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s u m m a r y

Objective: Mammalian somatic cells can be reprogrammed into induced pluripotent stem cells (iPSCs) via 
the forced expression of Yamanaka reprogramming factors. However, only a limited population of the cells 
that pass through a particular pathway can metamorphose into iPSCs, while the others do not. This study 
aimed to clarify the pathways that chondrocytes follow during the reprogramming process.
Design: The fate of human articular chondrocytes under reprogramming was investigated through a time- 
coursed single-cell transcriptomic analysis, which we termed an inverse genetic approach. The iPS inter
ference technique was also employed to verify that chondrocytes inversely return to pluripotency following 
the proper differentiation pathway.
Results: We confirmed that human chondrocytes could be converted into cells with an iPSC phenotype. 
Moreover, it was clarified that a limited population that underwent the silencing of SOX9, a master gene for 
chondrogenesis, at a specific point during the proper transcriptome transition pathway, could eventually 
become iPSCs. Interestingly, the other cells, which failed to be reprogrammed, followed a distinct pathway 
toward cells with a surface zone chondrocyte phenotype. The critical involvement of cellular commu
nication network factors (CCNs) in this process was indicated. The idea that chondrocytes, when repro
grammed into iPSCs, follow the differentiation pathway backward was supported by the successful iPS 
interference using SOX9.
Conclusions: This inverse genetic strategy may be useful for seeking candidates for the master genes for 
the differentiation of various somatic cells. The utility of CCNs in articular cartilage regeneration is also 
supported.
© 2024 The Authors. Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International. 

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc- 
nd/4.0/).

Introduction

Differentiation from stem cells to somatic cells is eventually 
executed via the dynamic transition of the transcriptome, in which 
transcription factors play critical roles.1 Cartilage is produced and 
maintained by chondrocytes, and the SRY-box transcription factor 
(SOX) 9 gene is widely recognized as a master gene of chon
drogenesis.2,3 However, it is not yet known what initiates SOX9 at a 
particular point along the differentiation pathway toward chon
drocytes. This is partly because of the difficulty in characterizing 
the transcriptomic transition that occurs in differentiating cells in 
vivo. We discovered several methods that force stem cells to 
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differentiate into cartilage-producing cells in vitro; however, the 
pathway of transcriptomic transition and even the final tran
scriptomic landscape of these cells could be different from those 
naturally occurring in vivo. This is an issue relevant to regenerative 
therapeutics with cells differentiated in vitro from pluripotent stem 
cells.4,5

In contrast to the complexity during differentiation into somatic 
cells, the reprogramming pathway of somatic cells back into induced 
pluripotent stem cells (iPSCs) appears quite simple. Indeed, the 
overexpression of only four genes (Yamanaka factors) encoding 
SOX2, octamer binding transcription factor (OCT)3/4, Küppel-like 
factor 4 (KLF4) and myelocytomatosis protooncogene product (MYC) 
is believed to convert most somatic cells into iPSCs.6,7 However, we 
suspect that the reprogramming pathway is not a single process 
common to all cells, through which any cell-specific transcriptome is 
simply erased, but must be a cell-type-specific process. In particular, 
although Yamanaka factors are overexpressed in somatic cells, only a 
limited population is successfully converted into pluripotent cells, 
indicating the requirement of additional conditions.8,9 One possible 
idea to account for this limited efficacy of reprogramming is that 
cells following the proper pathway of transcriptomic transition 
could only obtain pluripotency. In other words, under the driving 
force of reprogramming, a particular population of cells can follow 
the pathway leading to iPSCs, whereas others may take off-targeted 
pathways leading to dead ends. Regarding this pathway toward 
iPSCs, a promising hypothesis can be drawn from recent studies. It is 
known that the transient induction of transcripts from murine en
dogenous retrovirus L plays a critical role in the early development 
of mice.10 In 2014, it was reported that the hyper-activation of 
human endogenous retrovirus (HERV) H was observed at a late stage 
in the reprogramming of human dermal fibroblasts into iPSCs.11

