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The limited molecular classifications and disease signatures of osteoarthritis (OA) impede the development of prediagnosis and
targeted therapeutics for OA patients. To classify and understand the subtypes of OA, we collected three types of tissue including
cartilage, subchondral bone, and synovium from multiple clinical centers and constructed an extensive transcriptome atlas of OA
patients. By applying unsupervised clustering analysis to the cartilage transcriptome, OA patients were classified into four subtypes
with distinct molecular signatures: a glycosaminoglycan metabolic disorder subtype (C1), a collagen metabolic disorder subtype
(C2), an activated sensory neuron subtype (C3), and an inflammation subtype (C4). Through ligand-receptor crosstalk analysis of
the three knee tissue types, we linked molecular functions with the clinical symptoms of different OA subtypes. For example, the
Gene Ontology functional term of vasculature development was enriched in the subchondral bone-cartilage crosstalk of C2 and the
cartilage-subchondral bone crosstalk of C4, which might lead to severe osteophytes in C2 patients and apparent joint space
narrowing in C4 patients. Based on the marker genes of the four OA subtypes identified in this study, we modeled OA subtypes
with two independent published RNA-seq datasets through random forest classification. The findings of this work contradicted
traditional OA diagnosis by medical imaging and revealed distinct molecular subtypes in knee OA patients, which may allow for

precise diagnosis and treatment of OA.
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INTRODUCTION

Osteoarthritis (OA) is one of the most common degenerative joint
diseases with increased incidence in the current aging population.’
Knee OA is characterized by pathological changes in most tissues of
the joint, including cartilage degradation, synovial inflammation,
and subchondral bone structure alteration, which ultimately lead to
a narrow joint space and osteophytes, resulting in severe
destruction and impaired function>™ Current treatments for OA
mainly focus on symptomatic relief of pain or joint replacement
surgery at the late stage. No pharmaceutical agents are capable of
slowing down or halting the progression of OA’ Advanced
therapeutics such as autologous chondrocyte implantation (ACI)
and matrix-based autologous chondrocyte implantation (MACI)
produce improvements in more than 80% of OA patients. However,
the efficacies of ACl and MACI in an individual patient are varied and
unpredictable. The development of efficient and predictable
therapeutics is limited by the limited knowledge on OA classification
and the mechanisms involved.® Current diagnostic and treatment
strategies are still “one rule applied to all patients”,” which indicates
the need for research on the classification of OA subtypes. To date,
clinical OA classification is based on clinical symptoms such as

; https://doi.org/10.1038/s41413-020-00109-x

etiological elements, onset of position, region of influence, and
other factors observed in the clinic. Unfortunately, most of these
features and histopathology fail to elucidate the pathophysiological
changes of OA or predict the outcome of OA treatment®® Gene
expression information together with clinical data has been useful
for the classification of disease subtypes.'®'" Therefore, it is logical
and feasible to use transcriptome data for OA subtype classification.

Cartilage with optimal extracellular matrix (ECM) function
requires the maintenance of a delicate balance between anabolic
and catabolic activities.'? Local cartilage damage is the most
typical phenotype of knee OA lesions. Therefore, we investigated
pathological results and defined subtypes according to the current
state of OA cartilage. On the other hand, pathological results for
OA cartilage and joint crosstalk reflect the accumulative effect of
various factors related to both internal and external conditions.
Hence, the transcriptomes of the subchondral bone tissue and
synovial tissues in the joint are also essential for understanding OA
subtypes. Here, we created a transcriptome atlas of articular
tissues to identify OA subtypes with remarkable heterogeneity in
cartilage and understand the function of cartilage, subchondral
bone, and synovial crosstalk in OA symptoms.
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Four OA subtypes with distinct molecular features
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Fig. 1 Identification of subtypes from OA cartilage RNA sequencing data. a Heatmap visualization of genes across 131 OA individuals revealed
four distinct subtypes (C1-C4). b The upregulated Gene Ontology (GO) terms of each subtype were determined using GAGE. ¢ The
downregulated GO terms of C3 were determined using GAGE. In GAGE analysis, stat.mean represents the magnitude of GO term level

