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A B S T R A C T

Cartilage is characterized by a highly specialized extracellular matrix (ECM) secreted by chondrocytes and 
limited self-regenerative capacity. In vivo investigations of chondrogenesis are limited by difficult and traumatic 
access, especially in humans. While it is known for decades that disturbances of chondrocyte differentiation and 
changed cartilage ECM composition cause severe skeletal phenotypes in vertebrates, a detailed molecular un
derstanding of chondrogenesis and cartilage ECM formation is still missing, especially in the context of human 
genetic skeletal diseases.

ATDC5 cells, derived from AT805 mouse teratocarcinoma cells, have been used in the past to model chon
drogenic differentiation, however, most studies have investigated few major cellular differentiation markers only 
so that the composition of the secreted ECM as well as effects on the ATDC5 transcriptome upon differentiation 
are still unclear. Here, we performed time-resolved transcriptomic and ECM proteomic analyses of differentiating 
ATDC5 cells. Both datasets confirmed the formation of a cartilage-like matrix with increasing expression of key 
chondrocyte genes over the course of differentiation. ECM proteomics further revealed a number of ECM com
ponents not previously reported in ATDC5 cells or the secreted ECM, encompassing collagens, proteoglycans, 
glycoproteins and other secreted factors. Overall, our findings provide a more detailed molecular character
ization of ATDC5 chondrogenesis and highlight the potential of this model system for ECM-focused studies.

1. Introduction

Cartilage is a unique tissue characterized by a low cellular density 
and an abundant, highly specialized extracellular matrix (ECM) secreted 
by chondrocytes (Bačenková et al., 2023). This matrix is predominantly 
composed of collagens and proteoglycans which together determine the 
characteristic mechanical properties of cartilage (Han et al., 2011; 
Hsueh et al., 2016). Collagen fibrils form a stable and tensile network 
(Svensson et al., 2010), whereas highly water-binding proteoglycans 
confer elasticity and resistance to compressive forces (Farach-Carson 
et al., 2024). In addition, non-collagenous proteins contribute to the 
interconnection of supramolecular structures, fibril assembly, matrix 
integrity, and cell-matrix interactions (Gao et al., 2014; Grässel and 

Aszódi, 2016). Understanding the process of chondrogenesis, ECM 
composition and homeostasis, and the interactions between chon
drocytes and their surrounding matrix is of considerable interest. This 
knowledge is not only critical for elucidating defects in endochondral 
bone formation (Unger et al., 2023), but is also of importance for 
advancing human cartilage tissue engineering, as the treatment of 
cartilage injuries and degenerative diseases, such as osteoarthritis, 
remain a challenge in modern regenerative medicine (Welsh and Sikder, 
2025).

Chondrogenesis is a multistep process that begins with the conden
sation of mesenchymal progenitor cells, followed by their differentiation 
into mature chondrocytes. During endochondral bone formation, these 
cells subsequently progress through a proliferating, then 
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prehypertrophic stage and further differentiate into hypertrophic 
chondrocytes. Hypertrophic chondrocytes exit the cell cycle and 
contribute to the mineralization and remodeling of the late ECM, which 
is subsequently replaced by bone (Goldring et al., 2006). Notably, ter
minal hypertrophic differentiation does not occur in healthy articular 
cartilage (Chawla et al., 2022). To investigate chondrogenesis, a variety 
of experimental models have been established. In addition to established 
cell lines such as ATDC5 (Atsumi et al., 1990) or C3H10T1/2 (Shea et al., 
2003), induced pluripotent stem cells (iPSCs) (Wu et al., 2021) and 
mesenchymal stem cells (MSCs) (Huynh et al., 2019; De la Fuente et al., 
2012; Schwarzl et al., 2023) have been used to study transcriptional 
dynamics and ECM development during chondrogenesis. Stem-cell 
based approaches however are limited by donor variability, limited 
reproducibility, restricted cell availability and replicative senescence 
(Casorati et al., 2025; Riss et al., 2021; Česnik and Švajger, 2024). 
Hence, simpler models such as ATDC5 cells offer an advantage of higher 
robustness, reproducibility and scalability as well as effective gene 
editing possibilities for comparative studies of genetic variations.

The ATDC5 model system has been widely used to study chondro
genesis since its first description in 1990 by Atsumi et al. (1990) who 
also established the cell line and successfully induced differentiation by 
supplementing the growth medium with insulin, transferrin and sodium 
selenite, a protocol which still remains a standard today. Subsequently, 
additional supplements such as ascorbic acid or β-glycerophosphate 
have been introduced to accelerate chondrogenic differentiation (Altaf 
et al., 2006; Okita et al., 2023; Temu et al., 2010) or enhance matrix 
mineralization (Newton et al., 2012; Huitema et al., 2006).

Surprisingly, despite more than 1000 PubMed entries related to 
ATDC5 cells as of January 2026, a comprehensive and unbiased char
acterization of ATDC5 gene expression patterns during differentiation as 
well as composition of the secreted ECM are still lacking: most studies 
using ATDC5 cells have followed the expression of only few chosen 
chondrocyte marker genes (Hissnauer et al., 2010) such as Sox9, Col2a1 
and Col10a1. Moreover, only a single study (Wilhelm et al., 2020) has 
performed an extensive proteomic characterization of ATDC5 ECM. A 
systematic characterization of the temporal transcriptional and extra
cellular matrix landscape of ATDC5 differentiation therefore provides an 
essential framework for future mechanistic studies.

Here, we combined time-resolved transcriptomic analyses with ECM- 
focused proteomics to provide an integrated characterization of tran
scriptional dynamics and matrix composition during ATDC5 
chondrogenesis.

2. Materials and methods

2.1. Cell culture

ATDC5 cells were obtained from ECACC. Cells were cultured in 
medium composed of Dulbecco's modified eagle medium (DMEM, 
32430100, Gibco™, Thermo Fisher Scientific, Waltham, MA, USA) and 
Ham's F-12 (11765054, Gibco™, Thermo Fisher Scientific, Waltham, 
MA, USA) in a ratio of 1:1, supplemented with 10% fetal calf serum (FCS, 
F7524 Sigma, Taufkirchen, Germany), 1% Sodium Pyruvate (S8636, 
Sigma, Taufkirchen, Germany), 100 U/ml penicillin and 100 μg/ml 
streptomycin (P-0781, Sigma, Taufkirchen, Germany) at 37 ◦C and 5% 
CO2. The cells were passed every 3–4 days.

For differentiation experiments, ATDC5 cells were plated at 3 × 105 

or 0.75 × 105 cells/well into 6 or 12-well plates (83.3920/ 83.392, 
Sarstedt, Nümbrecht, Germany) and differentiation was initiated upon 
confluency under identical standardized conditions in all biological 
replicates. For induction, the growth mediums FCS concentration was 
reduced to 5% and the medium was supplemented with 10 μg/ml insulin 
(I9278, Sigma, Taufkirchen, Germany), 30 nM sodium selenite (S5261, 
Sigma, Taufkirchen, Germany), 50 μg/ml ascorbic acid (A4403, Sigma, 
Taufkirchen, Germany) and 10 μg/ml transferrin (90190, Sigma, Tauf
kirchen, Germany). The medium was changed every other day. The 

selected time points (day 0, 4, 7, 14, and 21) were used as the primary 
sampling scheme for transcriptomic and proteomic analyses and were 
chosen to cover early, intermediate, and late phases of ATDC5 chon
drogenic differentiation, as described previously for this model system 
(Altaf et al., 2006; Yuan et al., 2022).

