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Abstract
Background: The single-cell platform provided revolutionary way to study cellular biology.
Technologically, a sophistic protocol of isolating quali�ed single cells would be key to deliver to single-
cell platform, which requires high cell viability, high cell yield and low content of cell aggregates or
doublets. For musculoskeletal tissues, like bone, cartilage, nucleus pulposus, tendons, etc. as well as their
pathological state, which are tense and dense, it’s full of challenge to e�ciently and rapidly prepare
quali�ed single-cell suspension. Conventionally, enzymatic dissociation methods were wildly used but
lack of quality control. In the present study, we designed speci�c enzymatic treatment protocols for
several human pathological musculoskeletal tissues, including degenerated nucleus pulposus, ossifying
posterior longitudinal ligament and knee articular cartilage with osteoarthritis, aiming to rapidly and
e�ciently harvest quali�ed single-cell suspensions to meet the requirements of single-cell RNA-
sequencing (scRNA-seq).

Results: The single-cell suspensions from human degenerated nucleus pulposus and ossifying posterior
longitudinal ligaments were both quali�ed after systematic quality control. Bioanalyzer trace showed
expected cDNA size distribution of the scRNA-seq library. A clear separation of cellular barcodes from
background partitions were veri�ed by the barcode-rank plot after sequencing. However, we failed to
obtain eligible samples from articular cartilage due to low cell viability and excessive cell aggregates and
doublets.

Conclusions: In conclusion, we provided rapid and e�cient single-cell isolation protocols for human
degenerated nucleus pulposus and ossifying posterior longitudinal ligament, which could be applied for
scRNA-seq. More efforts will be made on improving the protocols for human articular cartilage.

Background
Since establishment of the scienti�c discipline of cellular biology and development of the cell theory in
1839 [1], the researchers’ endeavor to enrich the �eld has never been halted. The milestone theory states
that the cell is the basic unit of structure and organization of living organisms. In any multicellular
organism, cell heterogeneity is one of the most prominent characteristics, which is critical to its peculiar
function and fate. Similarly, living tissues are composed of diversiform cell types and each cell type is
generally incorporated with genetically heterogeneous cell-subpopulations [2]. Due to this complexity, the
conventional analyses of cellular biology using bulk of tissues or cells are apparently limited. The
emerging �eld of single-cell techniques provides promising tools to characterize the cellular biology at the
resolution of individual cells [3, 4].

Single-cell genomic technologies, coincided with transformative new methods to pro�le genetic,
epigenetic, spatial, proteomic and lineage information, have revolutionized the research methodology for
exploring biological systems [5]. Technologically, the work�ow mainly includes four parts: tissue
procurement and single-cell isolation, Single-Cell Sequencing library construction and quality control,



Page 3/17

library sequencing, and data analysis. As rapid development and maturation of single-cell platform, high
quality input of single-cell suspension has become the prerequisite factor for ideal output datasets [6].
For nonadherent cells like peripheral blood mononuclear cells, it’s much easier to gain single-cell
suspension. While for adherent and even solid tissues, it’s a challenge to dissociate cells from
extracellular matrix without injuring cell viability. Especially for musculoskeletal system, including bones,
muscles, joints, cartilage, ligaments, tendons and bursae, tissues of which are dense and tense.

Commonly, protocols for tissue dissociation mainly include mechanical dissection, enzymatic breakdown
and combinatorial methods. In any event, little damage and high e�ciency are the baseline for viable
single-cell isolation. Although, Magnetic-activated cell sorting (MACS) and �uorescence-activated cell
sorting (FACS) could be used to discard the dead cells to meet the requirements of single-cell platform,
the resulting lost cells would compromise heterogeneity. Therefore, high cell viability should be defended
during sample preparation. Traditionally, various enzymatic digestion protocols were employed for cell
isolation from bone, cartilage, nucleus pulposus, and tendons, but generally lacked the quality control. In
2019, Ninib Baryawno et al. reported the Single-Cell RNA Sequencing (scRNA-seq) results of mice bone
and bone marrow [7]. The enzymatic solution used in their study was 1 mg/mL STEMxyme1
(Worthington, Ref# LS004106) and 1 mg/mL Dispase II (ThermoFisher Scienti�c, Ref# 17105041)
supplemented in Media 199 with 2% FBS (shown as the S-D solution in this paper). Taking advantage of
the digestion medium, they rapidly obtained a highly viable and multifarious single-cell mixture with
mesenchymal stem/stromal cells, osteo-lineage cells, chondrocytes, �broblasts, endothelial cells, and
pericytes, suggesting a broad-spectrum sensitivity and high e�ciency to various tissues but moderate
effect to cell viability.

