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Summary

Human limb skeletal system consists of both bone and cartilage which originated from fetal
cartilage. However, the roadmap of chondrocyte divergent differentiation to bone and articular
cartilage has yet to be established. Epiphysis possesses articular cartilage, growth plate and the
secondary ossification center (SOC), making it an ideal model to uncover the trajectory of
chondrocyte divergent differentiation. Here, we mapped differentiation trajectory of human

chondrocyte during postnatal finger epiphysis development by using single-cell RNA
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sequencing. Our results uncovered that chondroprogenitors have two differentiation pathways
to hypertrophic chondrocytes during ossification, and one pathway to articular chondrocytes
for formation of cartilages. | nterestingly, we found that, as an addition to the known typical
endochondral ossification path from resting, proliferative to hypertrophic chondrocytes, there
was a bypass by which chondroprogenitors differentiate into hypertrophic chondrocytes
without proliferative stage. Furthermore, our results revealed two new chondrocyte
subpopulations (bypass chondrocytes as it appeared in the ossification bypass, and I1D1"
chondroblasts in articular chondrocyte path) during postnatal epiphysis development in
addition to six well-known subpopulations. Overall, our study provides a comprehensive
roadmap of chondrocyte differentiation in human epiphysis thereby expanding the knowledge
of bone and articular cartilage, which could be utilized to design biotherapeutics for bone and

articular cartilageregeneration.

Human chondrocyte identification

To investigate the chondrocyte differentiation trgjectory during human epiphysis development, the
phalanges from polydactyl patients were used. The histological staining of the 2-year-old polydactyl
phalange showed atypical long bone structure (Fig. S1A), similar with the human femur(1).

The bone and cartilage tissues from polydactyly samples were collected and digested for 4 hours
before single-cell isolation, library preparation and sequencing (Fig. 1A). After quality control
process, we obtained 27,461 single cells for data analysis (Fig. S1B). We clustered these cells using
the well-established method Seurat(2, 3), and found 10 clusters identified as chondrocytes (COL2AL),
fibroblasts (COL1A2), vascular cells (PECAM1), muscular cells (ACTA2), antigen presenting cells
(HLA-DRA), osteoblasts (BGLAP), natural killer cells (NKG7), Schwann cells (MPZ), erythrocytes
(HBA1), and megakaryocytes (MMRNL1) (Fig. S1C and S1D). Among them, both clusters O and 5
robustly expressed the chondrocyte marker COL2A1, and they were highly related with cartilage
development (Fig S1E). Therefore, we selected these 14,434 single cells from clusters O and 5 for
further analysis.

Using Seurat, the cartilage-related cells were clustered into eight clusters (Fig. 1B and C). With the
highly expressed genes in each cluster, we were able to identify the well-known chondrocyte

subpopulations, including chondroprogenitors (FGF2), resting chondrocytes (FST), proliferative
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chondrocytes (MATN3), hypertrophic chondrocytes (COL10A1), fibrochondrocytes (COL1A2), and
superficial chondrocytes (PRG4). Interestingly, we also discovered new transitional cells, like the
DKK1" cluster, and ID1" cluster which would be discussed later (Fig. 1C and D).

Endochondr al ossification fate of human chondrocytes

In an attempt to map the trgectory of chondrocyte differentiation, we performed the
pseudo-temporal analysis by using Monaocle3 (4-6). Our analysis results showed that chondrocyte
differentiation started from chondroprogenitors (dark purple) and eventually adopted either articular
or hypertrophic cell fate (yellow) by progressing through different paths on the pseudo-time axis (Fig.
S2A).

We first looked into the endochondral ossification branch, in which chondroprogenitors
differentiate into resting chondrocytes, proliferative chondrocytes and eventually hypertrophic
chondrocytes in a step-wise manner (Fig. 2A and B). The chondroprogenitors highly expressed
FGF2 encoding the growth factor which is important for cell proliferation and tissue development.
FGF2 is expressed in human fetal cartilage and its expression is located at resting and proliferative
zones, but not hypertrophic zone(7). TMASF1 and GREM1, the two mesenchymal stem cell
markers(8, 9), were also highly expressed in this cluster, confirming the progenitor identity (Fig. 2C
and S2B ). Immunostaining of the 2-year-old middle phalange proximal epiphysis showed that, in
line with FGF2, the Transmembrane 4 L6 Family Member 1 (encoded by TM4SF1) was also
abundantly expressed in resting and proliferative zones but decreased in hypertrophic zone (Fig. 2C).

