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A B S T R A C T

Objective: To further our understanding of the role of tumor necrosis factor (TNF)α on the inflammatory response
in chondrocytes.
Design: We explored the effects of TNFα on the transcriptome of epiphyseal chondrocytes from newborn C57BL/6
mice at the total and single cell (sc) resolution.
Results: Gene set enrichment analysis of total RNA-Seq from TNFα-treated chondrocytes revealed enhanced response
to biotic stimulus, defense and immune response and cytokine signaling and suppressed cartilage and skeletal
morphogenesis and development. scRNA-Seq analyzed 14,239 cells and 24,320 genes and distinguished 16 cell
clusters. The more prevalent ones were constituted by limb bud and chondrogenic cells and fibroblasts comprising
~73 % of the cell population. Genes expressed by joint fibroblasts were detected in 5 clusters comprising ~45 % of
the cells isolated. Pseudotime trajectory finding revealed an association between fibroblast and chondrogenic
clusters which was not modified by TNFα. TNFα decreased the total cells recovered by 18.5 % and the chondro-
genic, limb bud and mesenchymal clusters by 32 %, 27 % and 7 %, respectively. TNFα had profound effects on the
insulin-like growth factor (IGF) axis decreasing Igf1, Igf2 and Igfbp4 and inducing Igfbp3 and Igfbp5, explaining an
inhibition of collagen biosynthesis, cartilage and skeletal morphogenesis. Ingenuity Pathway Analysis of scRNA-Seq
data revealed that TNFα enhanced the osteoarthritis, rheumatoid arthritis, pathogen induced cytokine storm and
interleukin 6 signaling pathways and suppressed fibroblast growth factor signaling.
Conclusions: Epiphyseal chondrocytes are constituted by diverse cell populations distinctly regulated by TNFα to
promote inflammation and suppression of matrix biosynthesis and growth.
1. Introduction

Osteoarthritis is a chronic inflammatory and degenerative disease of
the joint affecting the cartilage, synovium and subchondral bone [1–3].
Although there is a degenerative component to osteoarthritis, the disease
is a complex disorder affecting the joint and driven by a host of proin-
flammatory signals, including tumor necrosis factor α (TNFα) [4–7].
These are often released by macrophages and immune cells infiltrating
the synovium although articular chondrocytes also are a source of in-
flammatory molecules that contribute to the pathogenesis of the disease
[4,6].
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The excessive release of TNFα, interleukin (IL)6 and IL1β during
inflammation perturbs joint homeostasis, promotes pathologic bone
erosion and is mechanistically relevant to the development of the disease.
Recently, we demonstrated that NOTCH2, one of the four Notch re-
ceptors, sensitizes osteoclasts to the effect of TNFα on bone resorption
and enhances the inflammatory response to TNFα in epiphyseal chon-
drocytes as well as the pathways associated with inflammation and the
phagosome [8,9]. However, the mechanisms responsible and the cells
affected by TNFα were not pursued. This is necessary to have a better
understanding of the effects of TNFα and its interactions with other
signals in the joint environment.
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TNFα is a proinflammatory cytokine primarily produced by acti-
vated macrophages and known to induce the expression of Il6 and Il1b
and promote the release of matrix metalloproteinases resulting in
cartilage tissue degradation [10–12]. TNFα inhibits chondrogenesis and
this may impair cartilage restoration in conditions of TNFα induced
inflammation [13,14]. While these studies document that TNFα plays a
role in the pathogenesis of the inflammatory response in cartilage, the
cellular composition of cartilage is complex, and the cellular responses
to TNFα are heterogeneous [15]. Moreover, recent work in murine
models of post-traumatic osteoarthritis revealed transcriptomic het-
erogeneity in this cellular environment [16]. Therefore, the cells
responsible for a given event and its impact on chondrogenesis and
inflammation need to be defined at a single cell (sc) resolution. The
effect of TNFα on the transcriptomic profile of cartilage at this level of
resolution is unknown and should provide clues about the mechanisms
responsible for its effects in the joint and its role in inflammation and
chondrogenic repair.

To understand the mechanisms involved in the TNFα-dependent in-
flammatory response in the chondrocyte environment, we explored the
transcriptome profile affected by TNFα at a global and sc resolution in
murine epiphyseal chondroblasts. To this end, transcriptomes of epiph-
yseal chondrocytes with chondroblast-like properties were obtained from
newborn C57BL/6 mice treated with TNFα and examined using bulk, as
well as sc RNA-Sequencing (Seq) approaches.

