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A B S T R A C T

Background: One of the main causes of low back pain is intervertebral disc degeneration (IDD). Annulus fibrosus
(AF) is important for the integrity and functions of the intervertebral disc (IVD). However, the resident functional
cell components such as progenitors and vascularization-associated cells in AF are yet to be fully identified.
Purpose: Identification of functional AF cell subpopulations including resident progenitors and vascularization-
associated cells.
Methods: In this study, the single-cell RNA sequencing data of rat IVDs from a public database were analyzed using
Seurat for cell clustering, gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) for func-
tional analysis, StemID for stem cell identification, Monocle and RNA velocity for pseudotime differentiation
trajectory validation, single-cell regulatory network inference and clustering (SCENIC) for gene regulatory
network (GRN) analysis, and CellChat for cell–cell interaction analysis. Immunostaining on normal and degen-
erated rat IVDs, as well as human AF, was used for validations.
Results: From the data analysis, seven AF cell clusters were identified, including two newly discovered functional
clusters, the Grem1þ subpopulation and the Lumþ subpopulation. The Grem1þ subpopulation had progenitor
characteristics, while the Lumþ subpopulation was associated with vascularization during IDD. The GRN analysis
showed that Sox9 and Id1 were among the key regulators in the Grem1þ subpopulation, and Nr2f2 and Creb5
could be responsible for the vascularization function in the Lumþ subpopulation. Cell–cell interaction analysis
revealed highly regulated cellular communications between these cells, and multiple signaling networks including
PDGF and MIF signaling pathways were involved in the interactions.
Conclusions: Our results revealed two new functional AF cell subpopulations, with stemness and vascularization
induction potential, respectively.
The Translational potential of this article: These findings complement our knowledge about IVDs, especially the AF,
and in return provide potential cell source and regulation targets for IDD treatment and tissue repair. The exis-
tence of the cell subpopulations was also validated in human AF, which strengthen the clinical relevance of the
findings.
1. Introduction

Low back pain (LBP) is the leading cause of years lived with disability
worldwide [1]. One of the main causes of LBP is intervertebral disc
degeneration (IDD) [2,3]. However, the treatment for IDD is still limited
due to an insufficient understanding of the intervertebral disc (IVD). IVD
is an avascular tissue composed of gel-like nucleus pulposus (NP) in the
center, annulus fibrosus (AF) around NP, and cartilaginous endplates
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(CEPs) at the top and bottom of IVD. Among them, AF has a complicated
structure according to the multilayer fibers, different extracellular matrix
(ECM) components, and variant cell morphology [4], implicating the
heterogeneity of AF cell functions. However, although cell heterogeneity
was reported in AF [5], the functional cell components are yet to be fully
identified in this tissue, hindering the understanding of AF, as well as
strategy formulation for tissue repair.

Tissue regeneration includes a series of processes such as
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inflammation, cell migration and differentiation, ECM remodeling,
angiogenesis, etc. [6] To have a better understanding of AF tissue and
accelerate the tissue repair process, it is necessary to figure out the
relevant resident cells. Several reports have demonstrated the existence
of AF-specific stem/progenitor cells, as stem and/or progenitor cells are
significant in tissue homeostasis maintenance and damage repair, but no
clear consensus has been made [4,7,8]. Recently, mouse, rat, human, and
bovine IVD cells were analyzed with single-cell RNA sequencing
(scRNA-seq), and the stem/progenitor cells were identified in these
species respectively using the mesenchymal stem cell markers [9–13].
Nevertheless, these studies didn't identify AF resident progenitors, which
may help the regeneration of the damaged IVDs. Therefore, it is essential
to find out and characterize the AF-specific stem/progenitor cells.
Gremlin 1, a secreted antagonist of bone morphogenetic proteins, was
reported to mark stem cells in the musculoskeletal system [14]. These
stem cells self-renew and generate osteoblasts, chondrocytes, and retic-
ular marrow stromal cells. As IVD has a close relationship with cartilage
and bone, it could be interesting to explore if Grem1 labels stem/proge-
nitor cells in IVDs as well.

Nutrition supply is another factor that affects tissue metabolism and
homeostasis. As mature AF is avascular except for the outmost layer, it
receives the nutrition supply mainly from diffusion, and other regulators
such as hormones, cytokines, and immune cells are less effective [15].
However, when IDD occurs, the blood vessels will invade the inner layer
of AF, bringing more cells and regulation factors to the tissue [16]. Lama
et al. found that vascularization of the AF in IDD was confined in the
disrupted ECM area, indicating that the AF components could be
responsible for vascularization [17]. Therefore, clarifying the vasculari-
zation in AF is another indispensable part of understanding IVDs. How-
ever, the function and contribution of the AF cells for vascularization are
yet to be elucidated.