Interestingly, the activation of HERV-H has been shown to be ne
cessary for complete reprogramming into iPSCs. Conversely, HERV-H 
is highly expressed to create topologically associated domains in 
human pluripotent stem cells, which declines along with differ
entiation.12 Indeed, the reprogramming of human dermal fibroblast 
into iPSCs inversely recapitulated the early differentiation process of 
pluripotent cells. Based on these findings, we hypothesized that 
somatic cells metamorphose into iPSCs by retracing their natural 
and proper differentiation pathway backward. If so, by tracing the 
transition pathway of the transcriptome during the reprogramming 
of the cells of interest, a differentiation master gene of those cells 
could be retrospectively discovered (Fig. 1A). In order to verify this 
hypothesis, we chased the transcriptomic trajectory from human 
chondrocytes toward iPSCs by time-coursed single-cell tran
scriptomic analysis. This inverse genetic approach may enable us to 
view the changing transcriptomic landscape from pluripotent stem 
cells to articular chondrocytes backward. At the same time, the fates 
of off-targeted cells were also pursued. Unexpectedly, those cells 
followed a single pathway toward cells with surface zone chon
drocyte characteristics under the cell culture conditions employed 
(Fig. 1A). The critical involvement of cellular communication net
work factor (CCN) family members13,14 in this terminal conversion to 
surface zone chondrocytes is suggested. Here, the utility of inverse 
genetics in identifying a master regulator of cytodifferentiation is 
indicated.

Method

Viral vectors used for genetic reprogramming and iPS interference

For the genetic reprogramming of human chondrocytes into 
iPSCs, the gene delivery of individually defined factors—OCT4, KLF4, 
SOX2, c-MYC, NANOG and LIN28—was performed using a stealth RNA 
virus (SRV) iPSC-3 vector that also expresses enhanced green 

fluorescent protein gene (EGFP) (Tokiwa-Bio, Tsukuba, Japan). This 
Sendai virus-based vector persistently expresses transgenes without 
being integrated into host genome and thus does not undergo epi
genetic silencing upon genetic reprogramming.15 For iPS inter
ference, retroviral vectors expressing SOX9 and EGFP were used.

Cell culture and genetic reprogramming

Human normal articular chondrocytes were commercially avail
able (Lonza, Basel, Switzerland). The initial step of this study via 
single-cell transcriptomic analysis and primary iPS interference ex
periment was performed by the cells from a healthy donor (NHAC - 
kn 38588). Thereafter, the obtained finding was extensively con
firmed by iPS interference experiments with those from another 
donor (NHAC - kn 42653, Lonza). The overview and details for re
programming are described in Fig. 1B and the Supplemental Method. 
Numbers of the cells eventually collected on each day are 170,000 
(day 0), 230,000 (day 1), 160,000 (day 12), 90,000 (day 3), 100,000 
(day 5), 130,000 (day 6), 110,000 (day 7), 160,000 (day 8), 250,000 
(day 9) and 140,000 (day 10).

Fig. 1                        

Research strategy of this study. (A) Overview of the inverse genetic 
approach. The transcriptome transition pathways (blue lines) of both 
the cells under reprogramming and those that failed to be repro
grammed (off-targeted) are chased, following a time course. The 
former may enable the discovery of a master gene of chondrogen
esis, whereas the latter clarifies the fate of those cells. 
Abbreviations: iPS, induced pluripotent cell; Pro, chondrocyte pro
genitor; Ch, chondrocytes; ?, off-targeted cells. (B) Experimental 
time course of the single-cell transcriptome analysis for inverse 
genetics. CGM: chondrocyte growth medium.
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Single-cell RNA sequencing

Chondrocytes collected at each time course were labeled with a 
10X Genomics 3′ CellPlex kit. After the cellular labeling, all cells were 
mixed, and cell sorting was performed on a FACSAria III Cell Sorter 
(BD Biosciences, San Diego, CA, USA) to remove dead cells and debris 
via forward scatter, side scatter and 4′,6-diamidino-2-phenylindole 
(DAPI)/Calcein-AM staining. The viability of the cells forwarded to 
the analysis was 95.2%. A total of 6513 cells were then processed 
with Chromium Next GEM Single Cell 3′ GEM kit v.3.1 (10X 
Genomics Inc., Pleasanton, CA, USA) according to the manufacturer’s 
instructions. Complementary DNA libraries were sequenced using 
the NovaSeq platform (Illumina). In total, 409,314,286 reads were 
obtained (62,846 reads per cell). To remove doublet cells, Solo 
software was used.16 Data processing detail is described in the 
Supplemental Method.