changes and indicates the direction of the changes

RESULTS

Identification of four OA subtypes with different metabolic
activities

To understand the heterogeneity of OA and identify potential
subtypes, we used the next-generation sequencing technique
BRB-seq'® to screen articular cartilage gene expression. After
rigorous quality control (Supplementary Methods), 131 OA
cartilage samples and four control cartilage samples were
identified for further analysis. To identify OA subtypes from such
a high-dimensionality dataset, we applied the unsupervised
clustering method SC3'* combining multiple clustering solutions
to identify subclusters of OA. Based on the top 4 000 most variable
genes, 131 OA patients were classified into four subtypes: 81
(61.8%) into cluster 1 (C1), 24 (18.3%) into cluster 2 (C2), 10 (7.6%)
into cluster 3 (C3) and 16 (12.2%) into cluster 4 (C4) (Fig. 1a). We
used the GAGE method'” to identify the enriched functional gene
set for each cluster (Supplementary Methods). The results showed
that protein localization to the endoplasmic reticulum was one of
the significantly upregulated Gene Ontology (GO) terms of C1,
ECM organization and cellular component movement were the
significantly upregulated GO terms of C2, GTPase regulator activity
and synaptic membrane were the significantly upregulated GO
terms of C3, and immune response was one of the significantly
upregulated GO terms of C4 (Fig. 1b). C3 had significantly
downregulated GO terms, such as translation and mitochondrial
part (Fig. 1c), suggesting repression of metabolic processes in C3
in contrast to the active metabolism status in the other three
clusters.

Activated neuron regulation subtype

We found that various genes, such as GRIK2, GRM7, GRID2, and
NRXN1, in the synapse GO term were highly expressed in C3
(Supplementary Fig. 1a). Few studies have explored scenery
neuron-associated genes in OA. To determine whether neuron-
related genes expressed in cartilage tissues could be found in
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other studies, we analyzed two publicly available gene expression
omnibus (GEO) datasets containing cartilage RNA-seq data
(GSE114007'® and GDS2809'7) and found that many synapse
assembly-related genes were expressed (Supplementary Table 1).
However, genes associated with angiogenesis were not highly
expressed in C3 (Supplementary Fig. 1b).

Three activated metabolic disorder subtypes

To investigate the three metabolically disordered OA subtypes,
DESeq2'® was applied to identify differentially expressed protein-
coding genes (DEGs) among C1, C2, and C4. Overall, 151 DEGs
were found between C2 and C1 (C2_vs_C1), 756 DEGs were found
between C4 and C1 (C4_vs_C1), and 47 DEGs were found between
C4 and C2 (C4_vs_C2), with cut-offs of a fold change greater than
4 and a false discovery rate (FDR) less than 0.05. C2_vs_C1 and
C4_vs_C1 shared 100 DEGs, while 43 DEGs were common
between C4_vs_C1 and C4_vs_C2, and one DEG was common
between C2_vs_C1, C4_vs_C1 and C4_vs_C2 (Fig. 2a). The
expression fold changes of the top 10 DEGs in each comparison
were visualized (Fig. 2b). This result illustrates that C4 and C2 are
the most similar.

The DEG analysis results indicated that aggrecan (ACAN) and
COL9A3 levels were upregulated in C1 compared with C2 and C4,
while ADAMTS2 and versican (VCAN) levels were downregulated in
C1. COL1AT was similarly expressed in C1 and C2, while COL5A1,
COL6A1, and GDF6 were highly expressed in C2 (Fig. 2c). In C4, the
expression of COL2AT was low, while the expression of IL18, IL7,
and CD34 was high (Fig. 2c). The gene expression pattern of
C4 suggested that a severe level of inflammation might be present
in C4 patients. The results also showed that a large number of the
DEGs were components of the ECM, which may imply the
existence of distinct cartilage ECMs among the OA subtypes.

To evaluate the function of the DEGs in each cluster, we used
Cytoscape to construct functional interaction (FI) networks based
on the Reactome pathway database.'® Four FI network modules of
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Fig. 2 Characterization of metabolically disordered OA subtypes. a Venn diagram of differentially expressed protein-coding genes (DEGs).
b Heatmap of the top 10 differentially upregulated and downregulated protein-coding genes. ¢ Violin plots showing the expression of
cartilage development- and OA-related genes. d The largest functional interaction (FI) network module of differentially expressed genes
between C4 and C2. e Box plot of protein expression in hydrarthrosis. f CIBERSORT-inferred relative fractions of different immune cell types
across the three metabolically disordered OA subtypes. g Box plot of the relative fractions of CD8+ T cells and neutrophils in OA subtypes.
(Wilcoxon rank-sum test; *represents FDR < 0.1, *represents FDR < 0.05, *represents FDR < 0.01, and **represents FDR < 0.001)
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C4_vs_C1 DEGs were identified (Supplementary Fig. 2a), and the
largest Fl network module represented the inflammatory
response, apoptotic process, response to lipid and immune
response (Fig. 2d). The other three FlI network modules were
enriched for the innate immune response, ECM organization and
positive regulation of GTPase activity. The largest module of the Fl
network constructed with C2_vs_C1 DEGs was significantly
enriched in ECM organization and the collagen catabolic process
(Supplementary Fig. 2b). The largest module of the FI network
constructed with C4_vs_C2 DEGs was enriched in the innate
immune response, negative regulation of the leukocyte apoptotic
process and the cellular response to a cytokine stimulus
(Supplementary Fig. 2c).

