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Abstract

Back and neck pain are significant healthcare burdens that are commonly associated with 

pathologies of the intervertebral disc (IVD). The poor understanding of the cellular heterogeneity 

within the IVD makes it difficult to develop regenerative IVD therapies. To address this gap, 

we developed an atlas of bovine (bos taurus) caudal IVDs using single-cell RNA-sequencing 

(scRNA-seq). Unsupervised clustering resolved 15 unique clusters, which we grouped into the 

following annotated partitions: nucleus pulposus (NP), outer annulus fibrosus (oAF), inner AF 

(iAF), notochord, muscle, endothelial and immune cells. Analyzing the pooled gene expression 

profiles of the NP, oAF and iAF partitions allowed us to identify novel markers for NP (CP, 
S100B, H2AC18, SNORC, CRELD2, PDIA4, DNAJC3, CHCHD7 and RCN2), oAF (IGFBP6, 
CTSK, LGALS1 and CCN3) and iAF (MGP, COMP, SPP1, GSN, SOD2, DCN, FN1, TIMP3, 
WDR73 and GAL) cells. Network analysis on subpopulations of NP and oAF cells determined 

that clusters NP1, NP2, NP4 and oAF1 displayed gene expression profiles consistent with 
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cell survival, suggesting these clusters may uniquely support viability under the physiological 

stresses of the IVD. Clusters NP3, NP5, oAF2 and oAF3 expressed various extracellular matrix 

(ECM)-associated genes, suggesting their role in maintaining IVD structure. Lastly, transcriptional 

entropy and pseudotime analyses found that clusters NP3 and NP1 had the most stem-like gene 

expression signatures of the NP partition, implying these clusters may contain IVD-progenitor 

cells. Overall, results highlight cell type diversity within the IVD, and these novel cell phenotypes 

may enhance our understanding of IVD development, homeostasis, degeneration and regeneration.
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1. Introduction

Low back and neck pain are pressing public health concerns which affect up to 80% 

of the adult population (1), and domestically cost approximately $134.5 billion (2). The 

etiology of chronic back pain is multifactorial and complex (3); however, 39-42% of back 

pain cases involve the intervertebral disc (IVD) (4). This strong association between IVD 

pathology and back pain highlights the importance of developing regenerative IVD therapies 

(5, 6). However, advances in regenerative IVD therapies are limited by a poor understanding 

of IVD biology and lack of consensus regarding the cell types that support IVD health 

and homeostasis. This information is critical for developing therapies that can stimulate 

endogenous cell populations to heal the IVD or choosing appropriate cell sources for 

exogenous cell delivery strategies.

The IVD is a fibrocartilaginous tissue that connects adjacent vertebrae in the spine and 

permits three-dimensional motions of the spinal column (7). IVDs are composed of two 

main functional regions: nucleus pulposus (NP) and annulus fibrosus (AF). The NP is the 

gelatinous core of the IVD that is derived from the notochord (8). The healthy NP contains 

rounded, chondrocyte-like cells in a randomly-oriented matrix of type II collagen fibers 

and proteoglycans (9). The AF is a fiber-reinforced, angle-ply laminate, derived from the 

sclerotome, which condenses in concentric circles around the developing NP (10, 11). The 

laminated AF structure varies with radial position. The outer AF (oAF) contains elongated, 

fibroblast-like cells in a matrix of type I collagen, while the inner region of the AF (iAF) 

contains rounded, fibrocartilage cells in a matrix of type I and II collagens that gradually 

transitions to the NP region (12). The IVD structure and matrix composition is reasonably 

well-described and known to relate to function (13, 14), yet little information is known about 

the heterogeneous populations of cells that make up the NP, iAF and oAF regions (15, 16).

The first studies attempting to understand the unique phenotype of IVD cells used 

microarrays to compare the gene expression of NP and AF tissues to articular cartilage in 

rat (17), dog (18) and cow (19) models. These early analyses successfully determined sets of 

differentially expressed genes (DEGs) that distinguish the IVD from articular cartilage, and 

the NP from the AF. However, bulk transcriptional assays mask the cellular heterogeneity 

in the NP and AF regions (20, 21). RNA in situ hybridization studies attempted to 
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transcriptionally profile single cells in the bovine IVD, and successfully identified novel 

markers of AF and NP cells (22). However, this method relied on known RNA probes and 

could only assess binary expression. Other studies employed a combination fluorescence

activated cell sorting and gene expression analysis to define IVD cell phenotypes (23), but 

were similarly limited by requiring known cell markers. Therefore, more robust, unbiased 

and quantitative methods would be required to find novel markers of heterogeneous IVD 

subpopulations.

In recent years, single-cell RNA sequencing (scRNA-seq) has emerged as a powerful tool 

to evaluate the gene expression levels of individual cells and to identify heterogeneous 

subpopulations within a tissue (24, 25). Recently, musculoskeletal researchers have begun 

to incorporate single-cell omics to investigate rare subpopulations of cells involved 

in osteoarthritis and cartilage regeneration (26). IVD researchers have begun using 

sophisticated technologies to develop spatiotemporal proteomic atlases of the human IVD 

throughout degeneration (27) and recently started using single-cell omic technologies. To 

date, there have only been three published IVD scRNA-seq papers, which analyze cellular 

heterogeneity in human (28), rat (29) and cow (30) IVDs. These studies identified novel 

phenotypic biomarkers of NP and AF cells, and provided some insights into IVD cell 

heterogeneity. However, a higher resolution investigation of rare subpopulations of IVD 

cells and of their functional roles in IVD homeostasis is still required to develop our 

understanding of IVD physiology, pathology and regeneration.

The aims of this study are to assemble a scRNA-seq atlas of the caudal bovine (bos 
taurus) IVD, predict phenotypic markers of IVD cell populations and use bioinformatic 

methods to determine functional roles of these cells in IVD homeostasis (Fig. 1). Bovine 

IVDs are commonly used as a large animal model for IVD research because their NP 

morphology, mechanical loading, nutrient transport environment and marker genes are 

concordant with human IVDs (31). We annotate cell type through gene vectors defining each 

population identified through differential gene expression analysis (DGEA). Cell population 

annotations are further verified using our custom unsupervised annotation pipeline, which 

leverages over 6 million scRNA-seq training data points across numerous tissues and cell 

types. This is followed by network analysis, which uses Gene Set Enrichment Analysis of 

Gene Ontology (gseGO) and Cnet plots to provide biological interpretations of the variable 

gene expression data (32), to develop functional interpretations of each subpopulation 

in IVD homeostasis. Lastly, we used a combination of transcriptional entropy scoring 

and pseudotime analysis to make predictions about the stem/progenitor characteristics of 

each subpopulation and resolve differentiation lineages. Collectively, this data allowed us 

to identify numerous novel markers of NP, oAF and iAF cells, resolve multiple novel 

cell populations not typically found in IVD, characterize the unique functional roles of 

heterogeneous subpopulations of NP and oAF cells, and discover potential progenitor cell 

populations within the IVD.
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2. Materials and Methods

2.1 IVD Dissection and Single-Cell Isolation

Intervertebral discs (IVDs) were surgically dissected from bovine tails to remove all fat, 

muscle and ligamentous tissue. Dissections were carefully conducted to ensure little tissue 

or blood remained on isolated IVDs. IVDs were surgically isolated from the tails of 2 

to 3 year-old cows (N=3 animals) purchased from a local abattoir (Springfield Meat Co., 

Richlandtown, PA). Bovine tails were processed within 4 hrs of slaughter. We isolated two 

IVDs from two animals and one IVD from the third animal. Samples were labeled by bovine 

animal (e.g., B6 means bovine number 6) and disc level (e.g., D3 means the third disc from 

the abattoir cut site). Isolated IVDs were serially washed aseptically with 1X phosphate 

buffered saline (PBS, Fisher Scientific, Waltham, MA), 70% ethanol (Fisher Scientific), a 

wash solution of 1.5% Fungizone (Fisher Scientific) and 3% penicillin-streptomycin (PS, 

Fisher Scientific), then 1X PBS. Cleaned IVDs were cut into quarters and stored overnight at 

4°C in MACS Tissue Storage Solution (Miltenyi Biotec, Bergish Gladbach, Germany). After 

dissection, IVDs were quartered so that each sample contained all IVD regions, from the 

outermost AF through the innermost NP.