2.2. Proteoglycan and collagen staining

Cells were washed twice with PBS (D8537, Sigma, Taufkirchen, 
Germany) and fixed with ice-cold methanol. At day 0, 4, 7, 14 and 21, 
cells were stained for proteoglycans and collagens using 0.1% Alcian 
Blue (A5268, Sigma, Taufkirchen, Germany) in 0.1 M HCl and Sirius Red 
solution (13422, Morphisto, Offenbach am Main, Germany) for 2 h at 
room temperature. Following incubation, excess dye was removed. 
Alcian Blue-stained cells were rinsed with PBS, while Sirius Red-stained 
cells were washed with 0.01 M HCl to remove unbound dye. Images of 
the stained cultures were captured using a Leica microscope or phone 
camera.

2.3. Immunohistochemistry

Cells were seeded on gelatin-coated cover slips and maintained until 
they reached confluency, then differentiation was induced. At day 4, 
cells were washed three times with PBS, fixed with 4% PFA solution. 
After blocking with 5% BSA in PBS solution the fixed cells were stained 
with rabbit anti-fibronectin antibody (1:500, ab2413, abcam, Cam
bridge, United Kingdom) for 2 h at room temperature. Cells were then 
washed three times with PBS and incubated with Alexa 488 Goat Anti 
Rabbit (1:500, A11008, Thermo Fisher Scientific, Waltham, MA, USA). 
Cells were finally washed three times with PBS and mounted in Vecta
shield with DAPI (VEC-H-1200, Biozol, Hamburg, Germany). Images 
were taken with a Leica THUNDER Imager (Leica, Wetzlar, Germany) 
with a 63× objective.

2.4. Proliferation assay

Cell proliferation was assessed at day 0, 4 and 7 using the Click-iT™ 
Plus EdU Alexa Fluor™ 555 Imaging Kit (C10638, Thermo Fisher Sci
entific, Waltham, MA, USA) following the manufacturer's instructions. 
Briefly, cells were seeded on coverslips and incubated with 10 μM EdU 
(5-ethynyl-2′-deoxyuridine) for 2 h at the indicated time points. After 
incubation, cells were fixed with PFA 5% in PBS, permeabilized with 
Triton 0.5% in PBS, and subjected to the Click-iT™ Plus reaction cocktail 
for EdU detection. Cover slips were mounted in Vectashield with DAPI. 
Fluorescent images were acquired at different spots on the cover slip. 
EdU incorporation was evaluated by analyzing 3 images, but at least 100 
nuclei, per time point.

2.5. RNA sequencing

RNA was extracted from cells grown in 6-well plates at day 0, 4, 7 14 
and 21 of differentiation, using RNeasy Fibrous Tissue Mini Kit (74704, 
Qiagen, Hilden, Germany) according to the protocol provided by the 
manufacturer. RNA concentration was measured with Nano Drop ND- 
1000 (Thermo Fisher Scientific, Waltham, MA, USA). RNA quality was 
assured by measurement of RNA integrity value using High Sensitivity 
RNA Screen Tape Analysis (Tape Station 4150, Part number 5067 5579, 
Agilent technologies, Santa Clara, CA, USA). RNA sequencing of four 
replicates per time point was performed at Novogene, Hongkong. For 
each sample 5 GB raw data were available. All RNA sequencing data 
generated in this study have been deposited in the Gene Expression 
Omnibus under accession number GSE324360.

2.6. Transcriptomics bioinformatics

RNA-Seq data analysis was performed using the Galaxy web platform 

A. Klawonn et al.                                                                                                                                                                                                                               Bone Reports 29 (2026) 101924 

2 



(usegalaxy.eu, Galaxy). Raw sequencing reads were first quality- 
checked using FastQC (version 0.74 + galaxy1), and adapter trimming 
was carried out with Trim Galore! (version 0.6.7 + galaxy0). One sample 
at this time point could not be processed in Galaxy for unknown reasons. 
As three additional biological replicates were available, this sample was 
excluded from downstream analysis. Cleaned reads were then mapped 
to the mouse reference genome (GRCm39) using RNA STAR (version 
2.7.11a + galaxy1) as paired end data and “length of the genomic 
sequence around annotated junctions” set to 149. Read counts per gene 
were quantified using featureCounts (version 2.0.6 + galaxy0) with 
GENCODE comprehensive gene annotation for mouse (GRCm39, release 
M35; Ensembl 112). The resulting count matrix was used as input for 
differential gene expression analysis in DESeq2 (version 2.11.40.8 +
galaxy0) within Galaxy. Normalized count files were used for the gen
eration of dot plots encoding gene-wise z-scores by color and scaled 
values by point size, using the pheatmap package in R. GO term 
enrichment analysis was conducted using the Functional Annotation 
tool in DAVID (Sherman et al., 2022) to identify significantly enriched 
biological processes. GO enrichment analyses were conducted using the 
complete gene sets, unless when a high proportion of not annotated 
genes hampered GO analyses in which case not annotated genes were 
excluded from GO analysis; such cases are indicated in the figure leg
ends. Graphs and Volcano plots were created using Prism10 GraphPad 
Software (v10.5.0, GraphPad Software, Boston, MA, USA).

For creating the k-means clustered heatmap the results were filtered 
for adjusted p < 0.05 and log2(fold change (FC)) ±2 as indicated in the 
figure legends. Before fitting and statistical analysis, counts were 
normalized by library size (DESeq2::estimateSizeFactors) and gene-wise 
dispersion (DESeq2::estimateDispersions) to normalize the gene counts 
by gene-wise geometric mean over samples. For plotting the heat maps, 
gene-wise scaling was performed on the normalized counts to cluster the 
counts for the expression tendency between the samples (stats::kmeans 
function). In addition, the counts were centred by setting the gene-wise 
mean to zero, which explains why some count values are negative 
(below gene-wise mean). Visualization of the clustered data was per
formed using the pheatmap::pheatmap function (pheatmap v.1.0.10) 
with deactivated function-intrinsic clustering.

2.7. ECM proteomics

ECM proteomic samples were drawn at day 0, 4, 7, 14 and 21 of 
differentiation and subjected to label-free quantitative LC-MS/MS 
analysis using an Evosep One system (Evosep Biosystems, Odense, 
Denmark) coupled to a timsTOF fleX mass spectrometer (Bruker, Bill
erica, MA, USA). ATDC5 cells were cultured in differentiation medium 
until harvest. ECM proteins were derived from the cell-deposited matrix 
remaining after decellularization. Cells were removed by incubating the 
sample with decellularization buffer (20 mM NH₄OH, 0.5% Triton X- 
100), followed by extensive PBS washing and 30 min DNAseI (15 U/ml, 
79254, Qiagen, Hilden, Germany) treatment. Lysis of remaining ECM 
and preparation for mass spectrometry analysis was performed as 
described previously (Busch et al., 2024). Peptides were analyzed with 
the Evosep One system (Evosep Biosystems, Odense, Denmark) coupled 
to a timsTOF fleX mass spectrometer (Bruker, Billerica, MA, USA). 500 
ng of peptides were loaded onto Evotips C18 trap columns (Evosep 
Biosystems, Odense, Denmark) according to the manufacturer's proto
col. Peptides were separated on an EV1137 performance column (15 cm 
× 150 μm, 1.5 μm, Evosep, Odense, Denmark) using the standard 
implemented 30 SPD method with a gradient length of 44 min (buffer A: 
0.1% v/v formic acid, dissolved in H2O; buffer B: 0.1% v/v formic acid, 
dissolved in acetonitrile). Over the time of the gradient, the concentra
tion of acetonitrile gradually increased from 0 to 90% at a flow rate of 
500 nl/min.