RNA velocity and trajectory analysis

RNA velocity analysis of single cells was performed using scVelo 
(version 0.2.5) software17 with default parameters. Subsequently, 
trajectory analysis was performed by using the Single-cell Trajectory 
Reconstruction Exploration And Mapping (STREAM; version = 1.1) 
algorithm, which is a trajectory inference method that can robustly 
reconstruct developmental trajectories with relatively accurate 
pseudotime estimation from single-cell RNA sequencing (scRNA- 
seq) data.18 Details are provided in the Supplemental Method.19

Evaluation of iPS interference

In order to verify if the constitutive expression of SOX9 interferes 
with the reprogramming of chondrocytes into iPSCs, RNA inter
ference experiments were carried out following an established 
protocol.20 Experimental details are given in the Supplemental 
Method.

Statistical analysis

Statistical analyses of the two experimental groups were per
formed by using an unpaired Student’s t-test with Prism 10 
(GraphPad, MA. USA). Differentially expressed gene (DEG) analysis of 
the scRNA-seq data to identify cell-type-specific genes was per
formed using the nonparametric Wilcoxon rank sum test (detailed in 
Supplemental Method).

Data availability

The data presented in this study are available in the Source data 
as detailed in the Supplemental Method.

Results

Two distinct pathways for transcriptome transition in chondrocytes 
under genetic reprogramming conditions

In order to reprogram human articular chondrocytes into plur
ipotent stem cells, we infected the cells with SRV-iPSC3. Thereafter, 
the cells were harvested daily, and their transcriptomes were ana
lyzed following a time course, as shown in Fig. 1B.

Single-cell transcriptomic analysis revealed that there are 11 
clusters in the uniform manifold approximation and projection 
(UMAP) (Fig. 2A). Based on violin and dot plots of gene expression, 
we could classify the clusters into three distinct groups. These 
groups consist of clusters 0, 3, 4, 8 and 10, with no prominent 
transcriptomic characteristics; clusters 9 and 7, with high EGFP and 
SOX2 expression and without SOX9 expression; and clusters 6, 2, 1 
and 5, presenting higher expression levels in PRG4 that encodes lu
bricin (Fig. 2B and C). Interestingly, from days 0 to 3, the cells 
gathered separately from clusters 0, 3, 4, 8 and 10 into two distinct 
clusters, 6 and 7/9 (Fig. 2D). This indicates that cells in cluster 6 did 
not receive, or received but did not express, the transgenes for re
programming and thus, stayed within a lineage of chondrocytes. 
Therefore, the cells moving toward cluster 7 through cluster 9 were 
those proceeding to pluripotent cells, whereas the others in cluster 6 
failed to be reprogrammed and followed a single pathway into 
something else (Fig. 2D).

Spontaneous silencing of SOX9 occurred at an early stage of 
transcriptomic reprogramming: re-discovery of SOX9 as a master gene 
of chondrocytic differentiation

If our hypothesis is correct, chondrocytes being reprogrammed into 
iPSCs retrospectively follow the differentiation pathway. To verify this, 
the expression of SOX9 in the reprogrammed chondrocytes was traced, 
along with the transition from cluster 4 to cluster 7. It was demonstrated 
that the cells migrated within 3 days from cluster 4 to clusters 9 and 7 
(Fig. 2D), which were characterized by the high expression of EGFP and 
SOX2 ( Figs. 2B and 3A). After that, the cells expressing these genes 
gradually changed the transcriptomes to those of NANOG-positive plur
ipotent cells located at the bottom of cluster 7 on the UMAP (Fig. 3B and 
C). These data suggest that the cells under reprogramming followed a 
distinct transcriptomic trajectory toward iPSCs (Fig. 3D). Importantly, the 
expression of SOX9 and ACAN was conversely turned off upon the 
transcriptomic transition from cluster 4 to cluster 9; Fig. 3A, which 
happened between day 1 and day 2 during the actual time course 
(Supplemental Fig. 1), recapitulating the cellular commitment toward 
chondrocytes in a retrospective manner. These findings again indicate 
that SOX9 had to be silenced at a specific point, following the pathway of 
chondrocytic differentiation in an inverse manner during reprogram
ming. In other words, only the cells that retrospectively recapitulated the 
proper differentiation events could ultimately become iPSCs. Interest
ingly, marker genes of articular chondrocytes were silenced not before, 