To characterize the subtypes at the protein level, we analyzed
secreted proteins in the synovial fluid using ELISA (Fig. 2e).
MIP1a, SDF1a, RANTES, and IL8 are chemoattractants for
immunocytes. IFNy and IL6 are cytokines with essential
immunoregulatory functions.’®?' Our ELISA results showed
higher expression of IFNy in C1, VEGFA and IL6 in C2, and
MIP1qa, SDF1q, and IL8 in C4 (Fig. 2e). IL10-mediated inhibition of
the synthesis of a number of cytokines?® was significantly
downregulated in C4. This result demonstrated that the three
metabolically disordered OA subtypes secreted different inflam-
matory molecules, which might be linked to different immune
responses in each subtype. Subsequently, we investigated the
relative leukocyte fractions in these three subtypes using
CIBERSORT**?* and found a higher relative fraction of neutro-
phils in C1 and a higher relative fraction of CD8+ T cells in C4
(Fig. 2f, g). The results may suggest the existence of an adaptive

inflammatory response in C4 OA patients (detailed statistical test
results are shown in Supplementary Table 2).

Tissue crosstalk in the whole OA knee

In addition to the cartilage, other joint tissues, such as the
synovium?>>2® and subchondral bone,?” may also contribute to OA
etiology. To map the tissue crosstalk in the OA knee, synovium
and subchondral bone samples were collected, and BRB-seq was
performed for the same OA patients. After quality control, we
obtained transcriptome data from 60 synovium samples (37
patients from C1, 12 patients from C2, and 11 patients from C4)
and 65 subchondral bone samples (44 patients from C1, 16
patients from C2 and five patients from C4). To dissect intertissue
crosstalk, we analyzed ligand-receptor pairing based on the
expression of the complementary ligand and receptor in every
other tissue (Supplementary Methods). Thus, nine types of tissue
crosstalk including cartilage-cartilage  crosstalk  (cart-cart),
cartilage-synovium crosstalk (cart-syno), cartilage-subchondral
bone crosstalk (cart-subc), synovium-cartilage crosstalk (syno-cart),
synovium-synovium crosstalk (syno-syno), synovium-subchondral
bone crosstalk (syno-subc), subchondral bone-cartilage crosstalk
(subc-cart), subchondral bone-synovium crosstalk (subc-syno) and
subchondral bone-subchondral bone crosstalk (subc-subc) were
analyzed in each OA subtype. The numbers of expressed ligand-
receptor pairs for syno-subc (526), subc-syno (474) and subc-subc
(441) were largest in C1, and the numbers of expressed ligand-
receptor pairs for the other six types of tissue crosstalk were
largest in C4 (Fig. 3a-c, left panel). These results showed more
tissue crosstalk in C4 than the other subtypes. Then, we calculated
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Fig.3 Tissue crosstalk in the OA joint. a-c Heatmap showing the number of expressed ligand-receptor pairs of all tissue crosstalk pairs in each
subtype (left panel). Network visualizing the number of potential tissue-tissue crosstalk pairs in each subtype (right panel). Nodes represent
tissue types, edges are proportional to the number of highly expressed ligand-receptor pairs, and arrows designate the link direction.
a Subtype C1. b Subtype C2. ¢ Subtype C4. d Enriched GO terms of all tissue crosstalk pairs in C4. e Heatmap (left panel) showing the gene
expression of two ligand-receptor pairs, VCAN-ITGA4 and TNFSF11-TNFRSF11A, in each tissue and each subtype. Bar plots (right panel) present
the average CPMs of ligand and receptor genes in each tissue and each subtype
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the occurrence ratio (OR) for ligand-receptor pairs and identified
highly expressed ligand-receptor pairs for each paired tissue
(Supplementary Methods). Figure 3a—c summarize the number of
crosstalk events with highly expressed ligand-receptor pairs in
networks. The numbers of highly expressed ligand-receptor pairs
for bidirectional subc-syno (204) and syno-subc (207) were largest
in C2 (Fig. 3a—c, right panel).