The next day, quartered IVDs were minced into small pieces (~1 mm2), digested using 0.2% 

pronase (Fisher Scientific) for 1 hr, then digested overnight using 400 U/mL collagenase I 

(Fisher Scientific). Both digestion solutions were prepared using high-glucose Dulebbco’s 

Modified Eagle’s Medium (DMEM, Fisher Scientific) supplemented with 2% PS, and 

tissues were digested in a humidified incubator at 37°C and 20% O2 with agitation. 

Resulting single-cell suspensions were concentrated to a density of 1x106 cells/mL in 

Dulbecco's PBS (Sigma Aldrich).

2.2 Single-Cell RNA-Sequencing (scRNA-Seq)

Cells were processed according to Chromium 3’ Gene Expression V3 Kit (10X Genomics, 

Pleasanton, CA) using manufacturer’s guidelines. An estimated 5,000 cells were loaded 

onto each channel with a targeted cell recovery of 3,000 cells/sample. This was followed 

by sequencing on a S1 NovaSeq chip (Illumina Inc., San Diego, CA). Qubit 3 (Fisher 

Scientific) and 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) were used for 

quality check of cDNA. The output BAM file, a binary text file containing the sequence 

alignment data from sequencing, was processed through 10X Genomics Cell Ranger 

software v5.0.0. Sequencing generated scRNA-seq data with ~20,000 2x150bp reads per 

cell and 14,555 total cells sequenced, compiled to over 2B reads with an average 97% 

mapping rate.

2.3 scRNA-seq Data Processing and Data Standardization

To generate a counts matrix, the sequenced files from each independent sample were 

processed through 10X Genomics Cell Ranger software v5.0.0. The raw base call files 

were demultiplexed using Cell Ranger mkfastq pipeline to generate FASTQ files. Cellranger 

count pipeline was applied to the FASTQs to perform alignment against BosTaurus ARS

UCD 1.2.102 reference build, filtering, barcode counting and Unique Molecular Identifier 
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counting. The feature-barcode matrices were analyzed through a series of open-source R 

platforms, including Seurat (33), ClusterProfiler (32) and Slingshot (34).

Quality control metrics were applied to the raw gene-barcode dataset (Fig. S2). First, data 

was filtered to remove genes detected in less than 5 cells per bovine sample. Next, cell 

barcodes with fewer unique molecular identifiers than the majority of cell barcodes from the 

sample (i.e., below 1,000) were removed (Figs. S2A & S2D). This processing step removes 

dead cells and debris infiltration. Next, cell barcodes with a total number of gene counts 

significantly higher than barcodes within the same sample (i.e., greater than 30,000) were 

removed (Figs. S2B & S2E). This processing step removes potential doublet cells. Cell 

barcodes with a high percentage of mitochondrial gene expression were identified through 

valleys in bimodality of expression. Depending on the sample, this ranged from 5% to 

25% of gene detection (Figs S2C & S2F). This processing step removes predicated cells in 

autophagy. As a representation of this process, Figure S2 visualizes pre- and post-filtered 

cell populations from sample B7D3 (Fig S2).

Individual sample datasets were linked with the Merge() function followed by recommended 

standardization steps. The dataset was log normalized with the NormalizeData() Seurat 

function followed by the ScaleData() Seurat function, where normalization standardizes 

gene expression between cells to reduce biasing by cell total transcription and scaling data 

shifts mean expression for every gene across all cells to 0 and standardizes variance of 

each gene to 1. These reduce processing and technical bias between sample origins and 

highlighters biologic variability.

2.4 Dimensionality Reduction and Unsupervised Clustering

Principal Component Analysis (PCA) was done for primary dimensionality reduction. 

Elbow Plot visualization identified 22 dimensions necessary to capture essential data, while 

also reducing noise effects. Unsupervised graph-based clustering was performed with a 

low-resolution parameter (0.6). Annotated cluster data is visualized with Uniform Manifold 

Approximation and Projection (UMAP).

BuildClusterTree() was utilized to inform populational distances between annotated clusters. 

This function computed distance relationships based on Euclidean distance matrix through 

average expression of variable genes within a subpopulation.

2.5 Supervised Cell Population Annotations

Differential gene expression analysis (DGEA) was done with Seurat to find top differentially 

expressed genes (DEGs) for each cluster. We generated top hit differential genes for each 

cluster with the FindAllMarkers() function. The top genes were identified by log base 2-fold 

change in expression levels (i.e., avg_logFC) value and difference value. Difference score 

is calculated as the difference between percent of cells in a cluster expressing a gene and 

percent of cells outside of a cluster expressing a gene. Expression value represents scaled 

expression of the specified gene on an individual cell barcode ID. Using a combination 

of top DEGs and canonical markere gene expression, clusters were grouped into partitions 

and annotated. Key annotation markers for supervised cell populations are listed in Table 
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1. Since the iAF is largely understudied, our key annotation markers for this partition were 

chosen as a combination of NP and oAF markers validated in the literature.

2.6 Unbiased Cell Population Annotation Pipeline

Unbiased cluster annotation was performed using a customized, multi-layer dense neural 

network deconvolution pipeline. The network was trained to deconvolve single-cell 

expression data into cell phenotype distributions using pseudo-bulk mixtures of 256 

unique cell types obtained from publicly available scRNA-seq data. The training data set 

consisted of over 100 unique altas studies, encompassing 6.2 million single cells. Using 

this framework, the tool assisted in providing unbiased evidence for cell type annotation 

by identifying expression patterns shared between cells in our scRNA-seq dataset and the 

closest cell types found in the training dataset.

2.7 DGEA Pipeline

For partitions with multiple subpopulations of cells, additional DGEA was conducted 

to determine phenotypic biomarkers of each partition and determine marker genes for 

subpopulations of cells within each partition. DGEA was done with Seurat, as previously 

described. To determine gene biomarkers for each cell partition (i.e. NP or oAF), gene 

expression significance was compared between all cells in the partition with all cells outside 

that cell partition. By filtering with stringent parameters (avg_logFC > 1.5 and difference > 

0.5) for positive gene expression we yield comprehensive gene vectors specific to a cell type. 

To investigate gene markers for individual clusters, we run a FindAllMarkers() function on 

subsetted Seurat objects with only the cell types and clusters of interest. This yields a gene 

vector with highly variable genes between clusters within a partition.