ScRNA-seq is a very useful tool to explore the heterogeneity of the
cells in tissues, and rat, mouse, human, and bovine IVD scRNA-seq ana-
lyses have been done recently [5,9–12], giving us a great opportunity to
reveal the cell components in IVDs, especially in the AF. With this tool,
Wang et al. introduced their excellent work by providing rat IVD cell atlas
and potential new gene markers for NP and AF cell subpopulations, as
well as a new potential stem cell subpopulation [10]. Based on the
published rat data, we further analyzed the cell components of AF,
aiming to identify the progenitor-like and vascularization-associated cell
subpopulations, respectively. The key regulators were also analyzed to
give us a comprehensive understanding of the newly identified cell
subpopulations. This study expands our understanding of the AF and its
cell components, which may in return provide new strategies for IDD
treatment, as well as tissue regeneration.

2. Methods and materials

2.1. Single-cell sequencing and data analysis

The single-cell data were accessed from the public database Gene
Expression Omnibus (GEO) (GSE154884), with the pooled healthy AF
and NP cells from 4 male and 4 female rats of 8-week-old [10]. The gene
expression matrix file was downloaded and imported into R studio
(version 1.4) software. The cells with detected gene numbers between
200 and 4,000, and total counts less than 20,000 were selected for further
analysis. Clustering was performed using Seurat 4.0 (https://satijalab.or
g/seurat/), with the dimension reduction performed by principal
component analysis (PCA), and visualized by Uniform Manifold
Approximation and Projection (UMAP). In brief, the Seurat object was
generated from digital gene expression matrices. Twenty principal
components were used in IVD cell clustering with the resolution
parameter set at 0.05, while in AF cell clustering the resolution parameter
was set at 0.4. Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses were performed on the Metascape
website (https://metascape.org/) [18], with genes of average logFC>0.3
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for the whole IVD cells, and logFC >0.5 for AF cells. For KEGG result
presentation, irrelevant disease terms were excluded to specify the cell
functions and signaling pathways. Stemness analysis was performed by
StemID, the algorithm that scores the cell clusters with connectivity and
transcriptome entropy. StemID infers the lineage tree and identifies stem
cells from single-cell sequencing data [19,20]. Pseudotime analysis was
performed by Monocle [21,22] from Cole Trapnell Lab, and the genes
with average logFC >0.8 were used for ordering cells. The cell differ-
entiation trajectory was validated by RNA velocity using velocyto. R
[23]. The gene regulation network (GRN) analysis was performed using
the single-cell regulatory network inference and clustering (SCENIC)
algorithm, which is a computational method for simultaneous GRN
reconstruction and cell-state identification from scRNA-seq data and has
been widely used in a variety of single-cell studies [9,24,25]. The
expression matrix was filtered for genes available in RcisTarget's data-
base (mm9-tss-centered-10kb). The regulon data was then analyzed
using the RcisTarget package to create TF motifs using the
mm9-tss-centered-10kb database. The regulon activity scores were
calculated using Area Under the Curve (AUC) function. Predicted target
genes of regulon were ranked by Genie3Weight value and filtered by
normalized enrichment score (NES) of binding motifs. The transcrip-
tional network of TF and predicted target genes were visualized by
Cytoscape (v3.8.2). Cell–cell interaction analysis was performed by
CellChat [26]. The unmentioned parameters were all default in these
analyses.

2.2. Animal model

To show the existence of the cell subpopulations in vivo, the rat IVD
degeneration model was used. Animal experiments were approved by the
Institutional Animal Care and Use Committee of Soochow University.
The compression model was established in our previous study as it sim-
ulates the overload of the IVDs, and this model has been fully charac-
terized before [27,28]. Briefly, fifteen 3-month-old male
Sprague–Dawley rats were randomly divided into control (n ¼ 5) and
compression (n ¼ 10) groups. For the compression group, the caudal
vertebrae of the rats were immobilized with a custom external device
fixing four vertebrae (Co7-10), and the distance of Co8-9 vertebrae was
shortened by 1 mm to compress the IVD between the vertebrae for 4 or 8
weeks. For the control group, the vertebrae were fixed without com-
pressing the IVDs. The rats were sacrificed 4 or 8 weeks after the device
fixation, and the specimens were collected for further investigations.

2.3. Histological staining

To show the effect of compression on IVDs, safranin O/fast green
staining was used. Tissues for histology and immunostaining were fixed
in 4% (w/v) paraformaldehyde (Absin, China) for 24 h before decalci-
fication in 10% (w/v) ethylene diamine tetraacetic acid (EDTA) (Solar-
bio, China) solution. Subsequently, the specimens were embedded in
paraffin and sliced (7 μm) for further safranin O/fast green staining or
immunostaining. The sections were then deparaffinized and stained by
hematoxylin (Sigma–Aldrich, USA) for 20 min, followed by fast green
(Sigma–Aldrich, USA) staining for 8 min, acetic acid washing for 1 s, and
safranin O (Sigma–Aldrich, USA) staining for 8 min subsequently.
Finally, the slides weremounted with neutral resin (Sigma–Aldrich, USA)
and scanned before observation.

