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ABSTRACT

The growth plate is the primary site of longitudinal bone growth with chondrocytes playing a pivotal role in endochondral bone
development. Chondrocytes undergo a series of differentiation steps, resulting in the formation of a unique hierarchical
columnar structure comprising round, proliferating, pre-hypertrophic, and hypertrophic chondrocytes. Pre-hypertrophic
chondrocytes, which exist in the transitional stage between proliferating and hypertrophic stages, are a critical cell population
in the growth plate. However, the molecular basis of pre-hypertrophic chondrocytes remains largely undefined. Here, we
employed scRNA-seq analysis on fluorescently labeled growth plate chondrocytes for their molecular characterization. Serine
incorporator 5 (Serinc5) was identified as a marker gene for pre-hypertrophic chondrocytes. Histological analysis revealed that
Serincs is specifically expressed in pre-hypertrophic chondrocytes, overlapping with Indian hedgehog (Ihh). Serinc5 represses
cell proliferation and Col2al and Acan expression by inhibiting the transcriptional activity of Sox9 in primary chondrocytes.
Chromatin profiling using ChIP-seq and ATAC-seq revealed an active enhancer of Serinc5 located in intron 1, with its
chromatin status progressively activated during chondrocyte differentiation. Collectively, our findings suggest that Serinc5
regulates sequential chondrocyte differentiation from proliferation to hypertrophy by inhibiting Sox9 function in pre-
hypertrophic chondrocytes, providing novel insights into the mechanisms underlying chondrocyte differentiation in
growth plates.
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1 | Introduction

Most bones are generated through endochondral bone devel-
opment, with growth plate chondrocytes playing a crucial role.
Bone growth relies on the continuous proliferation of chon-
drocytes until the closure of the epiphyseal growth plates.
Congenital abnormalities in chondrocyte differentiation and
proliferation cause skeletal dysplasia, including achondroplasia
caused by FGFR3 mutation (Ornitz and Legeai-Mallet 2017).
Thus, understanding the mechanisms underlying chondrocyte
differentiation and function is essential for uncovering the
pathophysiology of skeletal dysplasia.

The growth plate contains various chondrocytes originating
from undifferentiated mesenchymal cells derived from the
mesoderm and neural crest (Olsen, Reginato, and Wang 2000).
The condensation of undifferentiated mesenchymal cells trig-
gers chondrocyte lineage commitment, followed by differenti-
ation into proliferating, pre-hypertrophic, and hypertrophic
chondrocytes. This differentiation occurs along the direction of
bone elongation, forming a characteristic hierarchical columnar
structure of chondrocytes—the growth plate (Kronenberg 2003;
Long and Ornitz 2013). Histologically, the growth plate mainly
comprises round, proliferating, and hypertrophic chondrocytes.
These cells exhibit unique shapes and differential gene ex-
pression during their differentiation stages, with markers such
as Col2al (Lefebvre et al. 1996), Collla2 (Tsumaki et al. 1998),
and Aggrecan (Acan) (Lauing et al. 2014) for round and pro-
liferating chondrocytes and ColI0al (Knuth et al. 2019) and
matrix metalloprotein13 (Mmp13) (Inada et al. 2004) for
hypertrophic chondrocytes. Transcription factors such as SRY-
box transcription factor 9 (Sox9) and its transcriptional partners
Sox5 and Sox6 directly regulate Col2al and Acan expression in
proliferating chondrocytes, while runt-related transcription
factor 2 (Runx2) regulates Col10al and Mmpl3 expression in
hypertrophic chondrocytes.

Pre-hypertrophic chondrocytes though few, exist in the transi-
tion stage from proliferating to hypertrophic chondrocytes,
forming a thin cell layer in the growth plate. Pre-hypertrophic
chondrocytes stop cell proliferation and increase cell volume.
They dramatically change gene expression by inhibiting Col2al
and Acan expression while promoting Coll0al. Indian hedge-
hog (Ihh), predominantly produced by pre-hypertrophic chon-
drocytes, regulates these processes through parathyroid
hormone-related peptide (PTHrP)-dependent and independent
mechanisms (Kobayashi et al. 2002; Mak et al. 2008). Ihh gene
deletion causes severe skeletal defects due to delayed chon-
drocyte hypertrophy. However, IThh is not sufficient to account
for the multiple roles of pre-hypertrophic chondrocytes, and
hypertrophic chondrocytes are still detectable in Ihh-deficient
mice (Amano, Densmore, and Lanske 2015; Razzaque
et al. 2005; St-Jacques, Hammerschmidt, and McMahon 1999).
These reports suggest that unknown molecules expressed in
pre-hypertrophic chondrocytes also regulate chondrocyte dif-
ferentiation and skeletal development. Conventional methods,
such as bulk RNA sequencing, fail to analyze pre-hypertrophic
chondrocyte genes due to their limited resolution in distin-
guishing specific cell populations. However, single-cell RNA
sequencing (scRNA-seq) has emerged as a powerful tool for
unraveling cellular heterogeneity at the single-cell level. Thus,

scRNA-seq analysis of growth plate chondrocytes allows re-
searchers to not only identify specific genes in pre-hypertrophic
chondrocytes but also uncover the mechanisms underlying
chondrocyte differentiation.

