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Abstract: Background: Single-cell RNA sequencing (scRNA-seq) was recently adopted for exploring molecular pro-
grammes and lineage progression patterns of pathogenesis of important diseases. In this study, scRNA-seq was 
used to identify potential markers for chondrocytes in osteoarthritis (OA) and to explore the function of different 
types of chondrocytes in OA. Methods: Here we aimed to identify the biomarkers and differentiation of chondrocyte 
by Single-cell RNA seq analysis. GeneOntology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analy-
sis were used to identify the function of candidate marker genes in chondrocytes. Protein-protein interaction (PPI) 
network was constructed to find the hub genes in 3 types of chondrocyte respectively. We also used qRT-PCR to 
detect the expression level of the candidate marker genes in different types of chondrocyte. Results: In this study, 
we characterized the single-cell expression profiling of 480 chondrocyte samples and found hypertrophic chondro-
cyte (HTC), homeostatic chondrocyte (HomC) and fibrocartilage chondrocyte (FC) respectively. The results of GO 
and KEGG analysis showed the candidate marker genes made specific function in these chondrocytes to regulate 
the development of OAs respectively. We further revealed the differential expression of top 10 marker genes in 3 
types of chondrocyte. The marker genes of HTC and FC were mainly expressed in their cell subset respectively. The 
marker genes of HomC did not have obviously differential expression among different types of chondrocyte. Last, we 
predicted the key genes in each cell subset. CD44, JUN and FN1 were predicted tightly related to the proliferation 
and differentiation of chondrocytes in OAs and could be regarded as biomarkers to estimate the development of 
OA. Conclusion: Our results provide new insights into exploring the roles of different types of chondrocyte in OA. The 
biomarkers of chondrocyte were also valuable for estimating OA progression.
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Introduction

Osteoarthritis (OA) is the most common type of 
arthritis. It is a disability, delayed and degener-
ative disease characterized by appearance of 
inflammation of articular cartilage and synovi-
um, resulting in stiffness, swelling, pain and 
loss of mobility [1, 2]. An important pathologi-
cal feature of OA is the degradation of articular 
cartilage. Cartilage is composed of chondro-
cytes, stroma and fibers [3]. Chondrocyte is  
the only cell type present in mature cartilage 
and is responsible for repairing damaged carti-
lage tissue [4]. Dysfunction of chondrocytes will 
result in degradation of the matrix, cell death 
and total loss of cartilage integrity [5]. Some 

reports found chondrocytes in aging or dis-
eased cartilage became senescent with as- 
sociated phenotypic changes contributing to 
the development or progression of OA [6]. 
Apoptotic chondrocyte death also occurs more 
frequently in OA compared to normal cartilage 
and in OA lesional compared to OA non-le- 
sional cartilage [7]. Owing to the important 
roles of chondrocytes in the pathogenesis of 
OA, some researchers have tried to determine 
the development of OA based on the differenti-
ation and growth of chondrocytes [8, 9]. A few 
biochemical markers have been found and 
were used for estimating growth stage of chon-
drocytes in OA. However, biochemical markers 
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that can effectively predict cell subpopulations 
of chondrocytes remain largely unknown.

The formation of chondrocyte begins with the 
aggregation of mesenchymal cells [10]. Me- 
senchymal cells undergo a series of changes 
such as aggregation, migration, proliferation 
and fusion, and eventually differentiate into 
chondrocytes [11]. Chondrocytes undergo in 
four stages: resting stage, proliferation stage, 
prehypertrophy stage, and hypertrophy stage, 
and finally calcify into bone [12]. There exist 
some changes in gene and protein expression, 
cell morphology, cell surface markers and  
metabolic activity in the process of chondro-
cyte differentiation. Of which, the expression of 
some genes and proteins can not only regulate 
chondrogenic differentiation but also deter-
mine the stage of chondrogenic differentia- 
tion. Sox5 (L-Sox5), Sox6 and Sox9 have been 
used as biochemical markers of proliferative 
chondrocyte (proC) and cooperatively activat- 
ed expression of the chondrocyte differentia-
tion marker COL2A1 [13]. COL10A1 and ALP 
are markers of hypertrophic chondrocyte  
(HTC), when chondrocytes are transferred from 
proliferation stage to hypertrophy stage, the 
expression levels of these two genes are  
significantly increased [14]. Runx2 is mainly 
expressed in the perichondrium and prehyper-
trophic chondrocytes (preHTCs), which re- 
gulate the transformation of chondrocytes into 
HTCs [15]. These biomarkers play important 
roles in defining types of different chondro-
cytes. However, because of the limited number 
of available markers to identify the cell subtype 
of chondrocytes in OA, the exact process of 
chondrocyte differentiation in OA is not clear. 

In this study, we derived and characterized the 
cell features and marker genes among differ-
ent cell subtype of chondrocytes using scRNA-
seq profiling from chondrocytes isolated from 3 
patients with OA. We conducted computational 
analysis to define the cell subtype of chondro-
cytes and to identify the function and new bio-
markers of cell subtype of chondrocytes in OA. 
Our results could shed light on differentiation 
process of chondrocytes in OA.

Materials and methods

Data downloading of single-cell transcriptome 
profiling of chondrocyte cell samples

The single-cell transcriptome data of 480 chon-
drocytes were obtained from GSE104782 via 
the Gene Expression Omnibus (GEO) database 

[16] (https://www.ncbi.nlm.nih.gov/geo/). The 
chondrocytes from 3 OA patients. Clinical and 
demographic characteristics of the 3 patients 
were listed in Supplementary Table 1. We fil-
tered out poor-quality cells at first. The tran-
scriptome data were merged into one matrix 
and the normalization process were conducted 
by using the R package of limma. 

Processing of single-cell RNA-seq data 

We utilized R packages of limma, Seurat, dplyr 
and magrittr to filter out the poor data of  
matrix to transcriptome and normalize the  
data. We first read the data of matrix and 
merged the repeated genes. We used R pack-
age of Seurat to generate the object and fil-
tered out cells with poor quality [17]. The per-
centage of the gene numbers, cell counts and 
mitochondria sequencing count were calculat-
ed. Per Seurat’s recommendation for quality 
control, the gene expressed less than 3 cells 
and the cell contained less than 50 genes  
were discarded. To remove potential cell dou-
blets and low quality cells, the cells that have 
the percentage of mitochondrial genes more 
than 5% were filtered out [18]. We also extract-
ed genes that have a higher coefficient of varia-
tion between cells and constructed a charac-
teristic variance diagram.

After the quality control of data for the 3 OA 
patients and found the gene symbols, we per-
formed a principal component analysis (PCA) 
analysis and the top principal component for 
the cells was obtained [19]. We estimated the 
top 20 principal component by P value and the 
significant components were selected for t- 
Distributed Stochastic Neighbor Embedding (t-
SNE) algorithm. For visualization, we performed 
the t-SNE analysis based on that selected PC 
dimensions with the R package of Seurat [20]. 
For classifying all filtered cells, we set the  
clustering parameter resolution to 0.5 for the 
function FindClusters in Seurat. The standard 
of expression feature of marker genes was  
cutting off cell samples and marker genes with 
log fold change filter = 0.5 and adj PvalFilter = 
0.05 by the R package of limma [21]. The R 
package of ggplot2 was used to find the candi-
date marker genes in different cluster. The 
clusters and cell categories were also annotat-
ed by candidate marker genes on the R pack-
age of SingleR. Monocle pseudotime trajectory 
of cells were also constructed by the R package 
of monocle [22].
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Culturing the ATDC5 cells and L-929 cells

ATDC5 cells were used as a vitro model for 
chondrocytes. It is a mouse chondrogenic cell 
line which showed a sequential transition of 
phenotype in vitro. ATDC5 has been derived 
from teratocarcinoma AT805. ATDC5 is an 
important chondrocyte model, which has been 
widely applied to the study of chondrocyte  
proliferation and differentiation. The ATDC5 
cells (1×104 cells, purchased from ShZeYe, 
Shanghai, China) were inoculated in a cell  
vial containing DMEM/F12 (1:1) and 5% FBS. 
When the cells were more than half of the  
wall, added 1% of ITS (Insulin, Transferrin, 
Selenium). Changed the cell culture medium 
every 2 d. The chondrocytes of 7 d, 14 d and  
21 d were selected to identify the growth  
stage. The chondrocytes were divided into 
proC, HTC and resting chondrocyte (resC) by 
the expression of marker genes for different 
phase. All cells were cultured in a constant tem-
perature incubator at 37°C with 5% CO2.