2. Methods

2.1. Chondrocyte cultures

Cells were isolated from the epiphyses of long bones of the hind limbs
from 3- to 4-day-old C57BL/6 mice. Following the dissection of sur-
rounding tissues under a Unitron Z850 stereo microscope, the epiphyseal
cartilage was obtained from the proximal and distal joints of the tibiae
from 4 mice and placed in high glucose Dulbecco's modified Eagle's
medium (DMEM, Life Technologies, Grand Island, NY), as described
[17]. The epiphyseal cartilage was exposed to 0.25 % trypsin, 0.9 mM
Fig. 1. TNFα inhibits gene markers of chondrocyte differentiation and induc
chondrocytes from newborn mice were cultured to ~70 % confluence and treated
expression determined by qRT-PCR. Data are expressed as Sox9, Acan, Col2a1, Col10
and Spp1 are expressed as relative values corrected for Rpl38. Values are means � SD
circles) cultures or cultures treated with TNFα (grey bars, closed circles). *Significan
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EDTA (Life Technologies), and subsequently with 200 U/ml of type II
collagenase (Worthington Biochemical Corporation, Lakewood, NJ) at
37 �C. Following digestion, the tissue was strained through a 70 μm
membrane and cells collected by centrifugation and cultured in DMEM
supplemented with 10 % heat inactivated fetal bovine serum (FBS,
Atlanta Biologics, Atlanta, GA) at a temperature of 37 �C in a humidified
5 % CO2 atmosphere until reaching ~70 %–80 % confluence [17,18].
Cultures were trypsinized once and cells were seeded at a density of 1
million cells/39.3 cm2 and cultured to ~70–80 % confluency for 24 h
prior to being transferred to DMEM in the absence of serum for 2 h and
then exposed to TNFα (Peprotech, Thermo Fisher Scientific, Cranbury,
NJ) 50 ng/ml (suspended in phosphate buffered saline and diluted 1:300
in culture medium) for 6 h, for experiments geared to RNA de-
terminations and bulk RNA-Seq, and for 18 h for scRNA-Seq. The higher
concentration of TNFα was based on prior work from our laboratory and
was chosen to ensure a biological response [8]. The 18 h treatment with
TNFα for scRNA-Seq was necessary to allow sufficient time to process the
samples for scRNA-Seq immediately at the conclusion of the culture
period; the microfluidic partitioning to capture, barcode and process scs
was conducted over 6–8 h without interruptions. Preliminary experi-
ments did not reveal substantial differences in the response of chon-
drocytes to TNFα between 6 h and 18 h of exposure (data not shown).
Cells were seeded as a pool for RNA and bulk RNA-Seq experiments and
maintained as biological replicates (n ¼ 4) for scRNA-Seq and then
pooled immediately prior to microfluidic partitioning. Animal studies
were limited to euthanasia of newborn mice for the purpose of tissue
harvest and were approved by the Institutional Animal Care and Use
Committee of UConn Health, protocol AP-200630-0325.

2.2. Real time reverse transcription polymerase chain reaction (RT-PCR)

Total RNAwas extracted using the RNeasyMini kit (Qiagen, Valencia,
CA). Equal amounts of RNA were reverse-transcribed using the iScript
RT-PCR kit (BioRad, Hercules, CA) prior to amplification in the presence
of specific primers (all from Integrated DNA Technologies, IDT) with the
SsoAdvanced™ Universal SYBR Green Supermix (BioRad) at 60�C for 40
es cytokines associated with inflammation and osteoarthritis. Epiphyseal
with TNFα 50 ng/ml or vehicle for 6 h. Total RNA was extracted, and gene

a1, Prg4, Il6, Il1b, Mmp13, and Adamts5 copy number corrected for Rpl38. Mmp3
and individual values of n ¼ 4 technical replicates in control (white bars, open
tly different between TNFα and control, p < 0.05 by unpaired t-test.
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cycles (Table S1). Copy number was estimated by comparing amplifica-
tion curves with those of serial dilutions of cDNA for Acan, Adamts5, Il1b,
Il6, Col10a1, Mmp13, Sox9 (Thermo Fisher Scientific, Waltham, MA),
Prg4 (Bioscience, Nottingham, UK), and Col2a1 (American Type Culture
Collection, ATCC, Manassas, VA). Amplification reactions were con-
ducted in CFX96 qRT-PCR detection systems (BioRad), and fluorescence
was monitored at the end of the elongation step during every PCR cycle.
Data are expressed as copy number except for Mmp3, Spp1, Igf1, Igf2,
Igfbp1, 2, 3, 4, 5 and 6, which are expressed as relative to control mRNA
normalized to 1. All transcript data were corrected for Rpl38 expression
estimated by comparison to a serial dilution of cDNA for Rpl38 (ATCC).