Combined with the S-D solution and conventional methods, we designed speci�c enzymatic treatment
protocols for single-cell isolation from human degenerated nucleus pulposus (NP), ossifying posterior
longitudinal ligaments and knee articular cartilage with osteoarthritis (OA). Results showed that the
single-cell suspensions from degenerated NP and ossifying posterior longitudinal ligament were quali�ed
for single-cell platform. However, the single-cell suspensions from articular cartilage were unquali�ed due
to excessive cell aggregates and doublets, suggesting insu�cient digestion e�ciency. To increase the
e�ciency, we prolonged the digestion duration, resulting in severely damaged cell viability. In conclusion,
the single-cell isolation protocols for degenerated NP and ossifying posterior longitudinal ligament were
validated for single-cell platform. However, the exploration for articular cartilage was failed, which needs
more efforts in the future.

Results
1. Validation of the single-cell isolation protocol for human degenerated NP

Human degenerated NP tissues (Figure 1B) were harvested during surgery from patients suffering
degenerative disc disease (Figure 1A). After 3-5 cycles of digestion, the NP fragments were markedly
diminished and only few white �occules were remnant (Figure 1C). The suspension became viscous,
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which was probably resulted from increased concentration of proteoglycans disaggregated from
extracellular matrix. After collection, �ltration and wash, we harvested su�cient cells for following
experiments ((1.20±0.15) ^E6 cells counted automatically and (1.15±0.06) ^E6 cells counted manually)
(Figure 1D). According to the cell diameter distribution, cells with diameter ≧ 20μm occupied (6.6±0.6) %
(Figure 1E). Live/dead assays showed (91.7±3.2) % of cells were Calcein+ and (7.3±1.2) % were PI+. There
were few observed cell aggregates or doublets (Figure 1F), which corresponded with the cell diameter
distribution. One of the quali�ed samples was sent to scRNA-seq library construction and sequencing.
Quality of the library was validated by Agilent Bioanalyzer 2100 (Figure 1G). After sequencing, the
barcode rank plot exhibited a steep slope (Figure 1H), suggesting a clear separation of cellular barcodes
from background partitions.

2. Validation of the single-cell isolation protocol for human ossifying posterior longitudinal ligaments

Collagenase type , frequently used in digestion of bone and tendons, was combined with the S-D
solution in the present study. Ossifying posterior longitudinal ligaments were obtained from patients with
ossi�cation of posterior longitudinal ligament (OPLL) during surgery (Figure 2A, 2B). After 3-5 cycles of
digestion, only bone fragments and few soft tissues were left (Figure 2C, 2D). Total cell number counted
automatically was (4.71±0.81) ^ E5 and manually was (3.70±0.39) ^ E5 (Figure 2E). The remnant bone
fragments and modest cell yield were probably on account of con�ned enzymatic sensitivity to bone.
However, longer duration or more intense enzymatic treatment would probably affect cell viability. Cells
with diameter ≧ 20μm occupied (6.3±1) % of total cells according to the cell diameter distribution (Figure
2F) and there were no observed cell aggregates or doublets (Figure 2G). High cell viability was veri�ed by
the live/dead assays, with (91.1±8.4) % of cells Calcein+ and (8.9±8.4) % of cells PI+ (Figure 2G). We then
carried out scRNA-seq library construction and sequencing for one of the quali�ed samples. Bioanalyzer
trace was shown to validate the library quality (Figure 2H). And barcode rank plot suggested a clear
separation of cellular barcodes from background partitions (Figure 2I).