The timsTOF fleX mass spectrometer (Bruker, Billerica, MA, USA) 
was operated in the DIA-PASEF mode. DIA MS/MS spectra were 
collected in the range in an m/z range from 100 to 1700. Ion mobility 

resolution was set to 0.60–1.60 V⋅s/cm over a ramp time of 100 ms and 
an accumulation time of 100 ms. The cycle time was set at 1.8 s. The 
collision energy was programmed as a function of ion mobility, 
following a straight line from 20 eV for 1/K0 of 0.6 to 59 eV for 1/K0 of 
1.6. The TIMS elution voltage was linearly calibrated to obtain 1/K0 
ratios using three ions from the ESI-L TuningMix (Agilent) (m/z 622, 
922, 1222).

Raw data were analyzed with DIA-NN software (v.2.0) (Demichev 
et al., 2020). A spectral library was predicted using a FASTA file con
taining the murine protein sequences as of June 23rd, 2025 (mouse-EBI- 
reference database, https://www.ebi.ac.uk/). The false discovery rate 
(FDR) was set to 1%. The search was performed allowing one missed 
cleavage and cysteine carbamidomethylation enabled as a fixed modi
fication. Match between runs was enabled. Quantification was per
formed using the label-free quantification algorithm MaxLFQ, which 
calculates the protein quantities as ratios from all peptide intensities.

The data was further processed and analyzed for the statistical 
analysis using R (v4.3.0) within R studio. All samples were processed in 
a single experimental run; thus, no batch correction was required. Pro
tein intensities were log2-transformed and median normalized. Differ
ential expression analysis was performed using limma (Ritchie et al., 
2015). P-values were corrected by multiple testing using the Benjami
ni–Hochberg method, as applied by limma. Mass spectrometry raw data 
have been deposited at the ProteomeXchange Consortium (http://prot 
eomecentral.proteomexchange.org) under the accession number 
PXD074419. Furthermore all mass spectrometry proteomics datasets 
used and/or analysed during this study are available online at the 
MassIVE repository (http://massive.ucsd.edu/; dataset identifier: 
MSV000100830.). This study did not generate new code for analysis.

Dot plots encoding gene-wise z-scores by color and scaled values by 
point size were generated using the pheatmap package in R. For creation 
of Venn Diagrams interactivenn web tool was used (Heberle et al., 
2015).

2.8. Statistical analysis

Data are presented as mean ± SD. Statistical analyses were per
formed using appropriate tests as indicated in the figure legends. For 
proliferation analysis two-way ANOVA followed by Sidak's multiple 
comparisons test was used to perform comparisons of differentiated to 
the control cultures. For transcriptomic and proteomic data, p-values 
were corrected with Benjamini-Hochberg method and adjusted p-values 
<0.05 were considered statistically significant.

3. Results

3.1. Marked reduction of cell proliferation and increased ECM deposition 
upon ATDC5 cell differentiation

ATDC5 cells have been previously reported to produce a cartilage- 
like ECM composed of collagens and proteoglycans upon differentia
tion (Okita et al., 2023; Wilhelm et al., 2020; Tare et al., 2005). We used 
a standard protocol to differentiate ATDC5 cells with insulin, trans
ferrin, sodium selenite and ascorbic acid (Altaf et al., 2006) for 4, 7, 14 
or 21 days. As expected, visualization of deposited ECM using Alcian 
Blue and Sirius Red (Okita et al., 2023) revealed progressive matrix 
accumulation over time, more pronounced in cells treated with differ
entiation medium compared to cells in control medium (Fig. 1 A). Im
munostaining for fibronectin, a protein binding to collagen fibrils and 
regulating fibril assembly (Paten et al., 2019; Engvall and Ruoslahti, 
1977) at differentiation day 4 revealed the formation of an unorga
nized fibrillar ECM network (Fig. 1 B). In vivo, cellular differentiation of 
chondroprogenitor cells into first proliferating, then hypertrophic 
chondrocytes goes along with an initially increasing proliferation rate, 
followed by a termination of proliferation once cells reach hypertrophic 
stages of chondrogenesis (Goldring et al., 2006). We therefore tested the 
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impact of differentiation on ATDC5 cell proliferation which revealed 
observed a marked decrease in cell proliferation already by day 4 for 
both cells treated with control or with differentiation medium. By day 7, 
cell proliferation was undetectable for cells treated with differentiation 
medium and only minimal proliferation was observed for control me
dium cultures (Fig. 1 C). Potentially, as ATDC5 cells are derived from 
teratocarcinoma cells (Atsumi et al., 1990) with a fairly high prolifera
tion rate already, increasing cell density over time could impact cell 
proliferation differently to what is observed upon in vivo chondrocyte 
differentiation. Other proliferation studies in ATDC5 cells have similarly 
shown that cell number and proliferation rate decrease over time (Temu 
et al., 2010; Hodax et al., 2019; Chen et al., 2005).

3.2. Transcriptional changes reflecting ATDC5 chondrogenic 
differentiation over time

ATDC5 cells are proposed to undergo a multistep chondrogenic dif
ferentiation, encompassing proliferative and hypertrophic stages 
(Newton et al., 2012; Tare et al., 2005; Shukunami et al., 1997; 
Shukunami et al., 1998) mimicking the process of endochondral bone 
formation. However, this conclusion is based mainly on studying 
expression of few marker genes, while genome-wide studies to investi
gate effects on the transcriptome are lacking. We therefore performed 
transcriptome analyses at day 0, 4, 7, 14 and 21 of cells cultured in 
differentiation medium.

Principal component analysis (PCA) showed distinct separation of 
samples by time point, with samples from day 14 and day 21 showing 

Fig. 1. ECM deposition and cell proliferation during ATDC5 differentiation 
Cells were maintained in control medium (5% FCS) or differentiation medium (5% FCS, supplemented with 10 μg/ml insulin, 30 nM sodium selenite, 50 μg/ml 
ascorbic acid and 10 μg/ml transferrin). (A) Alcian Blue (marking proteoglycans) and Sirius Red (marking collagens) staining of cells maintained in control or 
differentiation medium at days 0, 4, 7, 14 and 21 of culture visualising progressive ECM accumulation over time. Scale bar: 1 mm. (B) Fibronectin staining of ATDC5- 
derived ECM after decellularization at day 4 of culture in differentiation medium. Scale bar: 100 μm. A representative image is shown. Images were taken using a 
Leica Thunder microscope. (C) To assess proliferation rates, the proportion of EdU (5-ethynyl-2′-deoxyuridine) positive nuclei was determined at day 0, 4 and 7 for 
cells maintained in control or differentiation medium. Data are presented as mean ± SD (n = 3). Two-way ANOVA followed by Sidak's multiple comparisons test was 
used to perform pairwise comparisons of differentiating cultures compared to control at each time point. P-values <0.05 were considered statistically significant.
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particularly high similarity (Fig. S1). K-means clustering of normalized 
scaled counts identified five distinct gene clusters (Fig. 2 A). We sub
sequently used GO enrichment analysis to functionally characterize the 
genes within each cluster and to derive descriptive cluster annotations 
from most enriched GO terms. Cluster annotations are based on GO 
enrichment and are intended as descriptive summaries of dominant 
functional themes rather than definitive biological assignments. Cluster 
I (Translational initiation and uncharacterized genes), marked by genes 
with initially high but sharply declining expression after day 0, mainly 
consisted of predicted or poorly annotated genes. The remaining genes 
were predominantly associated with the GO term translation initiation 
(Fig. 2 B). Genes in cluster II (Immune response), the smallest cluster, 
showed a pronounced increase in expression shortly after the onset of 
differentiation at day 4 and were predominantly associated with the 
innate immune response (Fig. 2 C). Genes in cluster III, (ECM I) showed a 
modest increase between day 0 and 7 followed by a decrease until day 
21 with GO term extracellular matrix organization (GO:0030198) found 
to be the most significant (Fig. 2 D), comprising 13 genes including 
Abi3bp and Pdgfra, which have known roles in early chondrogenesis 
(Bartoletti et al., 2020; Hodgkinson et al., 2013). Cluster IV (ECM II), 
was characterized by peak gene expression at day 14 and showing 
enrichment for genes related to cartilage development and ossification, 
encompassing key chondrocyte marker genes (Hissnauer et al., 2010; 
Sive et al., 2002) (Acan, Col2a1, Hapln1) (Fig. 2 E). Genes in clusters III 