2.3. Library preparation, bulk RNA sequencing and Bioinformatics
analysis

Total RNA was quantified, and a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific) was used to determine purity ratios prior to
Fig. 2. RNA-Seq transcriptional profile of TNFα-treated chondrocytes. Epiphysea
ng/ml or vehicle for 6 h. Cells were collected for total RNA and analyzed by RNA-Seq
B. Differentially expressed genes as log fold change over means of normalized count
vehicle treated chondrocytes and D. Corresponding volcano plots log2 fold change F
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quality analysis which was performed on an Agilent TapeStation 4200
(Agilent Technologies, Santa Clara, CA) using the RNA High Sensitivity
assay. Samples used for library preparation had an RNA Integrity Number
�9.0 and were processed for mRNA-sequencing at the UConn Center for
Genome Innovation using the Illumina TruSeq Stranded mRNA sample
preparation kit following manufacturer's instructions (Illumina, San
Diego, CA), as described previously [8]. Libraries were validated for
length and adapter dimer removal using the Agilent TapeStation 4200
D1000 High Sensitivity assay (Agilent Technologies), quantified and
normalized using the dsDNA High Sensitivity Assay for Qubit 3.0
(Thermo Fisher Scientific), as previously reported [8]. Sample libraries
were prepared for sequencing by denaturing and diluting the libraries per
manufacturer's protocol (Illumina). Samples were pooled for sequencing,
normalized and run across an Illumina Next-Seq 500 using version 2.5
chemistry. Target read depth was achieved for each sample with paired
end 75 bp reads. Following sequencing, raw reads were trimmed with
Sickle (Version 1.33), with a quality and length threshold of 30 and 45,
l chondrocytes were cultured to ~70 % confluence and treated with TNFα at 50
. A. PC analysis of RNA-Seq technical replicates (n ¼ 4 for TNFα and for control).
s. C. Heat map of the 50 most differentially regulated genes between TNFα and
DR p adjusted value 0.05 for C. and D.



Fig. 3. TNFα enhances the immune and defense response and suppresses cartilage and skeletal development. A. GSEA of biological pathways in epiphyseal
chondrocytes treated with TNFα at 50 ng/ml or vehicle for 6 h (n ¼ 4 technical replicates for both). Enrichment scores (ES) and normalized ES of pathways affected by
TNFα at a FDR of <0.05 are shown. B. Visualization of gene enrichment analysis, shown as a lollipop chart. Gene count and pathways affected at a p adjusted <0.05
are shown.
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Fig. 4. Uniform manifold approximation and projection (UMAP) for dimension reduction of scRNA-Seq data of epiphyseal chondrocytes from newborn
mice reveals 16 cell clusters. A. UMAP visualization of 16 cell clusters of normalized pooled data from epiphyseal chondrocytes from newborn mice cultured to ~70
% confluence and treated with TNFα 50 ng/ml or vehicle for 18 h. B. Dot plot displaying the expression of genes associated with mesenchymal cells, limb bud,
articular/synovial cells, chondrogenic, adipogenic and osteogenic cells and macrophages among 16 cellular clusters from epiphyseal chondrocytes from newborn mice
identified by UMAP. C. Dot plot displaying the expression of genes associated with fibroblasts in 16 cellular clusters from epiphyseal chondrocytes from newborn mice
identified by UMAP. Red denotes higher and blue denotes lower than average expression, and the size of the circle represents the percentage of cells expressing
each gene.
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respectively, andmapped to theMus musculus genome (GRCm39 ensembl
release 105) with HISAT2 (version 2.1.0) [19]. SAM files were obtained
and transformed into a BAM format using samtools (version 1.9), and
PICARD was used for the removal of PCR duplicates [20]. The counts
were generated against the features with HTSeq-count, and the differ-
ential gene expression between control and TNFα treated cultures was
determined using DESeq2 [21,22]. Covariates were introduced in the
DESeq2 analysis to increase accuracy of the results, and genes showing
less than ten counts across the compared samples were excluded from
further analysis. A false discovery rate adjusted p value < 0.05 was
considered significant and used in downstream analysis, as indicated in
text and legends. Highly variable functions were identified, and linear
dimensional reduction conducted by Principal component (PC) analysis.
The processed RNA-Seq results were analyzed by gene set enrichment
analysis (GSEA) and using the R package clusterProfiler enrichment tool
[23,24].