2.8 Network Analysis Pipeline

Individual clusters were compared to populations within their partition using Gene 

Set Enrichment Analysis of Gene Ontology (gseGO). Gene vectors for a particular 

subpopulation in comparison to the other clusters are generated using FindAllMarkers(). The 

input vector for the analysis is subsetted for avg_logFC >0.5. The network analysis liberally 

filters for pathways with a minimum of 3 genes and up to 2,000 genes annotated within 

it. Filtered gene vectors are compared to the “org.Bt.eg.dB” bovine reference. The gseGO 

analysis provides biological interpretations of the variable gene expression data through 

whole gene vector analysis, providing a robust alternative to manual cell cluster annotation 

from DGE analysis. Cnet plots were used to display the linkages of genes and biological 

processes as a network for each NP and oAF cluster (32).

2.9 Entropy and Pseudotime Analysis Pipelines

The mathematical calculation of Shannon entropy as a measurement of stemness used in 

this paper is based upon the original implementation proposed and detailed extensively by 

Tessechndorf and Enver (53). In this seminal work, the differentiation potency of a single 

cell is approximated by computing it’s signaling promiscuity, or entropy; whereby, more 

stem-like cells have a higher degree of variability in their gene expression when compared to 

more differentiated cells. Entropy is estimated by calculating the entropy rate of a random
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walk markov chain generated using a given protein-protein interaction (PPI) network 

superimposed with the gene expression of each individual single cell. Entropy calculation 

was implemented in Tensorflow 2.0, with support for rapid batch processing and GPU/TPU 

acceleration. Calculation of entropy for the bovine IVD samples was performed using a 

Google Cloud VM instance consisting of a 4-core Intel Xeon E5-2630 2.3GhZ CPU running 

on an NVIDIA V100 SMX2 GPU with 25GB RAM using a PPI network previously profiled 

for use with entropy estimation. Following scoring, spearman correlations were calculated 

for all genes, comparing log-normalized expression to entropy score with each cell 

serving as a unique datapoint. Multiple testing correction was performed using bonferroni 

adjustment. Genes with a positive correlation to entropy are considered overexpressed in 

high-entropy (stem-like) cell populations, conversely genes with a negative correlation to 

entropy are considered overexpressed in low-entropy (differentiated) cell populations.

Pseudotime analysis was done with the Slingshot version 2.0 pipeline (34). 

as.SingleCellExperiment() from the Seurat package converted seurat objects to class 

‘SingleCellExperiment’ (SCE). The SCE object is processed through the slingshot() function 

where a minimum spanning tree (MST) is constructed on cell clusters in order to define a 

global lineage structure in a reduced dimensionality space (PCA). No supervision for start 

or end clusters is provided for the analysis. Principal curves are fitted onto the reduced 

dimension dataset to compute pseudotime scores for each lineage predicting cell level 

transcriptional states. Ggplot is used to visualize the pseudotime score comparisons between 

subpopulations.

3. Results

3.1 scRNA-seq Data Reveals Heterogeneous Intervertebral Disc Cell Populations

We performed scRNA-seq analysis on 5 intervertebral discs (IVDs) isolated from 3 bovine 

tails (Fig. 2A). Unsupervised graph-based clustering of 14,555 cells integrated from the 5 

samples resolved 15 unique clusters based on nearest neighbor approximations (Fig. 2B). 

Differential gene expression analysis (DGEA) yielded significant gene expression per cluster 

(Fig. 2C). The heatmap visualizes the top 5 differentially expressed genes (DEGs) within 

each cluster sorted by log base 2-fold change (avg_logFC) value. The heatmap subsets each 

cluster into a randomly generated 60 cell count population for visualization. Using uniform 

manifold approximation and projection (UMAP) plots, hierarchical clustering and gene 

expression signatures of published canonical markers (Table 1), we annotated clusters into 

the following population partitions: nucleus pulposus (NP), outer annulus fibrosus (oAF), 

inner AF (iAF), notochord, muscle, endothelial and immune (Fig. 2B).

We observe all identified partitions across each of the contributing sample IDs in similar 

proportions (Fig. 2A & 2D). Within individual clusters, there is an observed contribution 

by each sample origin, except cluster oAF2. oAF2 is composed of 1029 cells and sample 

B8D1 contributes 1014 (99%) of those cells (Fig. 5B). To investigate potential biasing 

from B8D1 across the rest of the analysis, we excluded B8D1 and re-clustered our dataset. 

Re-clustering our dataset without sample B8D1 resulted in the identification of 15 similar 

clusters (Fig. S1). We observed the loss of cluster oAF2 and the discovery of Endo3. We 

believe these results are a byproduct of reduced cell counts with a constant clustering 

Panebianco et al. Page 7

FASEB J. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



resolution. This analysis supports that B8D1 provides the oAF2 population; however, 

without it we see limited downstream biasing. Importantly, the core partitions (i.e., NP, 

iAF, oAF and notochord) and their gene expressions in both analyses are similar; thereby 

providing support for diminished effects of population biasing from sample B8D1.

A phylogenetic tree was generated to identify population level organization of the 

clusters, which further provides population level interpretations of our single-cell dataset. 

The phylogenetic tree highlights similarity within population partitions, with NP, oAF, 

endothelial and muscle clusters branching adjacently to other clusters from the same 

partition (Fig. 2E). Interestingly, despite the iAF population sharing developmental lineage 

from oAF, the iAF cluster branched adjacent to NP clusters, NP1 and NP4, suggesting more 

similar gene expression patterns.

3.2 Unbiased Cell Population Annotation Confirms IVD Cell Partitions

To confirm cell population annotations, we used an unbiased cell population annotation 

pipeline. This analysis overlays our newly generated bovine gene expression data with 

published scRNA-seq datasets (i.e., training dataset), then annotates cells using the closest 

cell type within the training dataset. Using our custom unbiased annotation tool we observed 

high concordance between supervised and unbiased cell population annotations for common 

cell types (Fig. 3). Cells in the endothelial partition were annotated as endothelial cells with 

a high score of 0.99. Endothelial cells have been commonly explored in scRNA-seq atlases; 

thus, the high concordance between our supervised annotation and our unbiased annotation 

pipeline verifies our cell populations are correctly annotated. We achieved a similar result 

for our muscle partition; whereby, cells in this partition were labeled as myocytes and 

myoblasts with scores of up to 0.60 and 0.25, respectively. Cells found in the immune 

partition were identified as macrophages and hematopoietic stem cells with scores up to 0.25 

and 0.25, respectively.

The unbiased cell population annotation tool was capable of making accurate predictions 

for specific cell types found within the IVD (i.e., NP, notochord, oAF and iAF). scRNA

seq databases for the IVD are extremely rare; thus, the annotation tool could annotate 

IVD-specific cell types as the closest cell type within the training dataset. Cells in the 

NP partition were annotated as chondrocytes and cartilage with scorers up to 0.60 and 

0.30, respectively. oAF cells were annotated as fibroblasts with scores up to 0.60. These 

mid-range annotation scores for the NP and oAF partitions highlight that these cells have 

unique features from chondrocytes and fibroblasts, respectively. Cells in the iAF partition 

were annotated as both chondrocytes and fibroblasts, demonstrating the fibrocartilaginous 

nature of the iAF. Interestingly, cells in the notochord partition and the NP3 cluster were 

annotated as telencephalic progenitor cells with low scores of 0.12. These clusters were 

found to display progenitor characteristics (Section 2.7), and this unbiased annotation tool 

further corroborates this finding.