L-929 cells (MICL-002, purchased from Shang- 
hai yanjin biological, Shanghai, China) belong-
ing to mouse fibroblast were separated from 
mouse. We regarded it as fibrocartilage chon-
drocytes (FCs). All cells were cultured in MEM 
medium (Gibco, USA) containing 10% fetal 
bovine serum (FBS; Gibco), streptomycin (100 
mg/ml; Gibco) and penicillin (100 units/ml; 
Gibco). All cells were cultured in a constant 
temperature incubator at 37°C with 5% CO2.

RNA extraction and reverse-transcription quan-
titative pcr (RT-qPCR)

Total RNA from tissues was extracted and was 
reverse-transcribed into cDNA using RNeasy 
Mini kit (Qiagen, Valencia, CA, USA) according 
to the manufacturer’s instructions. The expres-
sion of mRNAs was determined using SYBR 
Premix Ex Taq TM II (Takara Bio Inc., Japan).  
The primers using GAPDH as internal parame-
ter. The relative expression level was calculat- 
ed using the 2-ΔΔCt method. The experiment was 
repeated 3 times. The primers were listed in 
Supplementary Table 2.

Protein-protein interaction (PPI) network analy-
sis

Gene expression data from 3 clusters were  
first mapped with Retrieval of Interacting  
Genes (STRING) database (http://www.string-

db.org/) and then constructed PPI network. 
Then, the interaction data were then put into 
Cytoscape software to analyze the degree of 
connectivity. The top 20 candidate marker 
genes with high degree of connectivity were 
selected as the hub genes and visualized in 
histogram.

Statistical analysis

Statistical analysis was performed using R 
packages. Bar graphs show average expres-
sion levels ± SEMs. P values were calculated 
using a two-tailed Student’s t-test. All statisti- 
cal calculations were processed using SPSS 
22.0 statistical software. The evaluation of 
RT-qPCR data was performed using one-way 
ANOVA with Tukey’s post hoc test. P < 0.05 was 
considered significant.

Results

Single-cell profiling of human OA cartilage 
chondrocytes 

To explore the genes closely related to the 
development of chondrocytes, we acquired 
480 chondrocyte samples from 3 patients  
with OA (OA1, OA2 and OA3). Each OA includ- 
ed 160 chondrocytes. The program Seurat 
were used to analyze data. The distribution  
pattern chart showed the gene numbers and 
the sequencing count of each cell (Figure 1A). 
Most cells of the 3OAs included 1000-5000 
genes. The sequencing count of cells focus on 
the range of 950000-980000. We did not find 
the mitochondrial sequencing count from the 
data. By analyzed the correlation between 
nFeature and nCount, the significantly posi- 
tive correlation between nFeature and nCount 
were found (Figure 1B). We also identified the 
gene symbols with significant difference ac- 
ross cells (Figure 1C), of which10 significan- 
tly differentially expressed genes (COL1A1, 
ZNF585B, SLC5A12, COL1A2, IBSP, SPARCL1, 
TMSB4X, SPP1, CCL2, COL14A1) across the 
cell samples have been found. 

Furthermore, a PCA was performed based on 
the 1500 most variable genes. The correlated 
genes in each component were screened. The 
expression profile of 30 top relative genes  
and the correlation analysis of top relative 
genes in each component were shown in 
Supplementary Figure 1. The distribution of 
cells under the two principal components PC1 
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and PC2 showed an obvious dispersion, indi-
cating that our PCA could be used to map  
the cells into two dimensions (Figure 1D). The 
other components were calculated with an  
estimated P value, and we selected the signifi-
cant components for subsequent analysis 
(Figure 1E). Subsequently, cells were clustered 
based on a graph-based clustering approach, 
and were visualized in dimensional space us- 
ing t-distributed Stochastic Neighbor Embedd- 
ing (tSNE). By tSNE algorithm we classified the 
cells into 6 clusters (Figure 1F). However, sub-
groups of the cells could not be distinguished. 
The 6 clusters were all annotated as chondro-
cyte. Therefore, a deeper analysis was needed 
to find the subgroups of cells.

Cell trajectory analysis and annotations

In order to find the subgroups of cells, we first 
revealed the tendency curve of different clus-
ters by cell trajectory analysis. Before conduct-
ing the cell trajectory analysis, we performed 
differential analysis using the limma package 
and identified a total of 1010 candidate marker 
genes with |log fold change| > 0.5 and adj Pval 
< 0.05 (Supplementary Table 3). The top 10 dif-
ferential genes between the six clusters in the 
heatmap plot were illustrated in Figure 2A. 
Moreover, we constructed the trajectory analy-
sis to reveal the tendency curve of the six clus-
ters (Figure 2B). The results showed the cells of 
cluster2, cluster3 and cluster5 may had signifi-

Figure 1. Characterization of scRNA-seq from 480 chondrocyte 
samples. A, B. Quality control of single-cell RNA-seq for three OAs. 
Gene numbers and the sequencing count of each cell were showed. 
The positive associations between detected gene counts and se-
quencing depth were analyzed. C. We identified the gene symbols 
with significant difference across cells and drawn the characteristic 
variance diagram. D, E. The significantly available dimensions of 
data sets were identified by PCA with P value. F. We divided the cells 
into six clusters by tSNE algorithm based on available significant 
components from PCA.
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cant difference between each other and may 
belonged to different subgroup of chondrocyte. 
In addition, we empirically defined the subgroup 
of chondrocyte in each cluster by candidate 
marker genes. By annotation, we found the 

cells of cluster2 belonged to HTCs. The cells of 
cluster3 belonged to homeostatic chondro-
cytes (HomCs) which were defined by QB and 
his partners [16]. The cells of cluster5 belonged 
to FCs. We failed to annotate the cells of clus-

Figure 2. Cell trajectory 
analysis and annotation 
of 6 clusters. (A) The heat-
map of top 10 cluster 
specific genes from each 
cluster. Yellow-high expres-
sion. Purple-low/no expres-
sion. Each row represents 
a gene, and each column 
represents a single cell. 
(B) Cell trajectory analysis 
revealing the OA chondro-
cyte progression colored 
according to clusters. (C-E) 
The expression levels of 10 
candidate marker genes in 
HTC (C), HomC (D) and FC 
(E) among six clusters were 
illustrated via bubble plot.
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ter0, cluster1 and cluster4. We suspected that 
the cells of cluster0, cluster1 and cluster4 may 
belong to different period of HTCs, HomCs and 
FCs. However, these existed a low degree of 
heterogeneity of the candidate marker genes 
among the 3 clusters. Therefore, we could not 
define the specific cell subtype or cell period of 
the 3 clusters. By analyzing these results, we 
suggested the trajectory analysis combined 
with the annotation to candidate marker genes 
of tSNE was helpful to defining the types of 
cells between different clusters. For the top  
10 candidate marker genes of HTC (cluster2), 
HomC (cluster3) and FC (cluster5), we illustrat-
ed the significantly differential expressions of 
these genes in six clusters via bubble plot 
(Figure 2C-E). The plots showed most of these 
genes were specifically overexpressed in the 
cells of each cluster. 

Function and pathway enrichment analysis 

By cell trajectory analysis and annotation of 
candidate marker genes in 3 cluster (cluster2, 
cluster3 and cluster5), we defined HTCs, 
HomCs and FCs. To testify the validity of the  
cell annotation to 3 cluster and the function of 
candidate marker genes in the cells of 3 clus-
ter, we carried out the GeneOntology (GO) and 
Kyoto Encyclopedia of Genes and Genomes 
(KEGG) analysis of the candidate marker genes 
in the 3 cluster respectively. For the genes 
belonging to HTCs, most functions including 
oxidative stress, epithelial cell proliferation and 
growth factor activity were closely related to 
HTCs (Figure 3A). Similar to GO analysis, the 
KEGG analysis of the genes in HTCs also had 
some important pathways (ECM-receptor inter-
action, IL-17, TNF) (Figure 3B). The genes of 
these pathways all play important roles in 
HTCs. The results of GO and KEGG analysis to 
genes in HomCs showed some functions such 
as unfolded protein, temperature stimulus and 
heat shock protein could modulate cellular 
homeostasis (Figure 3C, 3D). These functions 
and pathways illustrated HomCs may regulated 
cell cycle, development, RNA metabolism and 
biosynthesis. FCs have close relationship with 
collagen formation. The function and pathway 
enrichment analysis of the genes in cluster 5 
showed some notably functions with collagen 
(collagen metabolic, collagen trimer and colla-
gen binding) (Figure 3E, 3F). These results fur-
ther evidence the correctness of the annota-
tion to cells in 3 clusters. The results of GO and 
KEGG analysis also indicate these candidate 

marker genes may play significant roles during 
the process of proliferation and differentiation 
for chondrocytes. 

