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Abstract: Background: In the study of the pathogenesis of cartilage tissue (articular cartilage, meniscus, intervertebral disc, 

etc.) diseases, the most common research object is to explore some possible pathogenesis and pathogenesis in the direction of the 

whole pathological changes of these overall tissues. Therefore, there are many limitations and inaccuracies in the previous 

research methods. Single-cell sequencing refers to the technology of sequencing the genome and transcriptome epigenome at the 

single cell level, which can obtain the heterogeneity data between different cells from the sample tissue and sequence the 

precious very trace sample, so as to reflect the law and essence of life at a deeper level. Objective: Single cell sequencing 

technology can be used to explore the pathogenesis of cartilage tissue diseases, understand the relationship between a cell type 

and diseases and provide new ideas for treatment and diagnosis. Methods: The first author used the Chinese search terms 

"single-cell sequencing, cartilage, intervertebral disc, meniscus" and the English search terms "single-cell sequencing; cartilage; 

intervertebral disc; meniscus, osteoarthritis", relevant articles included between January 2010 and April 2021 were searched in 

Embase, PubMed, Wanfang database, and China National Knowledge Infrastructure (CNKI) database. The retrieved relevant 

literatures were screened and collated, and the included relevant literatures were reviewed in detail. Results & Conclusion: From 

the emergence of single-cell sequencing technology for the first time more than ten years ago, single-cell sequencing technology 

has been rapidly developed, and occupies an important position in the whole history of life science and technology development. 

Single-cell sequencing has been widely used in the study of tumor heterogeneity, immune microenvironment, neuroscience, 

embryonic development, and cell differentiation. However, the application in cartilage tissue diseases, is still in the primary stage 

of exploratory research. Single-cell sequencing technology can better understand the pathogenesis of cartilage tissue diseases at 

the cellular level, providing the possibility for pathological staging and targeted therapy at the molecular level of the disease. 

This is helpful for early diagnosis and early intervention of cartilage tissue diseases, reducing the pain caused by advanced 

cartilage tissue diseases and the economic burden of the whole society, so it also has a broad prospect in cartilage tissue diseases. 
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1. Introduction 

Single cell sequencing refers to a new technology for 

high-throughput sequencing analysis of epigenome, 

transcriptome and genome at the level of single cell. It can 

compensate for the limitations of previous traditional 

high-throughput sequencing, reveal the interaction 

relationship between different cells between tissues, as 

well as the gene structure and gene expression status of 

single cells, and reflect the heterogeneity between cells. 

Compared with the traditional sequencing technology that 

only reflects the specificity of a certain tissue or cell 

population, single-cell sequencing technology can reveal 

the differences in the expression of genetic material and 

protein at the level of a single cell, so as to better 

understand the function of a single cell in a specific 

environment and specific tissue. At present, single-cell 
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sequencing has been widely used in various fields: such as 

tumor heterogeneity [1], immune microenvironment [2], 

neuroscience [3], embryonic development [4], and cell 

differentiation [5]. Moreover, with the continuous 

development of single-cell sequencing technology and the 

continuous improvement and innovation of sequencing 

methods, it will be applied to the field of more biological 

disciplines in the future. It can be used to explore its 

pathogenesis, understand the relationship between a cell 

type and the disease, and provide new ideas for treatment 

and diagnosis in cartilage tissue diseases, which are briefly 

summarized in this paper. 

2. Materials and Methods 

2.1. Search Strategy 

Source of data The first author searched the Chinese search 

terms "single-cell sequencing; cartilage; intervertebral disc; 

meniscus; osteoarthritis" and the English search terms 

"single-cell sequencing; cartilage; meniscus; intervertebral 

disc; osteoarthritis", relevant articles included between 

January 2011 and March 2021 were searched in Embase, 

PubMed, Wanfang database, and China National Knowledge 

Infrastructure (CNKI) database. According to the selection 

criteria, the relevant literatures were screened and sorted out, 

and the included relevant literatures were reviewed in detail. 