3. Failed single-cell preparation from human knee articular cartilage with OA

Collagenase type II was wildly used in dissociation articular cartilage, which was added with the S-D
solution in this study. After digestion, �ltration and wash, lots of cell aggregates were observed under
microscope and only (83.0±3.8) % of cells were viable (Figure 3C). Cells with diameter ≧ 20μm occupied
(12.6±3.1) % (Figure 3B). Fortunately, most of the cell aggregates were viable (Figure 3C), suggesting an
insu�cient digestive e�ciency. According to Quanbo Ji’s research, we prolonged the enzymatic treatment
to increase the e�ciency. The cell yield was signi�cantly increased compared with the rapid treatment
group (Figure 4A). However, the ratio of cells with diameter ≧ 20μm was unexpectedly increased to
(22.6±2.2) % (Figure 4B). Live/dead assays showed (65.2±10.6) % of cells were dead (Figure 4C),
including most of the cell aggregates.

Discussion
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Development of scRNA-seq technique contributes a big step for cellular biology. Preparation of quali�ed
single-cell suspension is a precondition for the platform. It’s full of challenge to offer eligible samples
from dense and tense musculoskeletal tissues, like bone, cartilage, nucleus pulposus, tendons, etc. In the
present study, we aimed to provide standard and speci�c protocols for preparing quali�ed single-cell
suspensions from human degenerated nucleus pulposus, ossifying posterior longitudinal ligaments and
knee articular cartilage with OA. As a result, the protocols for the former two types of tissues could be
applied to output quali�ed samples for following scRNA-sEq. However, dissociated cell suspensions from
knee articular cartilage were unquali�ed due to either excessive aggregates and doubles or severely
damaged cell viability, which needed more efforts in the future.

Nucleus pulposus, the inner part of intervertebral disc, performs critical biomechanical functions [8–10].
Accumulated evidences supported that the nucleus pulposus degenerated at early stage of degenerative
disc disease [11–13], which is a common cause of disability and results in a huge socioeconomic impact
world widely [14]. The etiology as well as pathology is complex and multifactorial [9, 15]. Although the
underlying pathology has been approached from a variety of ways [9], a systematically study to get a
panorama is still missing. The single-cell platform provided a revolutionary way to solve this problem, but
there was no related report till now. Therefore, to harvest quali�ed single-cell suspension would be the
�rst step. In previous studies, NP was usually dissociated via various enzymatic methods and the
treatment duration was from 30 min to overnight, which was summarized detailly in Juliana’s paper [16].
As is well known, long time and intense enzymatic treatment would increase cell yield while damage cell
viability, vice versa. And the lack of systematic quality control made it hard to be directly used in single-
cell isolation.

Pronase, a mixture of several nonspeci�c endo- and exoproteases, has been wildly used in isolating cells
from NP [17]. It was reported that Pronase treatment might shorten the required digestion time [16]. Based
on these researches, we combined Pronase with the S-D solution for single-cell isolation from NP in this
study and obtained highly quali�ed single-cell suspensions possessing abundant cell yield, high cell
viability, and few cell aggregates or doublets. In conclusion, the enzymatic treatment protocol for human
NP was validated for single-cell platform.

The posterior longitudinal ligament runs entire length of the spine. Ossi�cation of the posterior
longitudinal ligament (OPLL), de�ned as an ectopic ossi�cation (calci�cation), would lead to paralysis of
extremities and disturbances of motility [18]. Up to now, the osteo-lineage derivation, cell atlas
transformation and molecular regulation have never been elucidated, which retarded the development of
etiological treatment [18–20]. Single-cell platform, taking advantage of horizontal cell atlas and vertical
trajectory analysis, would broaden the horizons in this �eld. Normal posterior longitudinal ligament is
�brous connective tissue. However, the ossifying posterior longitudinal ligament is a mixture of ligament,
bone and probably cartilage as a result of endochondral ossi�cation process [21, 22]. It’s full of challenge
to ascertain one digestion medium to dissociate mixed tissues. Collagenase type , frequently used in
digestion of bone and tendons, was combined with the S-D solution in the present study. Moderate cell
yield, high cell viability and low content of cell aggregates or doublets were realized using the present
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protocol. Although scRNA-seq was conducted, the cell heterogeneity should be inspected carefully by
data analysis. In particular, the quantity and variety of bone derived cells should be noted in consideration
of lots of bone-like tissue remnants. More experiments will be carried out to raise the cell yield but not
compromise on cell viability.