The high concordance of our cluster annotations using supervised and unbiased methods 

provides confidence that we have correctly annotated all cell clusters. This was an important 

first step in establishing an atlas of the bovine caudal IVD. Furthemore, it allowed us 

to continue our analysis of novel cell markers for the NP, notochord oAF and iAF 
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partitions, and make inferences about the functional relevance of subpopulations within 

these partitions.

3.3 Analysis of the NP Partition and NP Cell Subpopulations

To better elucidate novel phenotypic biomarkers of NP cells, we compared the pooled gene 

signature of clusters NP1, NP2, NP3, NP4 and NP5 to the pooled gene signature of all 

other identified clusters. Through this DGEA, we found that CP, S100B, H2AC18, SNORC, 
CRELD2, PDIA4, RARRES2, CILIP2, DNAJC3, CHCHD7, RCN2 and SERPINA1 were 

highly expressed in the NP (Fig 4A). The genes listed in the heatmap generated from this 

analysis are based on top gene hits by avg_logFC expression values and difference values 

(Section 4.7). CP, S100B, H2AC18, SNORC, CRELD2, PDIA4, DNAJC3, CHCHD7 and 

RCN2 have not been previously identified as significant NP markers, highlighting the power 

of scRNA-seq analysis to elucidate novel phenotypic biomarkers. We observed concordant 

gene signatures between the NP and notochord partitions for SNORC and RARRES2. 

While the notochord cluster shared some gene expression patterns with the NP clusters, the 

notochord cluster was distinguished by an upregulation of KRT8, ATP6V1G3, C1QTNF3, 
CD55 and SPP1 (Fig. 2C).

We next independently analyzed clusters NP1, NP2, NP3, NP4 and NP5 to characterize 

their gene signatures and elucidate the potential roles each of these populations have in 

IVD homeostasis (Fig. 4B). Top DEGs, listed with average avg_logFC in each cluster, 

were identified (Fig. 4C), then Cnet plots were generated to understand how these genes 

may relate to specific biological processes (32). NP1 expressed genes associated with 

the gene ontology (GO) terms for endoplasmic reticulum and negative regulation of cell 

death, like HSPA5 (avg_logFC = 2.92), HSP90B1 (avg_logFC = 2.68), and SELENOS 
(avg_logFC = 2.09) (Fig. 4D). The expression of CRYAB (avg_logFC = 1.44), GADD45A 
(avg_logFC = 0.92), ATF4 (avg_logFC = 0.90), URI1 (avg_logFC = 0.85) and SFRP1 
(avg_logFC = 0.83) in NP2 was associated with the GO term negative regulation of 

macromolecule biosynthetic processes (Fig. 4E). NP3 was defined by genes relating to the 

GO term for tissue development, like MUSTN1 (avg_logFC = 1.56), ECRG4 (avg_logFC 

= 1.39), SPP1 (avg_logFC = 1.20), CLEC3B (avg_logFC = 1.05), RHOC (avg_logFC = 

0.97), IGFBP5 (avg_logFC = 0.97), S100A10 (avg_logFC = 0.96), CNMD (avg_logFC 

= 0.92), INHBA (avg_logFC = 0.90), MGP (avg_logFC = 0.88), MSN (avg_logFC = 

0.81), HSPB1 (avg_logFC = 0.79), CAV1 (avg_logFC = 0.74), ACTG1 (avg_logFC = 0.73) 

and CLIC1 (avg_logFC = 0.72) (Fig. 4F). The top DEGs in NP4 were associated with 

the GO terms for the endomembrane system, positive regulation of cell communication 

and positive regulation of signal transduction. These genes included APOD (avg_logFC 

= 1.61), HMOX1 (avg_logFC = 0.95), CHI3L1 (avg_logFC = 0.95), S100A4 (avg_logFC 

= 0.87), GJA1 (avg_logFC = 0.85) and LAMTOR5 (avg_logFC = 0.80) (Fig. 4G). The 

last subpopulation of NP cells, NP5, was distinguished by an upregulation of canonical 

NP extracellular matrix (ECM) proteins, such as COL2A1 (avg_logFC = 2.24) and COMP 
(avg_logFC = 1.25). Expression of these genes was associated with the GO terms for 

endochondral bone morphogenesis and skeletal system morphogenesis GO terms (Fig. 4H). 

Based on these gene expression patterns, we hypothesize that clusters NP1, NP2 and NP4 
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are involved in NP cell survival, while clusters NP3 and NP5 are critical for NP tissue 

development and maintenance.

3.4 Analysis of the oAF Partition and oAF Cell Subpopulations

To uncover novel phenotypic biomarkers of oAF cells, we compared the pooled gene 

expression of all oAF clusters to all other clusters, analogously to our analysis of the NP 

partition. We found that FBLN1, SERPING1, COL1A1, LUM, IGFBP6, COL1A2, CTSK, 

LGALS1 and CCN3 were the top DEGs in this partition based avg_logFC and difference 

value (Fig. 5A). These genes were significantly expressed in the oAF clusters with limited 

expression in the iAF and NP partitions. Additionally, IGFBP6, CTSK, LGALS1 and CCN3 
were novel DEGs for the oAF population.

Comparison of the gene expression profiles for clusters oAF1, oAF2 and oAF3 within the 

oAF partition identified distinct functional roles for each subpopulation (Fig. 5B) Top DEGs 

in each cluster were identified (Fig. 5C) and analyzed using GSEA and Cnet plots, as with 

the NP analysis. oAF1 expressed genes associated with the GO term for cellular response 

to stimulus, such as GADD45B (avg_logFC = 4.35), ZFP35 (avg_logFC = 4.04), JUN 
(avg_logFC = 3.84), JUNB (avg_logFC = 3.63), ID2 (avg_logFC = 3.60), FOS (avg_logFC 

= 3.43), ID3 (avg_logFC = 3.42), EGR1 (avg_logFC = 3.33), MT2A (avg_logFC = 3.09), 

GADD45A (avg_logFC = 2.94), UBB (avg_logFC = 2.61), RND1 (avg_logFC = 2.58) 

and MT1A (avg_logFC = 2.56) (Fig. 5D). oAF2 was associated with the extracellular 

matrix GO term due to expression of SPARC (avg_logFC = 2.91), MMP2 (avg_logFC 

= 1.98), ASPN (avg_logFC = 1.49), PRELP (avg_logFC = 1.56), MFAP4 (avg_logFC = 

1.47), FMOD (avg_logFC = 1.47), BGN (avg_logFC = 1.43), APOE (avg_logFC = 1.07) 

and THBS4 (avg_logFC = 1.06). This cluster was also noted by upregulation of canonical 

oAF collagens, like COL1A1 (avg_logFC = 5.23) and COL1A2 (avg_logFC = 5.07) (Fig. 

5E). The last subpopulation of oAF cells, oAF3, was defined by an upregulation of genes 

associated with the GO term for anatomical structure formation involved in morphogenesis. 

Specifically, these included SPRY2 (avg_logFC = 1.03), TXNRD1 (avg_logFC = 0.91), 

SARS1 (avg_logFC = 0.82), COL4A1 (avg_logFC = 0.77) and GLUL (avg_logFC = 0.76) 

(Fig. 5F). Based on these gene expression patterns, we hypothesize that oAF1 is involved in 

AF cell survival, while clusters oAF2 and oAF3 are critical for AF tissue development.