To characterize the functional features of tissue crosstalk in
specific OA subtype, GO enrichment analysis of highly expressed
ligand-receptor genes was applied (Supplementary Methods).
Some biological processes of tissue crosstalk appeared in all OA
subtypes, such as extracellular structure organization, ECM
organization and tissue development enriched in subc-cart
(Fig. 3d, Supplementary Figs. 3 and 4). Ossification enriched in
subc-cart and regulation of osteoblast differentiation enriched in
subc-subc were both found in C4 (Fig. 3d) and might contribute to
subchondral bone overgrowth, thus leading to the narrowed joint
space observed in C4 patients. Furthermore, vasculature develop-
ment and invasion are critical foundations in osteophyte
development and bone remodeling. Considering that vasculature
development was enriched in the subc-cart of C2 and the cart-
subc of C4 (Supplementary Fig. 4 and Fig. 3d), we speculated that
the different directional tissue crosstalk patterns might affect
disease progression and clinical symptoms.

Next, we investigated the counts per million (CPMs) of two
differentially expressed ligand-receptor pairs. The expression of
ITGA4, the receptor for the VCAN ligand, was downregulated in C1
(Fig. 3e), a condition favoring the ACAN metabolic disorder found
in C1. TNFSF11, which encodes a member of the tumor necrosis
factor (TNF) cytokine family, is a ligand for osteoprotegerin and is
a key factor for osteoclast differentiation and activation.® The
receptor TNFSF11A was highly expressed in the cartilage of C2 and
subchondral bone of C4. These results suggested that the
imbalanced expression of ligands and receptors between tissues
affected tissue crosstalk.

Clinical features of the OA subtypes

Clinical data of the OA patients, including age and Kellgren and
Lawrence system (KL), joint space narrowing (JSN) and osteophyte
scores, were analyzed for each OA subtype (Supplementary Table
3 and Supplementary Fig. 5). In general, the C3 subtype presented
in a greater number of relatively young individuals (Fig. 4a), while
43% of the C3 subtype patients had a KL graded score of 3
(Fig. 4b), suggesting milder symptoms in C3 compared to the
other subtypes. In the C2 subtype, 27.5% of the patients had an
osteophyte score greater than 10 (Fig. 4c), which was significantly
higher than the scores of C1 patients (P=0.035 Cochran-
Armitage test, FDR=0.05). This finding might suggest that
osteophytes could be one of the prominent symptoms of C2 OA
patients. We also found that 34% of C4 patients had a JSN score of
6 (Fig. 4d), and the JSN score of C4 was significantly higher than
that of C1 (P=0.039, Cochran-Armitage test, FDR =0.12). This
suggested that JSN might be a trait in C4 OA patients (detailed
distributions are shown in Supplementary Fig. 5, and detailed
statistical test results are listed in Supplementary Table 4). The fact
that specific OA clinical symptoms could be linked with a
corresponding molecular mechanism suggests that our classifica-
tion method is clinically reasonable. Thus, we next sought to
identify potential marker genes for each subtype and validated
the subtypes we identified here with independent public datasets.

Marker genes in the four OA subtypes

Through the SC3'* method with an adjusted P value less than 0.05,
we identified 211 marker genes for C1, 37 marker genes for C2, 86
marker genes for C3, and 230 marker genes for C4. The marker
genes for each subtype were ranked by the area under the receiver
operating characteristic curve (AUC), and the top 20 genes were
visualized in a heatmap (Fig. 4e, Supplementary Methods). From the
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results, highly expressed genes, including LRRC4C, CTNNA2, GRID2,
LRRTM4, GRM7, and ADGRL3, were the top marker genes of C3. The
highly expressed gene ACAN, which had low expression in C2 and
C4, could be a specific marker of C1. The highly expressed genes
COL5A1 and COL6AT were identified as marker genes of C2, and
TMSB4X was identified as a marker gene of C4.