Articular cartilage is specialized connective tissue of diarthrodial joints and functions as a load-bearing,
low-friction, and wear-resistant surface to facilitate joint movement [23]. As it is lack of self-regenerative
ability, articular cartilage is one of the most common degenerative tissues. Osteoarthritis (OA) is the
primary joint disorder and a major cause of disability, affecting 303 million people globally in 2017 [24,
25]. The etiology, pathology and regenerative therapy have been wildly studied [26–29]. Also utilizing the
single-cell platform, there were two nice reports that systematically uncovered the cell atlas and
transcriptional regulation mechanisms of OA [30, 31]. As for other related studies, several reports showed
the single-cell pro�ling results of developing limbs, including growth plate cartilage as well as articular
cartilage [32–35]. The single-cell isolation methods used in the above studies were summarized in
Table 1. In Quanbo Ji’s research, the articular cartilage was obtained from 10 patients but only 1600 cells
were sequenced, suggesting a too moderate digestive e�ciency. In Fiorella Carla Grandi’s study, the
primary chondrocytes were delivered to culture and treatment in vitro before scRNA-seq, the quality
control of isolated primary single cells was not reported. And in other researches, samples were obtained
from mice but not human.
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Table 1
Summary of Single-cell Isolation Protocols for Cartilage in Reported Studies Using scRNA-seq Technique

Reference Tissue Species Treatment Number
of
pro�ling
cells

Quanbo Ji,
et al. [30]

Cartilage from 10
knee OA patients

Human 0.25% Trypsin-EDTA for 30 min and then
0.2% type II collagenase (Sigma-Aldrich)
for 4 h.

1600

Fiorella
Carla
Grandi, et
al. [31]

OA samples from
patients
undergoing total
joint replacement

Human Collagenase II and IV (2.5 mg/ml each;
Worthington Biochem) overnight.

Not
reported

Junxiang
Li, et al.
[32]

The distal
cartilage structure
at postnatal day 7.

Mouse 0.2% collagenase II for 2 hours 217

Vikram
Sunkara,
et al. [33]

Femur of 12
weeks old mice

Mouse 10 mg/ml Collagenase II (Nordmark)
supplemented for 4 h

7133

Koji
Mizuhashi,
et al. [34]

Femur growth
plate cells at
postnatal day 2.

Mouse Liberase TM (Sigma/Roche) for unclear
time

18,000

Natalie H
Kelly, et al.
[35]

Hindlimb bud of
embryonic mice

Mouse Collagenase Type II (Worthington-
biochem, Lakewood, NJ) and pronase
(EMD Millipore, Billerica, MA) in 15 min
increments with agitation for up to 1 h

9466

Collagenase type II was wildly used in dissociation articular cartilage, which was added with the S-D
solution in this study. Using the rapid protocol, excessive live cell aggregates suggested insu�cient
enzymatic e�ciency but longer duration of treatment signi�cantly damaged cell viability with plenty of
dead cell aggregates. Different from insu�cient digestion, the dead cells could be aggregated into
various sizes by released DNA. DNase could be used to degrade DNA and reduce dead cell aggregation,
and FACS or MACS could be used to remove the dead cells. However, the potential loss of cell
heterogeneity might mislead the data analysis. So longer enzymatic duration was not a better choice.

For hard dissociated tissues, single-nucleus RNA-sequencing (snRNA-seq) is an appealing alternative
choice. In this method, a mild and quick nuclear dissociation protocol is used to isolate and sequence
RNA within the nucleus, which minimizes technical issues that can arise from common dissociation
protocols [36–37]. More detailed explorations will be performed in the future.

Conclusions
The single-cell platform provided revolutionary way to study cellular biology at the resolution of individual
cells. A thorough protocol for preparing quali�ed single-cell suspensions is prerequisite. In the present
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study, we validated the enzymatic treatment protocols for preparing quali�ed single-cell suspensions
from human NP and OPLL samples, which were rapid, e�cient and easy to operate. However, the
enzymatic treatment for human OA articular cartilage was failed on account of excessive cell aggregates,
and more detailed work should be carried out in the future.