3.5 Distinguishing the iAF from oAF and NP Partitions

The iAF is an interesting tissue within the IVD because it originates from the sclerotome, 

like the oAF, but has a transcriptional profile that resembles the notochord-derived NP (35). 

To elucidate unique biomarkers for iAF cells, we compared the gene expression of the 

iAF partition to the NP and oAF partitions (Fig. 6A & B). Unbiased comparison of the 

gene signature for the iAF cluster compared to the pooled gene expression of the NP and 

oAF clusters showed that MGP, COMP, SPP1, GSN, SOD2, DCN, FN1, TIMP3, WDR73 
and GAL were the top 10 DEGs in the iAF. Although these markers were fairly unique 

to the iAF cluster, a high percentage of cells in the iAF partition express the canonical 

NP markers COL2A1 (77.9%) and ACAN (94.6%) (Fig. 6C). Interestingly, the Cnet plot 

derived from top DEGs between the iAF and NP partitions showed that the iAF cluster 

upregulates GO terms associated with vasculature, circulatory and blood vessel development 
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(Fig. 6D). These terms were driven by differential expression of iAF markers like DCN 
(avg_logFC = 1.61), COMP (avg_logFC = 1.58) and FN1 (avg_logFC = 1.34), but also 

by the expression oAF markers like LUM (avg_logFC = 1.96) and COL1A2 (avg_logFC 

= 1.31). iAF cells also expressed oAF markers FBN1 (74.0%) and COL1A1 (15.8%) (Fig. 

6E). Analogously to the iAF vs. NP Cnet plots, the GO terms in the iAF vs. oAF Cnet 

plots were driven by differential expression of iAF markers like SPP1 (avg_logFC = 4.26), 

MGP (avg_logFC = 2.14), TIMP3 (avg_logFC = 1.97), FN1 (avg_logFC = 1.88) and SOD2 
(avg_logFC = 1.04), and markers of NP subpopulations associated with tissue development, 

like COL2A1 (avg_logFC = 2.99), COMP (avg_logFC = 2.47) and MUSTN1 (avg_logFC 

= 1.36). Using Cnet plots to visualize linkages of DEGs to biological processes, the iAF 

was shown to upregulate genes associated with the GO terms for tissue development and 

the extracellular matrix (Fig. 6F). These results highlight the fibrocartilaginous nature of the 

iAF, it’s overlapping gene expression with the NP and oAF partitions, it’s potential role in 

ECM maintenance, and a novel role involving regulation of vascular system GO terms.

3.6 Analysis of Additional IVD Cell Populations

In addition to the predicted partitions (i.e., NP, oAF, iAF and notochord), our scRNA-seq 

analysis resolved partitions of muscle, endothelial and immune cells (Fig. 2B). Clusters in 

the muscle partition were defined by high expression of CALD1, TMP1 and RBPMS, which 

are common markers of smooth muscle cells (Fig. 2C & 7A). Muscle1 also upregulated 

ACTA2 and DES, marking this cluster as a population of myofibroblasts (Fig. 2C & 7A). 

Endothelial clusters were designated by the robust expression of canonical endothelial 

markers S1PR1, LMO2, CDH5 and PECAM1 (Fig. 2C and 7B). Upregulation of SRGN, 
SLAMF7, IL1B and KIT, which are all common markers of hematopoietic cells, in the 

immune cluster justified its annotation (Fig 2C & 7C). The presence of smooth muscle, 

endothelial and immune cell populations within our scRNA-seq analysis likely indicates that 

blood vessels were processed with IVDs for single-cell isolation, or that the IVD tissue 

system contains muscle, endothelial and immune cell populations.

3.7 Presence of IVD Progenitor Cells

Understanding the function of tissue-specific progenitor cells is important for developing 

regenerative therapies; therefore, we were interested in searching for resident progenitor 

cells in our scRNA-seq dataset. We employed single-cell transcriptional entropy to estimate 

the stemness of cell clusters within our dataset. Using this analysis pipeline, we found 

that our notochord population had the highest transcriptional entropy score of 0.89, which 

correlates to being the most stem-like population (Fig. 8A) (53). The notochord is an 

embryonic structure that develops during gastrulation and notochordal cells are highly stem

like (54). Thus, the accurate identification of notochord cells as the most stem-like cluster 

in our population provided further confidence that entropy analysis could be used to identify 

potential progenitor cells within our dataset. Using this tool, we identified clusters NP3 and 

NP1 as having similarly high transcriptional entropy scores of 0.86. These were the highest 

scores for the NP partition, suggesting these clusters may contain resident NP progenitor 

cells. Clusters NP4, NP2 and NP5 had lower transcriptional entropy scores of 0.84, 0.82 

and 0.80, respectively, suggesting these are more differentiated NP subpopulations. Within 

the oAF partition, we identified clusters oAF3 and oAF2 as having transcriptional entropy 
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scores of 0.86 and 0.85 respectively. Cluster oAF1 had a transcriptional entropy score of 

0.79, the lowest score of all clusters. This suggests that clusters oAF3 and oAF2 may contain 

resident oAF progenitor cells.

Slingshot pseudotime analysis was used as an additional tool to validate potential IVD 

progenitor cell populations. This tool created a pseudotime lineage score for individual cells 

to rank populations by differentiation timepoint. Through this analysis pipeline, it was found 

that subpopulation NP1 was the most stem-like cluster in the NP partition. It then ranked 

the NP clusters by average pseudotime score predicting NP1, NP3, NP4, NP2 and NP5 

as the most progenitor-like to the most differentiated (Fig. 8B). These results, using an 

orthogonal analysis pipeline, corroborate our entropy analysis and further highlight clusters 

NP3 and NP1 as clusters with more progenitor-like populations. To generate pseudotime 

lineages, phylogenetic pseudotime algorithms rely on a continuum of data points to identify 

a trajectory (55). It is well established that the notochord differentiates into the NP (8); 

however, this differentiation trajectory could not be represented through this pseudotime 

analysis. We believe this is due to distance in differentiation time points between notochord 

and NP cells, with a lack of detection of the intermediary lineage populations.

4. Discussion

The poor understanding of heterogeneous cell populations within the IVD presents a barrier 

to deeper understanding of IVD pathophysiology and development of improved regenerative 

therapies. Previous studies, which employed bulk transcriptional profiling of NP and AF 

tissues (17-19), inherently masked IVD cellular heterogeneity by measuring average gene 

expression patterns. This study conducted scRNA-seq analysis of bovine caudal IVDs to 

elucidate the identity and function of heterogeneous cell populations within this tissue. 

Extensive bioinformatic analyses were employed to discover novel partitions, elucidate 

functional roles of subpopulations within partitions and identify potential progenitor cells. 

This deeper understanding of IVD cell types utilizing both unbiased and supervised analyses 

is needed to broadly advance IVD research, accelerate the development of novel therapies 

and reduce the global burden of discogenic back pain.

Cellular heterogeneity within the IVD has been of interest for many years, but there have 

only been three published IVD scRNA-seq papers that address this topic. Fernandes et 
al. used scRNA-seq to identify top DEGs between NP and AF tissue in human IVDs 

(28). Expression levels for these genes were measured in our bovine dataset and we found 

concordant gene expression in the NP partition for COL2A1, LPL, EFNB2 and RARRES2. 