Determining the expression level of candidate 
marker genes among resCs, proCs, HTCs and 
FCs 

The GO and KEGG analysis identified the  
annotation of clusters was accurate. In order to 
confirm the candidate marker genes indeed 
had aberrant expression in different subtypes 
of chondrocyte, we detected the expression 
level of top 10 candidate marker genes in 3 
clusters among resCs, proCs, HTCs and FCs. 
We first used ATDC5 cells to separate resCs, 
proCs and HTCs. We separated the 3 subty- 
pes of chondrocyte by comparing the differen-
tial expression of marker genes (resC: SOX9 
and Fn1, proC: COL2A1 and Runx2, HTC: 
COL10A1 and COL1A1) among 7 d, 14 d and 
21 d in ATDC5 cells (Supplementary Figure 2). 
For FCs, we used L-929 cells which were proxi-
mal cartilage fibroblasts of mouse as FCs.

After finishing the preparation of subtypes of 
chondrocyte, we detected the expression level 
of top 10 candidate marker genes in 3 clus- 
ters among resCs, proCs, HTCs and L-929  
cells. For HTCs, the results showed the 10 
genes all had higher expression level in recCs, 
proC, HTCs compared with L-929 cells. The 
genes of TNFAIP6, GAS1, SLC7A2 and TNC  
were markedly upregulated in HTCs (Figure  
4A, 4B). The results of top 10 genes in HomCs 
showed the 10 genes all had higher expression 
level in recCs, proC, HTCs. However, compared 
with top 10 genes in HTCs the expression level 
of most genes in HomCs did not have obviously 
differential expression among resCs, proCs, 
HTCs (Figure 4C, 4D). When examined the 
expression level of top 10 genes in FCs, we 
found the expression of most genes up-re- 
gulated in L-929 except for CFD, SFRP2 and 
SPARCL1. The gene expression of COL1A1 and 
COL1A2 also showed up-regulated in HTC  
compared with resC and proC (Figure 4E, 4F). 
These results implied that most candidate 
marker genes may have special expression in 
their own subgroup.

Identification of hub genes from candidate 
marker genes in HTCs, HomCs and FCs

To further identify the key genes in each cell 
subset. Protein-protein interaction (PPI) net-
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work of candidate marker genes in 3 clusters 
was constructed by Cytoscape software 
respectively, based on STRING database 
(Supplementary Figure 3). The number of gen- 
es which were used to construct PPI in HTCs, 
HomCs and FCs were 104, 175 and 329, 
respectively. The top 20 candidate marker 
genes (HTCs: the degree of connectivity ≥ 8, 

HomCs: the degree of connectivity ≥ 19, FCs: 
the degree of connectivity ≥ 40) with high 
degree of connectivity were displayed (Figure 
5A-C). These top genes might play critical roles 
in chondrocyte progression. 

CD44, JUN and FN1 were the hub genes with 
highest degree of connectivity in each cell sub-

Figure 3. Function and pathway enrichment analysis of the candidate marker genes in HTCs, HomCs and FCs. A, B. 
GO and KEGG analysis of the candidate marker genes in HTCs. C, D. GO and KEGG analysis of the candidate marker 
genes in HomCs. E, F. GO and KEGG analysis of the candidate marker genes in FCs. 
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set. In order to test the relationship between 
candidate marker genes and cell subset. The 
expression of the 3 genes in the 4 chondro- 
cyte subsets was detected. The expression of 
CD44 was gradually increased from resC to 
HTC of chondrocytes (Figure 5D). The result  
of bubble plot also showed CD44 was specifi-
cally overexpressed in HTCs (cluster2) (Supp- 
lementary Figure 4). JUN was a candidate  
marker gene that was specifically overex-
pressed in HomCs (cluster3). The expression  
of JUN was contrary to CD44, it was high 
expressed in resC, proC and HTC compared 
with L-929 (Figure 5D). The expression level of 

FN1 was markedly upregulated in L-929 which 
was consistent with the result of FN1 in bubble 
plot (Supplementary Figure 4). These results 
combined with previous analysis confirmed 
some candidate marker genes can reveal the 
progression of chondrocytes. CD44, JUN and 
FN1 may play important roles in different sub-
types of chondrocyte. 

Discussion

OA is the most common disease of joints and 
currently lacks treatment options that modify 
structural pathology [23, 24]. It is usually 

Figure 4. The expression level of top 10 candidate marker genes in different subgroup of chondrocyte. A, B. The ex-
pression level of top 10 candidate marker genes of HTCs in different subgroup of chondrocyte. C, D. The expression 
level of top 10 candidate marker genes of HomCs in different subgroup of chondrocyte. E, F. The expression level 
of top 10 candidate marker genes of FCs in different subgroup of chondrocyte. Bars represent standard error form 
three replications. Different letters a-d. indicate significant differences (P < 0.05) of cells among different marker 
genes based on one-way ANOVA followed by Tukey’s HSD test for multiple comparisons.



Scrna-seq analysis identifies the differentiation of chondrocyte

7334	 Am J Transl Res 2020;12(11):7326-7339

defined as the result of an imbalance in the 
degradation and synthesis of the normal cou-
pling of chondrocytes, cell matrix, and sub-
chondral bone under the influence of me- 
chanical and biological factors [24, 25]. It is 
now generally accepted that the chondrocytes 
are the target of these abnormal biomechani-
cal factors, and that biochemical and genetic 
factors also contribute to alterations in the  
normal functional activities of these cells [26]. 
Clinically, some researchers can judge the 
progress of osteoarthritis patients by the deg-
radation of cartilage tissue proteoglycan and 
collagen fibers [27, 28]. Several genes have 

also been found to play important roles in the 
development of chondrogenesis in osteoarthri-
tis and can serve as markers for the develop-
ment of osteoarthritis. JK and his partners 
found lncRNA FAS-AS1 could promote the deg-
radation of extracellular matrix of cartilage in 
osteoarthritis by increasing the expressions of 
MMP1 and MMP13 and decreasing the ex- 
pression of COL2A1 in chondrocytes [28]. 
These genes could also be used for predicting 
the internal state of chondrocytes in OA patho-
genesis. However, due to the complexity of 
chondrocyte differentiation in osteoarthritis 
and lack of specific biomarker to characterize 

Figure 5. Identification of hub genes from candidate marker genes in HTCs, HomCs and FCs. (A-C) The degree of 
connectivity of top 20 candidate marker genes in HTCs (A), HomCs (B) and FCs (C). (D) The expression level of 3 hub 
genes in different subgroup of chondrocyte. Bars represent standard error form three replications. Different letters 
(a-d) indicate significant differences (P < 0.05) of cells among different marker genes based on one-way ANOVA fol-
lowed by Tukey’s HSD test for multiple comparisons.
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chondrocyte differentiation in osteoarthritis, 
the differentiation process and cell subtype of 
chondrocytes in osteoarthritis remain largely 
unknown. Here, we investigated OA chondro-
cytes at different stages by using scRNA-seq 
analysis. We found 3 populations of chondro-
cytes (HTCs, HomCs and FCs), new markers of 
chondrocyte populations and signaling path-
ways involved in OA pathogenesis based on 
scRNA-seq analysis. We also found the hub 
genes which may play important roles in the 3 
chondrocyte populations respectively. There 
results may contribute to the early diagnosis 
and therapeutic treatment of human OA.