Fig. 2                                                                                                         

Two distinct pathways for transcriptome transition revealed via scRNA-seq. (A) A UMAP plot of chondrocytes under genetic reprogramming 
conditions was analyzed using Seurat. Colors marked the 11 distinct clusters. Each dot represents each cell. (B) Violin plot for the expression 
levels of representative genes in different subclusters. (C) Distribution of EGFP-, SOX2-, SOX9-, and ACAN-positive cells in the total population 
on UMAP. Expression levels computed via scTransform R-package in Seurat are represented with colors. (D) Actual time course of the tran
scriptome transition in chondrocytes under reprogramming until day 3. Red dots and light-gray ones on UMAP represent the cells harvested on 
the indicated day and the total cells analyzed, respectively. The chondrocytes in Seurat clusters circled in green followed two distinct fates. Their 
directions of transition along the time course are indicated with arrows.
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but upon or after SOX9 silencing along with actual time course 
(Supplemental Figure 1). These findings confirm that the expression of 
SOX9 and these marker genes changes concullently either in differ
entiation or reprogramming processes. Additionally, a minor population 

with COL10A1 expression is found also in cluster 7. Considering that 
these cells were not accompanied by strong NANOG expression 
(Supplemental Figure 2), such a cell was an incompletely reprogrammed 
one without reaching pluripotency.

Fig. 3                                                                                                         

Transcriptomic transition pathway from chondrocytes to pluripotent cells. (A) Expression of the marker genes of pluripotent cells and chon
drocytes among Seurat clusters 4, 9 and 7. Cluster 4 consists of the cells between day 0 and day 2, whereas cluster 9 is composed of the cells at 
days 1 and 2, and Day 3 cells in this pathway are mapped mostly in cluster 7 (Fig. 2D). Expression levels indicated in red and black represent z- 
scores. SOX9 expression was turned off upon the transition from cluster 4 to cluster 7. (B) Actual time course of the transcriptome transition in 
chondrocytes toward iPSCs until day 10. Red and light-gray dots represent the cells harvested on the indicated day and total cells in the 
indicated clusters, respectively. (C) Distribution of NANOG-positive cells. Note that only a limited population of the cells in cluster 7 are NANOG- 
positive. (D) Transition trajectory of the states computed via STREAM, indicating that the cells in cluster 4 are directed toward becoming 
pluripotent cells.
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Proper reprogramming pathway confirmed by gene set enrichment 
analysis

Regarding the transcriptomic transition pathway from cluster 4 
to cluster 7 via cluster 9, genes that differentially expressed cluster 7 
versus cluster 9 were extracted and were subjected to gene set en
richment analysis (GSEA) on gene ontology (Fig. 4). Genes critical for 
cellular glucose metabolism were induced toward the higher de
pendence of energy metabolism on glycolysis in pluripotent stem 
cells. Cell-to-cell adhesion potential was enhanced, which is con
sistent with the acquisition of the colony-forming ability of stem 
cells. In line with this finding, negative regulation took place during 
cell differentiation, whereas differentiation into stem cells was 
promoted. Strong and poor enrichment of the genes for blastocyst 
and placenta development, respectively, suggests that these cells 
progressed to pluripotency rather than totipotency. Finally, the re
sults on cell fate specification and cell communication indicate that 
the cells lost a specific differentiated phenotype established through 
intercellular communications. Collectively, these results indicate 
that this transcriptome transition pathway is that of reprogramming 
into pluripotent cells.