Serine Incorporator 5 (Serinc5) belongs to the Serinc family of
transmembrane proteins, which facilitate serine incorporation
into  phosphatidylserine and sphingolipids  (Inuzuka,
Hayakawa, and Ingi 2005). Serinc proteins regulate lipid bio-
synthesis by directly binding to key enzymes involved in
sphingolipid biosynthesis and serine palmitoyltransferase, sug-
gesting that Serinc5 coordinates serine and serine-derived lipid
synthesis (Inuzuka, Hayakawa, and Ingi 2005). Additionally,
recent studies show that Serinc5 inhibits HIV infection at the
entry step through the HIV accessory protein Nef (Rosa
et al. 2015; Usami, Wu, and Géttlinger 2015). Serinc5 enhances
NF-B inflammatory signaling through interaction with tumor
necrosis factor receptor-associated factor (TRAF6), exerting
antiviral effects (Zeng et al. 2021). These findings imply mul-
tiple biological functions for Serinc5 in addition to serine
metabolism in various tissues.

In this study, we conducted scRNA-seq analysis of fluorescently
labeled growth plate chondrocytes to classify growth plate
chondrocytes based on gene expression and identified Serinc5 as
a specific marker gene for pre-hypertrophic chondrocytes. Ser-
inc5 inhibits cell proliferation and Sox9-dependent Col2al and
Acan expression in primary chondrocytes, and Serinc5 expres-
sion is epigenetically regulated during chondrocyte differentia-
tion. Our findings provide novel insights into the mechanisms
underlying chondrocyte differentiation in growth plates.

2 | Materials and Methods
21 | Mice

All animal experiments were approved by the Osaka University
Institute Animal Experiment Committee and conducted in
accordance with regulatory guidelines.

Collla2-enh-Cre mice were a generous gift from Dr. Noriyuki
Tsumaki at Osaka University (Iwai et al. 2008). Rosa26-CAG-
loxP-stop-loxP-ZsGreen mice (Ai6(RCL-ZsGreen), JAX007906)
were obtained from The Jackson Laboratory (Madisen
et al. 2010). Male Collla2-enh-Cre mice were crossed with
female Rosa26-CAG-loxP-stop-loxP-ZsGreen mice to produce
Collla2-ZsGreen mice. Tail biopsies were performed under
anesthesia, and genomic DNA was collected from the tail
samples and used for mouse genotyping. Primers used for
mouse genotyping are listed in Table S1.

2.2 | Immunohistochemistry

Limbs from E15.0 and newborn Collla2-ZsGreen mice were
harvested, fixed in 4% buffered paraformaldehyde, embedded in
paraffin, and cut into 6-um-thick sections. Paraffin-embedded
sections were deparaffinized, rehydrated, and stained with
hematoxylin and eosin (H&E). For immunohistochemical
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analysis, antigen retrieval was performed using 0.5% hyal-
uronidase (H3884, Sigma-Aldrich) in phosphate-buffered saline
(PBS) at 37°C for 10 min, followed by blocking with 1% bovine
serum albumin in PBS. Immunohistochemistry employed anti-
collagen type 1 (AB765P, Sigma-Aldrich) and anti-collagen
Type 2 (7050, Chondrex) antibodies at 1:200 (v/v). Immuno-
reactivity was visualized with Alexa Fluor 555 dye-conjugated
anti-rabbit IgG (A-21428, Invitrogen) and Alexa Fluor 555 dye-
conjugated anti-mouse IgG (A-21422, Invitrogen), and coun-
terstaining was performed with 4’,6-diamidino-2-phenylindole
per the manufacturer's protocol.

2.3 | ScRNA-Seq Analysis
2.3.1 | Single-Cell Preparation

Limbs from Collla2-ZsGreen mice at E15.0 were harvested and
cut into small pieces using scissors and blades. Dissected tissues
were then incubated with 0.25% Collagenase Type 2 (CLS2,
Worthington Biochemical Corporation) in Dulbecco’s modified
Eagle's medium (DMEM; Sigma-Aldrich, USA) at 37°C for 2 h
to dissociate into single cells. Cells were filtered through a
40 um cell strainer (BD Biosciences) into a 50 ml tube and
centrifuged at 300 x g for 5 min to collect cells. The cells were
then resuspended in PBS. ZsGreen-positive cells were sorted
using fluorescence-activated cell sorting [FACSAria (BD Bios-
ciences)] and resuspended to 1000 cells/uL in PBS with 0.04%
BSA following the 10X Genomics cell preparation protocol.

2.3.2 | Library Preparation and Sequencing

Sorted single cells were processed using the 10X Genomics
Chromium controller to generate Gel Beads-in-emulsion
(GEMs) with the Chromium Next GEM Single Cell 3’ Reagent
Kits v3.1. Subsequently, the Gel Beads were dissolved, and the
cell lysate was incubated with reverse transcription (RT) re-
agents to produce barcoded cDNA followed by cDNA amplifi-
cation, which was then amplified and used for 3’ gene
expression library construction. The cDNA libraries were
sequenced using a NovaSeq. 6000 (Illumina, USA).

2.4 | Data Processing of scRNA-Seq Analysis

Sequencing data were first processed using Cell Ranger-7.1.0
and aligned to the mouse genome (mm10). The processed data
were subsequently analyzed using Seurat Ver. 4.1.0 (Hao
et al. 2021). Cells with fewer than 200 genes, more than 6000
genes, or over 5% mitochondrial read content were filtered out.
After removing low-quality cells, we performed data analysis as
follows: normalized the data (command: NormalizeData),
identified highly variable features (command: FindVaria-
bleFeatures), cell-cycle scoring (command: CellCycleScoring)
and regression (command: ScaleData (vars. to. regress=c(“S.
Score”, “G2M. Score”)), scaled the data (command: ScaleData),
linear dimensional reduction (command: RunPCA), determined
data set dimensionality, clustered the cells (command: Find-
Neighbors and FindClusters), and ran Uniform Manifold

Approximation and Projection (UMAP) (command: RunU-
MAP). Cluster-specific genes were determined using default
settings.