For chondrocyte taxonomy, some studies have 
shown chondrocyte subtypes mainly included 
ProCs, preHTCs and HTCs [29-31]. In addition 
to these three common chondrocyte subty- 
pes, QB and his partners first identified 4 new 
populations of chondrocytes in the human OA 
cartilage by performing unbiased transcrip-
tome-wide scRNA-seq analysis and computa-
tional analysis on some chondrocytes from 10 
OA patients [16]. QB and his partners con-
structed a single-cell analysis method to sepa-
rate and identify chondrocyte populations at 
single-cell resolution and at the whole-tran-
scriptome scale. The datasets and results of 
their report could help researchers to define 
the function of chondrocyte subtypes and find 
new for chondrocyte subtypes. However, the 
analytical method of their study was extre- 
mely complex. For our research, low-Volume 
cell samples were used to define the chondro-
cyte subtypes and identify novel markers of 
chondrocyte subtypes by general analytical 
method for scRNA-seq. In this study, we found 
3 cell populations (HTCs, HomCs and FCs) in 
chondrocytes of 3 OAs. HTCs are divided into 
prohypertrophy and hypertrophy [32]. In re- 
cent years, the research on HTCs has become 
a hot topic in the research of osteoarthritis. 
Many HTCs were found in the degenerative 
articular cartilage [33]. These chondrocytes 
have different types of collagen which have  
different roles in the development of osteoar-
thritis. It is important to study the specific role 
of HTCs in osteoarthritis and the genes that 
regulate chondrocytes. In our study, we also 
found HTCs existed in the chondrocytes of  
OAs. The GO analysis of HTCs concentrated on 
oxidative stress, epithelial cell proliferation  
and growth factor. Some researchers found 

SIN-1 could induce oxidative stress lead to 
necrosis in HTCs [31, 34]. For cell proliferation 
and growth factor, some growth factor such as 
COL10A1 and ALP were high expression in 
HTCs and promoted the proliferation of HTCs 
[35, 36]. Therefore, the candidate marker 
genes of HTCs may have close relationships 
with proliferation and differentiation of HTCs  
in OAs. The expression analysis of top 10  
candidate marker genes in different types of 
chondrocyte also showed TNFAIP6, GAS1, 
SLC7A2 and TNC were high expression in  
HTCs. TNFAIP6, GAS1 and TNC have been 
found associated with the biological function  
of chondrocyte or cartilage by other research-
ers [37-39]. The change in expression level of 
these genes in HTCs of OAs can be used to 
judge the development status of OA.

Compared with HTCs, there are few reports on 
the role of HomCs and FCs in osteoarthritis. 
FCs are new cell types that have been discov-
ered to differentiate from other chondrocyte 
subset in recent years. FCs was mainly found  
in the late stages of OA and possessed a high 
ratio of genes related to unfavorable OA out-
comes and a capacity for vascularization [16, 
40]. The GO and KEGG analysis showed FCs 
have close relationship with collagen forma-
tion. The macromolecular framework of articu-
lar cartilage consists of collagens (predomi-
nantly type II collagen), proteoglycans, and  
non-collagenous proteins [3, 41]. Of which, col-
lagen is the matrix that provides the cartilage 
with its tensile stiffness and strength. It is  
possible for researchers to find new treat- 
ments of OA by regulating the collagen forma-
tion and proliferation of FCs which could secret 
collagen. We also found 6 candidate marker 
genes (S100A4, COL1A2, TMSB4X, THY1, 
COL14A1 and IFI27) were high expression in 
FCs. These genes may be used as biomarkers 
for distinguishing FCs from other chondrocy- 
tes. HomCs were helpful to regulating the 
homeostatic balance of chondrocyte meta- 
bolic activity in response to environmental sig-
nals. This type of chondrocyte may play an 
important role in maintaining rhythmic behav-
iors and daily cycles of metabolism during OA 
cartilage degeneration [42, 43]. Our research 
also found HomCs may played important roles 
in regulating cell cycle, RNA metabolism and 
biosynthesis. We also found all top 10 candi-
date marker genes of HomCs were high expres-
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sion among resCs, proCs, HTCs. These results 
imply these candidate marker genes of HomCs 
might regulate the circadian clock system of 
chondrocyte in OAs.

Three hub genes were also found among the- 
se candidate genes in HTCs, HomCs and FCs 
respectively. CD44 is the membrane receptor 
for hyaluronan. CD44 is the primary receptor  
of retention and anchoring of proteoglycan 
aggregates to the chondrocyte plasma mem-
brane [44, 45]. This receptor also play impor-
tant roles in cartilage such as maintains carti-
lage homeostasis and affects both chondro-
cyte survival pathways as well as apoptotic 
pathways [46, 47]. In this study we regarded 
CD44 as the hub gene of HTCs and found this 
receptor was high expression in HTCs. These 
results show CD44 is a biomarker of HTCs in  
OA and this receptor exerts more influence on 
HTCs than other types of chondrocyte in OA. 
JUN is also known as AP-1. The abnormal 
expression of JUN in chondrocyte can affect 
the differentiation of chondrocyte in growth 
cartilage. MH and his partners found specific 
inhibition of c-Fos/AP-1 could regulate diff- 
erentiation of chondrocyte in OA which effec-
tively prevented cartilage destruction and 
osteophyte formation [48]. Some researchers 
also found the suppression of c-Fos/AP-1 
expression could regulate the activity of OA 
chondrocyte under pathological conditions 
[49]. In our study, we found JUN which was  
the hub gene of HomCs was high expression 
among different types of chondrocyte except 
for FCs. The function of HomCs mainly focus  
on maintain rhythmic behaviors and daily 
cycles of metabolism during OA cartilage 
degeneration. We speculate JUN may inhibit 
the differentiation of chondrocyte by affecting 
cell cycle of chondrocyte. Fibronectin1 is a gly-
coprotein present in a soluble dimeric form in 
plasma, and in a dimeric or multimeric form at 
the cell surface and in extracellular matrix. 
Some researchers found FN1 could increase 
chondrocyte cell death [50]. The high expres-
sion of FNI in FCs in our study implied this gene 
could be used for testing the growth of 
fibrocartilage.

Nevertheless, there were still several weak-
nesses for further optimization. First, the meth-
od of scRNA-seq analysis in our research may 
only applied to low-Volume cell samples. 

Compared with the analysis method in the 
study of QB and his partners, we also need to 
optimize the scRNA-seq analysis method to 
focus on large-Volume Sample stacking [16]. 
Second, the trajectory analysis combined with 
empirically annotation of the chondrocyte sub-
sets could define the specific cell subtype of 3 
clusters. However, cluster0, cluster1 and clus-
ter4 were still undefined. The 3 clusters should 
be performed a deeper annotation with more 
reasonable method in the future.

Conclusions

In conclusion, our single-cell analysis identified 
3 types of chondrocyte with their candidate 
marker genes in OA. Our analysis identified the 
function and discriminative markers of HTCs, 
HomCs and FCs in OA. The expression level of 
hub genes and the growth of 3 types of chon-
drocyte have been predicted with close rela-
tionships with the development of OA. These 
biomarkers may provide important diagnostic 
and therapeutic strategies for patients with OA 
in the future. 
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Supplementary Table 1. Clinical and demographic characteristics of the study population

Patient ID Gender Age 
(years)

Weight 
(Kg) TKA HSS score CRP 

(mg/dL)
ESR 

(mm/h)
WBC 

(109/L)
Lymphocyte 

(109/L)
Monocyte 

(109/L)
OA1 Male 60 66.5 Left 56 0.1 3 7.4 0.33 0.064

OA2 Female 74 58 Left 79 0.3 12 3.8 0.27 0.084

OA3 Female 60 71 Left 61 0.1 7 6.61 0.46 0.056

Patient ID Blood glucose 
(mmol/L)

ALT 
(U/L)

AST 
(U/L)

Total  
Protein (g/L)

Serum  
albumin (g/L)

BUN 
(mmol/L)