Reprogramming force driving the cells against their apparent 
transcriptomic velocity

Next, we analyzed the dynamics of the transcriptome in the cells 
involved in clusters 4, 7 and 9 through RNA velocity algorithms 
(scVelo). Then, we aligned the cells in clusters on a pseudotime axis 
computed via STREAM (Fig. 5A). Overall, the alignment of each cell 
was consistent with that of the actual time, indicating the accuracy 
of this pipeline in describing population relationship. However, the 
direction of pseudotime was inverse to that of the actual time. PAGA 
velocity graph based on the RNA velocity analysis also showed the 
same direction as that given by STREAM (Fig. 5B–D). On the contrary, 
the results of cell cycle analysis support the actual time course, in 
which proliferating cells in cluster 4 gradually enter dormancy as 
stem cells during transition toward cluster 7 (Fig. 5E).

In order to account for this discrepancy, GSEA of DEGs in cluster 7 
versus cluster 9 was performed. As a result, we found that RNA 
splicing was negatively regulated in a genome-wide manner 
(Fig. 5F), thus affecting the results of RNA velocity. Therefore, the 
accumulation of unspliced RNAs due to genome-wide repression of 
splicing may result in an apparent increase in computed RNA velo
city based on such an algorithm, which may explain the observed 
discrepancy in the directions between actual transcriptomic transi
tion and the computed RNA velocity (Supplemental Figure 3). These 
results suggest that the overexpression of the reprogramming sextet 
is a strong drive force that alters the transcriptome of the cells 
through the post-transcriptional regulation of mRNAs.

If this notion is correct, in the absence of the sextet, it is assumed 
that the computed velocity of the transcriptome in the cells should 
be consistent with the actual transition of the transcriptome along 
the time course. To confirm this idea, RNA velocity analysis was 
performed among the cells around cluster 2. As expected, the RNA 
velocities of the cells in cluster 6 show the same direction as that of 
the actual transcriptomic transition from cluster 6 to cluster 2 
(Fig. 6A and Supplemental Figure 4).

The single pathway of transcriptomic transition found in the off- 
targeted cells toward PRG4-positive chondrocytes

Initially, we suspected that the cells that failed to be reprogrammed 
might have followed diverse differentiation pathways and resulted in 
multiple cell types with undefinable phenotypes (Fig. 1A; indicated with 
blue lines pointing to the cells at the right end). However, under the cell 
culture conditions employed, almost all of these cells eventually dis
played a comparable transcriptome profile (clusters 1 and 5; Fig. 6A and 
B). In contrast to the cells in clusters 7 and 9, significant portions of those 
cells expressed ACAN and SOX9, even more prominently, indicating the 
retention of a chondrocytic phenotype. Importantly, the vast majority of 
PRG4-positive cells were accumulated in clusters 1, 2 and 5 (Fig. 6B; right 
panel). These cells are characterized by enhanced PRG4 expression and 
silenced COL10A1, which represents the phenotype of surface zone 
chondrocytes that produce lubricin for the locomotive function of ar
ticular cartilage.21 The fact that no positive correlation was observed 
between the expression levels of PRG4 and reprogramming factors in 
those cells rules out a possibility that PRG4 is a target gene of these 
factors (Supplemental Figure 5). This outstanding PRG4 expression is in a 
sharp contrast with the chondrocytes in cluster 4, which also show si
lenced COL10A1 (Fig. 3A), probably because of the onset of reprogram
ming. The cells harvested from day 7 to day 10 stayed in the same PRG4- 
highly positive clusters 1 and 5 without major changes in their tran
scriptomes (Fig. 6A). In addition, laminin genes that are known to be 
closely related to stemness23 were induced in the cells in clusters 1 and 5 
(Supplemental Figure 6). The top 10 induced genes in clusters 1 and 5 
share BST2, MX1, IF16 and PRG4. BST2 encodes bone marrow stromal cell 
antigen 2 with an unknown function22; interestingly, both MX1 and IFI6 
are interferon-inducible genes.24,25

Transient induction of CCN family members prior to the terminal 
transition

To characterize the precursors of PRG4-positive cells, DEGs in cluster 
6 in comparison with the total population were extracted. As shown in 
Fig. 7A, MGP, CCN2 and SCRG1, which encode matrix Gla protein,26 CCN 
factor 2 and stimulator of chondrogenesis 1, respectively, were ranked as 
the top three upregulated genes. With regard to downregulated genes, 
three transgenes used for reprogramming, EGFP, POU5F1 (OCT3/4) and 
SOX2, were identified, confirming the reprogramming failure. Although 
MYC was also downregulated (logFC = −1.642941 at p value adj. =  
1.49803E-09), the other reprogramming genes were not found down
regulated, suggesting the involvement of partially reprogrammed cells.