The marker genes of each cluster were enriched in specific GO
terms (Fig. 4e). The marker genes of C1 were enriched in the
aminoglycan metabolic process, glycosaminoglycan (GAG) meta-
bolic process, chondroitin sulfate metabolic process, and other
terms. PCOLCE2 (also named PCPE2), which is expressed in OA
cartilage,?® was identified as one of the markers of C1. Pcolce2
expression was found in the interior nonossified regions of
cartilaginous structures and excluded from regions of ossification
in mice. The distribution of Pcolce2 expression precisely matches
the distribution of the proteoglycans of nonossified cartilage.>
The marker genes of C2 were enriched in GO terms such as ECM
organization and cell adhesion. Furthermore, two functional terms
associated with collagen metabolism, the collagen metabolic
process and collagen fibril organization, were also identified in this
subtype. TGFB-induced gene (TGFBI) is a marker of C2 that plays a
role in cell adhesion and collagen interactions.?' The expression of
TGFBI family members is upregulated in the cartilage and bone of
patients with OA, whereas it is downregulated in bone marrow-
derived human mesenchymal stem cells (MSCs).3* Another
marker, SOX4, is involved in osteoarthritic cartilage deterioration
through the induction of ADAMTS4 and ADAMTS5 in the human
cell line SW1353.3® PARTT can modulate chondrocyte proliferation,
apoptosis, and ECM degradation by sponging miR-373-3p and
regulating SOX4 expression in OA>* The marker genes of
C4 showed that myeloid leukocyte activation, leukocyte degranu-
lation, and angiogenesis were the most significantly enriched
functional terms. Thymosin 34 (TMSB4X) is a marker gene of C4
that significantly affects actin polymerization, wound healing,
apoptosis, inflammatory responses, and angiogenesis>> and
activates matrix metalloproteinase (MMP)-2 and MMP9 in the
articular cartilage.®® Under OA conditions, chondrocytes in the
joint cartilage release large amounts of MMPs, which leads to
cartilage destruction. The MMPs expressed at increased levels
regulate the recruitment and influx of inflammatory cells to the
site of inflammation by processing ECM components, growth
factors, cytokines, and chemokines.>” Consistent with our previous
observation, the marker genes of C3 were enriched in synapse
assembly. Most of the marker genes of C3 were identified to affect
neurogenesis. As an example, Grm7 knockdown leads to persistent
abnormal neuronal development, while Grm7 overexpression
ameliorates the defects in neurogenesis caused by Grm7 knock-
down in mice.*® According to the functions of the marker genes of
each subtype, these subtypes were named C1-Glycosaminoglycan
Metabolic Disorder, C2-Collagen Metabolic Disorder, C3-Activated
Sensory Neurons, and C4-Inflammation.

To validate the identified subtypes in our study with an
independent dataset, we built a random forest-based classification
model using two public OA RNA-seq datasets, E-MTAB-6266>° and
GSE114007," as the testing datasets (Supplementary Methods,
Supplementary Fig. 6). In the dataset E-MTAB-6266, we identified
three subtypes, including 30 C1 samples (69.8%, 30/43), eight
C2 samples (18.6%, 8/43) and five C4 samples (11.6%, 5/43). C3
was not identified in the dataset E-MTAB-626, so we analyzed the
age distribution of the patients included in the dataset E-MTAB-
626. The age distribution showed that the average age of the
patients in E-MTAB-626 was 75 years with a standard deviation of
6.2 years (the oldest patient was 85 years old, and the youngest
was 63 years old). These results indicated that the patient ages in
E-MTAB-626 were older than those in our C3 subtype (average age
was 69.2 years with a standard deviation of 5.1 years). This may be
the reason why C3 was not identified in the E-MTAB-626 dataset.
Another possibility is that the proportion of the C3 subtype is
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Fig. 4 Clinical symptoms and marker genes with speciﬁc functions in each OA subtype. a Stacked plot of the age percentages in each
subtype. b Stacked plot of the KL score percentages in each subtype. ¢ Stacked plot of the osteophyte score percentages in each subtype.
d Stacked plot of the joint space narrowing (JSN) score percentages in each subtype. e Heatmap showing the expression of the top 20 marker
genes ranked by the AUROC in each subtype. The main enriched GO terms of all marker genes in each subtype are listed on the right

relatively small so C3 might not have been identified given the
small sample size of E-MTAB-6266. In the dataset GSE114007, we
identified two subtypes including 14 C1 samples (70%, 14/20) and

m >80

m71_80
m61_70

0 <=60

Age
C1 c2 C3 Cc4
KL score
C4

C1 c2 C3

Osteophyte score

C1 c2 C3

JSN score

C1 c2 C3 C4

6 C2 samples (30%, 6/20).

To validate our OA subtype classification, we performed
immunohistochemistry (IHC) to confirm the specific pathways in
each subtype (Fig. 5a, b). Compared to normal cartilage samples,
all OA samples presented a reduction in the proteoglycan level
and a defective cartilage surface indicated by Safranin O staining,
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Chondroitin sulfate metabolic
process
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* C2_collagen metabolic disorder

Extracellular matrix organization
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Response to transforming
growth factor beta
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Collagen catabolic process
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Collagen fibril organization
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Synapse organization
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Leukocyte degranulation
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Cell activation involved in
immune response
(FDR=1.17E-13)