Methods
Preparation of the enzymatic solution

Media 199 (ThermoFisher Scientific, Ref# 12350039) supplemented with 2% Fetal Bovine Serum (FBS,
ThermoFisher Scientific, Ref# 10082147) was used as basic medium. STEMxyme1 (Worthington, Ref#
LS004106), Dispase II (ThermoFisher Scientific, Ref# 17105041), Pronase (Roche, Ref# 10165921001),
Collagenase type  (ThermoFisher Scientific, Ref# 17100017) and Collagenase type II (ThermoFisher
Scientific, Ref# 17101015) were respectively dissolved in 1 × phosphate-buffered saline (PBS) buffer to a
concentration of 10 mg/mL. Filter the solution with a 0.22-μm membrane �lter and store at -20℃. The
enzymatic solution for NP was prepared by adding STEMxyme1, Dispase II and Pronase solutions into
the basic medium to the concentration of 1 mg/mL, 1 mg/mL and 2 mg/mL, respectively. For ossifying
posterior longitudinal ligaments, STEMxyme1, Dispase II and Collagenase type  solutions were added
into the basic medium to the same concentration of 1 mg/mL. Similarly, STEMxyme1, Dispase II and
Collagenase type II solutions were added into the basic medium to the same concentration of 1 mg/mL,
which was used in single-cell dissociation from OA articular cartilage. All enzymatic solutions must be
freshly prepared each time.

Human samples

The degenerated degree of intervertebral disc was assessed according to the modi�ed P�rrmann grading
system using preoperative magnetic resonance imaging (MRI). The OPLL diagnosis was confirmed by X-
ray, computed tomography (CT) and MRI. The severity of knee OA was evaluated based on Kellgren-
Lawrence (K-L) scoring system. All human samples were hold in normal saline in ice-water bath as soon
as resected during surgery and delivered to the following treatment in one hour. Cartilage was shaved
from the underlying bone and cut into several pieces. All specimens were washed 3-5 times using ice-cold
1 × PBS buffer to remove the peripheral blood and debris.

Isolation single cells

Firstly, the specimens were added 0.3mL of the enzymatic solution on the surface and minced into pieces
of about 2 mm3. Then each 100mg specimen was added with 10mL enzymatic solution with agitation
(180 rpm) at 37℃ for 20 mins. Transiently centrifuge at 300g for 10 secs, transfer the supernatant cell
suspension into a new tube and keep the residual tissue fragments at 4℃ temporarily. Next, centrifuge
the cell suspension at 300g for 5 mins. The supernatant enzymatic solution was added back into the
tissue fragments for second digestion and the collected cell pellet was dispersed in 5 mL cell staining
buffer (Biolegend, Ref# 420201). Keep the dispersed cells at 4℃ temporarily. Repeat the above
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operations for 3-5 times, and collect all cells after �ltration through a 40μm filter into a collection tube. In
this method, timely collection of dispersed cells would protect them from excessive digestion, and cyclic
digestion would raise the cell yield. Wash with cell staining buffer for 3 times and resuspend the collected
cells in 1 mL cell staining buffer for following operations. The residual tissue fragments were observed
under stereo microscope (Olympus, SZX7).

Cell counting and quality control

Cell counting was performed both manually and automatically (JIMBIO, JIMBIO CL). Hoechst 33342
(Invitrogen, Ref# R37605), calcein AM (Invitrogen, Ref# C1430) and propidium iodide (PI, Invitrogen, Ref#
P3566) were added in 100μL cell suspension and incubated for 15 mins at room temperature in dark.
Observe under �uorescence microscope.

Construction of scRNA-seq libraries and quality control

The construction of scRNA-seq libraries was strictly performed according to the instructions. Brie�y,
quali�ed samples were identi�ed as containing more than 85% viable cells, less than 10% doublets and
no cell aggregates. Two of the quali�ed samples were delivered to scRNA-seq library construction and
sequencing. Approximately 10,000 cells per sample were loaded onto 10X Genomics Chromium 3’ Single
Cell Gene Expression Solution v3 micro fluidics chip (10X Genomics, Ref# PN-2000060) to generate Gel
Beads-in-emulsion (GEM) with barcodes. After break of the GEMs, reverse transcription was applied to
generate the �rst-strand cDNA with puri�cation using Silane magnetic beads. And then, barcoded and
full-length cDNA was ampli�ed via PCR to generate su�cient mass for library construction. Enzymatic
fragmentation and size selection were used to optimize the cDNA amplicon size. After sequential add
with P5, P7, a sample index and TruSeq Read 2, the libraries were constructed. The quality of the scRNA-
seq libraries was analyzed by Agilent Bioanalyzer 2100 before Next-generation sequencing.

Statistical analysis

All the statistical analysis was performed by SPSS 16.0 statistical software. Student's t-test was utilized.
Quantitative data was presented as means ± SD. P-value of less than 0.05 was considered to be
statistically signi�cant.