Among six members of the CCN family,27,28 positive roles in 
chondrogenesis have been reported for CCN1, CCN2 and CCN4.29,30

CCN2 is the most differentially expressed among the clusters, fol
lowed by CCN1 and CCN4 (Supplemental Figure 7). All three mem
bers are parallelly upregulated in clusters 2 and 6 in contrast to the 
tenascin C gene (TNC), which is a marker of articular chondrocytes. 
On the contrary, these genes were silenced in clusters 7 and 9, 
showing the same pattern (Fig. 7B). It is also noted that the ex
pression level of CCN4 is globally lower than the others, and thus a 
different scale is used for the z-scores. No significant differences 
were observed in the other CCN family members. From this point of 
view, chondrocytes under reprogramming may be classified into 

Fig. 4                                                                                                         

GSEA of the cells in cluster 7 versus cluster 9. Transcriptomes of these clusters were analyzed with the gene sets under the gene ontologies 
closely related to energy metabolism, cell differentiation, embryonic development and cellular communication. Gene ontologies to which cor
responding gene sets belong are displayed at the top.
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Fig. 5                                                                                                         

Forced transition of transcriptome against computed RNA velocity by the reprogramming factors. (A) Pseudotime trajectory from Seurat clusters 
from 7 to 4 through 9. Note that it is entirely inverse of the actual time course. (B) RNA velocity analysis of each cell in Seurat clusters 4, 9 and 7. 
(C) PAGA velocity graph among the clusters and (D) velocity pseudotime (D) of each cell, which again confirmed inverse RNA velocity direction 
against actual time. (E) Distribution of the cells in G2/M and S phases in those clusters. (F) GSEA of DEGs in cluster 7 versus cluster 9, suggesting 
global repression of RNA splicing in cluster 7.
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three groups (Fig. 7C): clusters 2 and 6 as CCN-induced cells and 
clusters 7 and 9 as CCN-silenced ones.

Phenotypic confirmation of reprogramming from chondrocytes and 
SOX9 as a master gene by iPS interference

To verify that chondrocytes were converted into pluripotent cell 
colonies and that SOX9 expression needs to be turned off along with 
the reprogramming pathway, the iPS interference strategy was em
ployed. One day after infection, GFP-positive cells were evenly dis
tributed in both groups (Fig. 8A and B), indicating successful 
transfection of reprogramming factors. SOX9 overexpression was 
also confirmed in the SOX9 retrovirus transfected group 
(Supplemental Figure 8A). On day 6, the cells with GFP grew in the 

control without SOX9, whereas no such growth was evident in SOX9- 
overexpressing cells. Then, on day 8, in the control group, the 
number and size of the colonies increased, and large colonies with 
highly expressed GFP showed typical iPSC-like morphology on day 
12 (Fig. 8B). In contrast, colony formation was not yet evident among 
the cells with SOX9 on day 8, and few colonies were observed after 4 
days (Fig. 8A and B).

Moreover, staining with fluorescently labeled rBC2LCN,31 which 
recognizes human embryonic stem cell-specific sugar chains, con
firmed that pluripotent cells constituted these colonies (Fig. 8C), 
thus indicating that human chondrocytes could be successfully re
programmed. Furthermore, compared with the control, the group 
that overexpressed SOX9 had far fewer rBC2LCN-positive colonies 
(Supplemental Figure 8B and Fig. 8D). These data also indicate a high 

Fig. 6                                                                                                         

The off-targeted cells in cluster 6 follow a single transition pathway toward surface zone chondrocytes. (A) Actual time course of the tran
scriptome in chondrocytes that failed to be reprogrammed. The cells for each day (red) are plotted in the total cells (light gray) in clusters 6, 2, 1, 
and 5. (B) Expression of pluripotent and chondrocytic marker genes among clusters 6, 1, 2 and 5. Z-scores are represented with red/black 
gradation. (C) Top 10 DEGs in the cells in clusters 1 and 5. DEGs were extracted against the expression levels of the total population.
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transfection efficiency (> 70%) of the retroviral vector expressing 
SOX9. This interference did not occur in the cells transduced with 
lentivirus expressing EGFP, ruling out the influence of lentiviral in
fection and protein overproduction (Fig. 8E). Therefore, turning off 
SOX9 was confirmed to be the indispensable step during the repro
gramming of chondrocytes into pluripotent cells, which inversely 
recapitulated the induction of SOX9 that directs mesenchymal stem 
cells toward chondrocytic differentiation.