We found limited expression of the top DEGs for the AF in our dataset. Comparing our 

results to Wang et al., who conducted scRNA-seq on rat caudal IVDs (29), we showed 

highly concordant expression for the classic NP (COL1A1, COL2A1 and ACAN), classic 

iAF (COL1A1, COL2A1, ACAN, SERPING, PRG4 and COL15A1) and classic oAF 

(COL1A1, COL2A1, ACAN, COL11A1 and SFRP2) markers they used to annotate their 

dataset. Interestingly, we also saw significant expression of some the novel iAF (MMP3 
and INHBA) and novel oAF (MYOC, IGFBP5 and LUM) markers defined by Wang et al.. 
Looking more deeply at cellular heterogeneity, Wang and colleagues found similar levels of 

heterogeneity within the AF region of the IVD, but less heterogeneity within the NP region. 
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Regardless, we identified concordant expression for the NP (UCP2 and ICAM1), iAF (MGP 
and MMP3), oAF (IGFBP5, CILP2, CLEC3B, SFRP4 and ASPN) subclusters. Calió et 
al. were the most recent group to explore IVD cell heterogeneity with scRNA-seq, using 

bovine caudal IVDs (30). Calió and colleagues found substantially greater heterogeneity in 

the NP and AF regions (27 and 24 clusters, respectively), which is likely due to the greater 

number of cells sequenced and resolution of clustering. However, our results aligned with 

those of Calió et al. in that we both identified clusters responsible for cellular response 

to stress (e.g., heat shock proteins) and ECM synthesis (e.g, collagens and small leucine 

rich proteoglycans). Overall, currently published IVD scRNA-seq papers corroborate our 

results, and differences can most likely be explained by species-level differences in gene 

expression and potential differences in methods for cell isolation and sequencing. For 

example, Fernandes et al. cultured their IVD cells prior to scRNA-seq, which could impact 

cell phenotype.

Cells in all clusters were annotated using a combination of supervised and unbiased 

annotation methods. Supervised cell population annotations were conducted using known 

marker gene expression and our cell type predictions were validated using a custom 

unbiased annotation tool. The annotation pipeline proved to be a powerful tool for assisting 

in the annotation of novel scRNA-seq datasets. We note that the pipeline forces cell 

identification toward the closest cell type within the training dataset, and is limited by the 

availability of published datasets. Since there are almost no publicly available scRNA-seq 

datasets for the IVD, cells in the NP partition were annotated as chondrocytes and cartilage 

cells, while cells in the oAF partition were annotated as fibroblasts. As the orthopaedics 

community continues to apply single-cell technologies to musculoskeletal tissues, additional 

publicly available datasets will be generated and future analysis tools, like our unbiased 

annotation pipeline, will be able to more accurately identify musculoskeletal cell types with 

greater specificity.

Novel phenotypic markers characterizing the NP and oAF cells were identified through 

analyses of the pooled gene signatures of the NP and oAF partitions. In the NP, CP, 
S100B, H2AC18, SNORC, CRELD2, PDIA4, DNAJC3, CHCHD7 and RCN2 were among 

the top DEGs, but have not been previously identified as NP marker genes. The CP 
gene encodes ceruloplasmin, a serum ferroxidase that utilizes copper to couple substrate 

oxidation with the four-electron reduction of oxygen to water (56). There is a dearth of 

information about H2AC18 expression; therefore, further research on this gene and the H2A 

histone-associated protein it encodes would be interesting for the IVD field. S100B (57), 

SNORC (58) and CRELD2 (59) are genes previously identified in articular chondrocytes, 

and associated with chondrocyte differentiation and phenotype maintenance. PDIA4 (60), 

DNAJC3 (61) and RCN2 (62) encode proteins localized to the endoplasmic reticulum (ER) 

and thought to be associated with ER stress. Upregulation of PDIA4 has been associated 

with IVD degeneration; therefore, further investigation of this gene may be interesting for 

the IVD field (63). CHCHD7 encodes a widely expressed protein with a poorly understood 

function, but genetic variation in the chromosome domain encompassing PLAG1-CHCHD7 
influences bovine stature (64).
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In the oAF, IGFBP6, CTSK, LGALS1 and CCN3 were identified as novel DEGs. IGFBP6 
and CCN3, encode insulin-like growth factor (IGF) binding proteins that are important 

for modulating IGF signaling (65, 66). IGF signaling is important for IVD development 

(67) and polymorphisms of the IGFBP6 gene have been associated with IVD degeneration 

(68); supporting further investigations of these genes in IVDs. Previous studies of CTSK, 

which encodes the interstitial collagenolytic enzyme cathepsin K (69), found that the 

protein is localized to degenerated AF fibers (70), suggesting a role in IVD degeneration. 

LGALS1 encodes Galectin-1, a secreted lectin that can regulate proliferation, differentiation, 

migration and death of mesenchymal cells (71). In IVD degeneration, LGALS1 expression 

was found more in the NP than the AF (72), suggesting downregulation of this gene in the 

AF may be associated with degeneration. Discovery of these novel NP and oAF marker 

genes highlights the potential of this dataset and, more generally, scRNA-seq analyses to 

enhance our understanding of IVD biology.

scRNA-seq analysis resolved one iAF cluster that displayed significantly elevated expression 

of numerous genes compared to the pooled gene expression of the NP and oAF clusters. 

The top 10 DEGs for the iAF cluster were MGP, COMP, SPP1, GSN, SOD2, DCN, 
FN1, TIMP3, WDR73 and GAL. Expression of COMP and DCN have been previously 

associated with the iAF region of the IVD (73, 74), demonstrating the validity of our 

results. Interestingly, MGP and SPP1 were among the DEGs that distinguished cluster NP3 

from the remaining NP clusters. This highlights the cartilaginous nature of the iAF and 

suggests that cells in NP3 may be transcriptionally similar to the fibrocartilaginous iAF. 

GSN encodes gelsolin, a very important actin-binding protein whose reduced expression has 

been correlated with patients suffering from rheumatoid arthritis (75). This may implicate 

a similar role of GSN in IVD degeneration. SOD2, FN1 and TIMP3 were all previously 

identified in the transformation of healthy NP cells to fibrocartilaginous NP cells during 

IVD degeneration (76-78). This shared gene expression between iAF and degenerated NP is 

supported by our network analysis comparisons of the iAF and NP partitions, which found 

that the iAF upregulated genes associated with the GO terms for vascular, circulatory and 

blood vessel development. Neovascularization is a hallmark of IVD degeneration (79); thus, 

the iAF may be a useful population of cells for studying IVD degeneration in the NP. To the 

authors’ knowledge, there are no published studies identifying the expression of WDR73 or 

GAL in the IVD, and these novel genes are worthy of further exploration. WDR73 encodes 

a protein involved in microtubule organization and dynamics during mitosis, and mutations 

in this gene have been associated with Galloway-Mowat syndrome (80). Galanin, encoded 

by GAL, is a neuropeptide involved in pain signaling (81). A previous study investigating 

neurochemical characteristics of IVD degeneration in a porcine model found that GAL 
was downregulated in sympathetic chain ganglia of pigs with IVD degeneration (82). Since 

markers that distinguish the iAF from the NP and oAF have been a longstanding knowledge 

gap in the field of IVD biology, the genes highlighted by our scRNA-seq analysis are an 

important step in understanding the role of the iAF in IVD homeostasis. Furthermore, iAF 

cells regulate genes important in neurovascular processes suggesting iAF may be important 

in modulation of discogenic pain processes.