2.2. Selection Criteria 

Inclusion criteria: 1), Selected the relevant literature data 

of articular cartilage, meniscus and intervertebral disc in 

single-cell sequencing samples; 2), Chinese or English 

literatures must have the characteristics of good quality, high 

relevance and strong timeliness; 3), Relevant research 

content and data analysis must be authentic. 

Exclusion criteria: 1), literatures with poor quality, low 

relevance and repeatability; 2), unreliable literature content 

and data analysis. 

2.3. Quality Assessment and Data Extraction 

A total of 271 relevant articles were retrieved, including 31 

Chinese articles and 240 English articles. 271 articles were 

screened according to the selection criteria, and a total of 52 

Chinese and English articles that met the inclusion criteria 

were included, as shown in Figure 1. 

 

Figure 1. Literature Screening flow chart. 

3. Results 

3.1. Single-cell Gene Transcriptome Sequencing 

Technology 

3.1.1. Sequencing Overview of Single-cell Gene 

Transcriptomes 

Transcriptome refers to all RNA transcribed from a cell at a 

specific stage of a cell. These include mRNAs and non-coding 

RNAs [6-7]. Transcriptomics is to study the expression of 

intracellular genes from the level of IIIIA, and to study the 

situation of gene transcription and the law of gene 

transcription regulation in individual cells at the overall level. 

Unlike the genome, transcriptomics studies encompass the 

time and space constraints of individual cells. The gene 

expression of the same cell is not exactly the same in different 

growth periods and growth environments. In recent years, the 

emerging single-cell sequencing technology can amplify and 

sequence the whole transcriptome at the single-cell level, and 

its technical principle is to amplify the trace whole 

transcriptome RNA of a single cell isolated from the tissue 

followed by high-throughput sequencing. Using this 

technique is able to reveal gene expression status and gene 

structure information at the global level within individual cells 

and accurately reflect the heterogeneity between cells. 

Insights into the interrelationships between cellular genotypes 

and phenotypes. Single-cell genome technology has been 
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applied to multiple subject areas, such as plant cells, animal 

cells (including human cells) and microorganisms. Single-cell 

genome sequencing mainly includes four steps: single-cell 

isolation → whole-genome amplification → high-throughput 

sequencing → data analysis. Among them, single cell 

isolation and whole genome amplification play a key role in 

the accuracy of the final results [8]. 

3.1.2. Single Cell Isolation 

The commonly used single cell separation methods mainly 

include: continuous dilution method, micromanipulation 

method and laser capture microdissection method, magnetic 

bead-activated cell sorting method and 

fluorescence-activated cell sorting method, and microfluidic 

control method. Microfluidic technology, which has been 

proposed in recent years, achieves the separation of single 

cells by constructing a microflow channel with a diameter of 

10 ~ 100 microns to artificially control fluid flow [9-10]. It 

has the advantages of accurate control, less samples and 

reagents required, high resolution circuit and high sensitivity. 

The microfluidic system team led by Ma Bo, a researcher at 

the Chinese Academy of Sciences, invented the FOCOT 

technology with only one cell (one-cell-one-tube) per tube by 

designing a simple and efficient single-cell sorting and 

sequencing docking device, which can be accurately, 

high-speed, and low-cost separated, obtained, and distributed 

with a single microbial cell, so as to directly dock with 

single-cell sequencing [11]. At present, many commercial 

microfluidic platforms have been widely used, such as Single 

Cell3 Solution introduced by 10XGenomics that can sort tens 

of thousands of cells at a time. This sorting platform provides 

convenience for single-cell genome and transcriptome 

sequencing, reduces the research cost, and has a broad 

application prospect [12]. 

3.1.3. Single-cell Nucleic Acid Sequence Amplification 

The nucleotide sequence of DNA or RNA in a single cell 

isolated from a sample is only picogram and cannot be 

applied to the actual sequencing process, so amplification is 

required: whole genome amplification (WGA)/whole 

transcriptome amplification (WTA). Traditional whole 

genome amplification methods are: PCR-based WGA method, 

multiple strand displacement amplification (MDA), and 

multiple annealing circular amplification technique 

(MALBAC). There are many methods of PCR-based WGA, 

but PEP-PCR, DOP-PCR and DDOP-PCR are common. 