Resting chondrocytes were marked by PTHLH, the gene that encodes parathyroid hormone-related
protein (PTHrP), and SFRP5, which were both reported to be expressed in resting chondrocytes(10,
11). Interestingly, we found that this chondrocyte subpopulation expressed another marker gene FST
which encodes follistatin (Fig. 2D and S2C), a BMP antagonist. Immunaostaining of the phalangeal
epiphysis demonstrated that follistatin positive resting chondrocytes were located near the
proliferative and hypertrophic zones (Fig. 2D). These results are consistent with the previously
reported inhibition of BMP signaling in resting zone(12).

Proliferative chondrocytes and hypertrophic chondrocytes had the highest expression levels of the
mature cartilage matrix genes COL9A3, COL11A1 (13) as well as MATN3 and COL6A3 (Fig. 2E and
S2D). The expression of the pre-hypertrophic marker PTH1R was elevated in the proliferative
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91  chondrocytes too, consistent with previous studies that the chondrocytes in the bottom of the
92  proliferative zone would become hypertrophic (Fig. S2E). The hypertrophic markers COL10A1,
93 SPP1 and osteogenic marker IBSP were al highly expressed in the hypertrophic chondrocytes,
94  demonstrating the terminal chondrocyte differentiation. As expected, the immunostaining of the
95 phaangeal epiphysis showed the positive signals of type X collagen right next to bone (Fig. 2F and
9%  S2F).

97 The four chondrocyte subpopulations exhibited the typical endochondral ossification trajectory
98 from chondroprogenitors to hypertrophic chondrocytes in the growth plate, which was consistent
99  with the conventional view (14).The gene expression trend along this trgjectory also confirmed that
100 the expressions of progenitor-related genes FGF2 and TM4S-1 were declined gradually with
101 concomitant step-wise upregulation of the mature chondrocyte-related extracellular matrix genes
102 MATN3 and COL11Al (Fig. 2G). Therefore, our data successfully recapitulated the endochondral
103  ossification trajectory.

104

105  Articular chondrocyte differentiation fate of human chondrocytes

106 The articular chondrocyte differentiation trajectory was composed of chondroprogenitors, the
107 newly discovered ID1" chondroblasts, fibrochondrocytes and superficial chondrocytes (Fig. 3A and
108  B).

109 ID1 and D3, the two markers of the chondroblast subpopulation (Fig. 3C and S3A), were reported
110  to be expressed in less differentiated chondrocytes, and play a key role in the regulation of cell-cycle
111 progression and cell differentiation in chondrocyte and other cells (15-17). ID1 was aso
112 up-regulated in mesenchymal stem cells forming cartilage(18). The immunostaining of the
113  phalangea epiphysis showed a diffused distribution of ID1 in the periarticular area, indicating that
114  these cells may give rise to the articular cartilage (Fig. 3C and S3A). As this subpopulation was
115 located between chondroprogenitors and the fully differentiated chondrocytes, we regarded this
116  subpopulation as chondroblasts (19).

117 COL1A1/A2 marked the fibrochondrocytes (Fig. 3D and S3B). Since there are soft tissues
118  including perichondrium, synovium and tendon that connect to the cartilage, it is not surprising to
119  find the chondrocytes with soft connective tissue matrix in the transition section as shown by the

120  immunostaining results. In fact, STC1 and COL14A1 were also found to be highly expressed in
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121 fibrochondrocytes (Fig. 3D and S3C). Given the known expressions of STC1 and COL14Al in
122 human synovium and tendon, respectively, (20, 21) these data suggested that this subpopulation
123  formed the cartilage that connected adjacent tissues.

124 The superficial chondrocytes were labeled by PRG4, the well-known marker for chondrocytes in
125 the superficial layer. Prg4” cells were aso thought to possess progenitor or regeneration
126  potential(22—24). Consistently, immunostaining showed that the expression of lubricin encoded by
127 PRG4 was also located at the superficial layer (Fig. 3E and S3D), and superficial chondrocyte
128  subpopulation had higher FGF2 and GREML1 levels compared with the adjacent chondroblasts and
129  fibrochondrocytes (Fig. 2C and S2B). Moreover, OGN, the gene that encodes osteoglycin, was
130  highly expressed in the superficial chondrocytes as well, which is in line with a previous report(25)
131 (Fig. 3E).