Utilizing the highly resolved scRNA-seq dataset, we were able to identify 5 subpopulations 

of NP cells and 3 subpopulations of oAF cells, whose functional roles fell into two major 

Panebianco et al. Page 14

FASEB J. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



categories: cell survival and tissue development. Based on the gene expression patterns of 

clusters NP1, NP2, NP4 and oAF1, we hypothesize that these are robust cell populations 

involved in cell survival under low oxygen tension and high mechanical loading. Cells in 

NP1 expressed SELENOS, SELENOK (83), HSP90B1 (84) and HSPA5 (85), which are all 

encode endoplasmic reticulum-associated proteins involved in protein folding, trafficking 

and degradation, and assist with cell survival decisions. GADD45A (86), CRYAB (87), 

URI1 (88), SFRP1 (89) and ATF4 (90) were all upregulated in NP2 cells, and these genes 

are related to cellular stress pathways. Upregulation of the PERK/ATF4/CHOP signaling 

pathway was shown to be related to IVD degeneration (91). The overexpression of APOD 
(92) and S100A4 (93), as in NP3, has been previously associated with oxidative stress 

and articular cartilage degeneration, respectively. NP4 cells also overexpress CHI3L and 

HMOX1, which are considered to be protective against oxidative stress-induced catabolism 

of the NP in the context of IVD degeneration (94, 95). Cells in oAF1 expressed a myriad 

of genes related to cellular stress pathways, including GADD45A, GADD45B, (86) UBB 
(96), FOS, JUN, JUNB (97), ID2, ID3 (98), MT2A and MT1A (99). Studies investigating 

the Fos/Jun signaling pathway in the IVD found opposing effects on IVD degeneration 

depending on which pathway activated it (100). Results therefore highlight a need for future 

studies to investigate these subpopulations of NP and oAF cells and better understand their 

molecular and cellular role in IVD homeostasis and degeneration.

GO terms associated with clusters NP3, NP5, oAF2 and oAF3 were related to tissue 

development, skeletal system morphogenesis, ECM and anatomical structure formation 

involved in morphogenesis, respectively, suggesting these populations are important for 

forming and maintaining the IVD structure. Cells in NP3 expressed MGP and SPP1, which 

regulate ectopic tissue calcification (101), MUSTN1, a gene expressed in musculoskeletal 

tissues during development (102), and CNMD, a protein that promotes chondrocyte 

differentiation and attenuates osteoarthritis progress by inhibiting catabolic activity (103, 

104). COL2A1 and COMP, which encode ECM proteins canonically associated with the 

NP (9), were both upregulated in NP5. Cluster oAF2 was marked by the expression of 

canonical oAF ECM collagens, COL1A1 and COL1A2 (12), multiple small leucine-rich 

proteoglycans found in the oAF, like BGN, FMOD, ASPN (7, 105), and other proteins 

involved in collagen fibril assembly, like SPARC, MFAP4 and PRELP (106-108). Cells 

in oAF3 expressed COL4A1, a basement membrane-associated collagen (109). GLUL, 
SPRY2 and SARS1 were also upregulated in cluster oAF3, which are required for proper 

tissue development because they regulate cell proliferation and protein translation (110-112). 

For example, SPRY2 knockout mice show decreased skeletal size and trabecular bone 

mass, as a result of aberrant proliferation and impaired terminal differentiation (113). Cells 

phenotypically similar to subpopulations NP3, NP5, oAF2 and oAF3 may be promising 

for cell delivery because of upregulation of ECM-associated genes could result in ECM 

synthesis and structural regeneration of the IVD after implantation.

Using entropy and pseudotime analyses, we identified potential resident progenitor cells 

within the IVD, which may be involved in endogenous repair mechanisms and important 

for regenerative medicine research. This finding is highly significant because many studies 

address the presence of progenitor cells in the IVD; however, current findings mostly use 

in vitro approaches, with limited in vivo findings (11). High transcriptional entropy is 
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associated with reduced focalized functions allowing for increased differentiation potential. 

Single-cell entropy analysis found that our notochord cluster was the most stem-like 

in our population, clusters NP3 and NP1 were the most stem-like subpopulations of 

the NP partition, and oAF3 and oAF2 were the most stem-like in the oAF partition. 

Slingshot pseudotime analysis corroborated entropy analysis results for clusters in the 

NP partition. Lineage tracing studies have demonstrated that the NP is derived from the 

notochord (114); thus, these analysis pipelines independently identified progenitor cells 

and their differentiation trajectories using orthogonal approaches. Furthermore, our analyses 

determined that notochordal cells can differentiate into multiple NP cell phenotypes. Future 

studies that isolate cells from clusters NP3 and NP1 are needed as a next step to confirm 

their stemness using in vitro and in vivo assays. Furthermore, future studies on oAF cell 

populations are needed to validate the stem-like characteristics of oAF3 and oAF2 suggested 

by the entropy analyses and further identify potential oAF progenitor populations.

Despite the numerous insights gathered from our scRNA-seq analysis of the IVD, it is not 

without limitations. First, our analysis used bovine caudal IVDs, due to the difficulty in 

obtaining fully intact, healthy human IVDs of sufficient quality. Bovine IVDs are commonly 

used as a large animal model for IVD research because of their similar mechanical loading, 

nutrient transport distances and gene expression to human IVDs (31). Additionally, we see 

concordant expression of NP and oAF genes identified through scRNA-seq of human IVD 

cells (28) in our bovine dataset. Therefore, we believe the marker genes and subpopulations 

of partitions analyzed in our dataset are likely to have implications for human IVDs, but 

additional species-level comparisons will be necessary to confirm these results. Second, IVD 

age is an important variable when studying resident cell populations, but we did not have 

precise control of the age of these specimens. The abattoir confirmed the age of our animals 

was between 2 to 3 years-old; thus, we are confident that age did not significantly bias 

our results. Future scRNA-seq experiments investigating how IVD cell populations change 

during development, maturation, aging and degeneration processes will require other model 

systems with more precise age control. Third, scRNA-seq analysis requires dissociation 

of the tissue of interest, resulting in a loss of spatial information about identified cell 

populations. Positional context is crucial for understanding how cells interact with one 

another during tissue development, homeostasis and degeneration; thus, corroboration of our 

dataset with spatial transcriptomics (115) would help resolve how IVD cell subpopulations 

interact with one another to maintain IVD function and is of interest for future research. 

Fourth, novel markers generated from our sequencing data were not validated with protein

level assays. We chose to focus this manuscript on the discovery and presentation of 

potential biomarkers since validated bovine antibodies are difficult to obtain and there were 

too many potential biomarkers discovered to be tested. Lastly, only sequencing data was 

used to identify potential progenitor cell populations and their differentiation trajectories. 

Future work will be required to assess the differentiation potential of identified progenitor 

cells and confirm the differentiation trajectories predicted by our analyses.