Among them, the high amplification bias of DOP-PCR (only 

certain regions of the genome are preferentially amplified, so 

it is suitable for large-scale sequencing) leads to relatively 

low coverage of the genome (about 10%), making DOPPCR 

useful in single-cell copy number assessment, but not 

suitable for single-nucleotide variation (SNV) detection [13]. 

MDA is a non-PCR amplification technique that does not 

require thermal cycling, and MDA is most suitable for 

mutation detection, but it is insufficient for copy number 

analysis due to moderate amplification bias and uneven 

genome coverage [14]. MALBAC is a new single-cell whole 

genome amplification technology published in Science by the 

Xiaoliang Xie team at Harvard University in 2012 and is a 

linear amplification modality. Compared with MDA, 

MALBAC has a higher efficiency in detecting copy number 

variations and single nucleotide polymorphisms [15], with 

the disadvantage of a false positive rate. Recently, 

Academician Xie Xiaoliang proposed a novel method for 

linear amplification of single-cell genomes in Science, 

LIANTI, which has greatly improved all indicators such as 

amplified gene coverage and fidelity compared with 

MALBAC, DOP-PCR, and MDA techniques [16]. 

Commonly used whole transcriptome amplification methods 

are: Smart-seq/Smart-seq2, Quartz-seq, MATQ-seq, 

CEL-seq/CEL-seq2, and STRT. 

3.1.4. Single-cell Sequencing Technology 

Single-cell RNA sequencing technology is the discovery of 

new transcripts by calculating the expression of different 

RNAs through statistically relevant read segments. There are 

two main categories: full-length sequencing and tag-based. 

Full-length sequencing is mainly used to detect and identify 

the variation and cleavage process of a single base in an 

allele, while tag-based sequencing is a molecular marker 

combined with its specificity to target more samples and 

increase the quality and throughput at the gene level [17]. 

The Tang's method, proposed in 2009 [18], performs 

single-cell RNA amplification simultaneously with 

sequencing technology. On this basis, Sasagawa Y et al 

optimized it to reduce amplification by-products and simplify 

the experimental process, and proposed the method of 

Quartz-Seq [19]. CELseq with IVT instead of PCR, 

SMART-based STRT method (single-cell tagged reverse 

transcription), Smart-Seq and Smart-Seq2 that enable the 

full-length of transcripts to be sequenced, and the recently 

Austrian researchers proposed a single-cell sequencing 

method called CROP-seq in Nature Methods, enable the 

large-scale completion of unprecedented analysis of 

high-throughput gene regulation [20], as well as the 

DroNc-Seq single-cell expression profiling technology 

proposed by the Zhang Feng team of the Broad Institute in 

Nature Methods in the same year [21]. 

3.2. Application of Single Cell Sequencing in Cartilage 

Tissue Diseases 

3.2.1. Application of Single-cell Sequencing in Chondrocyte 

Stem Cell Induction Culture 

In the past, the advent of human induced pluripotent stem 

cells (hiPSCs) has served as a major breakthrough in in vitro 

disease modeling for cartilage regeneration therapy and 

osteoarthritis (OA) drug discovery [22]. However, 

developing protocols for continuously differentiating hiPSCs 

into chondrocytes remains challenging. Early studies 

reported that hiPSCs can generate chondrocytes by expansion 

of mesodermal cell monolayers after embryoid body 

formation and culture in three-dimensional cell pellets in 

chondrogenic induction medium [23, 24]. Therefore, recent 

researchers are all trying to use serum-free and chemically 

defined media [25 - 27]. By coupling induction and inhibition 
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signals required for specification of the developing 

mesoderm of the embryo [28], Chia-Lung Wu et al. 

established a stepwise chondrogenic differentiation protocol 

for hiPSC by using multiple hiPSC lines in several 

laboratories [29]. 