132 Consistent with the endochondral ossification trajectory, the expression levels of the
133 progenitor-related genes FGF2 and TMA4SF1 decreased progressively, while the extracellular
134  matrix-related genes COL3A1 and COL14A1 were increased (Fig. 3F).

135 Taken together, these data demonstrated the articular chondrocyte differentiation trajectory,
136  improved the understanding of the articular cartilage development in the epiphysis.

137

138  The bypass of ossification for human chondrocyte differentiation

139 Intriguingly, in the pseudotime trajectory we found a cell type that bypasses the conventional
140 step-wise differentiation of human chondrocytes. It appears that the chondroprogenitors
141  differentiated to hypertrophic chondrocytes directly after transiting into a specific chondrocyte
142  subpopulation. Therefore, we named this subpopulation as bypass chondrocytes (Fig. 4A and B).
143  Both DKK1 and WIF1 encoding antagonists of WNT signaling pathway were highly expressed in
144  this subpopulation together with SMPD3 (Fig. 4C and $4A). SMPD3 is expressed in
145  pre-hypertrophic chondrocytes, marking the hypertrophic fate of the cells(26). Smpd3 deficiency
146  caused ossification retardation and SOC absence(27), pointing to the significant role of SMPD3 in
147  the epiphysis development. Same as the previous trgectory, the chondrocytes lost the
148  chondroprogenitor identity and become hypertrophic gradually, as FGF2 and TM4SF1 expression
149  were down-regulated and PTH1R and SMPD3 were up-regulated (Fig. 4D).

150 Since both proliferative chondrocytes and bypass chondrocytes are able to differentiate into
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151 hypertrophic chondrocytes, these two subpopulations were further compared in details. The
152  proliferative chondrocytes expressed higher levels of extracellular matrix genes such as MATN3 and
153  COL6AS3, suggestive of their more mature characteristics. By contrast, the bypass chondrocytes
154  exhibited higher FGF2 and GREM1 expressions therefore more resembling chondroprogenitors. The
155  differential expression levels of DKK1 and WIF1 further confirmed that these two subpopulations
156  were distinct from each other (Fig. 4E). However, the two subpopulations both expressed
157  pre-hypertrophic chondrocyte markers, including PTH1R, SMPD3 and IHH, demonstrating their
158  hypertrophic destination (Fig. 4F). Interestingly, the immunostaining of the phalangeal epiphysis
159  showed the presence of Neutral sphingomyelinase 2 (NSMase-2, product of the SMIPD3 gene)
160 marked bypass chondrocytes in the SOC, where the type 1 collagen (COL6) level was low,
161 indicating that the typical endochondral ossification trajectory and the bypass may conduct
162  chondrocyte hypertrophy in different ossification centers (Fig. 4G and $4B). In fact, digtinctions
163  were found between primary ossification center (POC) and SOC, including the timing, the location
164  and the direction through which ossification proceeds(28). The chondroprogenitors and stem cell-like
165  resting chondrocytes were located next to the secondary ossification center in mice, with no obvious
166  proliferative zone in the middle(29), showing the different cell arrangement SOC from growth plate.
167  Thus, the bypass indicated a direct ossification path in the SOC, which is distinguishable from the
168  typical endochondral ossification in the growth plate, and explained why the typical proliferative
169  zone can hardly be seen in the secondary ossification center.

170 The bypass chondrocytes were then further divided into two clusters (Fig. 4H). The left cluster
171 (subcluster 1) which was close to the hypertrophic chondrocytes had higher expression levels of
172 SMPD3, RUNX2, MEF2C and PTHI1R, demonstrating the hypertrophic chondrocyte differentiation
173  process, whereas the right cluster (subcluster 0) was enriched with WIF1 and CLU, which were
174  reported to regulate chondrocyte proliferation in osteoarthritis(30, 31).

175 Taken together, these evidences demonstrated the direct ossification path that the
176  chondroprogenitors directly differentiated to the hypertrophic chondrocytes in SOC, which could be
177  quitedifferent from canonical endochondral ossification processin growth plate.