2.4. Immunostaining

To indicate the cell subpopulation locations in AF, immunohisto-
chemistry (IHC) and immunofluorescence (IF) were used. Human AF
tissue was obtained from an IDD patient who underwent discectomy with
the patient's consent. For IHC, Paraffin sections were treated with 0.25%
trypsin (Gibco, USA) for 30 min in a 37 �C incubator or 0.01 M citrate for
8 h in a 60 �C incubator, followed by 3% (v/v) hydrogen peroxide (South
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Land Pharmaceutical, China) for 15 min at room temperature (immu-
nohistochemistry only), blocking buffer (containing bovine serum albu-
min, detergent, and Triton X-100; Beyotime, China) for 1 h at room
temperature, primary antibodies (Gremlin 1: Santa Cruz, USA, sc-
515877; ID1: Santa Cruz, USA, sc-133104; Lumican: Absin, China,
abs136805; IGF-1: Absin, China, abs148500) overnight, and secondary
antibodies (anti-rabbit HRP: Beyotime, China, A0208; anti-mouse HRP:
Multi Sciences, China, GAM0072) for 2 h at room temperature, subse-
quently. The slides were washed with PBS for 5 min three times between
steps. The DAB substrate system (ZSGB-bio, China) was used for color
development. Hematoxylin staining was utilized to reveal the cell nuclei.
Then the slides were mounted with neutral resin and observed with a
microscope (Carl Zeiss, Germany). For IF, antigen retrieval was followed
by blocking directly before primary antibody incubation (IGF-1: Santa
Cruz, USA, sc-518040; ID1: Absin, China, abs133269; PDGFRA, Absin,
abs136347). Secondary antibodies (anti-mouse AlexaFluor 488: Absin,
China, abs20014; anti-Rabbit Cy3: Absin, China, abs20024) were incu-
bated at room temperature for 2 h. The sections were mounted with
Antifade Mounting Medium with DAPI (Beyotime, China, P0131) before
Figure 1. Heterogeneity of the rat IVD cells (A) Featureplot of IVD cell cluster distribu
cells, immune cells, and erythrocytes were identified (B) Heatmap of the differential
indicates a cell (C) Featureplots showing the distribution of the representative genes
cells (D) Violin plots showing expression levels of the representative genes for each
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observation with a microscope (Carl Zeiss, Germany). For quantitative
analysis, 3 sections from each sample were selected, and the positive/
total cell ratio was calculated for each section.
2.5. Statistical analysis

The quantitative data are presented as mean � standard deviation.
The Student's t-test was utilized for the two-group comparison. The sta-
tistical analysis of the single-cell data was performed using the built-in
algorithm in the packages. Values of p < 0.05 were considered to be
statistically significant.

3. Results

3.1. AF cell identification and selection

The IVD single-cell gene expression matrix file was downloaded and
imported into R studio (version 1.4) software for analysis. The distribu-
tions of total counts and detected genes per cell were first calculated
tion visualized by UMAP. Each dot indicates a cell. AF cells, NP cells, endothelial
ly expressed genes for each cluster. Each row indicates a gene, and each column
. Blue color intensity indicates the expression level of the gene in corresponding
cluster.
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(Fig. S1A). After quality control, 13,566 cells expressing 15,407 genes
were selected for further analysis, while 13,578 cells expressing 17,401
genes were detected in the original article [10]. Using Seurat, the IVD
cells were clustered into 5 clusters, with two major clusters and three
minor clusters. The clustering recapitulated the original article and was
visualized by UMAP (Fig. 1A). The differentially expressed genes (DEGs)
of these clusters are demonstrated in the heatmap (Fig. 1B) and Table S1.
With the highly expressed marker genes in each cluster, we were able to
identify these cells (Fig. 1C and D, and S1B). Cluster 0 was identified as
AF cells based on the markers Col1a1, Comp, and Dcn [12,29]. Cluster 1
was considered as NP cells according to the high expression of Krt8,
Anxa3, and Lgals3 [12,30,31]. Cluster 2 was speculated as endothelial
cells because Eng, Emcn, and Cdh5 encode endoglin, endomucin, and
vascular endothelial cadherin, the three endothelium markers, respec-
tively [32–34]. Lyz2, Camp, andNgp are expressed in immune cells which
fit cluster 3 [35–37], and the hemoglobin-related genes Hbb, Ahsp, and
Hba-a2 demonstrated the identity of the last cluster, erythrocytes. The
gene ontology (GO) analysis based on the highly expressed genes of each
cluster confirmed the identity of the functional cell clusters: “blood vessel
morphogenesis” for endothelial cells, “inflammatory response” for im-
mune cells, and “gas transport” for erythrocytes (Fig. S1C). The list of GO
analysis is demonstrated in Table S2. Interestingly, Wang et al. identified
cluster 2 as stem-like cells in the original article, indicating that some
cells in this cluster had stemness. The stem cell marker Eng was previ-
ously identified as a functional marker that defines hematopoietic stem
cells [38]. Thus, it is not surprising that these cells had both stem and
endothelial cell characteristics.
Figure 2. Heterogeneity of rat AF cells (A) Featureplot of AF cell clusters visualized
identified (B) Heatmap of the differentially expressed genes for each cluster. Each row
distribution of the representative genes. Blue color intensity indicates the expression l
of the representative genes for each cluster.
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To explore the heterogeneity of AF cells, cluster 0 was selected for the
following analyses.
3.2. Heterogeneity of AF cells