2.5 | In Situ Hybridization

The in situ hybridization protocol was as previously described
(Yoshida et al. 2015). Briefly, tissues harvested from E15.0
C57Bl/6 mice were fixed in 4% paraformaldehyde and em-
bedded in paraffin. Tissue blocks were cut into 4-um-thick
sections. Digoxigenin (DIG)-11-UTP-labeled single-stranded
RNA probes were prepared using the DIG RNA labeling kit
(Roche) following the manufacturer's instructions. We used
fragments of mouse Serinc5 (0.64kb), Coli0al (0.65kb),
and Ihh (0.57 kb) cDNA to generate antisense probes. Coll0al
and Ihh cDNA fragments were provided by Dr. Noriyuki
Tsumaki (Department of Tissue Biochemistry, Graduate School
of Medicine and Frontier Biosciences, Osaka University, Suita,
Osaka, Japan). The Serinc5 cDNA fragment was generated by
PCR using specific primer pairs (Fwd: 5-TGAAAGTCTGGCG
CTATGTG-3’, Rev: 5-TCCCTTCTTGACGTTCTGCT-3"). Sig-
nals were detected using an alkaline phosphatase-conjugated
anti-DIG antibody (11093274910; Roche).

2.6 | Micromass Culture

Micromass cultures of limb bud mesenchymal cells were per-
formed as previously described (Takigawa et al. 2010). The
anterior and posterior limb buds of E12.5 wild-type embryos
were harvested and digested in DMEM containing 0.1% colla-
genase type 2. Cells were dissociated by pipetting and cen-
trifuged at 300 X g for 5 min. The pellet was resuspended and
cultured in DMEM with 10% fetal bovine serum (FBS) at 37°C
in a humidified 5% CO, incubator. The culture medium was
then changed into a-MEM with 10% FBS, 50 ug/mL ascorbic
acid, and 10 mmol/L {-glycerophosphate.

2.7 | Reverse Transcription-Quantitative
Polymerase Chain Reaction (RT-QPCR)

Cells were washed with cold PBS, and total RNA was isolated
using the NucleoSpin RNA Plus kit. cDNA was synthesized
with ReverTra Ace qPCR RT Master Mix (TOYOBO, Osaka,
Japan). cDNA was amplified with Eagle Taq Universal Master
Mix (ROX) on the StepOnePlus Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA). Primers and Tag-
Man probes used for cDNA amplification are listed in Table S2.
mRNA expression was normalized to (-actin expression levels.

2.8 | Cell Culture and Reagents

The mouse fibroblast-like cell line C3H10T1/2 (RCB0247) and
the mouse teratocarcinoma cell line ATDC5 (RCB0565) were
provided by RIKEN BRC through the National BioResource
Project of MEXT/AMED, Japan. The cells were cultured at 37°C
in a humidified 5% CO, incubator in DMEM containing 10%
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FBS or a 1:1 mixture of DMEM and Ham's F-12 medium
(Sigma-Aldrich) with 10% FBS. An insulin-transferrin-sodium
selenite supplement (ITS; Roche, Basel, Switzerland) was used
to induce chondrocyte differentiation in ATDC5 cells.

Primary chondrocytes were isolated following a protocol described
by Gartland et al. (Gartland et al. 2005). Briefly, rib cartilage from
newborn mice was dissected and digested with 2.5 mg/mL Colla-
genase Type 2 (Worthington) for 1 h at 37°C to remove soft tissues.
After washing with PBS, ribs were incubated with 2.5 mg/mL
Collagenase Type 2 for an extra 6 h at 37°C to isolate chondro-
cytes. Primary chondrocytes were collected by centrifugation and
resuspended in DMEM with 10% FBS and antibiotics. Cells within
two passages were used as primary chondrocytes. C57BL/6 mouse
bone marrow MSCs were obtained from Cyagen (#MUBMX-
01001; USA) and cultured in DMEM with 10% FBS at 37°C in a
humidified 5% CO, incubator.

2.9 | Generation of Lentivirus

Serinc5 cDNA was subcloned into the pLVSIN-CMV Puro vector
(TAKARA Bio, Japan) and transfected with lentiviral high-titer
packaging mix (TAKARA) into Lenti-X 293 T cells (TAKARA).
After 72 h of transfection, supernatants containing lentiviral par-
ticles were collected and concentrated using a Lenti-X Concen-
trator (Clontech Laboratories) according to the manufacturer's
protocol. Primary chondrocytes were infected with lentiviral par-
ticles using polybrene (7 pug/mL). The medium was replaced 24 h
after infection, and cells were cultured with 1 ug/mL puromycin to
select puromycin-resistant clones. An empty pLVSIN-CMV Puro
vector was used as a control.

2.10 | Generation of Adenovirus

Adenoviral cDNAs of flag-tagged mouse Sox9 were amplified by
PCR and subcloned into pAXCAwt vectors (TAKARA Bio, Japan).
Recombinant adenoviruses were generated using the COS-TPC
method by transfecting a recombinant cosmid and the DNA-TPC
adenovirus genome into 293 cells (Hata et al. 2013). Primary limb
bud cells were infected with adenoviruses at a multiplicity of
infection of 20 unless otherwise indicated.

2.11 | Cell Proliferation Assay

The cell proliferation assay was performed using the Premix
WST-1 Cell Proliferation Assay System (Roche), according to the
manufacturer's instructions. Briefly, primary chondrocytes were
cultured in 24-well plates (10,000 cells/well) and incubated at 37°C
in a 5% CO, atmosphere. On Days 1 and 2, the cell proliferation
reagent was added to each well and incubated for 1 h. Absorbance
was measured using a Model 550 microplate reader.