and IV, both enriched for ECM and cartilage genes, showed lowest 
expression before culturing in differentiation medium, indicating that 
their expression is enhanced by the culture conditions. The largest 
cluster, cluster V (Angiogenic/metabolic response), showed a contin
uous increase in gene expression until day 21 (Fig. 2 F). GO analysis of 
all genes in clusters I-V revealed that genes that change most in 
expression during the differentiation process are associated with ECM 
and immunity linked GO terms (Fig. S2). Gene cluster lists and complete 
GO enrichment results are provided in Supplementary File S1.

To complement the clustering of normalized expression profiles, we 
further analyzed gene expression changes between consecutive sam
pling time points (Fig. 3 A-D, Supplementary File S2). When comparing 
the next later sampling timepoint to the previous sampling timepoint 
(day 4 to day 0, day 7 to day 4, day 14 to day 7 and day 21 to day 14), the 
highest number of differentially expressed genes was found between day 
0 and day 4 (Fig. 3 A, E). As differentiation progressed, the number of 
differentially expressed genes between measurements decreased (Fig. 3
E). Comparison of day 4, day 7, day 14 and day 21 to day 0 directly 
revealed significantly increased expression of key chondrocyte genes 
such as Col2a1, Acan, and Fmod and the GO term “Extracellular Matrix 
organization” among the three most significant at all time points later 
than day 4 (Fig. 3 A, Fig. S3, Fig. S4, Supplementary File S3). While 
expression of these and other chondrocyte markers already increased 
between day 0 and day 4 (Fig. 3 A), the majority of genes showing 

Fig. 2. Early immune response followed by ECM organization and lastly and angiogenic/metabolic response expression patterns over the course of ATDC5 dif
ferentiation. 
(A) Differentially expressed genes (adjusted p ≤ 0.05, |log2 fold change| ≥ 2) were identified in ATDC5 cells maintained in differentiation medium at days 0, 4, 7, 14, 
and 21. RNA sequencing was performed using four biological replicates per time point. Differential expression was assessed using DESeq2 based on a two-sided Wald 
test with Benjamini–Hochberg correction. Genes were grouped into five clusters using k-means clustering. The heat map displays z-score scaled normalized 
expression values. (B-F) Gene ontology (GO) analysis for “biological process” (BP) of all genes in clusters I-V using DAVID Functional Annotation Tool. Top 5 or all 
identified GO terms are displayed. For analysis of cluster I (B), genes that were no annotated (predicted genes) were excluded. Full list of genes and GO analysis per 
cluster are listed in Supplementary File S1.
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increased expression at day 4 were not related to chondrocyte differ
entiation but rather associated with immune response as revealed by GO 
analysis (Fig. S5 B, Supplementary File S3). Concurrently, genes related 
to cell division decreased in expression (Fig. S5 A). The expression of 
chondrocyte differentiation, ECM- and ossification-related genes 
increased over time, most prominently between day 7 and day 14, as 
exemplified by increased expression of Col10a1, Hapln1, and Comp 
(Fig. 3 C). This was accompanied by strong enrichment of GO terms 
related to cartilage development and ossification (Fig. S5).

Representative chondrocyte differentiation and ECM genes 
(Lawrence et al., 2025; Sebastian et al., 2021) including collagens, 
proteoglycans, and transcription factors, showed a gradual increase in 
expression from day 0, peaking at day 14 (Fig. 3 F) with only few ex
ceptions. Col2a1, a marker of the proliferative chondrocyte phase (Zhao 
et al., 1997), was representative of this general expression pattern 
(Fig. S1 B). In contrast, expression of Col10a1, a marker of hypertrophic 
differentiation (Gu et al., 2014), increased only modestly during early 
differentiation but rose sharply from day 7 onwards and continued to 
increase beyond day 14 (Fig. S1 C). Similarly, Spp1, encoding the oste
ogenic glycoprotein osteopontin involved in bone mineralization (Holm 
et al., 2014), reached its highest expression level at day 21. Ucma, 
encoding a negative regulator of osteogenesis usually expressed in early 
chondrogenesis (Surmann-Schmitt et al., 2008), showed highest gene 
expression at day 7. Interestingly, Sox9 and Runx2, master transcription 
factors of chondrogenic (Akiyama et al., 2002; Lefebvre and Dvir- 
Ginzberg, 2017) and osteogenic differentiation (Ziros et al., 2008), 
reached their highest expression levels at day 14, although their overall 
expression increased only modestly over the course of differentiation 
(Fig. 3 F, Fig. S1 D). The overall stable expression of Sox9 is in accor
dance with previous ATDC5 studies (Altaf et al., 2006; Temu et al., 2010; 
Chen et al., 2005; Caron et al., 2021; Dong et al., 2021). In contrast, 
studies have reported either a progressive increase in Runx2 expression 
over time (Altaf et al., 2006; Temu et al., 2010) or a transient increase 
followed by a decline (Chen et al., 2005; Dong et al., 2021). Published in 
vivo data suggests that Sox9 expression is typically declining during 
hypertrophic differentiation, however Runx2 expression has been re
ported to increase upon chondrocyte prehypertrophy (Goldring et al., 
2006; Leung et al., 2011; Kim et al., 1999).

When comparing the intervals between day 7 vs. day 4, as well as 
between day 14 vs. day 7, immunity-related genes showed a decrease in 
expression, as indicated by GO analysis (Fig. S5 C, E). This is consistent 
with the expression pattern observed for cluster II, which could indicate 
a stress effect resulting from addition of differentiation medium and cells 
reaching full confluency.

3.3. Dissection of the ATDC5-derived cartilage-like proteome

To investigate the composition of the cartilage-like matrix generated 
by ATDC5 cells over time upon differentiation, we performed quanti
tative proteomics analyses. Samples collected after 4, 7, 14 or 21 days of 
differentiation were decellularized while on day 0, cells were retained.

Principal component analysis revealed clear clustering of samples by 
time points (Fig. 4 B), with day 0 samples clearly separated from all 
other timepoints. In addition, while day 4, 7 and 14 samples clustered 
close together, day 21 samples appeared distinct although compara
tively few ECM proteins showed differential expression between day 14 
and day 21 (Fig. 4 F).