2.4. ScRNA sequencing and Computational analysis

Transcriptomes from epiphyseal chondroblasts were analyzed on a
cell-by-cell basis through the use of microfluidic partitioning to capture
scs. Cells from control and TNFα treated cultures were pooled at the
completion of the culture and counted on a Cellometer K2 (Nexceleron,
Lawrence, MA). Ten thousand live control and experimental cells,
respectively, were processed on a Chromium iX instrument using a
Chromium sc 30 library and Gel Bead Kit V3.1 (10x Genomics, Pleas-
anton, CA) to prepare barcoded libraries, as previously reported [25].
5

The sc gene expression kit used has a cell capture efficiency of ~65% and
is capable of recovering 500–10,000 cells/lane. Following reverse tran-
scription, libraries were sequenced at the UConn Center for Genome
Innovation. cDNAs from a sc had a unique barcode, allowing the
sequencing reads to be mapped backed to the cell of origin [26].

FASTQ files were generated using reference genome mm10-2020-A
and analyzed using Cell Ranger v7.0 (10x Genomics) for sample
demultiplexing, barcode processing and counting of transcripts and
output HTMLs for data quality assessment and sample visualization.
Secondary analyses of output files were conducted using the Seurat R
Package (v4.4) and it included dimensionality reduction, cell clustering
and differential gene expression [27,28]. Cells expressing <250 tran-
scripts, >10 % mitochondrial RNA or >10,000 genes/cell were excluded
manually, and the data set was normalized by employing the Normal-
izeData function in Seurat. Highly variable functions were identified, and
linear dimensional reduction conducted by PC analysis and non-linear
dimension reduction performed by uniform manifold approximation
and projection (UMAP) for nonlinear dimensional reduction. Doublets
were identified and excluded, and cell clusters were classified according
to their gene profile and gene ontology. Pseudotime trajectory analysis of
pooled and independent data from epiphyseal chondrocytes treated with
TNFα, or vehicle was constructed by analysis of the Seurat object in
Monocle 3 [29]. Monocle 3 cell data set was constructed and the learn
principal graph from the reduced dimensional space was applied using
learn_graph, as previously described [25]. Cells were organized along
their trajectory usingMonocle plot_cells and order_cells; marker genes for
each cluster were identified using the Seurat's FindAllMarkers function.



Fig. 5. Trajectory and pseudotime analysis define cell differentiation pathways among cell clusters identified in epiphyseal chondrocytes from newborn
mice. Trajectory and pseudotime analysis was performed using Monocle 3 in pooled data from epiphyseal chondrocytes cultured to ~70 % confluence and treated
with TNFα 50 ng/ml or vehicle for 18 h. Pseudotime analysis of 16 cellular clusters identified in epiphyseal chondrocytes by UMAP shown in Fig. 4. In A. and B.
articular/synovial fibroblast cluster was used as a root node and in C. and D. the chondrogenic cluster was used as a root node. An alternative visualization or the
pseudotime UMAP as a progression boxplot of pseudotime values is shown in B. and D.
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Gene ontology and Ingenuity Pathway Analysis (IPA, Qiagen, Redwood
City, CA) of differentially expressed genes was performed on a per-cluster
basis, and genes prioritized based on ontology, and relevance to tran-
scriptional control and signaling pathways [23,24,30]. IPA was per-
formed to analyze canonical pathways under the Genes and Chemicals
category.

2.5. Statistics

RT-PCR data are expressed as means � S.D. and individual values.
Statistical differences were determined by unpaired Student's t-test.

3. Results

3.1. TNFα suppresses gene markers of chondrocyte differentiation and
enhances inflammation in epiphyseal chondrocytes

To determine the role of TNFα in chondrogenesis and inflammation in
cartilage, epiphyseal chondrocytes were cultured and treated with TNFα
or vehicle under serum free conditions. TNFα at 50 ng/ml for 6 h
decreased the expression of chondrogenic gene markers, including Sox9,
Acan and Col2a1, as well as Col10a1, but not Prg4 (Fig. 1). TNFα
enhanced the expression of Il6 and Il1b,Mmp3,Mmp13 (all p< 0.05) and
Adamts5 (NS), encoding pro-inflammatory cytokines and proteases, in
epiphyseal chondrocytes (Fig. 1). In addition, TNFα induced Spp1,
encoding secreted phosphoprotein 1. The results confirm that TNFα in-
hibits chondrogenesis and enhances the inflammatory response and the
potential for matrix degradation in epiphyseal chondrocytes [8,13].
6