In conclusion, we identified numerous novel phenotypic biomarkers of the NP (CP, S100B, 
H2AC18, SNORC, CRELD2, PDIA4, DNAJC3, CHCHD7 and RCN2), oAF (IGFBP6, 
CTSK, LGALS1 and CCN3) and iAF (MGP, COMP, SPP1, GSN, SOD2, DCN, FN1, 
TIMP3, WDR73 and GAL) cells using scRNA-seq and inferred their relevance to the 
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IVD function. Network analyses identified clusters involved in ECM maintenance and 

cell survival. Clusters NP3, NP5, oAF2 and oAF3, which were associated with ECM 

maintenance, are potentially desirable cells for exogenous cell therapies because they 

can promote tissue repair via ECM synthesis. Entropy and pseudotime analyses identified 

clusters notochordal, NP3, NP1, oAF3 and oAF2 as the most stem-like in their partitions, 

implying these clusters may contain interesting IVD-progenitor cells that could be targeted 

for endogenous repair strategies. Novel iAF marker genes were also identified to distinguish 

this partition from NP and oAF partitions, and transcripts suggest these cells could be 

important in degenerative processes. We believe these findings provide an exciting dataset 

and fundamental information that is broadly applicable to understand IVD cell physiology 

and function. Moreover, these findings will be crucial to inform novel cell repair strategies 

for treating IVD degeneration and reducing the global burden of discogenic back pain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by the National Institute of Arthritis and Musculoskeletal and Skin Diseases [NIH R01 
AR057397 (JCI), NIH F31 AR077385 (CJP)]. Authors thanks Warren Hom, Associate Researcher, for assistance 
dissecting IVDs from bovine tails and Roosheel Patel, PhD Student, for important scientific discussions. Authors 
also thank Jill Gregory, Associate Director of the Levy Library Instructional Technology Group and Certified 
Medical Illustrator, for medical illustrations.

Nonstandard Abbreviations

AF Annulus fibrosus

avg_logFC log base 2-fold change

DEGs Differentially expressed genes

DGEA Differential gene expression analysis

ECM Extracellular matrix

gseGO Gene set enrichment analysis of gene ontology

GO Gene ontology

iAF Inner annulus fibrosus

IVD Intervertebral disc

NP Nucleus pulposus

oAF Outer annulus fibrosus

PCA Principal component analysis

scRNA-seq Single-cell RNA-sequencing
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UMAP Unifold manifold approximation and projection
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Figure 1: Schematic representation of scRNA-seq analysis pipelines.
Bovine IVDs were quartered, digested and processed for scRNA-seq analysis with numerous 

downstream bioinformatic analysis pipelines. Differential gene expression analysis (DGEA).
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Figure 2: scRNA-seq analysis reveals heterogeneous clusters of IVD cells.
(A) UMAP of cell populations annotated by sample origin. 5 samples comprise the dataset, 

spanning 3 independent bovine animals. Samples are labeled by animal number and disc 

level (e.g., B6D3 means bovine animal 6, disc number 3). (B) Partition annotation of 

identified clusters. (C) Heatmap of top differentially expressed genes (DEGs) per cluster 

identified by average log base 2-fold change (avg_logFC value). Cell IDs are subsetted 

for 60 representative cells per cluster. Expression value represents scaled expression of the 

specified gene on an individual cell barcode ID. (D) Frequency of each IVD partition per 

bovine sample. (E) Phylogenetic tree outlining population level distance relationships to 

predict divergence points in global dataset.

Panebianco et al. Page 26

FASEB J. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: Custom unbiased cell population annotation pipeline corroborates supervised IVD 
partition annotations.
Center UMAP shows supervised annotations of scRNA-seq dataset. Surrounding UMAPs 

(dashed lines) were generated by unbiased cell population annotation tool. The unbiased 

cell population annotation tool annotates cells based on how closely their gene expression 

matches the gene profiles of annotated cells in published scRNA-seq datasets. UMAPs 

generated by the tool were organized based on which partition(s) they annotated. For 

example, many cells in the NP and iAF partitions were categorized as chondrocytes and 

cartilage using this tool. Scores range from 0 to 1, with higher scores indicating a greater 

likelihood of correctly annotating cells.
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Figure 4: scRNA-seq analysis finds novel NP cell marker genes, heterogeneous subpopulations of 
NP cells and their function.
(A) DGEA between pooled NP subpopulations and all other clusters. (B) UMAP of NP 

partition and frequency of NP subpopulations per IVD sample. (C) DGEA between NP 

subpopulations compared to one another. CNET plots displaying linkages of DEGs and 

associated biological processes for (D) NP1, (E) NP2, (F) NP3, (G) NP4 and (H) NP5. Tan 

dots represent GO terms with size corresponding to the number of genes related to that term. 

Red/gray dots represent genes with color corresponding to the expression value between 

the cluster of interest and the other populations for that particular gene. Expression value 

represents scaled expression of the specified gene on an individual cell barcode ID.
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Figure 5: scRNA-seq analysis finds novel oAF cell marker genes, heterogeneous subpopulations 
of AF cells, and their function.
(A) DGEA between pooled oAF subpopulations and all other clusters. (B) UMAP of oAF 

partition and frequency of oAF subpopulations per IVD sample. (C) DGEA between oAF 

subpopulations compared to one another. CNET plots displaying linkages of DEGs and 

associated biological processes for (D) oAF1, (E) oAF2 and (F) oAF3. Tan dots represent 

GO terms with size corresponding to the number of genes related to that term. Green/gray 

dots represent genes with color corresponding to avg_logFC score between the cluster of 

interest and the other populations for that particular gene. Expression value represents scaled 

expression of the specified gene on an individual cell barcode ID.
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Figure 6: scRNA-seq analysis finds novel iAF cell marker genes.
(A) DEGA between iAF cluster and pooled NP and oAF partitions. (B) UMAP of iAF 

partition. Ridge plots showing overlapping gene expression of iAF cluster with (C) NP 

and (E) oAF partitions. Cnet plot displaying linkages of DEGs and associated biological 

processes between (D) iAF vs. NP and (F) iAF vs. oAF. Gene expression is the scaled 

expression value for the specified gene across individual cells.
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Figure 7: scRNA-seq analysis discovers novel IVD cell types
(A) UMAP of muscle partition, DGEA between muscle subpopulations compared to one 

another, and DGEA between pooled muscle subpopulations and all other clusters. (B) 
UMAP of endothelial partition, DGEA between endothelial subpopulations compared to 

one another, and DGEA between pooled endothelial subpopulations and all other clusters. 

(C) UMAP of immune partition and DGEA between Immune cluster and all other clusters. 

Expression value represents scaled expression of the specified gene on an individual cell 

barcode ID.
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Figure 8: Entropy and pseudotime analyses identify stem-like populations of cells within IVD.
(A) Single-cell entropy analysis of all resolved clusters. Transcriptional entropy scores range 

from 0 to 1. High scores are correlated with stem-like cell populations and low scores are 

associated with differentiated cell populations. (B) Pseudotime analysis showing predicted 

differentiation trajectories of NP subpopulations. Clusters with lower pseudotime values are 

considered to be less differentiated than clustered with greater pseudotime values.
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Table 1.

Key annotation markers for supervised cell population annotations.

Partition Key Annotation Markers

NP (19, 20, 35, 36) COL2A1, ACAN, HIF1A, SOX9, VCAN

oAF (35, 37) COL1A1, LUM, COL5A1, COL12A1, SFRP2

iAF (22, 35) COL1A1, FBN1, COL2A1, ACAN, LUM

Muscle (38-41) CNN1, ACTA2, TAGLN, CALD1, SMTN, MYLK

Endothelial (42-45) CDH5, LMO2, PECAM1, KDR, VEGA, FLT1, VWF, CXCR4

Notochord (19, 46) KRT8, KRT18, KRT19, SHH, TBXT

Immune (47-52) CD68, SRGN, LAPTM5, CD44, IL1RN, IL1B
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