A protein was considered identified if it was detected in at least two 
out of four biological replicates at any time point. This led to identifi
cation of 8316 proteins across all samples, further referred to as the 
ATDC5 proteome (Supplementary file S4). To specifically and system
atically analyze expression patterns of ECM-related proteins within the 
dataset, we next assessed which of the identified proteins overlapped 
with those annotated in the Gene Ontology term “extracellular matrix” 
(GO:0031012). 216 of the 8316 identified proteins were annotated in 
GO:0031012 (Table 1), of which 161 proteins (74.5%) were consistently 

identified at all time points (Fig. 4 A), including collagens (COL2A1, 
COL6A1, COL11A1), proteoglycans (CSPG4, BGN, HSPG2), glycopro
teins (EMILIN1, MATN2, SMOC1) and ECM-modifying enzymes 
(ADAMTS5, HTRA1, LOX). 36 proteins were expressed at all time points 
between day 4 and day 21 after differentiation onset but not day 0, 
indicating that their expression is induced by the culturing conditions 
(Fig. 4 A). These included aggrecan core protein (ACAN), forming the 
core of the most abundant proteoglycan in cartilage (Horkay et al., 2017; 
Kiani et al., 2002), and hyaluronan and proteoglycan link protein 1 
(HAPLN1), a key structural component of the cartilage matrix (Neame 
and Barry, 1993). Several other collagens and proteoglycans were also 
newly detected during this period including ASPN, DCN, FMOD and 
LUM, in accordance with their increased expression on gene level 
comparing day 4 vs. day 0 (Fig. 3 A). 19 of 216 ECM proteins were 
detected only at three or fewer time points (Fig. 4 A, Table 1). Beyond 
day 4, expression of proteins annotated in GO:0031012 “extracellular 
matrix”, increased almost exclusively over time, with very few excep
tions (Fig. 4 D-F). Comparison of ECM protein expression at days 4, 7, 14 
and 21 relative to day 0 revealed a consistent expression pattern, with a 
high number of proteins increasing in expression and a small subset of 
proteins showing lower abundance over time, including cathepsin pro
teases (CTSZ, CTSB, CTSL, CTSD), which are found intra- and extracel
lularly (Vidak et al., 2019). Across all time points, HTRA1, POSTN, BGN, 
NID2, COL12A1 and MMP19 were among the most significant increas
ingly expressed ECM proteins (Fig. 4 C, Fig. S6). Notably, COL10A1, was 
only identified at day 14 and day 21, consistent with its pronounced 
increase in gene expression observed at day 14 in transcriptomic anal
ysis (Fig. S1 C).

To assess whether ECM protein expression followed specific tempo
ral patterns, representative proteins were visualized in heatmaps 
(Fig. 5). The majority of proteins reached peak expression at either day 
14 or day 21, consistent of a progressive accumulation of secreted pro
teins over time. Proteins were grouped into functional categories: col
lagens, proteoglycans, glycoproteins, ECM receptors, and ECM- 
modifying enzymes, thereby encompassing the most relevant ECM 
components. Collectively, the heatmaps show that the majority of ECM 
proteins increase steadily over time, independent of functional category. 
For a comprehensive heatmap including all 216 ECM proteins identified 
in our dataset see Fig. S7.

3.4. Concordant temporal patterns in transcriptomic and proteomic 
analyses

In general, transcriptomic and proteomic analyses revealed similar 
temporal trends. In both datasets, ECM-associated genes and ECM pro
teins increased in expression following the onset of differentiation, with 
strong induction already observed at day 4 compared to day 0 (Fig. 3 A, 
Fig. 4 C). In both analyses, the main increase in ECM genes or proteins 
occurred between day 7 and 14. In the transcriptomic analysis, expres
sion levels of ECM related genes declined again after day 14, while in the 
proteomic dataset only few ECM proteins showed significant decreases 
or increases in abundance between day 14 and 21, indicating limited 
changes in ECM protein abundances despite changes in gene expression. 
A direct comparison of significantly regulated ECM-associated genes and 
proteins (GO:0031012) showing the same direction of change between 
consecutive sampling time points confirmed this overall agreement be
tween transcriptomic and proteomic analyses. The largest overlap was 
observed between day 0 and day 4, with 33 ECM genes and proteins 
showing concordant increase in expression (Table 2), of which 9 were 
collagens, including the highly abundant early collagen COL2A1. 
Smaller overlaps of genes and proteins with increased expression were 
observed for the comparisons day 7 versus day 4 (14 genes/proteins) 
and day 14 versus day 7 (12 genes/proteins), including two major ECM 
components ACAN and HAPLN1, as well as small proteoglycans LUM, 
DCN and FMOD in both intervals. Between day 21 and day 14 no shared 
significantly regulated ECM genes and proteins were identified. 

A. Klawonn et al.                                                                                                                                                                                                                               Bone Reports 29 (2026) 101924 

6 



Fig. 3. Increasing expression of key chondrocyte marker genes upon differentiation peaking at day 14. 
(A-D) Volcano plots display differential gene expression between consecutive time points based on RNA-seq data, revealing significant increase in expression of 
chondrocyte differentiation genes such as Col2a1, Acan and Fmod. The x-axis indicates log2 fold change, the y-axis shows the − log10 adjusted p-value. For visu
alization purposes, − log10 adjusted p-values were capped at 300. Genes were color-coded according to log2fold change thresholds of ±1. RNA sequencing was 
performed using four biological replicates per time point. Differential expression was assessed using DESeq2 based on a two-sided Wald test with Benjami
ni–Hochberg correction; genes with adjusted p ≤ 0.05 were considered significantly differentially expressed. (E) Number of differentially expressed genes with 
increasing or decreasing expression during sampling intervals, showing overall decreasing numbers of differentially expressed genes as differentiation progressed. (F) 
Dot plot displaying the expression of selected chondrocyte marker genes across the indicated time points with peak expression at day 14. Dot size represents log2- 
transformed expression values, while color intensity indicates z-score-scaled expression levels for each gene. Expression values are derived from DESeq2-normalized 
RNA-seq counts.
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Concordant decrease in expression was only observed for SERPINB1A 
between day 0 and day 4, but not at any other time points, probably 
reflecting enhanced ECM production and accumulation during ATDC5 
differentiation, while matrix breakdown appears to be less prominent.

3.5. ATDC5-derived ECM contains a broader spectrum of ECM proteins 
than previously reported

ECM proteome composition over time during ATDC5 differentiation 
has been unclear prior to this study. Therefore, we aimed to systemati
cally investigate the ATDC5-derived ECM proteome and place it in the 
context of the only other existing dataset previously published by 
Wilhelm et al. (2020). To do this, we first compared both our dataset and 
that of Wilhelm et al. to proteins annotated in the Gene Ontology term 

“extracellular matrix” (GO:0031012), as this provides a well-established 
and widely accepted framework for the functional classification of 
proteins. Moreover, we compared both datasets to the full list of proteins 
in the Matrisome database (Shao et al., 2023) which provides a more 
comprehensive reference list of ECM components and is derived from 
two independent proteomic studies of murine cartilage (Georgieva et al., 
2020; Bubb et al., 2021).

The comparison of our and Wilhelm et al.'s dataset to GO:0031012 
revealed 62 ECM proteins commonly detected in both studies (Fig. 6 A, 
Supplementary File S5), including the highly abundant fibrillar collagen 
COL2A1, as well as less abundant collagens including COL6A1, COL6A2, 
COL11A1, COL11A2 and COL10A1 (Alcaide-Ruggiero et al., 2021), the 
main cartilage proteoglycan aggrecan as well as several small leucine- 
rich proteoglycans (SLRPs), glycoproteins and ECM-modifying 

Fig. 4. Proteomics analyses reveal increasing expression of cartilage ECM proteins in ATDC5-derived ECM over time. 
Proteomic analyses were performed using four replicates per time point. Differential protein expression was assessed using limma, and p-values were corrected for 
multiple testing using the Benjamini–Hochberg method. Proteins with adjusted p ≤ 0.05 were considered significantly differentially expressed. (A) Donut plot 
illustrating the number of ECM proteins, annotated in GO:0031012 ECM, that were detected throughout the experiment, at day 4, 7, 14 and 21, or at three or fewer 
time points. A total of 161 proteins were consistently detected at all time points, whereas 36 proteins were detected from day 4 onwards (including day 4) but not at 
day 0. Only few proteins were detected at three or fewer time points. For a complete list of all identified proteins and the time points at which they were detected, 
refer to Table 1. (B) Principal component analysis (PCA) of proteomic samples based on log₂-transformed and median-normalized protein intensities, showing 
clustering of samples by time point. PC1 and PC2 explain 48% and 28% of total variance. Samples are color-coded according to differentiation time (day 0, 4, 7,14 or 
21). (C-F) Volcano plots display differential protein expression between consecutive time points, illustrating a progressive increase in ECM protein expression at each 
successive time interval. ECM proteins were color-coded according to adjusted p ≤ 0.05 and log2fold change thresholds of ±1. The x-axis indicates log2 fold change, 
the y-axis shows the − log10 adjusted p-value. Proteins not annotated in GO:0031012 ECM are displayed in grey.