To understand potential molecular mechanisms associated with the
effect of TNFα onmurine epiphyseal cartilage, RNA fromTNFα-treated and
control epiphyseal chondrocytes was examined by bulk RNA-Seq analysis.
PC analysis revealed segregation between control and experimental sam-
ples and there were 2738 � log2FC1 and p adjusted <0.05 differentially
regulated genes between TNFα and control chondrocytes; 1380 geneswere
upregulated and 1358 were downregulated by TNFα (Fig. 2). GSEA of
biological pathways revealed enrichment of genes associated with
enhanced response to biotic stimulus, the immune and defense response,
cytokine mediated signaling and cellular response to interferon B in TNFα-
treated cells compared to control cells (Fig. 3A). Further functional gene
enrichment analysis of the biological pathways affected, using the R
package clusterProfiler, confirmed activation of these pathways and sup-
pression of cartilage and connective tissue development, skeletal
morphogenesis and development, and canonical Wnt signaling in TNFα-
treated chondrocytes compared to control cells (Fig. 3B). In accordance, the
gene targets ofWnt signalingAxin2 andCcn4were downregulated byTNFα
(log2FC) 0.2 and 0.6, respectively, and the Wnt antagonist Dkk1, induced
6.2 although its levels of expression were low [31].

3.2. ScRNA-Sequencing reveals unique cell clusters in epiphyseal
chondrocytes

scRNA-Seq was conducted on epiphyseal chondrocytes from newborn
C57BL/6 mice cultured to ~70 % confluence, by processing the cells in a
Chromium iX using a 30 library kit (10x Genomics). An equal number of
live cells (~10,000 each) from control and TNFα-treated samples were
processed on a Chromium iX instrument and an estimated 14,616 cells



Fig. 6. Uniform manifold approximation and projection (UMAP) for dimension reduction of scRNA-Seq data and differential gene expression in distinct
cellular clusters from epiphyseal chondrocytes treated with TNFα. A. UMAP visualization of 16 cell clusters of normalized data from epiphyseal chondrocytes
analyzed independently in cells treated with TNFα 50 ng/ml or treated with vehicle (control) for 18 h. B. Bar graph demonstrates the cell distribution present in each
individual cluster from chondrocytes treated with either TNFα or vehicle. Dot plot displaying the effect of TNFα compared to control on the expression of genes
associated in C. with mesenchymal cells, limb bud articular/synovial, chondrogenic, adipogenic and osteogenic cells and macrophages, and in D. with fibroblast cell
clusters present in epiphyseal chondrocytes treated with TNFα 50 ng/ml or vehicle (control) for 18 h. Red denotes higher and blue denotes lower than average
expression, and the size of the circle represents the percentage of cells expressing each gene. Data were scaled so that they were standardized to have a mean of 0 and a
standard deviation of 1.

E. Canalis et al. Osteoarthritis and Cartilage Open 6 (2024) 100528
were recovered. Following normalization cells with >10 % mitochondrial
RNA, <250 transcripts and >10,000 genes/cell were excluded. Normali-
zation and doublet filtering and exclusion reduced the number of cells
analyzed to 14,239, with 24,320 unique genes analyzed. Clustering
analysis of epiphyseal chondrocytes (pooled data from cells treated with
TNFα or vehicle) using the UMAP for non-linear dimensional reduction
algorithm, accurately distinguished 16 different cell clusters, although 3 of
the clusters (undefined, adipogenic and macrophages) represented <1 %
of the cell population (Fig. 4A, Table S2) [32]. The more prevalent clusters
were constituted by cells with a transcriptome profile of limb bud (cluster
0), chondrogenic (clusters 1 and 6) and fibroblasts (clusters 2, 3, 4, 5 and
7) and these constituted ~73% of the cell population analyzed (Table S2).