The AF cells were further clustered into seven subclusters by Seurat
(Fig. 2A and B), and the marker genes are demonstrated in Fig. 2C and D,
and S2, while listed in Table S3. In the original article, Wang et al. got
four clusters since they mainly focused on the differences between inner
and outer AF cells, therefore less attention was paid to functional sub-
population exploration [10]. Among these seven subclusters, the
well-known AF cell subpopulations were found based on the top DEGs,
such as inner layer AF cells (iAFCs) (Col2a1, Sod2) [11] and outer layer
AF cells (oAFCs) (Col1a2, Col1a1). The iAFCs also expressed Agt, the gene
that encodes angiotensinogen, the precursor of angiotensin, indicating
that these cells may play a regulatory role in AF through the tissue
renin-angiotensin system [39], and the GO and KEGG analysis showed an
active response of the iAFCs to environmental stimuli indicated by
“chemotaxis” and “chemokine signaling pathway” -related terms
(Fig. S2A). oAFCs expressed abundant ECM genes including Fmod, Sparc,
Col11a1, and so on, in line with the GO and KEGG analysis results that the
ECM organization and interaction came to the top of the lists (Fig. S2B).
The inflammation-associated cells (IACs) (Plat, Nos2) and the
redox-associated cells (RACs) (Nqo1, Txnrd1) were also presented since
Plat and Nos2 are inflammatory-related factors (Fig. S2C) [40,41], and
Nqo1, as well as Txnrd1, participate in the redox process (Fig. S2D) [42,
43]. The GO and KEGG analysis showed that “inflammatory response”
by UMAP. IACs, RACs, iAFCs, oAFCs, Grem1þ cells, Lumþ cells, and BACs were
indicates a gene, and each column indicates a cell (C) Featureplots showing the

evel of the gene in corresponding cells (D) Violin plots showing expression levels
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and “TNF signaling pathway” were associated with IACs, while “cell
redox homeostasis” and “ferroptosis” were related to RACs, demon-
strating the inflammation and redox-associated characteristics of these
subpopulations. The presence of IACs and RACs in the normal AF tissue
indicates that inflammation and redox could be related to maintaining
tissue homeostasis. In fact, redox homeostasis and inflammation both
exist in physiological conditions [44,45]. Since the IVDs locate next to
vertebrae, it was not surprising to see bone-associated cells (BACs) (Sfrp5,
Figure 3. Progenitor characteristics of the Grem1þ cell subpopulation (A) Violin plots
genes of the Grem1þ cluster. Blue color intensity indicates the expression level of the
genes in Grem1þ cluster. The terms were ranked by -logq values (C) Inferred AF linea
the -logP value. The color of the vertices indicates the entropy. The red rectangular
histogram, as well as the featureplot (D) Pseudotime trajectory inferred by Monocle
plot). The red circle indicates Grem1þ subpopulation; the arrows indicate differentia
presence of the cells in rat AF tissue. Arrows indicate the double-positive cells. Scal
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Alpl), which expressed Alpl encoding alkaline phosphatase and Ibsp
encoding bone sialoprotein II (Fig. S2E). All the significant GO and KEGG
terms are also listed in Table S4. Interestingly, there were two newly
discovered subpopulations: Grem1þ cells, and Lumþ cells. Since Grem1 is
a marker of stem cells, and the Lumþ cell cluster expressed several
vascularization-associated genes, which show functional characteristics
respectively, we next looked into these two subpopulations.
and featureplots showing expression levels and distribution of the representative
gene in corresponding cells (B) Enriched GO terms of the differentially expressed
ge tree visualized in the UMAP-embedded space. The color of the link indicates
frame indicates the Grem1þ cell cluster. The StemID scores are presented in the
and colored according to cell subpopulations (upper plot) or pseudotime (lower
tion directions (E) Immunofluorescent staining of GREM1 and ID1 showing the
e bar, 100 μm. AF, annulus fibrosus; NP, nucleus pulposus.
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3.3. The progenitor characteristics of Grem1þ cells in AF