Table 1 
ECM proteins detected in ATDC5-derived ECM. Proteins annotated to GO:0031012 (Extracellular matrix) identified in this study and ordered by detection time points.

d0 ∩ d4 ∩ d7 ∩ d14 ∩ d21 d4 ∩ d7 ∩ d14 ∩ d21 d4 ∩ d7 
∩ d14

d7 ∩ d14 ∩
d21

d0 ∩
d14 ∩
d21

d0 ∩ d7 d4 ∩
d7

d7 ∩
d14

d14 ∩
d21

d21

ADAM10, ADAMTS1, ADAMTS2, 
ADAMTS4, ADAMTS5, ADAMTSL4, 
AGRN, AHSG, ALB, ALPL, ANGPTL2, 
ANXA1, ANXA11, ANXA2, ANXA3, 
ANXA4, ANXA5, ANXA6, ANXA7, 
BGN, BMP1, CALR, CASK, CCDC80, 
CCN1, CCN2, CCN4, CCN5, CFDP1, 
COL11A1, COL12A1, COL15A1, 
COL16A1, COL1A1, COL1A2, COL2A1, 
COL3A1, COL4A1, COL4A5, COL5A1, 
COL5A2, COL6A1, COL6A2, COL6A3, 
COLEC12, CSPG4, CST3, CSTB, 
CTHRC1, CTSB, CTSD, CTSL, CTSZ, 
DAG1, DLG1, ECM1, EFEMP2, 
EMILIN1, EMILIN2, F13A1, F2, F3, 
FAM20B, FBLN1, FBLN2, FBN1, FBN2, 
FGB, FGG, FN1, GFOD2, GLG1, GPC1, 
GPC4, GSTO1, HCFC1, SD17B12, 
HSP90AA1, HSPG2, HTRA1,IGF2, 
IGFBP6, ITGB1, ITIH2, ITIH3, ITIH4, 
LAMA4, LAMB1, LAMB2, LAMC1, 
LGALS1, LGALS3, LGALS9, LGALSL, 
LMAN1, LOX, LOXL1, LTBP1, LTBP3, 
MATN2, MFGE8, MGP, MMP14, 
MMP2, NDNF, NGLY1, NID1, NID2, 
NTN1, OGN, P3H1, PCOLCE2, 
PHOSPHO1, PLG, PLOD1, PLOD2, 
PLOD3, PLXNB2,POSTN, PRG4, PTN, 
PXDN, RPSA, RUNX1, S100A10, 
S100A11, S100A13, S100A6, SEMA3C, 
SERAC1, SERPINB1A, SERPINC1, 
SERPINE1, SERPINE2, SERPINF1, 
SERPINH1, SMC3, SMOC1, SMOC2, 
SNED1, SOD3, SPARC, TFIP11, TGFB1, 
TGFB2, TGFBI, TGM2, THBS1, THBS2, 
THBS3, TIMP1, TIMP2, TIMP3, 
TINAGL1, TNC, TNFRSF11B, TNN, 
TSPAN9, VCAN, VWA5A, WNT5A

ABI3BP, ACAN, ADAMTSL1, 
ANG2, ASPN, BMPER, COL11A2, 
COL18A1, COL4A2, COL6A5, 
COL6A6, COL8A1, DCN, DPT, 
ECM2, FBLN5, FBLN7, FGL2, 
FMOD, 
HAPLN1, INS1, LAMA5, LUM, 
MAMDC2, MATN1, MMP11, 
MMP19, NPNT, NTN3, OMD, 
PRELP, PTX3, SRPX2, THSD4, 
VTN, WNT5B

EFEMP1 
HMCN1 
IL16 
SVEP1

ADAMTS3 
COL14A1 
COL6A1 
LTBP4 
MATN4 
MFAP2

CD151 PLXNA2 SSC5D CLEC3B COL10A1 
COL9A1 
NTN4 
SPON2

ITGA6

Table 1: ECM proteins (GO:0031012) detected at respective time points.
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enzymes, reflecting the structural diversity of the cartilage ECM 
captured in both datasets. Conversely, we could not detect six ECM 
proteins reported by Wilhelm et al. (COL20A1, COL23A1, COL27A1, 
COL4A3 and COL4A4). Notably, we detected 154 ECM proteins not 
previously reported by Wilhelm et al. (Fig. 6 A, Supplementary File S5). 
These proteins spanned a wide range of ECM categories, including minor 
collagens, proteoglycans, annexins, matrilins, laminin chains, 
microfibril-associated components, secreted signalling proteins and 
ECM-remodeling enzymes such as ADAMTS family members and matrix- 
metalloproteinases (MMPs).

Next, we compared our and Wilhelm et al.'s dataset to a list of murine 
cartilage proteins annotated in the Matrisome Database (Shao et al., 
2023) (Fig. 6 B). Of 68 proteins that were detected in both our and 
Wilhelm et al.'s study and are listed in the Matrisome Database, 12 

proteins were not annotated in GO:0031012 “ECM” (AEBP1, CLEC11A, 
CX3CL1, FSTL1, IGFBP5, IGSF10, LOXL4, P4HA1, P4HA2, PCOLCE, 
SLPI, SPP1) (Fig. 6 B, Fig. S8 A, Supplementary File S5). Further, this 
comparison revealed 189 proteins only identified in our dataset but not 
Wilhelm et al.́s study that were also detected in native cartilage, and 
further 68 proteins that were detected in both our study and by Wilhelm 
et al. (Fig. 6 B, Supplementary File S5). Among these 189 uniquely 
identified proteins, those that were not annotated in GO term “extra
cellular matrix”, encompassed multiple ECM classes including pro
teoglycans, ECM remodeling enzymes and regulators, as well as secreted 
signalling factors (Fig. 6 B, Fig. S8 A). Comparison of Wilhelm et al.'s 
dataset with the Matrisome database identified five further ECM pro
teins (HPX, IBSP, IGFBP2, PCSK5, VWA5B2) that were not detected in 
our dataset (Fig. S8 A). GO analysis of proteins that were neither 

Fig. 5. Consistent increase in ECM protein abundance across functional categories during ATDC5 cell differentiation. 
(A-E) Heatmaps of representative ECM proteins across functional categories (collagens, proteoglycans, Glycoproteins, ECM receptors, ECM regulators/enzymes). 
Proteomic analyses were performed using four replicates per time point. Selected proteins from different ECM categories are shown. Normalized expression values 
were derived from the log2 intensities (expression matrix) and mean values were calculated across four replicates per time point. Expression values are scaled per 
protein (z-score) to illustrate relative abundance patterns across timepoints. Most proteins show low expression at the beginning of differentiation, with peak 
expression observed at day 14 or 21, with only a few exceptions.
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identified in our nor Wilhelm et al.́s dataset but listed in GO:0031012 or 
Matrisome database (593 proteins, Fig. S8 A) revealed predominantly 
proteins associated with GO terms “ECM organization”, “proteolysis” 
and “collagen catabolic process” (Fig. S8 B, Supplementary File S6).