Chia-Lung Wu et al applied bulk RNA sequencing (bulk 

RNA-seq) and single-cell RNA sequencing (scRNA-seq) to 

map the kinetics of gene expression during mesodermal and 

chondrogenic differentiation of hiPSCs [30]. By using 

single-cell transcriptomics, the team confirmed mesodermal 

and chondrogenic differentiation of hiPSCs, in addition to 

identifying GRNs and key hub genes that regulate 

heterogeneous off-target cell generation. At the same time, it 

was demonstrated that the homogeneity of chondrogenesis in 

hiPSC could be significantly improved by inhibiting the 

molecular targets WNTs and MITF. This study developed and 

validated an enhanced chondrogenic differentiation protocol 

for hiPSC. 

At the same time, in order to determine the phenotype of 

hiPSC-derived cartilage, the team made projections in PCA 

for the large amount of RNA-seq data from this study and 

publicly available sequencing datasets of primary 

chondrocytes from various cartilage tissues and chondrocytes 

from human mesenchymal stem cells (hMSCs) [31]. 

HiPSC-derived chondrocytes were therefore found to exhibit 

a phenotype similar to embryonic limb bud chondrocytes. 

3.2.2. Application of Single-cell Sequencing in Meniscus 

Hao Sun et al. [32] found seven cell clusters, including 

five previously discovered cell clusters and two new cell 

clusters, by single-cell high-throughput scRNA sequencing of 

healthy individuals and degenerated menisci, specifically 

identifying the following cells: (1) endothelial cells (EC, 

expressing CD93 and CDH5), [33] (2) chondroprogenitor 

cells (CPC, expressing CDK1 and BIRC5), [34] (3) 

regulatory chondrocytes (RegC, expressing BMP2 and 

FOSL1), [35] (4) fibrochondrocytes (FC, expressing 

COL1A1, COL3A1, and COL6A1), [34, 36] (5) 

Prehypertrophic chondrocytes (PreHTC, expressing MMP1 

and TNFAIP6), [37-38]. fibrochondrocyte progenitor cells 

(FCP, which express both the fibrochondrocyte genes 

COL1A1 and COL3A1 as well as the intercellular stem cell 

marker genes MCAM and MYLK) [39] and (7) 

fibrochondrocyte proliferation (ProFC, which express both 

the fibrochondrocyte genes COL1A1 and the growth factors 

FGF7 and CTGF) [40]. 

Inverse time analysis revealed the presence of endothelial 

cells and fibrochondrocyte progenitors at the origin of the 

pseudospatial trajectory. Melanoma cell adhesion molecule 

(McaM)/cD146) was highly expressed in two clusters. 

CD146 + meniscal cells differentiated into osteoblasts and 

adipocytes and formed colonies. We identified changes in the 

proportion of degenerating meniscal cell clusters and found a 

degenerative meniscus-specific cluster with progenitor cell 

characteristics. The reconstitution of four progenitor clusters 

suggests that FcP differentiation into DegP is an aberrant 

process. In healthy human meniscal cells, interleukin 1 

stimulation increased cD318 + cells, whereas TGF1 

attenuated the increase in cD318 + cells in degenerated 

meniscal cells. 

The researchers identified the cells and their gene 

signatures of healthy and degenerated meniscus cells to 

determine their differentiation relationships and characterize 

the diversity within specific cell types. Colony formation, 

multi-differentiation assays, and mouse meniscal injury 

models were used to identify meniscal progenitor cells. The 

role of degenerated meniscus progenitor cell (DegP) cell 

mass in the process of meniscus degeneration was studied by 

computational analysis and experimental validation. 

Hao Sun et al suggested that CD146 + meniscal cells have 

potential in meniscal tissue engineering and DegP could be a 

possible therapeutic target for meniscal degeneration. The 

identification of meniscal progenitor cells has provided new 

insights into cell-based meniscal tissue engineering, 

demonstrating novel mechanisms of meniscal degeneration, 

which could help to develop a new therapeutic strategy. 

3.2.3. Application of Single-cell Sequencing in Human 

Arthritis 

Osteoarthritis (OA) is the most common form of arthritis 

involving the joints, including the knee, hip, finger 

interphalangeal, and spinal facet joints. And it usually occurs 

after middle age, causing joint pain and limited mobility [41]. 

OA is a major cause of lower limb disability in the elderly. 