Angiogenesis
(FDR=1.09E-07)

confirming their osteoarthritic properties. We further confirmed
that the representative genes of specific pathways correlated well
with quantitative immunohistochemistry results. Positive staining
for ACAN in the articular cartilage was significantly higher in C1
patients, while MMP13-positive cells dominated the collagen
metabolic disorder C2 subtype. Synaptophysin (SYP) is related to
pathways of the synaptic vesicle cycle,*
detected in patients classified as having the C3 activated sensory
neuron subtype. CD34, which is commonly described as a
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Fig. 5 a Representative immunohistochemical analysis of the specific pathways in cartilage tissues of each subtype. Scale bar, left, 200 pm;
lower right, 400 pm. b The percentage of positive cells in each subtype based on the immunohistochemical analysis shown in a. *P < 0.05,
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Table 1. The features of the four identified OA subtypes

GAG metabolic 1

Clinical features  Typical symptom Severe osteophyte

Treatment GAG supplement Collagen supplement
principles
Drugs Hyaluronic acid Gelatin

Hyaluronic
Glucosamine

Hyaluronic collagen
Undenatured collagen

Features C1: GAG metabolic C2: Collagen metabolic C3: Activated sensory C4: Inflammation
disorder disorder neurons

Molecular PCOL CE2/ACAN 1 TFGB/COL6AT 1 GRIK2/GRM71 TMSB4X/CD34 1

features VCAN | Collagen catabolic 1 Synapse assembly 1 Immune response 1

Younger age of KRS
Analgesia

NGF-inhibitor (tanezumab) NSAIDs
Acetaminophen
Opioids

Apparently narrow joint space
Anti-inflammation

Corticosteroids

IL-1 inhibitor (canakinumab)

TNF-a inhibitor (adalimumab, infliximab,
etanercept)

hematopoietic stem cell marker and associated with inflammatory
responses, was more enriched in the C4 inflammation subtype.

DISCUSSION

The current standard bulk transcriptomic workflow utilizes late
multiplexing and processes the samples on a one-by-one basis.
Learning from single-cell RNA profiling designed for an early
multiplexing protocol, BRB-seq provides a great capacity for
transforming large sets of tissue samples into a unique sequen-
cing library. Tissue samples are individually labeled, pooled
together and then analyzed in bulk to shorten the run time and
cost for library preparation and sequencing. Although they have a
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slightly lower sensitivity than conventional mRNA-seq, 3’ digital
gene expression assays are effective for detecting genome-wide
gene expression levels with stringent quality control (QC).*" The
limitation of BRB-seq is the inability to capture low-abundance
genes and address RNA splicing and fusion gene research
questions. Considering these advantages and disadvantages,
BRB-seq is suitable for research with high-abundance genes in
large sets of samples, such as organ-specific feature discovery*?
and disease classification. OA is a heterogeneous disease with
distinct pathogenic processes. Many traditional pharmacological
therapies, such as acetaminophen and nonsteroidal anti-
inflammatory drugs (NSAIDs), may not be effective for treating
all OA patients. To date, there is still no approved disease-
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modifying osteoarthritis drug (DMOAD).** To help address this, in
this study, we created a knee joint tissue transcriptome atlas by
using BRB-seq in the largest OA cohort studied to date.

In the present study, the classification model was successfully
built by transcriptomic analysis and unsupervised clustering of OA
cartilage samples, identifying four distinct OA subtypes and their
corresponding functional signatures. These OA subtypes showed
high correlations with OA symptoms, such as glycosaminoglycan
metabolism disorder (typical clinical symptoms), collagen meta-
bolism disorder (osteophytes), activated sensory neurons (perhaps
joint pain) and inflammation (a narrowed joint space) (Table 1).

Briefly, the C1-glycosaminoglycan metabolic disorder OA
subtype presented typical clinical symptoms. In this subtype,
ACAN was highly expressed, and VCAN was lowly expressed,
suggesting a disordered proteoglycan composition in the joint.
The ratio of ACAN to VCAN (ACAN/VCAN) is significantly higher in
normal cartilage than in OA cartilage.** Unlike the other subtypes,
C1 did not present any specific symptoms. Therefore, this subtype
may present a relatively earlier stage than the other subtypes. The
C2-collagen metabolic disorder OA subtype represented osteo-
phytes in the clinic. Osteophytes may develop from pluripotent
chondrocyte differentiation in vivo.*> COL5AT and COL6AT, which
have been previously reported to be associated with ossifica-
tion,*>*® were highly expressed in this subtype. Moreover, COL6AT
and TGFBI were identified as two marker genes of C2. According to
tissue crosstalk analysis, vasculature development was signifi-
cantly enriched in the subchondral bone-cartilage crosstalk of C2.
These molecular and functional signatures are consistent with the
clinical symptoms of osteophytes.