Abbreviations
scRNA-seq: Single-cell RNA-sequencing

snRNA-seq: Single-nucleus RNA-sequencing

the S-D solution: 1 mg/mL STEMxyme1 (Worthington, Ref# LS004106) and 1 mg/mL Dispase II
(ThermoFisher Scientific, Ref# 17105041) supplemented in Media 199 with 2% FBS

MACS: Magnetic-activated cell sorting
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FACS: Fluorescence-activated cell sorting

PI: Propidium iodide

NP: Nucleus pulposus

OA: Osteoarthritis

OPLL: Ossi�cation of the posterior longitudinal ligament

GEM: Gel Beads-in-emulsion

Declarations
Ethics approval and consent to participate

The study protocol was reviewed and approved by the institutional review board and ethics committee of
the Seventh Affiliated Hospital of Sun Yat-sen University in Shenzhen, China (No. 2019SYSUSH-031), and
written informed consents were obtained from all patients before employing the resected tissues in this
study.

Consent for publication

Not applicable.

Availability of data and material

The datasets used and/or analyzed during the current study are available from the corresponding author
on reasonable request.

Competing interests

The authors declare no con�ict of interests.

Funding

The present study was �nancially supported by National Natural Science Foundation of China (No.
31900583, 81772400), Fundamental Research Funds for the Central Universities (19ykzd05), the Natural
Science Foundation of Guangzhou City (201704030082, 201807010031), Foundation of Shenzhen
Committee for Science and Technology Innovation (JCYJ20190809142211354,
GJHZ20180929160004704), Sanming Project of Medicine in Shenzhen (SZSM201911002), and Beijing
Municipal Health Commission (BMHC-2019-9, BMHC-2018-4, PXM2020_026275_000002). The funding
bodies played no role in the design of the study and collection, analysis, and interpretation of data or in
writing the manuscript.



Page 11/17

Authors’ contributions

MG and ZZ conceived and designed the study; MG, PG and XL performed experiments with help from PZ,
ZH and LW; SL and ZZ supervised the project; MG and PG wrote the manuscript. All authors have read
and approved the �nal version of the manuscript.

Acknowledgements

Not applicable.

References
1. Mazzarello P. A unifying concept: the history of cell theory. NAT CELL BIOL. 1999;1(1): E13-E15.

2. Hu P, Zhang W, Xin H, Deng G. Single Cell Isolation and Analysis. Frontiers in cell and developmental
biology. 2016; 4:116.

3. He X, Memczak S, Qu J, Belmonte JCI, Liu G. Single-cell omics in ageing: a young and growing �eld.
Nature Metabolism. 2020;2(4):293-302.

4. Tang F, Barbacioru C, Wang Y, Nordman E, Lee C, Xu N, et al. mRNA-Seq whole-transcriptome analysis
of a single cell. NAT METHODS. 2009;6(5):377-382.

5. Grün D, van Oudenaarden A. Design and Analysis of Single-Cell Sequencing Experiments. CELL.
2015;163(4):799-810.

�. Nguyen QH, Pervolarakis N, Nee K, Kessenbrock K. Experimental Considerations for Single-Cell RNA
Sequencing Approaches. Front Cell Dev Biol. 2018; 6:108.

7. Baryawno N, Przybylski D, Kowalczyk MS, Kfoury Y, Severe N, Gustafsson K, et al. A Cellular
Taxonomy of the Bone Marrow Stroma in Homeostasis and Leukemia. CELL. 2019;177(7):1915-
1932.

�. Inoue N, Espinoza Orías AA. Biomechanics of intervertebral disk degeneration. The Orthopedic clinics
of North America. 2011;42(4):487.

9. Choi Y. Pathophysiology of degenerative disc disease. Asian spine journal. 2009;3(1):39-44.

10. Zhou Z, Gao M, Wei F, Liang J, Deng W, Dai X, et al. Shock absorbing function study on denucleated
intervertebral disc with or without hydrogel injection through static and dynamic biomechanical tests
in vitro. BIOMED RES INT. 2014; 2014:461724.

11. Roughley PJ. Biology of intervertebral disc aging and degeneration: involvement of the extracellular
matrix. Spine (Phila Pa 1976). 2004;29(23):2691-2699.