Cre 
(μmoI/L) TT (s) APTT (s) INR

OA1 4.39 25.1 20.2 66.1 43.3 5.51 88.4 17.5 40.1 1.06

OA2 4.69 7.2 15.8 67.5 40.9 7.3 76.4 15.8 36.7 1.1

OA3 5.17 15.8 16.9 52.5 40 3.88 57.8 16 34.1 1.04

Supplementary Table 2. Primer sequences used in the experiment
qPCR sense sequence anti-sense sequence
SOX9 5’-CTCCCAAAACAGACGTGCAA-3’ 5’-CGAAGGTCTCGATGTTGGAGAT-3’
Fn1 5’-ACCCTTCCACACCCCAATCT-3’ 5’-TTGCCCAACACTGGGTTGTT-3’
COL2A1 5’-CGAGTGGAAGAGCGGAGACT-3’ 5’-CTCTTGCTGCTCCACCAGTTT-3’
Runx2 5’-TCTTCACAAATCCTCCCCAAGT-3’ 5’-GAATGCGCCCTAAATCACTGA-3’
COL10A1 5’-CCGCTTGTCAGTGCTAACCA-3’ 5’-ACCAGATCTTGGGTCGTAATGC-3’
COL1A1 5’-TGCCGAGCGTGAGATTGTC-3’ 5’-CGTTCGTTTCCAATGGTGATC-3’
CXCL8 5’-ACTGAGAGTGATTGAGAGTGGAC-3’ 5’-AACCCTCTGCACCCAGTTTTC-3’
DPT 5’-TGGGTGAATTTGAACCGGCAA-3’ 5’-TGGGTGAATTTGAACCGGCAA-3’
TNFAIP6 5’-TTTCTCTTGCTATGGGAAGACAC-3’ 5’-GAGCTTGTATTTGCCAGACCG-3’
GAS1 5’-CAGAGCGAAAGGGGACCTTC-3’ 5’-AGTTTGTCCAAGTCCTGCCC-3’
SOD2 5’-GGAAGCCATCAAACGTGACTT-3’ 5’-CCCGTTCCTTATTGAAACCAAGC-3’
LIF 5’-CCAACGTGACGGACTTCCC-3’ 5’-TACACGACTATGCGGTACAGC-3’
SLC7A2 5’-GACCTTTGCCCGATGTCTGAT-3’ 5’-AGCAGCGGCATAATTTGGTGT-3’
C11orf96 5’-TTCACACTCACGCCAACACT-3’ 5’-AATCCTCCAGACGCAGTAGC-3’
SERPINE2 5’-TGGTGATGAGATACGGCGTAA-3’ 5’-GTTAGCCACTGTCACAATGTCTT-3’
TNC 5’-TCCCAGTGTTCGGTGGATCT-3’ 5’-TTGATGCGATGTGTGAAGACA-3’
FOSB 5’-CTTCCACCAGCGGAACTACC-3’ 5’-ACTGATCTGTCTCCGTCTCCT-3’
HES1 5’-CCTGTCATCCCCGTCTACAC-3’ 5’-CACATGGAGTCCGCCGTAA-3’
HSPA1A 5’-GGGCCTTTCCAAGATTGCTG-3’ 5’-TGCAAACACAGGAAATTGAGAACT-3’
JUN 5’-TCCAAGTGCCGAAAAAGGAAG-3’ 5’-CGAGTTCTGAGCTTTCAAGGT-3’
ID2 5’-AGTCCCGTGAGGTCCGTTAG-3’ 5’-AGTCGTTCATGTTGTATAGCAGG-3’
EGR1 5’-ACCCCTCTGTCTACTATTAAGGC-3’ 5’-TGGGACTGGTAGCTGGTATTG-3’
PPP1R10 5’-ACAGCTTCCTTAACCGAGATGG-3’ 5’-CAAGTAAGTGCATCGACTCACC-3’
RGS16 5’-AAGAAGATCCGATCAGCTACCA-3’ 5’-GTTGACCTCTTTAGGGGCCTC-3’
DNAJB1 5’-AAGGCATGGACATTGATGACC-3’ 5’-GGCCAAAGTTCACGTTGGT-3’
FOS 5’-CCGGGGATAGCCTCTCTTACT-3’ 5’-CCAGGTCCGTGCAGAAGTC-3’
S100A4 5’-GATGAGCAACTTGGACAGCAA-3’ 5’-CTGGGCTGCTTATCTGGGAAG-3’
CFD 5’-GACACCATCGACCACGACC-3’ 5’-GCCACGTCGCAGAGAGTTC-3’
COL1A2 5’-GAGCGGTAACAAGGGTGAGC-3’ 5’-CTTCCCCATTAGGGCCTCTC-3’
TMSB4X 5’-CCAGACTTCGCTCGTACTCG-3’ 5’-TCGATCTCAGCCATATCGGG-3’
THY1 5’-TCACCCATCCAGTACGAGTTC-3’ 5’-GGAGCGGTATGTGTGCTCAG-3’
SFRP2 5’-CTGGCCCGACATGCTTGAG-3’ 5’-GCTTCACATACCTTTGGAGCTT-3’
COL14A1 5’-TTCAGACTGGTTCGGCATTTC-3’ 5’-CTGTGCAAGACCAATTCGTGT-3’
IFI27 5’-TGCTCTCACCTCATCAGCAGT-3’ 5’-CACAACTCCTCCAATCACAACT-3’
SPARCL1 5’-ACGGTAGCACCTGACAACAC-3’ 5’-ATGGTGGGAATCGTCTTCTGT-3’
CD44 5’-CTGCCGCTTTGCAGGTGTA-3’ 5’-CATTGTGGGCAAGGTGCTATT-3’
JUN 5’-TCCAAGTGCCGAAAAAGGAAG-3’ 5’-CGAGTTCTGAGCTTTCAAGGT-3’
GAPDH 5’-ACAACTTTGGTATCGTGGAAGG-3’ 5’-GCCATCACGCCACAGTTTC-3’
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Supplementary Figure 1. The top 4 components from PCA procedure were shown and we exhibited the correlated 
genes in each component. A. Cluster analysis across each component. The colors ranging from purple to golden 
yellow represent the expression levels of correlated genes from low to high. B. Correlation analysis of top relative 
genes in each component.
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Supplementary Table 3. Identification of marker genes from 6 clusters
p_val avg_logFC pct.1 pct.2 p_val_adj cluster gene
8.91E-23 0.994109 1 0.992 1.37E-18 0 MMP3
7.03E-22 -0.78672 0.584 0.895 1.08E-17 0 ARL6IP5
6.84E-20 0.820529 0.48 0.105 1.05E-15 0 DLK1
1.94E-19 0.857784 0.928 0.927 2.99E-15 0 PNP
2.11E-19 1.028853 0.928 0.941 3.25E-15 0 BMP2
2.57E-17 -0.63401 0.584 0.901 3.96E-13 0 ATP5I
3.67E-17 -0.88757 0.536 0.862 5.65E-13 0 FIBIN
5.42E-17 -0.57449 0.24 0.658 8.34E-13 0 PDGFRL
5.99E-17 0.949291 0.936 0.912 9.22E-13 0 FGF2
1.52E-16 -1.12625 0.368 0.732 2.34E-12 0 IGFBP7
1.86E-16 -0.71833 0.984 0.997 2.86E-12 0 LUM
2.15E-16 -0.62671 0.712 0.949 3.31E-12 0 UQCR11
4.50E-16 -0.74189 0.84 0.972 6.92E-12 0 IFITM3
1.87E-15 -0.63824 0.328 0.72 2.87E-11 0 PPIC
2.80E-15 -0.6262 0.928 0.994 4.31E-11 0 GAPDH
5.09E-15 0.855495 0.856 0.864 7.83E-11 0 DDX21
1.12E-14 -0.72456 0.696 0.921 1.72E-10 0 ZFP36
2.65E-14 -0.94795 0.896 0.992 4.08E-10 0 OGN
3.40E-14 1.48326 0.92 0.929 5.23E-10 0 FGF1
7.36E-14 -1.10302 0.576 0.847 1.13E-09 0 NFKBIA
1.11E-13 -0.53373 0.592 0.867 1.71E-09 0 WBP5
1.47E-13 1.320924 0.752 0.588 2.26E-09 0 NPR2
2.08E-13 -0.54499 0.32 0.692 3.20E-09 0 PRKCDBP
2.11E-13 -1.63853 0.784 0.966 3.25E-09 0 COL3A1
3.13E-13 -0.60016 0.568 0.853 4.81E-09 0 ATRAID
4.87E-13 -1.25929 0.808 0.955 7.50E-09 0 ASPN
5.60E-13 -0.51882 0.528 0.819 8.63E-09 0 TMBIM4
6.50E-13 -0.52155 0.888 0.977 1.00E-08 0 SERF2
1.17E-12 2.248792 0.968 0.907 1.80E-08 0 SLC5A12
1.32E-12 0.678203 0.992 0.986 2.03E-08 0 INHBA
1.67E-12 -1.27403 0.576 0.797 2.57E-08 0 TNC
2.34E-12 -1.04614 0.688 0.91 3.60E-08 0 MT1E