The C3-activated sensory neuron OA subtype, which included the
youngest patients, exhibited high expression of neural molecules,
such as LRRC4C, CTNNA2, and GRID2, which suggested the pain
sensitivity of this subtype. Many genes encoding ion channels, such
as KCNIP4 and GRM?7, were also highly expressed in this subtype.
The increased expression of both neural markers and ion channel
remodeling genes may be caused by biomechanical changes in the
articular cartilage, promoting pain sensitivity. Notably, the concept
of the activated sensory neuron OA group was proposed for the
first time in this study. To the best of our knowledge, sensory nerve
fibers are observed in contact with a subpopulation of chondro-
cytes located in the growth cartilage and at the surface of the
articular cartilage*’*® Calcitonin gene-related peptide (CGRP)-
positive fibers, which originate from the periosteum and near
insertion regions of the muscles and tendons, innervate up to
25 pm into the articular and meniscal cartilage tissues in rat knee
joints.*” Furthermore, Suri et al. localized both sensory (SP- and
CGRP-positive) and sympathetic [neuropeptide Y (NPY)-positive]
nerve fibers in the articular cartilage in human tibiofemoral OA, and
both of these nerve fiber types were present within vascular
channels in both mild and severe OA stages.*® According to these
findings, the nerves are localized in the perivasculature in the
surface layer of the cartilage. Therefore, vascularization leads to
innervation. In addition, perivascular nerve growth may contribute
to pain in OA because nerve growth is associated with peripheral
sensitization and nerves in structures that are generally not
innervated, such as cartilage, could be exposed to chemical
stimulation and mechanical stress. Thus, neovascularization may
contribute to pain in patients with OA because of the accompany-
ing sensory innervation.>® We proposed that the abundance of
sensory nerves is the driving force of OA pain. The pathogenesis of
C3 gives rise to patients choosing knee replacement surgery (KRS)
at a relatively young age.

The C4-inflammation OA subtype presented high inflammation
and a narrow joint space in the clinic. The marker genes TMSB4X
and CD34 were highly expressed in the cartilage, and the protein
SDF1q, which actives T lymphocytes and monocytes but not
neutrophils,>>? was highly expressed, whereas IL10 (an inhibitory
cytokine)® was expressed at low levels in the synovial fluid. These
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features promoted the high inflammation observed in this
subtype. According to the results of joint tissue crosstalk analysis,
the function of ossification was enriched in subchondral bone-
cartilage crosstalk, the function of osteoblast differentiation
regulation was enriched in subchondral bone-subchondral bone
crosstalk, and the function of vasculature development was
enriched in cartilage-subchondral bone crosstalk. These results
may be the cause of the narrow joint space characteristic of C4.

Here, we listed some potential treatments for the four OA
subgroups. Injection of members of the glycosaminoglycan family,
including hyaluronic acid, chondroitin, and glucosamine, provides
therapeutic benefits for OA due to chondroprotective effects.>*
These “chondroprotectants” should be the first option for people
in the C1 subgroup. The treatments for patients in the
C2 subgroup should include collagen supplements, such as
gelatin, hydrolyzed collagen, and undenatured collagen. In
particular, pharmaceutical-grade collagen hydrolysate (PCH) and
undenatured type Il collagen (UC-Il) have been shown to improve
the symptoms of OA by stimulating joint collagen.>>*® On the
other hand, nerve growth factor (NGF) (a neurotrophin) is
necessary for the normal development of the sympathetic nervous
system and sensory neurons. For individuals with musculoskeletal
pain, treatment with NGF inhibitors such as tanezumab, fulranu-
mab, and fasinumab can produce significant improvements in
joint pain and physical function, which may be a potent analgesic
for patients with C3-subtype OA.>’ For patients in the
C4 subgroup, the primary approach is the application of anti-
inflammatory agents. Hence, NSAIDs, corticosteroids, and TNF and
IL-1 inhibitors are highly recommended for C4-subgroup
patients.>®° Monotherapies targeting one or a few pathogenic
mechanisms have not been effective in treating all OA patients. In
the future, the development of effective DMOADs will be feasible
and practicable if specific OA subgroups are precisely targeted
through the combination of clinical data and molecular features.

MATERIALS AND METHODS
For full methods, see the Supplementary Methods.