Discussion

Our time-coursed single-cell transcriptomic analysis enabled us 
to clarify the real-time trajectory of transcriptomic transition 
during the reprogramming of chondrocytes into pluripotent cells. 
Consequently, we confirmed that SOX9 expression was turned off 
early among the cells proceeding to iPSCs within two days after the 
initiation of reprogramming. These cells constituting approxi
mately 20% of cluster 9 eventually became NANOG-positive plur
ipotent cells (Fig. 3). However, among the cells in clusters 1, 2, 5 
and 6, which failed to be reprogrammed, more than 50% of the 
cells were found to be SOX9-negative. Considering together with 
the presence of SOX9-negative dedifferentiated chondrocytes in 
the original population plotted in clusters 0, 3, 4, 8 and 10 (Fig. 2B 
and C), turning off SOX9 is necessary but not sufficient for the 
conversion of chondrocytes into iPSCs. Conversely, certain cells at 
day 1 are already plotted in SOX9-negative cluster 9 that is 
committed to pluripotency, indicating that dedifferentiated cells 
could be reprogrammed as well. For successful reprogramming, 
this turning-off event must occur early within a restricted 
time frame. During the in vitro differentiation of mesenchymal 
stem cells into chondrocytes, SOX9 is induced.32,33 Therefore, 
turning off SOX9 during reprogramming recapitulated turning on 
SOX9 during differentiation, indicating that the reprogramming 
process followed the differentiation process backward. Namely, we 
could re-discover SOX9 as a master gene of chondrogenesis by 
using this inverse genetic approach, confirming our initial hy
pothesis. Furthermore, the potential of SOX9 as a regulator of dif
ferentiation was functionally proven using the iPS interference 
methodology.

In our time-coursed analysis, the transcriptomic transition 
pathway to iPSCs was clearly shown to begin at cluster 4 toward 
cluster 7 through cluster 9. Nevertheless, RNA velocity showed 
transition directions opposite to the actual ones. This apparently 
contradictory data represent the property of the Yamanaka quartet 
as a strong driving force that redirects the transcriptome against its 
intrinsic direction. The mechanism by which these factors altered 
the transcriptome against RNA velocity is unclear. However, these 
transcription factors may regulate target gene expression not only at 
transcriptional but also post-transcriptional levels. Indeed, the GSEA 
results clearly indicate the negative regulation of splicing upon the 
transition from cluster 9 to cluster 7. This unexpected regulation in 
splicing complicates the interpretation of the RNA velocity analysis 
results. In contrast, the RNA velocities of the cells that failed in the 
reprogramming process were, overall, consistent with the actual 
transition of the transcriptome.

According to our initial hypothesis, the off-targeted cells were 
expected to be sporadically plotted without forming a cluster on 
the UMAP. On day 3, all such cells, including GFP-positive ones, 
unexpectedly migrated from clusters 0, 3, 4, 8 and 10 to the single 
cluster 6, suggesting that these cells follow their intrinsic differ
entiation pathway. The actual time course of the transcriptomic 
transition on the UMAP indicates that the final destinations of 
these cells are clusters 1 and 5, which are characterized by a strong 
expression of PRG4 and the retention of SOX9 expression. Thus, the 
cells in these clusters show the phenotype of surface zone chon
drocytes that can be defined only by PRG4 expression.26 In this 
context, the cells in clusters 2 and 6 are the precursors of those in 
clusters 1 and 5. Interestingly, the elevated expression of CCN1, 
CCN2 and CCN4 is noted in the cells in clusters 2 and 6. These 
findings suggest the critical role of CCN family members in the 
terminal differentiation of articular chondrocytes. CCN family 
members show diverse and context-dependent functions via the 
interaction with a variety of cofactors.27,28,34,35 In particular, all 
CCN family members are expressed in growth plate cartilage.36