3.16E-12 0.765654 0.824 0.839 4.87E-08 0 NOTCH2
3.42E-12 -0.51151 0.568 0.819 5.26E-08 0 TOB1
3.53E-12 -1.08495 0.8 0.969 5.43E-08 0 GADD45B
4.87E-12 -0.72173 0.424 0.737 7.50E-08 0 DNAJB4
5.68E-12 -0.6084 0.68 0.96 8.75E-08 0 IFITM2
5.71E-12 -0.92306 0.84 0.983 8.79E-08 0 CST3
6.33E-12 -0.57051 0.336 0.667 9.74E-08 0 HCFC1R1
7.21E-12 -0.5048 0.704 0.921 1.11E-07 0 EID1
1.48E-11 -1.5405 0.744 0.907 2.27E-07 0 S100A4
2.33E-11 0.611967 0.896 0.944 3.59E-07 0 GPRC5A
2.38E-11 -0.63216 0.592 0.839 3.66E-07 0 EFEMP1
3.03E-11 -0.54125 0.688 0.941 4.67E-07 0 TSPO
3.45E-11 -0.58493 0.896 0.992 5.31E-07 0 S100A6
3.75E-11 0.568663 0.92 0.963 5.77E-07 0 RAN
4.75E-11 0.553211 0.336 0.09 7.32E-07 0 UCMA
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7.13E-11 1.155616 0.288 0.068 1.10E-06 0 DCLK1
9.35E-11 -1.02174 0.512 0.777 1.44E-06 0 ID1
9.93E-11 -0.88657 0.6 0.822 1.53E-06 0 COL5A1
1.21E-10 -0.69123 0.832 0.963 1.86E-06 0 NDUFA4L2
2.56E-10 -0.66001 0.824 0.955 3.94E-06 0 CDO1
2.93E-10 -0.50155 0.504 0.797 4.51E-06 0 EPB41L2
3.53E-10 -0.54212 0.64 0.862 5.43E-06 0 NGFRAP1
3.56E-10 2.470523 0.984 0.98 5.48E-06 0 ZNF585B
4.65E-10 0.555795 0.872 0.929 7.16E-06 0 RSL24D1
5.22E-10 0.798277 0.824 0.879 8.04E-06 0 ELL2
5.33E-10 -0.53518 0.744 0.944 8.20E-06 0 VKORC1
6.07E-10 -0.58407 1 1 9.34E-06 0 CLU
6.16E-10 0.688836 0.848 0.89 9.48E-06 0 PTRF
8.78E-10 -0.51929 0.768 0.952 1.35E-05 0 PRDX4
9.74E-10 0.602111 0.832 0.929 1.50E-05 0 PMEPA1
1.15E-09 1.466246 0.848 0.698 1.76E-05 0 HSD3BP4
1.47E-09 0.586288 0.464 0.229 2.26E-05 0 SRGAP1
3.20E-09 0.889792 0.928 0.963 4.93E-05 0 HSPA5
3.24E-09 1.057605 0.656 0.492 5.00E-05 0 ITGA2
4.13E-09 -0.59166 0.576 0.836 6.36E-05 0 MGST3
4.50E-09 -0.54177 0.584 0.802 6.94E-05 0 FAM162A
5.63E-09 -1.19112 0.064 0.331 8.67E-05 0 PRG4
6.43E-09 0.535065 0.936 0.949 9.91E-05 0 UGDH
8.03E-09 -0.97528 0.152 0.432 0.000124 0 THY1
1.02E-08 0.678991 0.824 0.833 0.000157 0 TXNRD1
1.34E-08 -0.55092 0.984 1 0.000207 0 PRELP
1.40E-08 0.547567 0.832 0.802 0.000215 0 GARS
1.57E-08 -0.54966 0.76 0.96 0.000241 0 LGALS1
1.62E-08 0.640229 0.832 0.918 0.00025 0 LRRFIP1
2.07E-08 -0.57194 0.832 0.963 0.000319 0 NNMT
2.14E-08 0.7403 0.84 0.825 0.00033 0 TPM4
2.42E-08 0.974599 0.752 0.602 0.000373 0 THBD
3.31E-08 -0.53366 0.368 0.605 0.00051 0 CTHRC1
3.49E-08 0.977189 0.904 0.932 0.000537 0 PTGS2
4.03E-08 -1.4168 0.512 0.723 0.000621 0 HES1
5.53E-08 -0.62171 0.344 0.607 0.000851 0 MT1M
5.86E-08 -0.66008 0.944 0.997 0.000902 0 TIMP1
8.10E-08 0.586348 0.824 0.794 0.001248 0 P3H2
1.03E-07 0.645138 0.8 0.893 0.001586 0 SARS
1.13E-07 -0.5114 0.664 0.864 0.001741 0 FSTL1
1.22E-07 -0.56766 0.752 0.941 0.001878 0 OMD
1.54E-07 1.716975 0.936 0.884 0.002375 0 LINC00958
1.57E-07 -0.99895 0.408 0.613 0.002413 0 DPT
1.72E-07 -0.59124 0.504 0.726 0.002655 0 ID3
1.83E-07 0.591419 0.664 0.537 0.002818 0 ZNF593
1.88E-07 0.722461 0.76 0.726 0.002896 0 UPP1
2.14E-07 -0.67395 0.952 0.989 0.003295 0 SPARC
2.73E-07 -0.52993 0.56 0.754 0.004207 0 RSRP1
2.96E-07 1.109116 0.808 0.686 0.004565 0 GREM1
3.40E-07 -0.65091 0.376 0.61 0.00523 0 RASD1
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3.41E-07 0.58007 0.76 0.726 0.005252 0 CDV3
4.93E-07 0.762241 0.84 0.893 0.007597 0 HBEGF
5.39E-07 -0.60938 0.472 0.734 0.008297 0 RGS16
5.77E-07 0.521883 0.816 0.949 0.008878 0 NCL
6.24E-07 0.594636 0.808 0.822 0.009604 0 PTPRE
6.45E-07 0.604918 0.6 0.418 0.009928 0 PHC2
6.47E-07 0.562158 0.864 0.898 0.009961 0 NFATC2
6.74E-07 -0.53093 0.4 0.655 0.010372 0 IGFBP6
7.34E-07 0.642328 0.776 0.754 0.011308 0 TOP1
7.83E-07 0.620675 0.616 0.435 0.01206 0 GPATCH4
8.32E-07 0.569415 0.888 0.938 0.012809 0 SLC3A2
1.06E-06 -1.08561 0.704 0.901 0.016295 0 MT1G
1.22E-06 0.566553 0.8 0.893 0.018769 0 TUBA1C
1.41E-06 -0.7389 0.792 0.935 0.021744 0 CRIP1
1.59E-06 -0.79794 0.824 0.963 0.024542 0 ID2
1.80E-06 -0.50502 0.648 0.839 0.027707 0 BNIP3
2.07E-06 0.668769 0.6 0.421 0.031798 0 STARD7
2.24E-06 -0.95018 0.888 0.98 0.034451 0 HTRA1
2.36E-06 -0.73705 0.824 0.958 0.036258 0 CRTAC1
2.45E-06 0.502384 0.8 0.879 0.037757 0 MTHFD2
2.59E-06 0.624252 0.928 0.977 0.039952 0 HERPUD1
2.93E-06 0.52881 0.936 0.963 0.045079 0 C11orf96
6.08E-43 1.65669 0.99 0.9 9.36E-39 1 FRZB
3.86E-36 1.118036 0.98 0.916 5.94E-32 1 NDUFA4L2
3.84E-35 0.707098 0.95 0.478 5.91E-31 1 S100A1
5.80E-35 0.895575 0.65 0.1 8.93E-31 1 SERPINA6
3.41E-32 1.054897 0.98 0.836 5.25E-28 1 S100B
8.53E-32 1.011816 1 0.968 1.31E-27 1 GPX3
1.14E-31 1.943745 0.98 0.879 1.75E-27 1 CYTL1
8.30E-31 1.100719 1 0.968 1.28E-26 1 FGFBP2
3.80E-30 0.911673 0.98 0.757 5.85E-26 1 NGFRAP1
3.32E-27 0.942486 0.89 0.38 5.11E-23 1 WIF1
4.57E-27 0.773077 1 0.995 7.04E-23 1 SCRG1
4.91E-27 0.795392 0.99 0.95 7.55E-23 1 LDHA
7.03E-27 1.078199 0.97 0.741 1.08E-22 1 BNIP3