Cells from the chondrogenic clusters expressed genes known to be
associated with chondrocytes, including Sox9, Acan and Col2a1 and the
articular/synovial cluster expressed Prg4 and Pdgfra (Fig. 4B–Table S3)
[33]. Genes known to be expressed by joint fibroblasts were detected in 5
clusters that comprised ~45 % of the cells isolated from epiphyseal
chondrocytes (Fig. 4C). Pseudotime trajectory finding was constructed
with Monocle 3 and used to predict the differentiation trajectory among
clusters present in epiphyseal chondrocytes. Pseudotime trajectory
finding selecting clusters expressing articular/synovial fibroblasts or
chondrogenic cells as a root node revealed an association between fi-
broblasts and chondrogenic clusters (Fig. 5).
7

3.3. TNFα influences gene expression and cluster distribution in epiphyseal
chondrocytes

Independent clustering analysis of epiphyseal chondrocytes treated
with TNFα revealed an overall decrease (18.5 %) of cells recovered
compared to control cells. The most affected cell clusters by TNFα were
the chondrogenic clusters [1and6] that were suppressed by 32 % and the
limb bud cluster (0) that was suppressed by 27 % relative to controls
(Fig. 6, Tables S2 and S4). After correction for the overall (18.5 %)
decrease in cells recovered following TNFα treatment, TNFα decreased
the chondrogenic and the limb bud clusters by 16 % and 10 %, respec-
tively, and decreased the mesenchymal cell cluster by 7 % whereas other
cell clusters were not affected substantially.

Independent analysis of gene expression among the 16 cellular clus-
ters from epiphyseal chondrocytes treated with TNFα revealed decreased
expression of genes associated with the limb bud, chondrogenic and
osteogenic cluster, except for Cxcl12 and Spp1 that were detected in a
greater number of cells from cultures exposed to TNFα
(Fig. 6C–Tables S5A, S6A, S6B). TNFα increased the expression of the
articular/synovial fibroblast-associated genes Gdf5, Pdgfra and Prg4,
although the percent of cells expressing Gdf5 was small. TNFα decreased
the expression of selected genes associated with the fibroblast clusters
including Gas6, Acvr2a, Col1a1 and Col3a1 and increased the level of



Fig. 7. Trajectory and pseudotime analysis define cell differentiation pathways among cell clusters identified in epiphyseal chondrocytes treated with
TNFα. Trajectory analysis was performed using Monocle 3 in independent sc RNA-Seq data from epiphyseal chondrocytes cultured either in the presence of TNFα 50
ng/ml or vehicle (control) for 18 h. A. Trajectory analysis of the 16 cellular clusters identified by UMAP in Fig. 6. B. and C. Pseudotime analysis of UMAP as a
progression boxplot of pseudotime values using either the articular/synovial cell cluster as a root node in B. or the chondrogenic cluster as a root node in C.
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expression of Cxcl1, Cxcl2, Cxcl12 and Pdgfra (Fig. 6D–Table S5B and
S6A). Changes in gene expression were verified by bulk RNA-Seq
(Figure S1). Pseudotime trajectory analysis demonstrated modest
changes between control and TNFα treated epiphyseal chondrocytes,
whether the articular/synovial fibroblast or the chondrogenic cluster was
used as a root node (Fig. 7).

IPA of canonical pathways was conducted in pooled chondrogenic
(clusters 1 and 6), pooled fibroblast (clusters 2, 3, 4, 5 and 7), mesen-
chymal cells, osteogenic and proliferative cells (clusters 10 and 11) and
articular/synovial cells (cluster 12) (Figure S2). Clusters expressing
<100 genes were excluded. Compared to control cultures, IPA revealed
enhancement of the osteoarthritis pathway by TNFα in chondrogenic
clusters, enhanced rheumatoid arthritis and pathogen induced cytokine
storm signaling pathway in fibroblast clusters and IL-6 and IL-33
signaling in the mesenchymal cluster. IL-17 signaling was induced only
in mesenchymal and fibroblast clusters of control cultures, whereas
fibroblast growth factor signaling was induced only in the fibroblast
control clusters suggesting suppression of these signals by TNFα.

3.4. TNFα regulates the IGF-IGF binding protein axis in epiphyseal
chondrocytes

To explore for possible explanations of the inhibitory action of TNFα
on genes associated with cartilage and skeletal development, as deter-
mined by GSEA (Fig. 3), we determined its effect on the insulin-like
growth factor (IGF)-IGF binding protein (IGFBP) axis. TNFα suppressed
8

Igf1 and Igf2 expression as determined by bulk RNA-Seq and RT-PCR of
epiphyseal chondrocytes (Fig. 8, Table S5C). TNFα induced the inhibitory
IGFBPs Igfbp3 and Igfbp5, suppressed Igfbp4 and had a small non-
significant inhibitory effect on Igfpb2 and Igfpb6. Igfbp1 was not detec-
ted. Igf1 was mostly expressed by macrophages and Igf2 by the chon-
drogenic cluster and Igfbp2, 3, 4, 5 and 6were detected in all clusters with
a somewhat more prevalent expression by fibroblast clusters.