An estimated 2.4 billion people worldwide suffer from 

osteoarthritis [42]. Cartilage is the main lesion site and has 

been the focus of OA research. However, the causes related 

to the gene molecular level and cellular level of cartilage 

diseases are still not clear. 

Xiaoyu Li et al explored and compared the genes and their 

expression patterns that play an important role in the 

pathogenesis of OA by RNA-seq technique using 18 normal 

knee cartilage tissues and 20 OA affected tissues [43]. 

Differential gene expression analysis: Based on PCA 

results, there were some differences between normal and OA 

samples: the team obtained 1375 up-regulated DEGs and 

1026 down-regulated DEGs. According to the adjusted 

p-value ranking, the top five DEGs up- or down-regulated 

were CFI, SULF1, SPOCK1, FUT4, GRIA2 and DDIT3, 

MAFF, CISH, BCOR, ADM. 

Weighted gene co-expression network analysis (WGCNA): 

When a gene is positively correlated with OA, it is also 

strongly positively correlated with age and weakly negatively 

correlated with males. The modules with the strongest 

positive and negative correlations with OA contained 1240 

and 731 genes, respectively. The hub genes of the modules 

with the strongest positive and negative correlations with OA 

were SLC35B4 and MAFF, respectively. The module genes 

with the strongest positive correlation with OA were mainly 

enriched in extracellular matrix-associated pathways, and the 

module enrichment results with the strongest negative 

correlation with OA again showed FoxO and HIF-1 signaling 

pathways. 

Quasi-temporal analysis: The study obtained 3139 genes 
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that changed as a function of pseudo-time. In the distribution 

map sorted by time-mimicking cells, CCL3, CXCL8, and 

IL1B were mainly upregulated at the beginning of the sham 

time, COL1A1, COL1A2, and PRG4 were upregulated near 

the end, and FGF1, KRT17, and NGF were upregulated in 

the middle. 

Xiaoyu Li et al intersected genes suggested by the analysis 

of bulk RNA sequencing (bulk RNA-seq) datasets with genes 

suggested by the pseudo-temporal analysis of single-cell 

RNA sequencing (scRNA-seq) datasets. According to the 

results of bulk RNA-seq and scRNA-seq analysis, 271 shared 

genes were found, of which 183 were upregulated in 

osteoarthritic cartilage, while in normal cartilage, 88 were 

downregulated. Of the 271 shared genes, the team identified 

14 transcription factors and 8 long chain non-coding NRAs 

whose expression patterns were highly consistent with 

previous studies [44-48]. 

The study by Xiaoyu Li's team may provide some 

inspiration for the understanding and treatment of OA. 

Quanbo Ji [49] et al performed unbiased whole 

transcriptome ScRna-seq analysis, computational analysis, 

and histological analysis of 1464 chondrocytes from 10 

patients with OA (osteoarthritis) who underwent knee 

arthroplasty. As a result, seven molecularly defined 

chondrocyte populations were identified in human cartilage, 

including three new phenotypes with different functions: 

ProCs (proliferating chondrocytes), preHTCs 

(prehypertrophic chondrocytes), FCs (fibrochondrocytes), 

HTCs (hypertrophic chondrocytes), EC (effector 

chondrocytes), RegCs (regulatory chondrocytes), and HomCs 

(homeostatic chondrocytes). 

The research team used the Monocle method based on 

single-cell data. The axis of the pseudospatial trajectory 

derived from Monocle was found to match the cell type well, 

and the cell arrangement in the pseudospatial trajectory 

corresponded to the spatial relationship of the cell, suggesting 

that the pseudospatial trajectory demonstrates the similarity of 

the cell in space. ECs are distributed at the beginning of the 

trajectory, and RegCs and HomCs are present along the 

trajectory. ProCs occupy the front of preHTCs and HTCs, and 

FCs are mainly distributed at the ends. The OA distribution of 

the cell populations was also analyzed: ECs and RegCs were 

mainly early OA chondrocytes, whereas preHTCs, HTCs, and 

FCs were mainly late OA chondrocytes. Moreover, pairwise 

correlation analysis revealed close relationships between ECs 

and ProCs, RegCs and ProCs, preHTCs and FCs, and HomCs 

and HTCs. The team performed EC and RegC identification, 

determined the relationship between ProCs, preHTCs, and 

HTCs, revealed the progress of the two within HTCs, 

identified the potential functions of FCs and CPCs, and 

characterized HomCs. 