1.15E-26 -2.25643 0.91 0.955 1.78E-22 1 CHI3L2
1.66E-26 0.964764 1 0.955 2.55E-22 1 CHAD
3.70E-26 0.880286 1 0.989 5.69E-22 1 SERPINA1
1.23E-25 -2.71022 0.47 0.852 1.90E-21 1 COL1A2
1.66E-25 0.90872 0.98 0.813 2.55E-21 1 SPINT2
8.54E-25 0.996622 1 0.939 1.31E-20 1 C2orf82
1.63E-24 0.961607 1 1 2.50E-20 1 C2orf40
2.22E-24 -1.84353 0.46 0.813 3.41E-20 1 TNC
4.87E-24 -0.93712 0.98 0.95 7.49E-20 1 RPS2
1.06E-23 0.70889 1 0.971 1.63E-19 1 GAPDH
1.19E-23 0.733337 0.98 0.921 1.84E-19 1 PGK1
5.17E-23 0.681648 0.9 0.488 7.96E-19 1 TCEAL2
1.63E-22 1.018761 1 0.828 2.50E-18 1 CLEC3A
2.38E-22 0.760204 1 0.921 3.66E-18 1 CD9
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4.21E-22 -1.55867 0.92 0.923 6.48E-18 1 CRTAC1
1.34E-21 0.990432 0.99 0.976 2.07E-17 1 CFH
5.51E-21 0.720647 1 1 8.49E-17 1 MGP
6.68E-21 0.513867 1 0.989 1.03E-16 1 FTL
7.27E-21 0.536186 0.99 0.945 1.12E-16 1 SERF2
9.85E-21 0.757821 0.93 0.567 1.52E-16 1 TPD52L1
3.76E-20 0.553959 1 0.905 5.80E-16 1 TMEM59
3.78E-20 0.752225 0.98 0.858 5.81E-16 1 SSR3
4.87E-20 1.068289 0.94 0.594 7.50E-16 1 RARRES2
1.21E-19 0.513163 0.99 0.894 1.87E-15 1 LAPTM4A
3.32E-19 0.628321 0.97 0.823 5.11E-15 1 PEBP1
4.27E-19 -1.54949 0.96 0.955 6.57E-15 1 HTRA1
6.03E-19 0.700583 0.7 0.245 9.28E-15 1 CRISPLD1
6.19E-19 0.534691 0.98 0.921 9.53E-15 1 MIA
6.50E-19 0.811051 0.91 0.654 1.00E-14 1 CYSTM1
9.74E-19 -1.71579 0.81 0.942 1.50E-14 1 SERPINE2
1.17E-18 0.525819 0.97 0.876 1.79E-14 1 HLA-C
1.43E-18 1.135656 0.94 0.689 2.20E-14 1 TF
1.46E-18 -1.30033 0.23 0.678 2.25E-14 1 TGFBI
1.73E-18 0.758567 0.98 0.776 2.66E-14 1 ITM2A
1.89E-18 0.820715 0.97 0.908 2.90E-14 1 CDO1
2.53E-18 0.594063 0.97 0.836 3.89E-14 1 EID1
5.62E-18 -1.22069 0.82 0.918 8.65E-14 1 LINC00958
6.90E-18 0.521327 0.99 0.916 1.06E-13 1 LGALS3
7.66E-18 0.738057 0.94 0.694 1.18E-13 1 FAM162A
1.14E-17 0.641388 0.91 0.623 1.75E-13 1 TSPAN6
1.39E-17 -1.17898 0.95 0.918 2.14E-13 1 COL6A2
3.24E-17 0.62781 0.9 0.641 5.00E-13 1 CNPY2
3.44E-17 0.606149 1 0.879 5.30E-13 1 PRDX4
3.73E-17 0.607003 0.96 0.778 5.74E-13 1 MYDGF
1.39E-16 0.931839 0.84 0.398 2.14E-12 1 S100A3
2.43E-16 0.563501 0.97 0.85 3.74E-12 1 TSPO
8.63E-16 0.532358 0.91 0.565 1.33E-11 1 WBP2
1.38E-15 -0.79221 0.91 0.939 2.12E-11 1 SLC38A2
2.27E-15 0.507839 0.94 0.691 3.50E-11 1 TMED4
3.22E-15 -0.78015 0.15 0.567 4.96E-11 1 DKK3
3.82E-15 0.584722 0.98 0.91 5.88E-11 1 TPI1
5.28E-15 -0.67117 1 0.995 8.13E-11 1 BGN
5.60E-15 0.519298 0.87 0.567 8.63E-11 1 TBCB
5.65E-15 0.50388 0.98 0.755 8.69E-11 1 CYB5R3
1.26E-14 0.519114 0.8 0.451 1.94E-10 1 CA9
1.38E-14 0.927195 0.96 0.72 2.13E-10 1 LECT1
1.88E-14 0.506018 0.96 0.757 2.90E-10 1 PRDX2
2.77E-14 0.822071 0.96 0.797 4.27E-10 1 NUCB2
4.05E-14 -1.20946 0.95 0.929 6.24E-10 1 COL6A1
5.85E-14 0.687794 1 0.995 9.01E-10 1 PRELP
8.40E-14 -1.9571 0.92 0.918 1.29E-09 1 COL3A1
1.01E-13 0.546161 0.93 0.678 1.55E-09 1 NDUFAB1
1.56E-13 -1.29223 0.68 0.815 2.40E-09 1 HMOX1
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1.94E-13 0.502845 0.94 0.784 2.98E-09 1 RCN3
2.33E-13 0.948684 0.99 0.971 3.59E-09 1 CRYAB
2.50E-13 0.526435 0.97 0.844 3.84E-09 1 PSMB1
7.22E-13 -1.75226 0.99 0.979 1.11E-08 1 ZNF585B
8.08E-13 -0.87458 0.92 0.873 1.24E-08 1 SFPQ
8.57E-13 -1.16029 0.64 0.807 1.32E-08 1 RYBP
9.96E-13 -0.98879 0.96 0.918 1.53E-08 1 RTN4
1.76E-12 -0.56585 0.24 0.599 2.71E-08 1 PPP1R14C
1.97E-12 -0.76874 0.96 0.929 3.04E-08 1 SLC39A14
2.04E-12 0.542187 0.92 0.797 3.14E-08 1 FXYD6
2.10E-12 -1.40913 0.91 0.945 3.23E-08 1 BMP2
9.52E-12 -0.55134 0.28 0.594 1.47E-07 1 GJA1
1.14E-11 0.742865 0.98 0.868 1.75E-07 1 OMD
1.91E-11 0.851592 0.95 0.85 2.94E-07 1 PDPN
1.92E-11 0.566014 0.91 0.736 2.95E-07 1 TPM2
5.29E-11 -0.88751 0.87 0.881 8.15E-07 1 PTRF
6.81E-11 -0.77512 0.73 0.834 1.05E-06 1 FSTL1
8.71E-11 -1.13387 0.22 0.546 1.34E-06 1 TNFAIP6
9.82E-11 -0.60464 0.87 0.894 1.51E-06 1 CD81
1.22E-10 0.76385 0.97 0.868 1.88E-06 1 DUSP1
1.38E-10 -0.57642 0.14 0.472 2.13E-06 1 MXRA5
1.55E-10 0.543513 0.26 0.047 2.38E-06 1 CCL7
1.87E-10 1.408836 0.93 0.615 2.88E-06 1 CCL2
1.94E-10 0.560463 0.95 0.908 2.99E-06 1 CDKN1A
2.56E-10 -1.16072 0.64 0.797 3.94E-06 1 COL5A1
3.31E-10 0.539758 0.8 0.562 5.10E-06 1 NINJ1
4.20E-10 0.596778 0.96 0.823 6.46E-06 1 MT1E
7.06E-10 -0.68036 1 0.976 1.09E-05 1 HSP90AA1
1.22E-09 0.715097 1 0.955 1.88E-05 1 HSPB1
2.31E-09 -0.97358 0.99 0.968 3.56E-05 1 NEAT1
3.25E-09 -0.56056 0.55 0.736 5.00E-05 1 CEBPB
3.86E-09 -0.62092 0.99 0.96 5.95E-05 1 BTG1
4.02E-09 -2.66379 0.12 0.441 6.19E-05 1 COL1A1
4.49E-09 -0.65936 0.61 0.749 6.91E-05 1 ITGB5
5.10E-09 -1.00565 0.9 0.879 7.85E-05 1 HSPH1
6.05E-09 -0.55577 0.96 0.913 9.32E-05 1 PABPC1
6.59E-09 -0.62449 0.05 0.351 0.000101 1 COL10A1
7.15E-09 -0.69853 0.88 0.879 0.00011 1 CD44
1.07E-08 -0.82238 0.99 0.974 0.000165 1 ERRFI1