178

179 In summary, we found that chondroprogenitors have two differentiation pathways to hypertrophic

180  chondrocytes and one pathway to articular chondrocytes. Interestingly, as an alternative to the typical
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181 4-stage endochondral ossification pathway, there was a direct ossification path by which
182  chondroprogenitors could straightly differentiate into hypertrophic chondrocytes. Furthermore, our
183  results revealed two new chondrocyte subpopulations (bypass chondrocytes in ossification path and
184  ID1" chondroblastsin articular chondrocyte path) during postnatal epiphysis development in addition
185 to six well-known subpopulations (chondroprogenitors, resting chondrocytes, proliferative
186  chondrocytes, and hypertrophic chondrocytes in the endochondral ossification path;
187  fibrochondrocytes, and superficial chondrocytes in the articular chondrocyte differentiation path).
188  These results mapped a comprehensive developmental trgjectory of chondrocyte differentiation in
189  human epiphysis (Fig. 5), thereby expanding the knowledge of bone and articular cartilage, which
190  could be utilized to design biotherapeutics for bone and articular cartilage regeneration.

191

192  DataAvailability

193 The segquencing raw data would be available before publication.

194

195 CodeAvailability

196 The packages used for data analysis were stated in methods section. The full code for data analysis
197  would be available before publication.
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Figure 2. Identification of the typical endochondral ossification trgjectory. (A) Schematic of the
typical endochondral ossification trajectory. (B) Pseudotime analysis visualized by UMAP. Red
arrow shows the typical endochondral ossification trgjectory. (C-F) Gene expression levels and
immunostaining of the chondroprogenitor (C), resting chondrocyte (D), proliferative chondrocyte (E),
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HTCs, hypertrophic chondrocytes.
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315  Figure 3. Identification of the articular chondrocyte differentiation trgjectory. (A) Schematic of the

316  articular chondrocyte differentiation trajectory. (B) Pseudotime analysis visualized by UMAP. Red

317  arrow shows the articular chondrocyte differentiation trajectory. (C-E) Gene expression levels and

318  immunostaining of the chondroblast, fibrochondrocyte, and superficial chondrocyte markers. (F)

319  Gene expression trends in the articular chondrocyte differentiation trajectory. CPs,

320  chondroprogenitors; CBs, chondroblasts; FCs, fibrochondrocytes; SCs, superficial chondrocytes.
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Figure 4. Identification of the chondrocyte differentiation bypass. (A) Schematic of the chondrocyte
differentiation bypass. (B) Pseudotime analysis visualized by UMAP. Red arrow shows the bypass.
(C) Gene expression levels of the bypass chondrocyte markers. (D) Gene expression trends in the
bypass. CPs, chondroprogenitors; BCs, bypass chondrocytes; HTCs, hypertrophic chondrocytes. (E)
Representative differentially expressed genes between proliferative chondrocytes and bypass
chondrocytes. (F) Gene expression levels of the pre-hypertrophic chondrocyte markers. (G)
Immunostaining of the proliferative chondrocyte marker and the bypass chondrocyte marker. (H)

Subclusters of the bypass chondrocytes.
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335 Methodsand materials

336 1. Human sample collection

337 We collected human polydactyl fingers from 4 babies (from 9 months to 8 years old). The
338  procedure was approved by Children's Hospital of Zhejiang University School of Medicine ethics
339 committee (No. 2020-IRB-077). The bone and cartilage tissues were isolated and digested in 2%
340 collagenases for 4 hours. The single cells were collected for 10x Genomics library preparation.

341 2. Preparation of single cell suspension

342 Cell number and viability were analyzed using hemocytometer and trypan blue. This method
343  produces asingle cell suspension with a concentration of 1000/uL and an activity exceeding 80%.
344 3. Singlecell RNA sequencing: barcoding and cDNA synthesis

345 The single cell suspension was loaded onto awell on a 10x Chromium Single Cell instrument (10x
346  Genomics). Barcoding and cDNA synthesis were performed according to the manufacturer's
347 ingructions. Briefly, the 10x™ GemCode™ Technology partitions thousands of cells into
348 nanoliter-scale Gel Beads-In-EMulsions (GEMs), where all the cDNA generated from an individual
349  cell share acommon 10x Barcode. Unique Molecular Identifier (UMI) was also added to identify the
350 PCR duplicates. The GEMs were incubated with reverse transcription reagents to produce full length
351  cDNA, which was then amplified via PCR to generate sufficient mass for library construction. The
352  Qubit Fluorometer, Qubit dSDNA HS Assay Kit (Thermo Fisher Scientific, Cat# Q32854) and
353  Agilent 2100 Bioanalyzer were used for QC and Qualitative analysis.