12. Urban JPG, Roberts S, Ralphs JR. The Nucleus of the Intervertebral Disc from Development to
Degeneration1. American Zoologist. 2015;40(1):53-61.

13. Antoniou J, Steffen T, Nelson F, Winterbottom N, Hollander AP, Poole RA, et al. The human lumbar
intervertebral disc: evidence for changes in the biosynthesis and denaturation of the extracellular
matrix with growth, maturation, ageing, and degeneration. J CLIN INVEST. 1996;98(4):996-1003.



Page 12/17

14. Taher F, Essig D, Lebl DR, Hughes AP, Sama AA, Cammisa FP, et al. Lumbar degenerative disc
disease: current and future concepts of diagnosis and management. Advances in orthopedics. 2012;
2012:970752.

15. Hemanta D, Jiang X, Feng Z, Chen Z, Cao Y. Etiology for Degenerative Disc Disease. Chinese Medical
Sciences Journal. 2016;31(3):185-191.

1�. Lee JT, Cheung KM, Leung VY. Systematic study of cell isolation from bovine nucleus pulposus:
Improving cell yield and experiment reliability. J ORTHOP RES. 2015;33(12):1743-1755.

17. Zhou Z, Zeiter S, Schmid T, Sakai D, Iatridis JC, Zhou G, et al. Effect of the CCL5-Releasing Fibrin Gel
for Intervertebral Disc Regeneration. CARTILAGE. 2020;11(2):169-180.

1�. Nam DC, Lee HJ, Lee CJ, Hwang S. Molecular Pathophysiology of Ossi�cation of the Posterior
Longitudinal Ligament (OPLL). BIOMOL THER. 2019;27(4):342-348.

19. Zhang Q, Zhou D, Wang H, Tan J. Heterotopic ossi�cation of tendon and ligament. J CELL MOL MED.
2020;24(10):5428-5437.

20. Choi BW, Song KJ, Chang H. Ossi�cation of the posterior longitudinal ligament: a review of literature.
Asian Spine J. 2011;5(4):267-276.

21. ONO K, OTA H, TADA K, HAMADA H, TAKAOKA K. Ossi�ed Posterior Longitudinal Ligament: A
Clinicopathologic Study. SPINE. 1977;2(2).

22. Hashizume Y. Pathological studies on the ossi�cation of the posterior longitudinal ligament (opll).
Acta Pathol Jpn. 1980;30(2):255-273.

23. Sophia FA, Bedi A, Rodeo SA. The basic science of articular cartilage: structure, composition, and
function. SPORTS HEALTH. 2009;1(6):461-468.

24. Global, regional, and national incidence, prevalence, and years lived with disability for 354 diseases
and injuries for 195 countries and territories, 1990-2017: a systematic analysis for the Global Burden
of Disease Study 2017. LANCET. 2018;392(10159):1789-1858.

25. Man GS, Mologhianu G. Osteoarthritis pathogenesis - a complex process that involves the entire
joint. J Med Life. 2014;7(1):37-41.

2�. Hunter DJ, Bierma-Zeinstra S. Osteoarthritis. The Lancet. 2019;393(10182):1745-1759.

27. Scherer HU, Häupl T, Burmester GR. The etiology of rheumatoid arthritis. J AUTOIMMUN. 2020;
110:102400.

2�. McInnes IB, Schett G. The Pathogenesis of Rheumatoid Arthritis. NEW ENGL J MED.
2011;365(23):2205-2219.

29. Martín AR, Patel JM, Zlotnick HM, Carey JL, Mauck RL. Emerging therapies for cartilage regeneration
in currently excluded ‘red knee’ populations. npj Regenerative Medicine. 2019;4(1):12.

30. Ji Q, Zheng Y, Zhang G, Hu Y, Fan X, Hou Y, et al. Single-cell RNA-seq analysis reveals the progression
of human osteoarthritis. ANN RHEUM DIS. 2019;78(1):100-110.

31. Grandi FC, Baskar R, Smeriglio P, Murkherjee S, Indelli PF, Amanatullah DF, et al. Single-cell mass
cytometry reveals cross-talk between in�ammation-dampening and in�ammation-amplifying cells in



Page 13/17

osteoarthritic cartilage. SCI ADV. 2020;6(11): y5352.