Participants, samples and transcriptome library preparation

The selected patients fulfilled the American College of Rheuma-
tology classification criteria for OA and had no history of knee
injury, surgery, rheumatoid arthritis or pseudogout. OA was
confirmed in patient knee joint X-ray images. Samples of OA
cartilage, subchondral bone, synovium, and synovial fluid were
obtained from patients undergoing knee replacement surgery at
four clinical research centers in China. Cartilage tissues obtained
from individuals undergoing amputation (without OA) were used
as control samples. A total of 232 cartilage samples were collected
(227 OA samples and five amputation samples without OA). The
whole layer of the cartilage around the full-thickness cartilage
defect was selected to create samples from the central area of the
medial femoral condyle (Supplementary Fig. 7). For this study,
subchondral trabecular bone cores (0.5 cm in diameter and 1 cm
in depth) were obtained from areas immediately underlying the
previously examined eroded cartilage using a surgical trephine. In
total, we obtained 227 OA cartilage samples, five control cartilage
samples, 60/227 OA synovium samples and 65/227 OA subchon-
dral bone samples. Among the 227 collected knee samples,
54 sets of the cartilage, synovium and subchondral bone samples
were from the same individuals. Informed consent was obtained
from all participants. This study was approved by the local clinical
ethics committees of Zhejiang University School of Medicine and
the affiliated hospital of Wenzhou Medical University
(2017KYLL11). RNA extraction and RNA-seq library preparation of
the cartilage, synovium and subchondral bone samples were
performed using the BRB-seq'>** protocol (details in the
Supplementary Methods).
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Clinical scores

The KL is a commonly used five-grade measurement to grade
knee OA severity.’' KL graded scores were either 3 or 4 in all the
study cohorts. For osteophyte symptoms, we used a baseline
posterior-anterior (PA) radiograph and scored each marginal
osteophyte on a scale of 0-3 according to the Osteoarthritis
Research Society International (OARSI) atlas.®? For each knee, we
scored four sites: The medial tibia, medial femur, lateral tibia, and
lateral femur. The osteophyte score was the sum of the scores of
the four sites. According to the OARSI atlas, JSN was evaluated in
the lateral part and medial part of the femoral tibia. Each part was
divided into 0-3 grades.®? The total knee rating corresponded to
the sum of the rating scores of both parts. Detailed deidentified
patient information is listed in Supplementary Table 3.

RNA-seq data analysis and unsupervised clustering

FASTX-Toolkit  version  0.0.13  (http://hannonlab.cshl.edu/
fastx_toolkit/commandline.html; FASTQ Quality Filter function)
was used for quality control of raw RNA-seq reads. Reads would be
retained if greater than 80% (parameter p =80) of bases within
the reads has a minimum quality score of 19 (parameter -q = 19).
The reads were then aligned to the GENECODE hg38.p5 human
reference genome using STAR with the default setting.® Counts
for all genes were calculated using featureCounts v1.6.0%* with
default settings. To avoid bias introduced by sequencing depth
variation, samples with total counts lower than 500 000 or total
counts higher than 2 000 000 were excluded. After this step, 131
OA samples and four control samples were kept for the following
analysis. The expression level of each gene was then normalized
using the CPM. To minimize noise effects, we discarded genes
with an expression variance higher than three based on control
samples without OA. We also kept only genes with a CPM larger
than five in at least 15 OA samples. This normalized count matrix
was then utilized to identify OA clusters with the unsupervised
clustering method single-cell consensus clustering (sc3)™ by
combining multiple clustering solutions in the R/Bioconductor
package “SC3”, which was used to process barcoded single-cell
RNA-seq datasets with similar dimensions. Genes with the top n
highest standard deviations were considered highly variable
genes (we tried n equal to 2 500, 3 000, 3 500, 4 000, 4 500,
and 5 000). To select an appropriate parameter k (the SC3
parameter k-means, used in the k-means and hierarchical
clustering), we tested k from 2 to 8 iteratively. For each SC3 run
with different k values, the silhouette score was calculated, the
consensus matrix was plotted, and cluster-specific genes were
identified. In combination, all three aspects helped us determine
the optimal k and n. Ultimately, we found that the average
silhouette score was largest when variable n = 4 000 and k-means
=3 (Supplementary Fig. 8a). Additionally, we found one
subcluster separated into two clusters when k-means =4 (Sup-
plementary Fig. 8b). We discussed all the clustering results with
clinical doctors. The clinical doctors supported the clustering of
four OA subtypes that were perfectly relevant to clinical
symptoms. Thus, we used n=4 000 and k-means =4, which
was the best parameter. The detailed clustering results are listed in
Supplementary Table 3.

Statistical analysis

To assess discrepancies in clinical scores, the Cochran-Armitage
test was used to evaluate the pairwise significance of clinical
symptoms between every two subtypes. Fisher's exact test was
used to compare the significance of sex among subtypes. The
Wilcoxon rank-sum test was used to calculate the significance of
secreted proteins in the synovial fluid across the subtypes and to
measure the significance of the fractions of CD8" T cells and
neutrophils across three subtypes. The FDR was used for multiple-
inspection corrections in all multiple tests. All statistics are shown
in Supplementary Table 4.
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