Grem1 was recently reported to mark skeletal stem cells [14].
Meanwhile, the Grem1þ cell cluster expressed AF ECM genes like Col2a1,
Col1a2 as well as Fmod. Therefore, we speculated that the Grem1þ sub-
population was the resident progenitor cells in AF. Apart from Grem1,
this subpopulation co-expressed Id1, Cripsld1, Cytl1, and Fos (Fig. 3A). Id1
was reported to be expressed in less differentiated chondrocytes, and it
plays a key role in the regulation of cell-cycle progression and cell dif-
ferentiation in chondrocytes and other cells [46–48]. Crispld1 is impor-
tant for hematopoietic stem cell self-renewal [49]. Cytl1 is important for
chondrogenesis and cartilage development [50]. Fos was implicated as a
regulator of cell proliferation and differentiation in the skeletal system
[51]. These co-expressed genes sketched the Grem1þ subpopulation with
stemness characteristics. Additionally, GO analysis showed that these
cells were related to cell differentiation and tissue development (Fig. 3B),
and KEGG analysis showed that genes of “TGF-β signaling pathway” and
“signaling pathways regulating pluripotency of stem cells”were enriched
in this subpopulation (Fig. S3A).

To further validate our hypothesis, the StemID algorithm was applied
[19]. StemID infers the lineage tree and identifies stem cells from
scRNA-seq data, with high entropy indicating the permissive stem cell
transcriptome and direct links of one cluster to others reflecting tran-
scriptome plasticity. The final StemID score indicates the potential of
being stem cells. Using this method, we found that the Grem1þ cell
subpopulation had the highest potential to be the stem cells since this
cluster got the highest StemID score of 0.122 (Fig. 3C). This subpopula-
tion had the highest direct link number, with the second-highest
Δentropy (Fig. 3C, S3Bappsec1, and S3C). In line with this, the pseudo-
time analysis using Monocle got a similar result that Grem1 cell cluster
(red circle) went to either oAFCs and Lumþ cells (right blue arrow), or
iAFCs, IACs, and RACs (left blue arrow) (Fig. 3D and S3D). RNA velocity
result was consistent with Monocle that the arrows started from Grem1
cell cluster to iAFCs or oAFCs (Fig. S3E). Interestingly, the IACs and RACs
may be further differentiated from iAFCs based on the Monocle pseu-
dotime trajectory and the RNA velocity plot, implying a possible pattern
of homeostasis maintenance by the differentiated cells, which remains to
be validated. Immunostaining demonstrated the existence of this sub-
population in the healthy rat AF by double-staining of GREM1 and ID1,
with a positive rate of 14.0 � 5.7% (Fig. 3E). These data support our
hypothesis that the Grem1þ cells could be the resident progenitor sub-
population in AF.

3.4. The vascularization-associated characteristics of Lumþ cells

Lumþ cells specifically expressed several markers including Igf1,
Angptl1, Ackr3, Pdgfra, Col4a1, Fbn1, Ecm1, Col3a1, Mmp14, Cd34, etc.
(Fig. 4A and S4A) These markers are all associated with vascularization.
IGF-1 was reported to promote angiogenesis in endothelial cells [52].
Angptl1 encodes angiopoietin-like 1, a member of the vascular endothe-
lial growth factor family [53]. Atypical chemokine receptor CXCR7
(ACKR3) promotes developmental and pathological angiogenesis [54].
PDGFRα also mediates angiogenesis and connective tissue remodeling
[55]. Type Ⅳ collagen and fibrillin, the products of Col4a1 and Fbn1
respectively, are also the vascular ECM proteins [56]. Additionally, GO
analysis indicated that this subpopulation was related to epithelial cell
proliferation and vasculature development (Fig. 4B); KEGG analysis
indicated that this cluster had a high metabolic level (Fig. S4B). There-
fore, the Lumþ cells are supposed to be associated with vascularization.

It is well-known that the IVD is generally an avascular tissue in
physiological conditions, with only a few blood vessels in the outmost
layer of AF and adjacent endplates. When degeneration occurs, the AF
would be vascularized from the outmost layer to the inner layers [16].
Hence, we investigated if the Lumþ cell subpopulation was associated
with vascularization during degeneration using the rat tail compression
model, since this model imitates mechanical overloading on the IVDs,
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one of the major causes of IDD in humans [57]. This animal model has
been built and validated as described previously [28]. The Safranin
O/fast green staining showed that the rat IVDs remarkably degenerated
after 8 weeks of compression: the NP was cracked, and the AF layers were
disorganized with the loss of proteoglycan, demonstrating a successful
IDD model (Fig. 4C). To locate the Lumþ cell subpopulation, the immu-
nohistochemistry of lumican (LUM) was performed, and the result
showed that some LUM positive cells were presented near the boundary
of AF and endplate, but they can hardly be seen in the out layer, espe-
cially the central out layer of AF (Fig. 4D, red square). When the IVD has
degenerated, more LUM-positive cells were presented in the outer and
inner layers of the AF (Fig. 4D), consistent with the invasion process of
the blood vessels. In line with this, the IGF-1 level was also up-regulated
in the outer layer in the degenerated IVD group (Fig. S4C). Additionally,
LUMþ cells located close to VEGFAþ cells in degenerated AF, further
indicating the relevance of Lumþ cell subpopulation and vascularization
(Fig. 4E). To validate the temporal invasion process of the Lumþ cells
during degeneration, the LUMþ IGF-1þ cells were marked by immuno-
fluorescence in the IVDs of 4 weeks and 8 weeks post-surgery. The result
showed that the double-positive cells were increased in a time-dependent
manner (Fig. 4F). In comparison, the Grem1þ progenitors didn't show
significant quantitative or locational changes during degeneration
(Fig. S4D). These data imply that the Lumþ cell subpopulation could be
associated with vascularization in the AF, especially in the degeneration
condition.