Overall, our analysis has revealed an extended set of ECM proteins in 
ATDC5 produced matrix, capturing components that were not previ
ously reported and highlighting the ECM complexity ATDC5-derived 
ECM. The newly detected ECM proteins each fulfill specific functions 
and contribute to extracellular matrix assembly and homeostasis, for 
example as structural components, ECM remodeling enzymes, and sig
nalling proteins that mediate matrix-related signalling. Further, muta
tions in several of the newly detected proteins such as in FBN1, MATN3, 
GPC6 and LTBP1 are associated with genetic skeletal diseases (Unger 
et al., 2023), underscoring the biological relevance of the detected 
proteins.

4. Discussion

The ATDC5 model system is widely used to study chondrogenic 
differentiation. Most previous studies relied on targeted approaches to 
monitor chondrocyte differentiation (Okita et al., 2023; Newton et al., 
2012; Yuan et al., 2022; Shukunami et al., 1997; Chen et al., 2006), 
such as qPCR of a low number of selected chondrocyte marker genes, 
while only very few studies used comprehensive RNAseq (Caron et al., 

2021; Farcasanu et al., 2025) or ECM proteomic (Wilhelm et al., 
2020) approaches. Thus, there was need for an unbiased genome-wide 
characterization of gene expression among different timepoints 
ATDC5 in vitro differentiation as well as characterization of the pro
duced ECM. In this study, we combined time-resolved RNA sequencing 
with ECM proteomics to provide an integrated view of transcriptional 
dynamics and matrix deposition during ATDC5 differentiation. 
Although ATDC5 cells do not fully reproduce the distinct sequential 
stages of chondrocyte maturation observed in vivo, they capture key 
temporal molecular features of chondrogenesis, including induction of 
chondrogenic markers, progressive extracellular matrix deposition, and 
late expression of hypertrophic markers such as Col10a1. This supports 
their use as a simplified model to study fundamental aspects of chon
drocyte differentiation. The gained insights into ATDC5 differentiation 
provide a temporal reference framework for future mechanistic studies 
that could involve gene edited cells in order to investigate chondro
genesis in genetic skeletal diseases or may investigate treatment of 
osteoarthritis, before moving to more complex models.

Consistent with previous studies (Okita et al., 2023; Newton et al., 
2012; Tare et al., 2005; Challa et al., 2010), staining with Alcian Blue 
and Sirius Red revealed progressive extracellular matrix deposition over 
time. Interestingly, proliferative activity decreased rapidly after day 0, 
when cells were confluent, similarly in both control and differentiating 
ATDC5 cultures. This suggests that the observed decrease in prolifera
tion is primarily driven by contact inhibition associated with high cell 
density rather than chondrogenic differentiation. This represents an 
important limitation of the model as in vivo differentiating chondrocytes 
are generally assumed to pass through a proliferative phase during early 
chondrogenesis, characterized by increased proliferative activity under 
physiological conditions (Goldring et al., 2006). Importantly, we cannot 
exclude that high cell density-associated effects influence the tran
scriptomic profile and may also impact downstream protein abundance, 
as suggested by previous studies (LeBlanc et al., 2022; Kim et al., 2017). 
Another important limitation is the absence of mechanical loading or 
stimulation, which plays an important role in regulating chondrogenic 
differentiation in vivo (Jia et al., 2023).

At the structural level, in agreement with previously published TEM 
images of ATDC5-derived ECM (Newton et al., 2012), fibronectin 
staining indicated a largely unorganized fibrillar ECM in ATDC5 cul
tures, which may reflect the constraints of a monolayer culture system 
and contrasts with the mostly ordered collagen architecture found in 
native cartilage (Gottardi et al., 2016; Moger et al., 2007). This high
lights an important difference between ATDC5-derived ECM and in vivo 
cartilage.

Apart from the study by Chen et al. (2005), which analyzed the 
expression of 104 selected chondrocyte-associated genes using real-time 
RT-PCR, most transcriptional investigations of ATDC5 cells have most 
commonly focussed on Col2a1, Col10a1 and Sox9. Consistent with these 
reports (Altaf et al., 2006; Temu et al., 2010; Hodax et al., 2019; Chen 
et al., 2005; Caron et al., 2021; Dong et al., 2021), our data confirm a 
strong and early induction of Col2a1 expression, delayed expression of 
Col10a1 and comparatively stable expression levels of Sox9 and Runx2 
over the course of differentiation. This is of note, as SOX9 is highly, but 
not exclusively (Lawrence et al., 2025; Molin et al., 2024), expressed in 
proliferative chondrocytes (Zhao et al., 1997; Leung et al., 2011), 
whereas RUNX2 expression is linked to hypertrophic chondrocyte dif
ferentiation (Kim et al., 1999). This indicates a cell identity change to
wards a chondrogenic pattern over time, however ATDC5 in vitro 
differentiation stages do not exactly match known chondrocyte differ
entiation stages in vivo.

Beyond selected differentiation markers, unbiased transcriptomic 
analysis revealed that a broad set of chondrocyte- and ECM-related 
genes increased continuously over time until day 14. Additionally, few 
genes such as Col10a1 and Spp1, showed peak expression at day 21, 
demonstrating that ATDC5 cells may have reached a hypertrophic-like 
stage at this later time points.

Table 2 
List of shared significantly regulated ECM genes and proteins annotated in 
GO:0031012 with concordant increase or decrease in expression between 
consecutive sampling time points.

Comparison day 4 
vs. 
day 0

day 7 
vs. 
day 4

day 14 
vs. 
day 7

day 
21 
vs. 
day 
14

Shared significantly regulated ECM 
genes/proteins with concordant 
increase in expression

Adamts1 Acan Acan None
Adamts2 Col6a5 Ccn2
Adamts4 Col6a6 Col11a1
Agrn Dcn Col11a2
Col11a1 F13a1 Col2a1
Col11a2 Fbln7 Dcn
Col1a1 Fmod F13a1
Col2a1 Hapln1 Fmod
Col3a1 Lama5 Hapln1
Col4a1 Lum Lgals3
Col4a5 Matn4 Lum
Col6a3 Phospho1 Matn4
Col8a1 Prelp
F13a1 Thsd4
Fbln5
Fbn1
Htra1
Itih2
Lama4
Lamb1
Lgals9
Loxl1
Mmp19
Nid1
Nid2
Ntn1
Ogn
Phospho1
Tgfb2
Tgm2
Tnc
Vcan
Wnt5a

Shared significantly regulated ECM 
genes/proteins with concordant 
decrease in expression Serpinb1a None None None

A. Klawonn et al.                                                                                                                                                                                                                               Bone Reports 29 (2026) 101924 

11 



While the model captures temporal aspects in gene expression 
related to chondrocyte differentiation, one might have expected clearer 
separation of ECM gene clusters corresponding to distinct phases of 
chondrogenesis (Wang et al., 2004; Tchetina et al., 2003). However, a 
detailed division between proliferative and hypertrophic stages is not 
apparent in our data. Potentially, this could be better resolved by 
investigating more time points. Heterogeneity in the differentiation 
stage of individual cells, as reflected by nodule formation (Shukunami 
et al., 1997) could also play a role.