Among them, CCN1, CCN2 and CCN4 play critical roles in chon
drogenesis. CCN1 regulates the early chondrogenesis of limb bud 
cells, whereas CCN4 enhances the differentiation of human bone 
marrow stromal cells into chondrocytes.29,30 CCN2 is required for 
proper endochondral ossification and murine skeletal develop
ment.37 A number of studies have indicated the solid roles of CCN2 
in chondrogenesis and skeletal development.38 The proliferation 
and differentiation of auricular chondrocytes are also enhanced by 
CCN2.39 More importantly, CCN2 promotes the proliferation and 
maturation of articular chondrocytes to regenerate damaged ar
ticular cartilage in vivo.40,41 A bioengineered CCN2 derivative was 
also effective in repairing OA cartilage.42 Consistent with these 
findings, the present data indicate that transient CCN2 induction is 
a critical step in regenerating articular cartilage in an integrated 
manner.

Our novel strategy may be useful for identifying a master gene of 
differentiation. If the expression of a particular gene is turned off, 
accompanied by a decline in marker genes during reprogramming, 
this may indicate a master transcription factor of the differentiation 
process. Since this method required maximal transduction efficiency 
to obtain the cells sufficient for the analysis, the Sendai virus-based 
vector was used. We should note that the iPSC-like cells we obtained 
may not be used to generate somatic cells because of persistent 
expression of transgenes, which prevents cell differentiation. To 
complete the reprograming and use these cells for cell engineering, 
the RNA transgenes have to be eliminated by an siRNA as indicated 
by the manufacturer (Tokiwa-Bio).15

Recently, the transient induction of endogenous retroviral RNAs 
was found to provoke a major transition in the transcriptome, 
thereby initiating the differentiation of zygotes,10 thus suggesting 
that RNAs regulate master transcription factors upstream. In the 
present study, several lncRNAs were found to be turned off during 
reprogramming. The function of these RNAs as master regulators 
of chondrocytic differentiation is currently under investigation. It 
is also of particular interest whether other master transcription 
factors of mesenchymal cell differentiation, such as runt-related 

Fig. 7                                                                                                         

Involvement of CCNs in the transcriptome transition of the off-targeted cells. (A) Top 10 DEGs in the cells in cluster 6. Upregulated and 
downregulated ones are shown in red and green backgrounds, respectively. (B) Expression of three CCN family members and a marker of 
articular chondrocytes, tenascin C (TNC) among the clusters. (C) Summary of the result in B on two-dimensional UMAP. The cells can be 
classified into 3 groups based on the expression levels of CCNs, as indicated.
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Fig. 8                                                                                                         

RNA interference analysis confirming the potential of chondrocytes to be reprogrammed via six transcription factors and the integrity of SOX9 as 
a master transcription factor of chondrogenesis. (A) Reprogramming of human articular chondrocytes with or without SOX9 overexpression. 
Green represents GFP-positive cells with the reprogramming transgenes. Scale bars: 500 µm. (B) The magnified images of the portions indicated 
in panel A by rectangles are shown. Scale bars: 100 µm. (C) Staining of a representative colony formed on day 12 in the control culture with 
rBC2LCN and DAPI. GFP signals are also visualized. Scale bar: 50 µm. (D) Quantitative analysis of the colonies observed on Day 12 in 7 
independent cell cultures with or without SOX9 overexpression. (E) The result of the same analysis between GFP- and SOX9- overexpressed 
groups with 6 independent cell cultures, respectively. Chondrocytes were obtained from a donor distinct from the one whose cells were used for 
the single-cell transcriptomic analysis. Probability values between the indicated groups were computed via Student’s t-test. Labels: retro-GFP, 
GFP was transfected by a retroviral vector; retro-SOX9: SOX9 was transfected by a retroviral vector.
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transcription factor 2 (RUNX2 ) and myogenic differentiation 1 
(MYOD1) genes confer iPS-interference in chondrocytes, or not. 
Such investigation would further support the utility of inverse 
genetics and iPS-interference methodologies, or might suggest an 
unknown intersection of differentiation pathways of mesenchymal 
cells.
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