics). Library
sequencing was performed using an Illumina HiSeq 2500 sequencer,
achieving a depth of 100 million reads per sample. Reads were con-
verted to the fastq format using mkfastq in Cell Ranger 2.1.0 (10X Ge-
nomics). Reads were then aligned to the mouse reference genome
(mm10, Ensembl annotation release 91). Alignment was performed
using the count command of Cell Ranger 2.1.0 (10X Genomics). Primary
analysis, quality control filtering (gene count per cell, unique molecular
identifier counts per cell, and percentage of mitochondrial transcripts),
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Fig. 6. Therapeutic potential of Scx™ progenitors for AF healing

(A) KEGG analysis of Scx™ cells from ScRNA-seq. (B) qPCR showed that the mRNA level of Scx, Mkx, Col2al, Aggrecan and Collal in the ScxGFP * AF cells stimulated
by CTGF and control. Data are presented as the mean + SD (n = 3). p < 0.05; ***,p < 0.001, by unpaired, 2-tailed t test. (C) The SOFG staining of nude mice IVD
puncture model with different treatments combined with Matrigel, with Lin'ScxGFP™ cells, with Lin'ScxGFP"cells with or without CTGF on the 56th day post-
puncture. n = 4 mice per group. (D-E) Average Modified Thompson Grading of AF (D) and the area ratio of the inner AF to the total AF (n = 4) (E). Scale bars,
100 pm *, p < 0.05; **, p < 0.01; ***, p < 0.001, ns, no significant difference; as determined by ANOVA.
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Fig. 7. Graphical Abstract
On the basis of single-cell RNA-sequencing (scRNA-seq) analysis of the intervertebral

disc, we found that the transcription factor Scleraxis (Scx) can specifically label a

progenitor cell population of the outer AF. By lineage tracing assay, Scx-lineage cells contribute to the maturation of the AF. The Scx-expressing AF cells are enriched
for stem/progenitor cell markers and show a higher proliferative capacity and differentiation potential than the Scx™ cells. The ablation of Scx-expressing AF cells
impairs the maturation of AF. Transplantation of Scx-lineage cells to injured AF with Connective tissue growth factor (CTGF) stimulation improved the AF healing.

clustering, cell-cycle phase scoring based on canonical markers and
regression analysis, identification of cluster markers, and visualization
of gene expression were performed using the Seurat (version 2.3)
package for R. The Database for Annotation, Visualization and Inte-
grated Discovery (DAVID) Functional Annotation Bioinformatics
Microarray Analysis Test (https://david.ncifcrf.gov) was used for the
Gene Ontology (GO) enrichment analysis of biological processes. Pseu-
dotime Analysis: The single-cell trajectory analysis using Monocle 2 with
DDR-Tree and default parameter was applied. Before Monocle analysis,
marker genes of the Seurat clustering result and raw expression counts of
the cells that passed filtering was selected. Based on the pseudotime
analysis, branch expression analysis modeling was applied for the
branch fate-determined gene analysis.

Histological analysis. For paraffin sections, spines were fixed in pre-
cooled 4 % paraformaldehyde (PFA) at 4 °C for 48 h, and decalcified in
10 % EDTA (pH 7.5). After PBS washing, the specimens were dehydrated
in a graded ethanol series (70 %, 95 %, and 100 %), embedded in
paraffin following xylene immersion, and sectioned at 7 pm thickness.
The sections were stained with Hematoxylin-eosin staining(H&E)and
Safranin O/fast green (SOFG) following standard procedures [46]. For
frozen sections, the lumbar spine was fixed in precooled 4 % PFA at 4 °C
for 48 h. After complete decalcification in 10 % EDTA, the samples were
dehydrated in 30 % sucrose overnight, embedded in OCT compound
(Tissue-Tek, 4583) and sectioned at 16-20 pm thickness using a Leica
CM3050S freezing microtome. Nuclei were stained with DAPI (Millipore
Sigma, D9542). Sections were mounted using fluorescence mounting
medium (Dako, S3023). Imaging was performed with an Olympus
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FV3000 confocal microscope.

Isolation and culturing of AF cells. Primary AF cells were isolated from
the lumbar IVDs of 4-week-old mice. After removing the nucleus pul-
posi, the annulus fibrosi were cut into pieces and digested with colla-
genase II (1.5 mg/mL; Millipore Sigma) and dispase II (2 mg/mL; Roche)
for 30 min at 37 °C. The digestion solution was collected and centrifuged
at 500g for 5 min. The isolated cells were cultured in a 6 cm dish con-
taining «-MEM (Corning) supplemented with 10 % FBS.

FACS analysis. Cell sorting was performed using an Arial Sorp Cell
Sorter (BD Biosciences). Adhesive cells and debris were excluded based
on forward scatter (FSC) and side scatter (SSC) profiles.For the analysis
of the Scx™ cells from AF of ScxGFP mice, equal numbers of cells were
aliquoted into individual tube containing different antibodies for im-
munostaining, following a previously described method. After removing
RBCs from the AF-derived cells using RBC lysis buffer (Beyotime,
C3702), the cells were stained with APC-anti-mouse CD24 (BioLegend,
138505), APC-anti-mouse Nestin (BioLegend, 655108), APC-anti-CD44
(BioLegend, 559250), APC-anti-mouse CD200 (BioLegend, 123809),
PE/Cy7-anti-mouse CD105 (BioLegend, 120409), and APC-anti-Scal
(eBioscience, 17-5981-81). After PBS washes, flow cytometric analysis
was performed using Beckman CytoFlex FCM.