Moreover, we identified a small transient gene cluster peaking at day 
4 that was enriched for immune-associated Gene Ontology terms. 
Likewise, Farcasanu et al. (2025) identified immune-associated Gene 
Ontology terms in their ATDC5 transcriptomic analysis, using the same 
differentiation protocol as in our study. This suggests that the observed 
transcriptional pattern may represent a reproducible adaptive response 
of the in vitro culture system rather than a clearly stage-defining 
chondrogenic program. Such an adaptive response may be triggered 
by the altered culture conditions at differentiation onset, including in
sulin stimulation (Makhijani et al., 2023) as well as cell-intrinsic stress 
responses induced by metabolic constraints and hypoxia in over
confluent cultures (Luo et al., 2022; Cummins et al., 2006). However, 
although not classically associated with chondrogenesis, the activation 
of innate immune-related gene programs has also rarely been reported 
during human chondrogenesis (Liang et al., 2022; Zhou et al., 2019) so 
that the biological significance of the activation of immune-related 
genes during chondrogenesis remains to be determined.

Further, the subsequent decline in ECM-related gene expression after 
day 14, coinciding with increased expression of genes associated with 
angiogenesis, hypoxia and glutathione metabolism, suggests the acti
vation of transcriptional programs associated with increasingly hypoxic 
and metabolically stressed conditions secondary to overly dense cell 
cultures and lack of blood vessels to supply the increasingly thick tissue 
present in in vivo (Rankin et al., 2011). This could reflect a major lim
itation of this in vitro system when investigating late-stage 
differentiation.

Extracellular matrix makes up the major part of cartilage, providing 
the environment for differentiating chondrocytes. ECM composition is 
influenced by chondrocyte differentiation and health but vice versa, 
ECM may also influence chondrocyte differentiation and homeostasis 
via matrix-chondrocyte interactions (Gao et al., 2014). Hence, under
standing the to date largely unresolved composition of ECM secreted by 
ATDC5 cells is of great interest. Here, we demonstrate that ATDC5 cells 
produce a more complex ECM than previously appreciated.

Of note, Wilhelm et al. applied a detailed fractionation protocol 
removing the majority of intracellular proteins but also risking losing 
some more loosely attached ECM components. In contrast, we only 
performed decellularization using a buffer composed of 20 mM NH₄OH 
and 0.5% Triton X-100, which likely preserved a broader spectrum of 
ECM proteins, but also intracellular components. To exclude these 
possibly retained intracellular proteins form our conclusions, we chose 
known ECM and matrisome proteins only to define ATDC5 components. 
Another factor that may have contributed to differences in the detected 

Fig. 6. Comparison of detected proteins reveals previously not reported ECM proteins in ATDC5 derived ECM. 
(A) Venn diagram illustrating overlap of proteins identified in our study (ATDC5 proteome, n = 4 replicates per time point), Wilhelm et al.'s study and proteins 
annotated in the GO term “extracellular matrix” (GO:0031012), revealing 154 ECM proteins from numerous functional groups, that were not previously detected in 
ATDC5 cells (B) Venn diagram illustrating overlap of proteins identified in our study (ATDC5 proteome), Wilhelm et al.'s study and the Matrisome database, 
uncovering 189 ECM proteins not previously reported in ATDC5 cells. GO:0031012 and the Matrisome database were used as functional annotation frameworks for 
ECM classification.
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ECM proteins is the use of slightly different differentiation media despite 
comparable culture durations. Wilhelm et al. supplemented the medium 
with insulin and from day 14 onward, DMEM/F12 was replaced with 
α-MEM medium and further supplemented with β-glycerophosphate. 
Our protocol included insulin, ascorbic acid, sodium selenite, and 
transferrin supplementation. Both protocols are established and may be 
used for ATDC5 differentiation, but differences in medium composition 
may influence matrix deposition and maturation and thereby affect the 
ECM proteins detected. Finally, differences in mass spectrometry plat
forms and data acquisition workflows, including the use of DIA-PASEF 
on a timsTOF fleX instrument in our study versus label-free LC- 
MALDI-based proteomics in Wilhelm et al., may also have contributed to 
differences in the proteins detected and to the higher number of proteins 
identified in our dataset.

Notably, the identified ECM proteins span all major functional cat
egories, including structural components (collagens, proteoglycans), 
adaptor proteins (link proteins, matrilins, thrombospondins), surface 
receptors (integrins, CD44) and various ECM-modifying enzymes, indi
cating that ATDC5 cells may recapitulate multiple functional aspects of 
cartilage matrix biology. In our study, we additionally identified several 
collagens that were not previously reported, including minor collagens 
and fibril-associated Collagen IX, which co-localizes with Collagen II 
and X to stabilize the fibrillar network (Alcaide-Ruggiero et al., 2021). 
Matrilins (MATN1, MATN2, MATN4) were also detected, acting as 
adaptors between collagen fibrils and non-collagenous proteins 
(Wagener et al., 2005). Our protocol further allowed the identification 
of numerous secreted components, especially ECM remodeling enzymes, 
mineralization enzymes and secreted signalling proteins, suggesting 
ongoing matrix remodeling, calcification and extracellular signalling 
activity. Since our proteomic dataset presents a discovery-based 
resource, future studies using optimized ECM extraction protocols may 
provide additional validation of selected candidates.

Interestingly, neither we nor Willhelm et al. detected COMP, a key 
ECM protein with roles in promoting chondrogenesis and interacting 
with several ECM components (Posey et al., 2018), despite observations 
of increasing gene expression during differentiation in our study (Fig. 3
F). Other protein classes that were not well covered by our and Wilhelm 
et al.́s dataset comprised predominantly ECM enzymes involved in 
collagen catabolism and proteolysis. Several of them belong to the 
family of MMPs, ADAM (A Disintegrin and Metalloproteinase) or 
ADAMTS (A Disintegrin and Metalloproteinase with Thrombospondin 
motifs) proteins, which also have implications in osteoarthritis (Yang 
et al., 2017). While we detected some MMPs in our study (MMP11, 
MMP14, MMP19), we also missed a number, possibly due to low 
abundance.

Overall, consistent with the transcriptional increase of ECM and 
cartilage genes over time, ECM protein abundance also accumulated 
with ongoing differentiation, supporting the biological consistency of 
the model. In transcriptomic PCA, day 14 and day 21 samples clustered 
closely, indicating that the overall transcriptional state had not changed 
dramatically between these time points. In proteomics, however, day 21 
samples appeared distinct from day 14, even though relatively few ECM 
proteins changed in abundance (Fig. 4 F), suggesting that intracellular 
proteins contribute to this separation. Consistent with transcriptomic 
analyses, the increased gene expression of Aspn, Acan, Dcn, Fmod and 
Lum at day 4 compared to day 0 corresponded with the detection of their 
proteins at day 4, which were not observed at earlier time points. Also, 
Col10a1 gene expression increased markedly between day 7 and day 14 
and was first detected at the protein level from day 14 onwards. The 
analysis of significantly and concordantly regulated ECM genes and 
proteins (Table 2) further confirmed that key ECM components are 
consistently increasing in expression during ATDC5 chondrogenic dif
ferentiation across both transcriptomic and proteomic datasets. These 
concordances underscore the consistency of our multi-omics approach. 
Taken together, these data indicate that under our experimental con
ditions, chondrogenic differentiation in ATDC5 cells is largely complete 

between day 14 and 21, consistent with the observed expression of 
Collagen X and decreased expression of major cartilage genes on day 21.

In summary, our time-resolved transcriptomic and ECM proteomic 
analysis demonstrates that ATDC5 cells capture key molecular and 
matrix-associated features of chondrogenic differentiation. However, 
limitations of the system, including the lack of typical zonal organiza
tion, disordered collagen fibril architecture, absence of mechanical 
loading, and confluence-related effects inherent to monolayer culture, 
should be considered when interpreting the data. Despite these limita
tions, the model captures major transcriptional programs and generates 
a complex cartilage-associated extracellular matrix, supporting its use as 
a well-characterized and accessible system for mechanistic studies of 
chondrogenesis and cartilage ECM biology.
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