We also explored the existence of the LUMþ and GREM1þ cells in
human AF. Consistent with rats, LUMþ cells, as well as GREM1þ ID1þ

cells, were presented in the degenerated human AF, and LUMþ cells were
located in the outmost layer, suggesting a similar function of these sub-
populations in humans, although IGF-1 was not co-localized with LUM
(Fig. 4G). These data indicate a translational potential of our findings.

3.5. Gene regulation network and cell–cell interactions of the two cell
subpopulations

To further understand the characteristics of the two new sub-
populations of interest, we used SCENIC to investigate the GRN [24]. The
activated regulons in each subpopulation were found and presented in
the heatmap (Fig. 5A), as well as listed in Table S5. The cell-type-specific
regulons were calculated and named by the key transcription factors
(TFs) (Fig. 5B). The top 5 regulons in Grem1þ progenitor cells were
Tcf7l1, Hoxc10, Id1, Hes6, and Sox9 (Fig. 5B and C, and S5A). Tcf7l1
regulates cell differentiation in embryonic stem cells [58], and Sox9 is
not only the key TF in chondrocytes but also a stemness regulator in
intestine and cancer [59,60]. The corresponding target genes of the
regulons (Table S6) were then picked out for GO and GRN analyses. The
GO analysis result demonstrated that these target genes were related to
tissue development and cell differentiation (Fig. 5D and Table S7), and
the GRN showed that the key target genes including Sox6, Grem1, Cytl1,
Fgfr2, Acan, etc. Were regulated by the top regulons (Fig. 5E). These data
further suggest that the Grem1þ cells is a stem cell-like cell
subpopulation.

The top 5 regulons in Lumþ vascularization-associated cells (VACs)
were Nfic, Creb5, Nr2f2, Rarb, and Bhlhe41 (Fig. 5B and F, and S5Bap-
psec1). Nr2f2 is responsible for vascular morphogenesis during devel-
opment [61]. Creb5 promotes angiogenesis in colorectal cancer [62]. In
line with the previous results, GO analysis of the target gene also showed
that they were enriched in vasculature development (Fig. 5G and
Table S8). The GRN demonstrated a more complex regulation of the top
regulons to the highly related genes including Igf1, Angptl1, Angpt1,
Angpt2, Pdgfra, Vwf, Cd34, Col4a1, Fbn1, etc (Fig. 5H). These data indi-
cate the angiogenic function of the Lumþ cell subpopulation.

The signaling network among the AF cell subpopulations and other
main IVD cell clusters was investigated by cell–cell interaction analysis
using CellChat. The results demonstrated highly regulated cellular
communications between these cells (Fig. 5I). The significant outgoing
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Figure 4. Vascularization-associated characteristics of the Lumþ cells (A) Violin plots and featureplots showing expression levels and distribution of the representative
genes of the Lumþ cluster (B) Enriched GO terms of the differentially expressed genes in Lumþ cluster. The terms were ranked by -logq values (C) Safranin O/fast green
staining of the rat intervertebral discs 8 weeks post-surgery. Scale bar, 100 μm (D) Immunohistochemistry staining showing the presence of the LUMþ cells in normal
and compressed rat AF tissues. Arrows indicate the representative positive cells. Scale bar, 100 μm **p < 0.01. AF, annulus fibrosus; NP, nucleus pulposus; EP, endplate
(E) Immunofluorescent staining showing the co-localization of LUMþ and VEGFAþ cells in normal and compressed rat AF tissues. Arrows indicate the VEGFAþLUM�

cells. Scale bar, 100 μm (F) Immunofluorescent staining showing the LUMþIGF-1þ cells in normal, 4 weeks post-surgery, and 8 weeks post-surgery rat AF tissues. The
arrows indicate the double-positive cells. Scale bar, 100 μm (G) Immunofluorescent staining showing the location of LUMþ cells and GREM1þ cells in degenerated
human AF. Arrow indicates the GREM1þID1þ cells. Scale bar, 100 μm.
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and incoming signaling patterns were listed in Fig. S5C. Among these
communication signals, PDGF signaling, which was previously
mentioned in VAC characterization and GRN analysis, was found in the
interactions between VACs and other cells (Fig. 5J). Interestingly, NP
cells were inferred to be the most significant signal sender of PDGF
signaling. Considering the spatial distance of NP cells and VACs, it would
be worth investigating if the NP cells can regulate vascularization
through the AF barrier. Another significant signaling regulating VACs
was MIF, in which the progenitor and oAFC subpopulations were the
significant signal senders (Fig. 5K). The MIF signaling pathway is re-
ported strongly implicated in inflammation and angiogenesis [63], in line
with the VAC function. Compared with other AF cells, the progenitors
were less regulated by other IVD cell clusters and AF subclusters
(Fig. S5C), while it was supposed to regulate IACs, RACs, iAFCs, and even
NP cells by SPP1 signaling (Fig. S5D). SPP1 is well-known for its function
in bone formation [64], and it also contributes to cell behavior in a va-
riety of cell types [65,66], which gives us a hint that the progenitors may
maintain tissue homeostasis not only by its stemness but also through
conducting cell behavior within the tissue. These data sketch the complex
regulating network within the AF.

4. Discussion

IDD affects millions of people around the world but the clinical
intervention strategy is limited. One important reason could be an
insufficient understanding of the IVD tissue, especially the AF. In our
study, we decoded mature rat AF cell components and identified two
novel cell subpopulations: Grem1þ progenitor cells and VACs, providing
new knowledge and potential therapeutic targets for clinical practice.
With more understanding of the IVDs, tissue regeneration by utilizing the
resident progenitor cells, or disease progressing regulation by manipu-
lating vascularization, may become feasible strategies for IDD treatment
in the future.

The single-cell RNA sequencing data of rat IVDs was previously
analyzed by Wang et al. who discovered several new biomarkers for both
NP and AF cells, as well as a stem cell population [10]. Based on their
published data, we dug into the AF cells and further identified two
functional AF subpopulations that could be responsible for tissue repair
and regeneration—the Grem1þ progenitors and the Lumþ vascular-
ization-associated cells, and revealed the key regulators of the two sub-
populations. In line with our discovery, Wang et al. also identified the
inner and outer AF cell subpopulations by Col1a1 and Col2a1, and the
inflammatory and immune-responsive cell subclusters were found,
similar to our IAC and RAC subpopulations. Our data further identified
two functional AF cell subpopulations, which complemented the results
of the AF in the original article. Panebianco et al. analyzed the AF cell
populations in bovine IVDs as well, and part of their results was shared
with ours, such as the oAF and iAF markers (Col1a1, Col1a2, and Igfbp6;
Col2a1, Sod2, andMgp) (Fig. S6) [11]. Similarly, Cali�o et al. analyzed the
bovine IVD scRNA-seq and the bulk RNA-seq data, and a stem cell-like
cluster (cluster 10), as well as a vascular cell-like cluster (cluster 8),
was found in the AF [12]. Wang et al. identified mouse AF stem cells and
progenitor cells between the epiphyseal plate and AF [5]. Following their
analysis of the AF cell atlas, our in-depth study further indicates the ex-
istence of the two cell subpopulations in AF tissue. However, discrepancy
also exists. Gan et al. performed single-cell analysis on human NP, AF,
and CEP, and they found that human NP and AF cells were both mainly
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chondrocyte-like cells, and the differences between AF and NP are much
less than in rats and bovines [9]. This discrepancy reflects the diversity of
the tissue composition in different species.

Stem and progenitor cells have been found in AF tissue, but there are
no committed markers specifically for these cells [4]. In this study, we
found the Grem1þ cell subpopulation which had the progenitor charac-
teristics, providing additional proof for the existence of stem/progenitor
cells in AF tissue. Consistently, Grem1 was reported to be the marker of a
population of osteochondroreticular stem cells as well as intestinal
reticular stem cells [14]. Another highly expressed gene of this subpop-
ulation, Id1, is important in the development and embryonic stem cell
self-renewal maintenance [48,67]. These data indicate that the Grem1þ

cell subpopulation could be an AF progenitor, and gremlin 1 is a potential
marker to identify AF-derived stem/progenitor cells, making the stem/-
progenitor cell identification in AF more accurate. Similarly, Gan et al.
and Tu et al. found progenitor subpopulations in human NP tissue
respectively [9,13]; Wang et al. identified stem cells and progenitor cells
near mouse AF [5], all supporting our hypothesis that there are
tissue-specific stem/progenitor cells in the IVDs. In the original article,
Wang et al. identified another cluster, the Eng and Mcam positive
stem-like cells with multi-differentiation capability [10]. However, from
their analysis, this subpopulation was derived from neither AF cells nor
NP cells, indicating that they may not be resident stem cells. Because Eng
was a functional marker that defines hematopoietic stem cells [38], it is
not surprising to see these cells with both stem and endothelial cell
characteristics. Consistently, Wang et al. decoded the mouse AF cell atlas
and found a CD105 (Eng)-positive stem cell subpopulation, which
expressed neither Col1a1 nor Col2a1 [5]. These cells were located adja-
cent to the epiphyseal plate and regarded as a cell source for AF [5]. Our
analyses, together with Wang et al. complement the cell atlas of the rat
IVDs. As AF-derived stem cells can be regulated by the topography of
biomaterials [68], the combination of biomaterials with intrinsic
stem/progenitor cells can be a new strategy for tissue repair.