2.12 | Western Blot Analysis

Cells were rinsed twice with PBS and solubilized in lysis buffer
[20 mM HEPES (pH 7.4), 150 mM NaCl, 1 mM EGTA, 1.5 mM

MgCl2, 10% glycerol, 1% Triton X-100, 10 ug/mL aprotinin,
10 ug/mL leupeptin, 1 mM 4-(2-aminoethyl) benzene sulfonyl
fluoride hydrochloride, and 0.2mM sodium orthovanadate].
Lysates were centrifuged at 15,000 X g for 10 min at 4°C. The
supernatant was boiled in sodium dodecyl sulfate (SDS)
sample buffer containing 0.5M f-mercaptoethanol for 5 min.
Samples for Serinc5 diluted with SDS sample buffer were pre-
pared without boiling. Proteins were separated by SDS-
polyacrylamide gel electrophoresis, transferred to a nitro-
cellulose membrane, immunoblotted with a primary antibody,
and visualized with horseradish peroxidase-coupled anti-mouse
or anti-rabbit IgG using an enhanced chemiluminescence
detection kit (Immunostar LD; WAKO, Osaka, Japan). Primary
antibodies against Serinc5 (ab204400; Abcam), Sox9 (AB5535;
Sigma-Aldrich), and $-actin (M177-3; MBL) were used.

2.13 | Reporter Assay

The Col2al gene promoter (-89 to +16) and four 48-base pair
tandem repeats of the Sox9 binding element present in the first
intron of the Col2al gene were introduced upstream of the
luciferase gene (Muramatsu et al. 2007). The aggrecan promoter
(-100 to +110) and two copies of the Al enhancer element
located -9477 bp upstream were ligated into pGL4 basic plas-
mids according to previous reports (Han and Lefebvre 2008).
Reporter genes were cotransfected with Sox9 or Serinc5 ex-
pression vectors and Renilla luciferase into cells using the
X-treme Gene9 DNA Transfection Reagent (Sigma-Aldrich).
After 48 h of transfection, cells were lysed, and luciferase
activity was measured using specific substrates in a lumin-
ometer (Promega) following the manufacturer's protocol.
Luciferase activity was normalized to Renilla's activity.

2.14 | Assay for Transposase-Accessible
Chromatin (ATAC)-Seq

Fragmentation and amplification of ATAC-seq libraries were
constructed following Buenrostro et al. (Buenrostro et al. 2015).
Briefly, MSCs were collected and resuspended in cold PBS.
Approximately 50,000 cells were lysed using lysis buffer (10 mM
Tris-HCI, pH 7.4, 10 mM NacCl, 3 mM MgCl,, and 0.1% IGEPAL
CA-630), and a transposition reaction was performed with the
Tn5 Transposase (Illumina Catalog #FC121-1030) at 37°C for
30 min. DNA samples were amplified and purified with Nu-
cleoSpin Gel and PCR Clean-up (Marcherey Nagel). Paired-end
sequencing (100 bp) was conducted on an Illumina HiSeq
sequencer (Illumina, USA).

2.15 | Data Analysis of ATAC-Seq and ChIP-Seq

ATAC-seq and ChIP-seq, datasets of primary chondrocytes
(GSE237889), were obtained from the GEO database (Ichiyama-
Kobayashi et al. 2024). ATAC-seq and ChIP-seq reads were
mapped to the mm10 reference sequence using Bowtie2 (ver.
2.4.4) (Langmead and Salzberg 2012), and duplicate reads were
removed with Picard (Ver 2.26.9, https://broadinstitute.github.
io/picard/). ATAC-seq and ChIP-seq peaks were detected using
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MACS2 (ver.2.2.4) (J. Feng et al. 2012) with default settings
(g-value, 0.05) and visualized with IGV (ver.2.13.0).

2.16 | ChIP QPCR

ATDCS5 cells treated with or without ITS were cross-linked with 1%
methanol-free formaldehyde for 5 min. Cross-linking was quenched
with 1 M glycine for 5 min, and the cells were washed three times
with cold PBS. Cells were lysed with lysis buffer, and cross-linked
chromatin was sonicated with a Covaris M220. Sonicated chromatin
was immunoprecipitated using an anti-H3K27ac antibody (D5E4;
Cell Signaling Technology) at 4°C overnight. ChIP samples were
washed, eluted with elution buffer at 65°C for 30 min, and reverse
cross-linked at 65°C overnight. DNA was purified using a DNA
purification buffer and spin columns (Cell Signaling Technology).
Quantitative analysis of ChIP assays was performed by real-time
PCR using specific primer pairs for the Serinc5 enhancer (Fwd: 5'-
ACTTCTACCCTGTATGTGGATCA-3’, Rev: 5-GCTGCTGAAGT
GGCCTAATT-3).

2.17 | Alcian Blue Staining

Cells were washed with PBS and fixed with 3.7% formaldehyde
in PBS for 10 min at room temperature. Subsequently, the cells
were stained with 1% Alcian Blue in 5% acetic acid for 10 min.

2.18 | Statistical Analysis

Data were statistically analyzed using the unpaired Student's
t-test for comparisons between the two groups. For more than
two groups, we used one-way or two-way analysis of variance
(ANOVA) followed by Tukey's multiple comparison test. Unless
otherwise stated, we performed two or three independent
in vitro experiments, including RT-qPCR and western blot.
A p-value of < 0.05 was considered statistically significant.