4. Discussion

In previous work, we demonstrated that the inflammatory response to
TNFα in epiphyseal chondrocytes is enhanced in the context of a gain-of-
NOTCH2 function and together they induce pathways associated with
osteoarthritis and the phagosome [8]. The present study extends those
observations and explores in detail the effects of TNFα and mechanisms
responsible for an inflammatory response by analyzing transcriptome
profiles of epiphyseal chondrocytes treated with TNFα at a bulk and sc
resolution. Confirming prior observations, we demonstrate that TNFα
suppresses selected gene markers of differentiated chondrocytes and in-
duces proinflammatory cytokines and MMPs [8,13]. GSEA of bulk
RNA-Seq data from epiphyseal chondrocytes revealed that TNFα en-
hances the response to biotic stimulus, the defense and immune response
and cytokine mediated signaling and suppresses cartilage and skeletal
morphogenesis and development. RNA-Seq and qRT-PCR of RNA extracts
demonstrated upregulation of Il1b, Il6 and Mmp13 by TNFα, and a
marked induction of Mmp3, encoding the matrix protease stromelysin.



Fig. 8. TNFα inhibits Igf1 and Igf2 and regulates Igfbp transcripts in epiphyseal chondrocytes. RT-PCR, bulk and sc RNA-Seq analysis of epiphyseal chondrocytes
cultured to ~70 % confluence and treated with TNFα 50 ng/ml or vehicle for 6 h for RT-PCR and bulk RNA-Seq, and for 18 h for scRNA-Seq. In A. Number of
fragments mapping to the gene of interest determined by bulk RNA-Seq, and in B. mRNA expression determined by RT-PCR of Igf1, Igf2 and Igfbp1, 2, 3, 4, 5 and 6 both
shown as means � SD and individual values; n ¼ 4 technical replicates in control (white bars, open circles) cultures or cultures treated with TNFα (grey bars, closed
circles). *Significantly different between TNFα and control, p < 0.05 by unpaired t-test. In C. and D. dot plot displaying Igf1, Igf2 and Igfbp1, 2, 3, 4, 5 and 6 in C. in 16
cellular clusters identified in epiphyseal chondrocytes, and in D. showing the effect of TNFα. Red denotes higher, and blue denotes lower than average expression, and
the size of the circle represents the percentage of cells expressing each gene. Data were scaled so that they were standardized to have a mean of 0 and a standard
deviation of 1.
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The upregulation of these cytokines and MMPs by TNFα could play a role
in the inflammatory response and matrix degradation associated with
osteoarthritis. Due to its broad substrate specificity and expression by
osteoblasts and chondrocytes, stromelysin plays an important role in
tissue remodeling [34].

To explore the molecular processes occurring during the inflammatory
response to TNFα, we performed scRNA-Seq analysis of confluent epiph-
yseal chondrocytes with chondroblast-like properties treated with TNFα or
vehicle. scRNA-Seq in combination with bulk RNA-Seq were used as
complementary approaches to analyze the transcriptome of epiphyseal
chondrocytes in the context of TNFα. scRNA-Seq was particularly useful in
the analysis of a complex cell culture model allowing us to discern the
transcriptome profile of various cell populations present in epiphyseal
chondrocytes and to study the TNFα-dependent changes in cell composi-
tion and how these modulate chondrogenesis and inflammation.

scRNA-Seq analysis revealed cellular heterogeneity in epiphyseal
chondroblast cultures confirming prior observations in epiphyseal,
growth plate and articular cartilage [16,35–37]. We identified 16 cell
clusters and pseudotime trajectory analysis revealed an association be-
tween clusters expressing gene markers identified in chondrogenic cells,
articular/synovial fibroblasts and fibroblasts. Although previous work in
9

postnatal femoral and tibial epiphyses revealed the presence of 34 clus-
ters, the characterization of cell clusters present in epiphyseal chondro-
blasts by UMAP performed in the present study is by and large consistent
with previous findings in postnatal epiphyses [35].

scRNA-Seq analysis revealed cellular heterogeneity in epiphyseal
chondrocyte cultures and pseudotime trajectory analysis revealed an
association between clusters expressing gene markers identified in fi-
broblasts and chondrogenic cells. This potential progression was not
affected by TNFα. It is of interest that cluster analysis identified 5 clusters
associated with fibroblasts and these constituted ~40 % of the cell
population recovered. It is important to note that the cell population of
each cluster defined by its transcriptome profile is related but not
necessarily completely homogeneous.