The mature IVDs are considered to be avascular, but the IVDs in
children and young adults are with blood vessels [16,69]. Additionally,
the avascular mature IVDs would be vascularized during degeneration
[16,70]. Our study reveals that the Lumþ cell subpopulation is associated
with AF vascularization during IDD, indicating that the AF cells may
actively participate in this process. In line with our results, Gan et al.
found that endothelial cells and pericytes communicated with NP pro-
genitor cells via VEGF, PDGF, and TGF-β signaling pathways [9], sug-
gesting that the resident IVD cells are capable of regulating
vascularization. Cali�o et al. also showed that a subcluster of AF (cluster 8)
had the highest similarity to vascular endothelial cells [12]. Vasculari-
zation during IDD occurs from AF and endplates [71], consistent with our
result that the Lumþ cells were located near the endplates. Feng et al.
found that the AF cells have multilineage differentiation potential,
indicating that they could have distinct functions, including angiogenesis
[72]. Le Maitre et al. found that IGF-1, one of the growth factors that was
highly expressed in the Lumþ cell subpopulation, was associated with
blood vessel ingrowth in degenerated inner AF [73], demonstrating the
relationship between IGF and vascularization. IGF and PDGF are two
important signals for vascular smooth muscle cell migration and blood
vessel formation [74]. Our findings, together with others, further suggest
the vascularization-associated cell subpopulation in AF, providing a
possible target for vascularization interference in IVDs.

However, it is still not clear if vascularization is good or bad for IVDs.
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Figure 5. Gene regulation network and cell–cell interactions of the progenitor and vascularization-associated cell (VAC) subpopulations (A) Heatmap of the regulon
activity in each AF cluster (B) Cell type-specific regulons of each cluster. The progenitor and VAC-specific regulons were marked by the key TF gene names with green
and blue colors respectively (C) Featureplot showing the distribution of the representative regulon (indicated by the key TF Sox9) activity. Red color intensity indicates
the activity level of the regulon in corresponding cells (D) Enriched GO terms of the top 5 regulon target genes in the progenitor subpopulation. The terms were ranked
by -logq values (E) Regulation network of the key TFs and their target genes in the progenitor subpopulation. Red color indicates the key TFs; light red indicates
stemness-related genes (F) Featureplot showing the distribution of the representative regulon (indicated by the key TF Nr2f2) activity. Red color intensity indicates the
activity level of the regulon in corresponding cells (G) Enriched GO terms of the top 5 regulon target genes in the VAC subpopulation. The terms were ranked by -logq
values (H) Regulation network of the key TFs and their target genes in the VAC subpopulation. Red color indicates the key TFs; light red indicates vascularization-
related genes (I) Overview of the interactions of different IVD cell clusters. Dot size indicates the relative quantity of each cluster, and the thickness of the line indicates
the relative quantity of significant ligand–receptor pairs between the linked clusters (J–K) Circle plots showing the inferred PDGF (J) and MIF (K) signaling networks.
The heatmaps show the roles and the relative importance of each cluster in the networks.
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Blood brings nutrition, oxygen, growth factors, and stem cells to the
injured tissue; but it can also change the microenvironment, accompa-
nied by inflammation and macrophage infiltration [75]. In bones,
vascularization is a necessary process to promote tissue remodeling,
which is critical in bone regeneration [76–78]. While for chondrocytes,
the cells in another avascular tissue cartilage, short-term exposure to
blood would lead to apoptosis [79], implying that vascularization may
also contribute to IDD through regulating AF cells. The effect of blood
vessels in degenerated IVDs should be investigated in future studies.

Although this study provides new information on mature AF resident
cell subpopulations, limitations still exist. As cells usually do not prolif-
erate, differentiate, and change states at a synchronous rate, it is possible
that ancestral cells and their descendants, or activated cells and the
quiescent siblings, present at the same timepoint. Since there was only
one timepoint in this single-cell analysis, it is not certain if these cell
populations identified are truly different, or just different states of the
same cells. Additionally, these newly-discovered subpopulations were
mainly characterized by single-cell RNA-seq analysis without further
isolation and identification. It should be addressed in future studies.

In summary, this study looked into the rat IVD cell components and
demonstrated the heterogeneity and multi-functions of the resident cells.
The existence of the progenitors as well as the vascularization-associated
cells in AF was demonstrated. These findings complement our knowledge
about IVDs, especially the AF, and in return provide potential cell source
and regulation targets for IDD treatment and tissue repair.
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