3 | Results

3.1 | Generation and Characterization of Coll1a2-
Zsgreen Mice

To conduct scRNA-seq analysis of growth plate chondrocytes,
we used Collla2-enh-Cre mice which exhibit more restricted
Cre recombinase activity in chondrocytes than PrxI-Cre and
Col2al-Cre (Couasnay et al. 2021; Iwai et al. 2008). We crossed
Collla2-enh-Cre mice with ROSA26-CAG-LSL-ZsGreen mice,
generating Collla2-ZsGreen mice (Figure 1a). Hind limbs at
E15.0 and PO were harvested to examine ZsGreen expression
patterns and compared with those of Coll and Col2 using
immunohistochemical analysis. In PO mice, many ZsGreen-
positive cells were Coll positive in bone marrow, indicating
ZsGreen labeling in osteoblasts (Figure Sla,b). In contrast,
primary ossification centers were not formed at E15.0 limbs,
and most Zs-Green-positive cells were Col2-positive (Figure 1b).
Immunohistochemical analysis revealed that Coll-positive
perichondral cells adjacent to the hypertrophic chondrocytes

were labeled with ZsGreen (Figure 1c). Because these cells give
rise to osteoblasts and form a bone collar (Hojo et al. 2012),
ZsGreen-labeled cells include a small number of pre-osteoblasts
and osteoblasts. ZsGreen expression was also detected in
interzone cells which are critical for articular cartilage devel-
opment, (Figure 1d) (Pacifici et al. 2006).

Characterizing hypertrophic chondrocytes in E15.0 Collla2-
ZsGreen mice, we found that approximately one-third of femur
growth plates were hypertrophic chondrocytes (Figure 1e).
Interestingly, ZsGreen-labeled hypertrophic chondrocytes were
positive for Col10, a maker gene for pre and early hypertrophic
chondrocytes, but negative for Mmp13, which is expressed in
terminal hypertrophic chondrocytes (Figure 1le) (Yang
et al. 2014). These findings collectively suggest that E15.0
Collla2-ZsGreen mice are suitable for analyzing pre-
hypertrophic chondrocytes using scRNA-seq.

3.2 | ScRNA-Seq Analysis of Mouse Growth Plate
Chondrocytes

We isolated 6797 ZsGreen-labeled cells from E15.0 Coll1a2-ZsGreen
mice limbs using FACS (Figure 2a). These cells underwent scRNA-
seq analysis with the 10X Genomics Chromium Single Cell Gene
Expression System and subsequent computational analysis using
Serurat v4 (Figure 2a) (Hao et al. 2021). Initial profiling of ZsGreen-
labeled cells using UMAP identified 18 clusters (Figure S2a).
Although we observed Col2al expression in non-mesenchymal
lineage cells, including macrophages, mast cells, epithelial cells, and
endothelial cells, Col2al expression in these was remarkably lower
compared to that in mesenchymal cells (Figures S2a,b).

We then re-clustered the subset of mesenchymal cell clusters using
UMAP and identified eight clusters (Figure 2b). Approximately 70%
of cells were in three clusters (clusters 1, 2, and 3), characterized by
round chondrocytes with high Sox9, Col2al, and Acan expression
(Figure 2b—f). The expression of Gdf5 and Pthlh, known as PTHrP,
was enriched in cluster 0 (Figure 2b,e,f), suggesting that cluster 0
includes cells at most epiphyseal ends of the growth plate, which
contribute to articular cartilage (Koyama et al. 2008). Cluster 4
included proliferating chondrocytes with high Topoisomerase ITA
(Top 2a) expression (Figure 2b,e). Consistent with Coll immuno-
histochemistry results (Figure 1d,e), differential gene expression
analysis revealed Collal (high) and Col2al (low) clusters (clusters 6
and 7) (Figure 2b,d.e,f). Cluster 7 expressed osteoblastic genes,
including Alpl and Ibsp, with abundant Collal expression, while
cluster 6 did not. These data indicate that cluster 6 contains inter-
zone cells and cluster 7 contains osteoblasts. Cluster 5, representing
5% of total cells, showed specific Ihh and CollOal expression,
markers of pre-hypertrophic chondrocytes (Figure 2b,e). Feature
plot analysis highlighted a distinct cluster of Ihh-positive cells
(Figure 2f, arrowhead). These results suggest the successful identi-
fication of a pre-hypertrophic chondrocyte cluster.

3.3 | Identification of Serinc5 as a Specific Maker
Gene for Pre-Hypertrophic Chondrocytes

To identify potential marker genes for pre-hypertrophic chon-
drocytes, we analyzed differentially expressed genes (DEGs) in
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FIGURE 1 | Generation and immunohistochemical analysis of E15.0 Collla2-ZsGreen mice. (a) Schematic model to generate Collla2-ZsGreen
mice. E15.0 embryo photographed using fluorescence microscopy. Scale bar: 1 mm. (b) Immunostaining for Col2 and Coll in femur from E15.0
Collla2-ZsGreen mice. Scale bar: 250 um. (c) Immunostaining for Coll in perichondrium from E15.0 Collla2-ZsGreen mice femur. Arrowheads
indicate Coll-positive osteoblasts overlapping with ZsGreen. Scale bar: 100 um. (d) Immunostaining for Col2 and Coll in interzone from E15.0
Collla2-ZsGreen mice femur. Higher magnification images of the boxed area (upper panel) are shown in the lower panel. Scale bar: 100 um. F:
Femur T: Tibia. (¢) Immunostaining for Col10 and Mmp13 in hypertrophic chondrocytes from E15.0 Coll1a2-ZsGreen mice femur. Scale bar: 100 pm.
HC, hypertrophic chondrocytes; PC, proliferating chondrocytes; RC, round chondrocytes.

each cell cluster (Table S3). Among the top 10 genes identified
as cluster 5-specific DEGs were CollOal, Thh, and Pthlr,
established markers for pre-hypertrophic chondrocytes
(Figure 3a). Additionally, Panx3, the target of Runx2 expressed
in pre-hypertrophic chondrocytes (Iwamoto et al. 2010), was
enriched in cluster 5. These findings suggest that the DEGs in

cluster 5 are reliable candidates as marker genes for pre-
hypertrophic chondrocytes.