Our study revealed the presence of the same cell clusters in control and
TNFα treated epiphyseal chondroblasts. Although an equal number of live
cells from control and TNFα-treated cultures were partitioned on a Chro-
mium iX instrument, the overall number of cells recovered was lower in
the context of TNFα. There is no apparent explanation for the difference in
recovery although it is not likely due to alterations in cell viability or
replication since the number of live cells processed was comparable be-
tween control and experimental groups. In accordance with the known
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inhibitory effects of TNFα on chondrogenesis, the clusters mostly affected
were those expressing gene profiles of chondrocytes and the limb bud. In
addition, TNFα suppressed the expression of limb bud and chondrogenic
gene markers in these clusters. It is of interest that TNFα induced Spp1,
encoding secreted phosphoprotein 1 or osteopontin, in chondrogenic cells
and Spp1 has been associated with inflammation and osteoarthritis [38,
39]. scRNA-Seq has confirmed the increased expression of Spp1 in osteo-
arthritis, and even though its distribution is heterogeneous, a unique
cluster of chondrocytes characterized by high Spp1 expression was iden-
tified [39]. Moreover, IPA revealed enhanced osteoarthritis pathway by
TNFα in chondrogenic clusters. The cell heterogeneity of epiphyseal
chondrocytes has important implications on the interpretation of the re-
sults obtained with this culturemodel since a change observedmay ormay
not be due to a direct effect on a chondrogenic population.

GSEA of bulk RNA-Seq data revealed suppression of cartilage and
skeletal tissue development by TNFα leading us to determine its influence
on the IGF/IGFBP axis. The current findings demonstrate the expression of
Igf1 and Igf2 by multiple clusters from epiphyseal chondrocytes and their
downregulation by TNFα, confirming previous observations in hepatocytes
and vascular smooth muscle cells [40,41]. It is of interest that Igf2 was
mostly expressed by chondrogenic clusters, and its level of expression was
higher than that of Igf1, possibly related to the fact that epiphyseal chon-
drocytes were isolated from newborn mice. These findings are consistent
with the essential role played by IGF2 in cartilage development, peri-
chondrial cell proliferation and differentiation and chondrocyte meta-
bolism [42]. TNFα induced Igfbp3 and Igfbp5, binding proteins that have
been associated with an inhibitory function of IGF actions, and suppressed
Igfbp4, a binding protein that has been associatedwith both stimulatory and
inhibitoryactivity on the IGFaxispossiblybymodulating thebioavailability
of IGF1 [43,44]. The suppression of Igf1 by TNFαmay contribute to its role
in inflammation and osteoarthritis, since IGF1 inhibits cartilage matrix
degradation and by promoting cartilage anabolism it favors its repair [45].

The profound effects of TNFα on the IGF/IGFBP axis are in agreement
with findings in osteoarthritis and rheumatoid arthritis and preclinical
models of the disease. Although there is increased IGF1 in synovial fluid
and articular chondrocytes and cartilage from individuals with osteoar-
thritis and rheumatoid arthritis, there is a concomitant increase in
IGFBP3 and IGFBP5 and IGFBP3 colocalizes with extracellular matrix
proteins, such as fibronectin [46,47]. The increase in IGFBP3 and IGFBP5
in the joint environment may reduce the availability of IGF1 to articular
chondrocytes and temper its anabolic effects. Indeed, inhibition of the
interaction between IGF1 and IGFBPs results in an increase in available
IGF1 and as a consequence an increase in proteoglycan synthesis with
improved osteoarthritis in preclinical models of the disease [48,49].
Although estrogen replacement therapy increases IGFBP3 in articular
cartilage of ovariectomized cynomolgus monkeys, this does not alter the
collagen or proteoglycan content in the tissue or the beneficial effect of
estrogen on osteoarthritis [50].

A limitation of this work is the fact that data were restricted to the
determination of gene profiles and changes were not confirmed at the
protein level. We recognize that epiphyseal chondrocytes from newborn
mice have properties of chondroblasts, are not fully mature and are not
entirely representative of events occurring in the joint in vivo, and that
osteoarthritis is a cartilage disorder of mature joints. However, they
offered an initial and practical approach to ascertain the cellular envi-
ronment possibly responsible for the effect of TNFα.

In conclusion, TNFα inhibits chondrogenesis, enhances the inflam-
matory response and affects cell cluster allocation in epiphyseal chon-
drocyte cultures.
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