354 4. Single cell RNA sequencing: library construction and quality control

355 The cDNA libraries were constructed using the 10x Chromium™ Single cell 3' Library Kit
356  according to the manufacturer’s original protocol. Briefly, after the cDNA amplification, enzymatic
357  fragmentation and size selection were performed using SPRI select reagent (Beckman Coulter, Cat#
358 B23317) to optimize the cDNA size. P5, P7, asample index and TruSeq read 2 (R2) primer sequence
359 were added via End Repair, A-tailing, Adaptor Ligation, and PCR. The fina single cell 3' gene
360 expression library contains a standard Illumina paired-end constructs (P5 and P7), Read 1 (R1)
361  primer sequence, 16 bp 10x barcode, 12 bp UMI, cDNA fragments, R2 primer sequence and sample
362 index. For post library construction QC and quantification, Qubit Fluorometer, Qubit dsDNA HS
363  Assay Kit and Agilent 2100 Bioanayzer were used.

364 5. Singlecell RNA sequencing and generation of data matrix
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365 Libraries were sequenced on an lllumina HiSeqg X™ using HiSeq X™ Five Reagent Kit
366  v2(Illumina, Cat# FC-502-2021).

367 6. Dataprocessing

368 The .bcl files were called bases with Cellranger. The parameters were default. All the sequencesin
369 FASTQ were dligned to hg38.p5 reference and counted with Cellranger. The counts files were
370  preprocessed with MATLAB. In detail, all fragments from non-protein coding genes were removed.
371 All ribosome protein genes were removed because they have heavy multiple colinear effects
372 interfering recognition of cell type with potentia biologica meaning. The counts data were
373  normalized with CPM (counts per million), and all the cells with feature number lower than 1000 or
374  higher than 7000 were removed. Cells with transcripts from mitochondrial genome occupying more
375 than 50% in their library were removed. The genes whose CPM larger than two in at least 2 cells
376  were selected for further analysis. The data were analyzed in R studio software (ver. 3.6.2), with
377  Seurat package (ver. 3.1.2) from Satija Lab (https://satijalab.org/seurat/) and Monocle 3 package (ver.

378 0.2.2) from Cole Trapnell Lab (https://cole-trapnell-lab.github.io/monaocle3/), following the standard

379  protocol. In brief, the Seurat object was generated from digital gene expression matrices. Fourteen
380 principa components were used in cell cluster with the resolution parameter set a 0.4. Then we
381  performed cell cluster and UMAP Marker genes of each cell cluster were outputted to define cell
382  clusters. The dimension reduction result conducted by Seurat was then used for pseudotime analysis
383 by Monocle 3.

384 7. Tissuefixation and histology processing

385 Tissues for histology and immunostaining were fixed in 4% (w/v) paraformaldehyde for 24 h
386  before decalcification in 10% (w/v) ethylene diamine tetraacetic acid (EDTA) solution. Subsequently,
387  samples were embedded in paraffin and sliced (7 um) for further safranin O/fast green staining or
388  immunostaining.

389 8. Safranin O/fast green staining

390 The sections were deparaffinized and stained by hematoxylin for 20 min, followed by 8 min fast
391 green staining, 1 s acetic acid washing, and 8 min safranin O staining subsequently. Then the slides
392  were mounted by resinene and scanned with the digital scanner (SDHISTECH, Hungary)

393 9. Immunostaining

394 Paraffin sections for immunohistochemistry were treated with 0.25% trypsin (Gibco, USA), 3%
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395  (v/v) hydrogen peroxide in methanol, 1% (w/v) BSA, primary antibodies (TM4SF1, ab113504;
396 follistatin, ab203131; COLX, ab58632; ID1, abl68256; COL1, AF7001; lubricin, ab28484;
397 NSMase2, ab68735; COL6, ab6588) and secondary antibodies ( A11008 and A21202, Invitrogen,
398 USA) subsequently. The DAB substrate system (ZSGB-bio, China) was used for color development.
399 Hematoxylin staining was utilized to reveal the cell nuclei. Then the slides were mounted with
400 resinene and scanned by the digital slide scanner (3DHISTECH Pannoramic MIDI, Hungary). For
401  immunofluorescence, the Alexa Fluor 488 or 546 conjugated secondary antibodies (Thermo Fisher
402  Scientific, USA) were used, as well as DAPI (Beyotime, China) to reveal the cell nuclel. The images
403  were acquired using a confocal microscope (Olympus, Japan).
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