Among the top 10 genes in cluster 5, we focused on Serinc5
because its expression levels and pattern were comparable to
those of Thh and Panx3 (Figure 3b). In situ hybridization revealed
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FIGURE 2 | Single-cell RNA-seq analysis of Collla2-enh-Cre marked mesenchymal cells. (a) Strategy for single-cell RNA-seq analysis of growth
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marker genes in UMAP plots. Arrowheads indicate cluster 5. UMAP, uniform manifold approximation and projection.

specific expression of Serinc5 in pre-hypertrophic chondrocytes
of E15.0 tibial growth plate (Figure 3c), PO femoral growth plates
(Figure S3a,b), and rib cartilages (Figure S4). In contrast, other
candidate genes including Uts2b (Urotensin 2B), Cpa6

(Carboxypeptidase 6), Cd200, Kcnt2 (Potassium channel, sub-
family T, member2) were not detected in tibial growth plates
(Figure S5a,b). Feature plot analysis demonstrated that Serinc5
was enriched in cluster 5 and overlapped with Ihh (Figure 3d).
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scRNA-seq data also indicated ubiquitous expression of Serincl
and Serinc3 in growth plate chondrocytes (Figure 3e).

We then examined the expression pattern of Serinc5
during chondrocyte differentiation in a micro mass culture

model of limb-bud mesenchymal cells, which mimics the
chondrocyte differentiation program from mesenchymal
condensation to chondrocyte hypertrophy (Underhill,
Dranse, and Hoffman 2014). Marker genes of early chon-
drogenesis, including Col2al, Acan, and Sox9, gradually
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micromass culture of mouse limb bud cells. The graphs indicate gene expression of chondrocyte markers and Serinc5, determined using RT-qPCR.

Data are shown as fold activation normalized to day 0 (means + SD, n = 3).

increased and reached a maximum on day 6 (Figure 4) and
decreased by day 9 when the expression of Coll0al and
Mmp13 reached a maximum (Figure 4). The level of Alcian
Blue staining was also reduced on day 9 (Figure 4). Notably,
the expression of Ihh and Serinc5 reached a maximum on day
6 and remained high during chondrocyte hypertrophy
(Figure 4). Taken together, these findings suggest that
Serinc5 is a specific marker gene for pre-hypertrophic
chondrocytes.

3.4 | Serinc5 Inhibits Sox9-Dependent
Chondrocyte Gene Expression

We examined whether Serinc5 regulates chondrocyte differ-
entiation. Pre-hypertrophic chondrocytes stop proliferating
and alter chondrocyte gene expression during hypertrophy.
Consistent with this, Serinc5 overexpression in primary
chondrocytes significantly decreased cell proliferation
(Figure 5a). Although Serinc5 alone did not affect chondro-
cyte gene expression, it decreased Col2al, Acan, and Sox9
expression induced by Bmp2 (Figure 5b). In contrast, the
expression levels of pre-hypertrophic and hypertrophic genes,
including Ihh, CollOal, Runx2, and Sp7, were not altered
(Figure 5c).

We then explored if Serinc5 inhibits Col2al and Acan expres-
sion by regulating Sox9 function. We confirmed that Serinc5
overexpression did not alter Sox9 protein levels in primary
chondrocytes (Figure 6a). Notably, Serinc5 decreased Sox9-
dependent Col2al and Acan expression (Figure 6b). A reporter
assay with Col2al and Acan promoters containing Sox9 binding
elements further demonstrated that Serinc5 inhibited the tran-
scriptional activity of Sox9 (Figure 6¢). These findings suggest
that Serinc5, expressed in pre-hypertrophic chondrocytes, neg-
atively regulates chondrocyte differentiation by inhibiting Sox9
function.

We next examined the molecular mechanism by which Serinc5
inhibits Sox9 function. Because Serinc5 enhances type I inter-
feron (IFN) expression by activating NF-xB signaling (Zeng
et al. 2021) and NF-xB signaling inhibits Sox9 transcriptional
activity (Murakami, Lefebvre, and de Crombrugghe 2000), we
explored the effect of NF-xB inhibitor BAY 11-7082, a selective
and irreversible inhibitor of IxBoa phosphorylation, on the
inhibitory effect of Serinc5 on Sox9 function. Serinc5 decreased
Sox9-dependent Col2al and Acan expression (Figure S6a) and
Sox9 transcriptional activity (Figure S6b), as expected. How-
ever, treatment with BAY 11-7082 further reduced Col2al and
Acan expression (Figure S6a) but had no effect on Sox9 tran-
scriptional activity (Figure S6b).
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FIGURE 5 | Inhibition of chondrocyte proliferation and differentiation by Serinc5. (a) Proliferation of primary chondrocytes infected with Empty

Vector (EV) or Serinc5 lentivirus cultured for 2 days in a 96-well plate, measured using the WST-1 Proliferation Assay Kit (n =3, Student's ¢-test).

(b, c¢) Total RNA in primary chondrocytes infected with EV or Serinc5 lentivirus cultured with or without recombinant BMP2 analyzed by RT-qPCR

for marker genes of resting/proliferating chondrocytes (b) and pre-hypertrophic/hypertrophic chondrocytes (c). Data are shown as the mean + SD.

(n =3, biologically independent samples). Statistical analysis was performed using one-way ANOVA followed by Tukey's multiple comparison test.