Colony formation assay and multipotent differentiation. For the colony
formation assay, approximately 100 sorted Scx™ and Scx™ cells from the
AF of the ScxGFP mice were cultured for 7 days.

For osteogenesis, approximately 2 x 10* cells were seeded per well in
96-well plates containing a-MEM (Corning) supplemented with 10 %
FBS and 1 % penicillin/streptomycin (Thermo Fisher Scientific). After
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12 h, the medium was replaced with osteogenic differentiation medium
containing 50 pg/mL ascorbic acid (Millipore Sigma) and 1 mg/mL
glycerophosphate (Millipore Sigma). The medium was changed every 2
days. Osteogenic differentiation was assessed after 7 days using alkaline
phosphatase staining and after 21 days using alizarin red S staining.

For adipogenesis, approximately 2 x 104 cells were seeded per well
in 96-well plates containing a-MEM (Corning) supplemented with 10 %
FBS and 1 % penicillin/streptomycin (Thermo Fisher Scientific). After
12 h, the medium was replaced with the differentiation medium con-
sisting of solution A and solution B. Solution A consisted of a-MEM with
10 % FBS, 50 mM dexamethasone (Millipore Sigma), 100 nM rosiglita-
zone (Millipore Sigma), 500 nM 3-isobutyl-1-methylxanthine (IBMX)
(Millipore Sigma), 10 mg/mL insulin (Millipore Sigma), and 1 % peni-
cillin/streptomycin (Millipore Sigma). Adipogenic differentiation was
assessed after 7 days using 0.5 % Oil Red O staining (Millipore Sigma)
and BODIPY (Invitrogen).

For chondrogenesis, cells were harvested and resuspended in a-MEM
supplemented with 10 % FBS and 1 % penicillin/streptomycin. Droplets
(15 pL) containing 2.5 x 105 cells were carefully placed in the center of
each well of a 24-well plate. After cells adhered at 37 °C for 2-4 h, 500
pL of chondrogenic medium including 1 % insulin-transferrin-selenium
solution (ITS, Millipore Sigma), 10 ng/mL TGF-p3 (Pepro Tech), 100 nM
dexamethasone (Millipore Sigma), 40 pg/mL proline (Millipore Sigma),
50 pg/mL l-ascorbic acid 2-phosphate (Millipore Sigma), and 1 mM
sodium pyruvate (Thermo Fisher Scientific) was added. The medium
was changed every 2 days and cells were stained with Alcian blue on day
10.

Real-time RT-PCR analysis.Total RNA was extracted using TRIzol
(Millipore Sigma) and reverse-transcribed into cDNA with the Prime-
Script RT Reagent Kit (TaKaRa). Real-time quantitative PCR was per-
formed using the Bio-Rad CFX96 system. The sequences of
oligonucleotides used for quantitative PCR are listed in Supplemental
Table 1.

Establishment of IVD Defect Model. Mice weighing 20-25 g and were
8-10 weeks old were used for surgery. A needle puncture-induced AF
defect model was employed to determine the repair efficacy. According
to different surgical procedures, mice were divided into two groups: (1)
sham; (2) puncture. A longitudinal incision of approximately 2 cm in
length was made along the midline posterior to the tail to expose the IVD,
and then the IVD was punctured with a 25-gauge needle. This procedure
created a full-thickness AF defect with a diameter of 0.60 mm. The
wound was then sutured and disinfected.

Stimulation of Scx+ AF cells with CTGF. The sorted Scx™ cells were
derived from the AF of 4 weeks old ScxGFP mice. The Scx™ cells were
expanded for 1 week and stimulated with 50 ng/ml CTGF for 48 h before
transplantation.

Treatment of IVD injury model. After establishing the IVD Defect
model in nude mice, the defect was injected with approximately 5 pL of
Matrigel, either with or without 10,000 AF cells. Scx-negative and Scx-
positive cells were isolated from the annulus fibrosus of Scx-GFP mice
for use in injection experiments. According to different treatments, the
nude mice were divided into six groups: (1) sham; (2) puncture; (3)
puncture and injected with Matrigel; (4) puncture and injected with
Matrigel and Scx cells; (5) puncture and injected with Matrigel and Scx ™
cells; (6) puncture and injected with Matrigel and Scx™" cells stimulated
by CTGF. After injection, the syringe was left in place for 5 min to allow
the Matrigel to solidify, preventing leakage of Matrigel or cells and
minimizing cell loss. After 4 weeks, samples were analyzed
histologically.

Statistics. All results are expressed as the mean + SEM. Comparisons
between two groups were analyzed using two-tailed, unpaired Student’s
t test. For multiple-group comparisons, ANOVA followed by Tukey’s
post hoc test was used.

Study approval. All experiments were performed according to the
protocol approved by the Animal Care and Use Committee of the Insti-
tute of Biochemistry and Cell Biology, Shanghai Institutes for Biological
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