These data suggest that single-cell transcriptional 

programs can provide potential clues for the treatment of OA. 

3.2.4. Application of Single-cell Sequencing in 

Non-degenerated Intervertebral Discs 

Lorenzo M. Fernandes et al. [50] suggested that 

understanding the transcriptomic characteristics of AF and 

NP compartments in healthy, non-denatured human discs can 

help understand the basic biology of human discs, help 

inform the development of novel therapies, and improve the 

efficacy of stem cell and tissue engineering based 

regenerative therapies for IDD. The team used NP and AF 

cells isolated from non-degenerated human discs using an 

unbiased single-cell ScRNA-seq approach with the aim of 

identifying unique gene expression profiles that distinguish 

each compartment. 

The team analyzed the expression of 12323 human genes 

from about 725 AF and 1010 NP single cells. The 

T-distributed random neighborhood embedding (T-SNE) 

method was then used to perform unsupervised analysis of 

cell clusters based on transcriptome profiles to define gene 

expression heterogeneity in NP and AF cells at the single-cell 

level. T-SNE analysis revealed separation of NP and AF cells 

into two distinct clusters, which suggests the presence of two 

transcriptionally discrete cell populations. Finally, it is 

concluded that NP and AF express cell type-specific markers 

and separate them into different cell populations. ScRNA-seq 

data reveal distinct transcriptional differences between the 

two compartments of the human disc that can be expected 

due to the different developmental origins of these two cell 

types [51, 52]. 

This analysis revealed that FOXM1 is the main 

transcription factor regulating the AF network cluster, while 

KDM4E is the main transcription factor regulating the NP 

network cluster. As well as differentially expressed genes 

between AF and NP and so on. 

In this study, Lorenzo M. Fernandes et al bridged some of 

these gaps in knowledge by identifying AF and NP-enriched 

genes in cells isolated from non-degenerating, healthy human 

lumbar discs. In addition, the team mapped the 

transcriptional landscape of ECM-related genes in both 

compartments of the human disc and identified a number of 

transcription factors that may regulate the transcriptional 

profile of AF and NP cells. 

4. Discussion 

From the first appearance of single-cell sequencing 

technology more than ten years ago, to 2013, single-cell 

sequencing technology was first rated as the annual 

technology by Nature Methods and the top six areas of 

greatest annual attention by Science, to 2015, single-cell 

sequencing technology was once again on the cover of 

science translational medicine, single-cell sequencing 

technology has been rapidly developed, and occupies an 

important position in the whole history of life science and 

technology development. Single-cell sequencing has been 

widely used in the study of tumor heterogeneity, immune 

microenvironment, neuroscience, embryonic development, 

and cell differentiation. However, the application in motor 

system diseases, especially in cartilage tissue diseases, is still 

in the primary stage of exploratory research.  

Compared with previous reviews, such as "Application of 
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single-cell sequencing technology in osteoarticular diseases" 

published in the Orthopedic Journal of China by Zhang Yu et 

al.[53], this paper summarizes the updated research results. 

More innovative than before. 

5. Conclusions 

Single-cell sequencing technology can better understand 

the pathogenesis of cartilage tissue diseases at the cellular 

level, providing the possibility for pathological staging and 

targeted therapy at the molecular level of the disease, such as 

sequencing the cells in different stages of cartilage tissue 

degenerative diseases, understanding the distribution of cells 

in this cell group of chondrocytes, understanding the possible 

role of different cells in different stages of the disease, so as to 

find the information of a certain correlation between cells and 

the disease. This is helpful for early diagnosis and early 

intervention of cartilage tissue diseases, reducing the pain 

caused by advanced cartilage tissue diseases and the economic 

burden of the whole society, so it also has a broad prospect in 

cartilage tissue diseases. 
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