3.5 | Epigenetic Regulation of Serinc5 Expression
in Chondrocytes

Finally, we investigated the molecular mechanisms underlying
Serinc5 expression during chondrocyte differentiation. We
searched for enhancers associated with Serinc5 expression
using ATAC-seq. Profiling of ATAC-seq peaks in and around
Serinc5 using MSCs and primary chondrocytes identified sev-
eral chondrocyte-specific open chromatin regions within Ser-
inc5 (Figure 7a). A 600bp genomic region (chr13:93,406,733-
93,407,307) overlapped with ChIP-seq peaks of H3K27ac, an
active enhancer histone mark (Figure 7a, highlighted in gray).
The reporter assay further demonstrated the strong enhancer
activity of the 300bp region in primary chondrocytes
(Figure 7b).

We then tested if the enhancer activity of this genomic region
is activated during chondrocyte differentiation in ATDC5
cells treated with ITS. ITS treatment promoted Serinc5
expression, as evidenced by RT-qPCR (Figure 7c).
ChIP-gPCR using an anti-H3K27ac antibody revealed con-
comitant enrichment of H3K27ac in the Serinc5 enhancer in
intron 1 (Figure 7d). These data suggest that enhancer
activity in intron 1 is associated with Serinc5 expression
in chondrocytes.

4 | Discussion

41 |
Genes

Identification of Pre-Hypertrophic Specific

Growth plate chondrocytes, responsible for skeletal develop-
ment, are biologically unique cells comprising diverse chon-
drocytes with various histological features. Understanding the
molecular basis underlying the cellular diversity of growth plate
chondrocytes is crucial for elucidating skeletal development
mechanisms. Conventional experimental approaches analyzing
growth plates as bulk tissues have made it challenging to
unravel the diversity and hierarchy of these chondrocytes. Here,
we identified Serinc5 as a specific marker gene for pre-
hypertrophic chondrocytes. We also found that Serinc5 regu-
lates chondrocyte differentiation by suppressing Sox9 function.
These findings are expected to advance our understanding of
the molecular mechanisms underlying endochondral bone
development and the pathophysiology of inherited skeletal
disorders.

scRNA-seq analysis is a powerful technique for uncovering
cellular heterogeneity in various tissues (Stuart and Satija 2019).
Several studies have applied scRNA-seq to growth plate chon-
drocytes. Haseeb et al. used the distal femur and tibial
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FIGURE 6 | Inhibition of Sox9-dependent chondrocyte gene expression by Serinc5. (a) Immunoblot analysis illustrating the expression levels of

Serinc5, Sox9, and $-actin in primary chondrocytes infected with Empty Vector (EV) or Serinc5 lentivirus, followed by Sox9 overexpression. (b) RT-

qPCR results showing the relative mRNA levels of Col2al and Acan in primary chondrocytes infected with EV or Serinc5 lentivirus followed by Sox9
overexpression. Data are shown as the mean + SD. (n =3, biologically independent samples). **p < 0.01, one-way ANOVA followed by Tukey's
multiple comparison test. (c) Luciferase assay results demonstrating the transcriptional activity of Col2al and Acan in C3H10T1/2 cells transfected
with Col2al or Acan luciferase construct along with EV, Serinc5, or Sox9 expression vectors. Data are shown as the mean + SD. (n = 4, biologically
independent samples). **p < 0.01, one-way ANOVA followed by Tukey's multiple comparison test.

epiphyses of postnatal mice to isolate chondrocytes, but con-
tamination with nonskeletal cells, including blood cells,
resulted in low accuracy of their scRNA-seq analysis (Haseeb
et al. 2021). Flow cytometry-based methods have also been used
to isolate chondrocytes from reporter mice, including postnatal
Clo2al-CreER;R26R“T°™4° mice (Mizuhashi et al. 2019) and
Clo10al-CreER;R26R"T™° mouse (Long et al. 2022). How-
ever, previous scCRNA-seq studies have failed to categorize pre-
hypertrophic chondrocytes as a distinct cluster and distinguish
pre-hypertrophic chondrocytes from mature hypertrophic
chondrocytes, likely due to the small ratio of pre-hypertrophic
chondrocytes.

To address this, we used E15.0 mice, in which the primary ossi-
fication center had not formed, and Collla2-enh-Cre mice, which
show more restricted activity in growth plate chondrocytes than
Col2al-cre lines (Couasnay et al. 2021). This strategy increased the
proportion of pre-hypertrophic chondrocytes, enabling effective
investigation of their gene expression patterns. Supporting this
notion, highly selective expression of Ihh, Panx3, and Pthlr in
cluster 5 was observed in our scRNA-seq data (Figure 3a,b).
Additionally, we identified several genes, including Uts2b, Cpasé,
Kcent2, and Serinc5, enriched in cluster 5. Most of these have
unknown roles in chondrocyte differentiation and skeletal devel-
opment. It would be interesting to further investigate the roles of
cluster 5 genes in chondrocyte differentiation.

In addition to pre-hypertrophic chondrocytes, the characteri-
zation of hypertrophic chondrocytes by scRNA-seq analysis is
important to understand the molecular basis of skeletal devel-
opment. However, due to their fragility and large cell volumes,
the capture efficiency of hypertrophic chondrocytes is very low.
The maximum cell size of single-cell capture by the 10X
Genomics system is 30 pum, while the average cell size of
hypertrophic chondrocytes is approximately 40 um (Cooper
et al. 2013). We speculate that this technical limitation led to the
failure of our scRNA-seq analysis to detect hypertrophic chon-
drocytes. Although mRNA is thought to predominantly reside
in the cytoplasm, nuclei isolation followed by single nuclear
RNA sequencing (snRNAseq) is the best option for identifying
marker genes of hypertrophic chondrocytes.