32. Li J, Luo H, Wang R, Lang J, Zhu S, Zhang Z, et al. Systematic Reconstruction of Molecular Cascades
Regulating GP Development Using Single-Cell RNA-Seq. CELL REP. 2016;15(7):1467-1480.

33. Sunkara V, Heinz G, Heinrich F, Durek P, Mobasheri A, Mashreghi M, et al. Combining segmental bulk-
and single-cell RNA-sequencing to de�ne the chondrocyte gene expression signature in the murine
knee joint. In.: bioRxiv; 2020.

34. Mizuhashi K, Nagata M, Matsushita Y, Ono W, Ono N. Growth Plate Borderline Chondrocytes Behave
as Transient Mesenchymal Precursor Cells. J BONE MINER RES. 2019;34(8):1387-1392.

35. Kelly NH, Huynh N, Guilak F. Single cell RNA-sequencing reveals cellular heterogeneity and
trajectories of lineage speci�cation during murine embryonic limb development. MATRIX BIOL. 2020;
89:1-10.

3�. Zeng W, Jiang S, Kong X, El-Ali N, Ball AJ, Ma CI, et al. Single-nucleus RNA-seq of differentiating
human myoblasts reveals the extent of fate heterogeneity. NUCLEIC ACIDS RES. 2016;44(21): e158.

37. Liang Q, Dharmat R, Owen L, Shakoor A, Li Y, Kim S, et al. Single-nuclei RNA-seq on human retinal
tissue provides improved transcriptome pro�ling. NAT COMMUN. 2019;10(1):5743.

Figures



Page 14/17

Figure 1

Isolation of single cells from degenerated nucleus pulposus (NP) and Single-Cell RNA Sequencing
(scRNA-seq). A. Lumber disc degeneration was shown on T2-weighted (T2-WI) Magnetic Resonance
Imaging (MRI). The red circle marked the degenerated disc. B. Gross appearance of the degenerated NP
obtained from surgery. C. Gross appearance of the cell suspension after 3-5 cycles of enzymatic
treatment. Some white �occule residuals were labeled by black circle. D. Total cell numbers were counted
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automatically and manually, respectively. E. The isolated cell diameter distribution histogram. F. The
live/dead immuno�uorescence staining and quantitative analysis. G. Bioanalyzer trace of the scRNA-seq
library showed the size distribution between 300 and 600 bp (blue arrow). H. The barcode-rank plot
displayed gene expression counts after sequencing.

Figure 2
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Isolation of single cells from ossifying posterior longitudinal ligament and scRNA-seq. A. Ossi�cation of
posterior longitudinal ligament (OPLL) was shown on the three-dimensional reconstruction of
computerized tomography (CT) image (red circle). B. Gross appearance of the ossifying posterior
longitudinal ligament harvested during surgery. C. Gross appearance of the cell suspension and residuals
after 3-5 cycles of enzymatic digestion. D. Stereo microscope images showed the residuals. The red box
enclosed some white soft viscous residuals magni�ed in the image labeled 1. And the yellow box marked
part of the bone fragments magni�ed in the image labeled 2. E. Total cell numbers were counted
automatically and manually, respectively. F. The isolated cell diameter distribution histogram. G. The
live/dead immuno�uorescence staining and quantitative analysis. H. Bioanalyzer trace of the scRNA-seq
library showed the size distribution between 300 and 600 bp (blue arrow). I. The barcode-rank plot
displayed gene expression counts after sequencing.

Figure 3
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Rapid isolation of single cells from knee articular cartilage with osteoarthritis (OA) and the quality control.
A. OA was characterized on T2-weighted imaging (T2-WI). The affected region was circled in red. B. The
isolated cell diameter distribution histogram. C. The live/dead immuno�uorescence staining and
quantitative analysis. White arrowheads highlighted the cell aggregates, which showed Hoechst 33342+,
Calcein+ and PI-.

Figure 4

Prolonged isolation of single cells from knee articular cartilage with OA and the quality control. A. The
total cell numbers counted automatically in both rapid and prolonged enzymatic treatment groups.
Prolonged and continuous digestion would signi�cantly increase cell yield (P<0.01). B. The isolated cell
diameter distribution histogram. C. The live/dead immuno�uorescence staining and quantitative
analysis. Yellow arrowheads highlighted the cell aggregates, which showed Hoechst 33342+, Calcein- and
PI+.