4.2 | Role of Serinc5 in Chondrocyte
Differentiation

Serinc5 inhibits cellular proliferation and Sox9-dependent
Col2al and Acan expression in chondrocytes (Figures 5
and 6). These findings suggest that pre-hypertrophic chondro-
cytes halt cell proliferation and the transcription of Col2al and
Acan, supporting chondrocyte hypertrophy. However, the pre-
cise molecular mechanism through which Serinc5 inhibits
Sox9-dependent Col2al and Acan expression remains unclear.
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specific primers for Serinc5 enhancer. Data are shown as the mean + SD. (n =3, biologically independent samples). Unpaired Student's t-test.
ITS, insulin, transferrin, selenium.

One predicted mechanism involves nuclear factor kB (NF-kB)
signaling. Serinc5 enhances type I interferon (IFN) expression
by activating NF-kB signaling (Zeng et al. 2021). Additionally,
NF-xB signaling inhibits Sox9 transcriptional activity
(Murakami, Lefebvre, and de Crombrugghe 2000). Unexpect-
edly, however, NF-xB inhibitor, BAY 11-7082, failed to rescue
Sox9 function but further decreased Col2al and Acan expres-
sion (Figure S6a). There are a few possibilities to explain these
contradictions. One possibility is that Serinc5 inhibits Sox9
function through an intracellular signaling pathway other than
NF-xB, as suggested by the lack of effect of BAY 11-7082 on
Sox9 transcriptional activity (Figure S6b). Another possibility is
that BAY 11-7082 suppresses Col2al and Acan expression

independent of Serinc5 and Sox9. Indeed, the role of NF-xb in
chondrocyte differentiation remains controversial. While some
studies suggest that NF-xB signaling promotes chondrogenesis
(Caron et al. 2012; H. Kobayashi et al. 2016), others report that
it inhibits Sox9 transcriptional activity (Murakami, Lefebvre,
and de Crombrugghe 2000). Therefore, further studies are
needed to elucidate the mechanism by which Serinc5 modulates
Sox9 function.

Because serine plays essential roles in various biological pro-
cesses, we cannot exclude the possibility that serine intake
through Serinc5 affects chondrocyte function. The palmitoyla-
tion of serine by serine palmitoyltransferase (SPT) is a key step
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in ceramide synthesis (Perry 2002), and ceramide inhibits cel-
lular proliferation but promotes apoptosis in chondrocytes
(MacRae et al. 2006). Considering that hypertrophic chondro-
cytes stop proliferating and induce apoptosis, pre-hypertrophic
chondrocytes need to increase their serine intake, and Serinc5
supports this process. Therefore, it would be valuable to further
investigate the roles of Serinc5 in chondrocyte apoptosis.

Although we have revealed the function of Serinc5 in chondrocyte
differentiation in vitro, its in vivo significance in endochondral
bone development remains unclear. Timilsina et al. generated
Serinc5-deficient mice to examine the anti-retroviral effect of
Serincs in vivo but reported that Serinc5~/~ mice had no apparent
developmental defects (Timilsina et al. 2020). We speculate that
other serine proteins would compensate for the loss of Serinc5 in
chondrocytes. In line with this, scRNA-seq analysis showed
ubiquitous expression of Serincl and Serinc3 in chondrocytes and
osteoblasts (Figure 3d). However, the specific expression of Serinc5
in pre-hypertrophic chondrocytes suggests a unique function not
regulated by Serincl and Serinc3. Notably, Serinc3 showed no
anti-retroviral effects, indicating functional differences between
Serinc3 and Serinc5. It would be interesting to examine the growth
plate phenotype in Serinc5 deficient mice.

4.3 | scRNA-Seq Analysis of Growth Plate
Chondrocytes

In addition to pre-hypertrophic chondrocytes, scRNA-seq
analysis of growth plate chondrocytes provided valuable in-
sights. Superficial chondrocytes are also a minor cell population
in growth plates. These cells give rise to articular cartilage, es-
sential for shock absorption and smooth joint movement
(Saito 2022). Despite their importance, the properties of
superficial chondrocytes remain poorly understood.

From our scRNA-seq analysis, we identified a potential super-
ficial chondrocyte cluster #0, specifically enriched with Gdf5
(Figure 2). Gdfs is expressed at most epiphyseal ends of the
growth plate, and lineage-tracing analysis using Gdf5-Cre mice
revealed that Gdf5-expressing lineage cells give rise to articular
cartilage (Koyama et al. 2008; Shwartz et al. 2016). These
reports indicate that genes enriched in cluster #0 may play es-
sential roles in articular cartilage development. Among the top
20 genes in this cluster include Barx2 (Meech et al. 2005), Osrl
(Gao et al. 2011), Sfrp2 (Morello et al. 2008), Creb5 (C.-H. Zhang
et al. 2022), and Lgr5 (C. Feng et al. 2019) which contribute to
joint development (Figure S3). Notably, Creb5 plays an essential
role in synovial joint formation by directly regulating Prg4 ex-
pression (C.-H. Zhang et al. 2022; C. H. Zhang et al. 2021).
These findings suggest that other genes enriched in cluster #0
may play important roles in articular cartilage development.
Our scRNA-seq datasets are valuable for identifying novel genes
that regulate cartilage development.

In conclusion, we identified the specific expression of Serinc5 in
pre-hypertrophic chondrocytes and uncovered its role in
chondrocyte differentiation. Our findings reveal the molecular
basis of pre-hypertrophic bone formation, enhancing our un-
derstanding of the molecular mechanisms underlying en-
dochondral bone formation.
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