1.49E-08 -1.26898 0.82 0.876 0.000229 1 S100A4
1.75E-08 -0.92791 0.68 0.763 0.00027 1 SNX9
2.13E-08 -0.95404 0.82 0.871 0.000329 1 COL6A3
2.14E-08 -0.62425 0.95 0.908 0.00033 1 TIMP2
2.37E-08 0.616154 0.83 0.493 0.000366 1 CD82
2.67E-08 0.522098 0.98 0.913 0.000411 1 JUNB
4.32E-08 -0.58181 0.76 0.813 0.000665 1 NR3C1
6.37E-08 -0.5118 0.98 0.945 0.00098 1 HNRNPA2B1
7.64E-08 -1.12543 0.37 0.609 0.001176 1 DPT
1.67E-07 -1.04678 0.99 0.945 0.002566 1 SOD2
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2.39E-07 -0.80971 0.82 0.844 0.003681 1 SHISA9
4.93E-07 -0.53422 0.97 0.923 0.007594 1 DST
5.01E-07 -0.72528 0.07 0.314 0.007711 1 VCAM1
5.55E-07 -0.56372 0.63 0.744 0.00855 1 ATP2A2
5.70E-07 -0.59846 1 1 0.008782 1 FN1
6.42E-07 -1.00689 0.62 0.768 0.009878 1 HSD3BP4
6.68E-07 -0.53785 0.56 0.691 0.010289 1 MAPKAPK2
6.98E-07 -0.64176 0.65 0.741 0.010754 1 ELK3
9.81E-07 -0.55452 0.46 0.625 0.015096 1 RASSF8
1.42E-06 -0.68121 0.43 0.588 0.021939 1 FAM101B
1.54E-06 -0.56528 0.8 0.834 0.023661 1 YBX1
1.57E-06 -0.67478 0.65 0.728 0.024125 1 PEA15
1.79E-06 -0.53944 0.62 0.731 0.027545 1 OSBPL8
1.88E-06 -0.54179 0.13 0.369 0.028922 1 KLF5
7.31E-28 1.224633 1 0.674 1.13E-23 2 TNC
4.31E-26 0.870371 0.875 0.436 6.63E-22 2 PPP1R14C
9.16E-25 0.522631 0.802 0.311 1.41E-20 2 BMP6
1.77E-24 0.707017 1 0.906 2.73E-20 2 SLC3A2
3.09E-23 0.786469 1 0.903 4.75E-19 2 CRTAC1
8.30E-23 0.804041 0.99 0.825 1.28E-18 2 MTHFD2
1.24E-22 0.849119 0.948 0.708 1.90E-18 2 NT5E
1.69E-22 0.817968 0.917 0.561 2.61E-18 2 GCLM
6.86E-22 0.740851 0.979 0.888 1.06E-17 2 EIF2S2
9.82E-22 0.805506 1 0.984 1.51E-17 2 INHBA
1.51E-21 0.903453 0.979 0.739 2.33E-17 2 HMOX1
4.28E-21 0.693999 1 0.93 6.59E-17 2 PMP22
1.11E-20 0.637699 1 0.919 1.70E-16 2 SLC39A14
1.13E-20 0.720228 0.969 0.742 1.74E-16 2 TARS
1.86E-20 0.871303 0.969 0.723 2.87E-16 2 RYBP
4.39E-20 0.799972 0.958 0.687 6.76E-16 2 CHAC1
4.79E-20 1.233873 0.99 0.896 7.38E-16 2 SERPINE2
1.47E-19 0.951001 1 0.945 2.26E-15 2 C11orf96
1.85E-19 0.596947 0.885 0.53 2.85E-15 2 GLIS3
4.93E-19 0.582917 0.927 0.666 7.58E-15 2 ASNS
9.37E-19 0.718452 1 0.997 1.44E-14 2 COMP
1.07E-18 0.749623 0.969 0.773 1.65E-14 2 FSTL1
3.19E-18 0.746625 0.99 0.924 4.91E-14 2 BMP2
3.26E-18 0.535995 0.948 0.582 5.01E-14 2 SLC38A1
5.09E-18 0.73847 0.906 0.504 7.84E-14 2 TGFBI
1.40E-17 0.548853 0.812 0.402 2.15E-13 2 KDM7A
1.52E-17 0.74835 1 0.945 2.35E-13 2 HTRA1
1.99E-17 0.784469 1 0.987 3.06E-13 2 CD55
2.05E-17 0.621072 0.99 0.901 3.15E-13 2 FGF2
2.62E-17 0.570736 0.917 0.595 4.03E-13 2 SIPA1L2
4.43E-17 0.909851 0.969 0.796 6.82E-13 2 TXNRD1
5.63E-17 0.638435 0.865 0.493 8.67E-13 2 SLC4A7
1.14E-16 1.455479 0.906 0.676 1.75E-12 2 SLC7A2
1.46E-16 0.769094 1 0.932 2.24E-12 2 CHI3L2
1.97E-16 0.680728 0.969 0.77 3.03E-12 2 GARS
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3.07E-16 0.544915 0.938 0.637 4.72E-12 2 CEBPB
3.39E-16 0.572938 0.865 0.499 5.22E-12 2 SLC7A1
3.46E-16 0.775695 0.948 0.749 5.33E-12 2 KLHL21
3.85E-16 0.663544 0.938 0.65 5.93E-12 2 ST3GAL1
4.21E-16 0.555394 1 0.995 6.48E-12 2 BGN
5.21E-16 0.581685 0.74 0.342 8.01E-12 2 MAST4
1.03E-15 0.576048 1 0.869 1.59E-11 2 FERMT2
1.80E-15 0.5469 0.958 0.697 2.77E-11 2 SGMS2
2.00E-15 0.640995 1 0.909 3.09E-11 2 RTN4
2.10E-15 0.748148 0.938 0.768 3.24E-11 2 P3H2
3.14E-15 0.512695 0.833 0.486 4.84E-11 2 FAM101B
3.50E-15 0.571794 0.969 0.689 5.39E-11 2 SNX9
6.85E-15 0.60856 0.979 0.854 1.05E-10 2 CD44
9.06E-15 0.635337 0.906 0.606 1.40E-10 2 EIF4EBP1
1.08E-14 0.592496 0.979 0.804 1.66E-10 2 NDRG1
1.13E-14 0.816251 0.99 0.922 1.74E-10 2 TXN
2.07E-14 0.649733 0.979 0.843 3.19E-10 2 PDLIM5
3.20E-14 0.511717 0.885 0.548 4.92E-10 2 SLC7A5
6.14E-14 0.633511 1 0.958 9.45E-10 2 OGN
8.05E-14 0.509618 0.729 0.35 1.24E-09 2 LRRC8C
1.29E-13 -2.17198 1 0.971 1.98E-09 2 FOS
1.54E-13 0.52337 1 0.932 2.37E-09 2 UGDH
1.66E-13 0.529923 0.865 0.632 2.56E-09 2 AXL
2.21E-13 0.659311 0.823 0.473 3.40E-09 2 SHISA2
3.90E-13 -1.41955 0.969 0.977 6.01E-09 2 CRYAB
5.08E-13 0.536254 0.938 0.734 7.82E-09 2 EFEMP1
5.08E-13 -1.37711 0.979 0.961 7.82E-09 2 FOSB
5.45E-13 0.7317 0.833 0.561 8.40E-09 2 FAM134B
5.45E-13 0.504911 0.906 0.679 8.40E-09 2 CDON
8.91E-13 0.581464 0.896 0.634 1.37E-08 2 TCF7L2
1.17E-12 0.638247 1 0.971 1.80E-08 2 ERRFI1
1.57E-12 0.603182 0.948 0.836 2.42E-08 2 BIRC2
1.72E-12 1.025448 0.875 0.59 2.65E-08 2 LIF
6.23E-12 0.563728 0.99 0.909 9.59E-08 2 COL6A2
6.35E-12 0.553573 0.875 0.611 9.78E-08 2 EPRS
6.79E-12 0.920598 1 0.943 1.04E-07 2 SOD2
8.31E-12 0.576235 0.99 0.901 1.28E-07 2 LINC00152
1.14E-11 -1.38795 0.833 0.856 1.76E-07 2 MT1E
1.25E-11 0.531142 0.844 0.603 1.92E-07 2 ARHGAP21
1.28E-11 0.534939 1 0.914 1.98E-07 2 GPRC5A
1.31E-11 0.66002 0.833 0.598 2.02E-07 2 NGF
1.68E-11 0.630059 0.594 0.285 2.59E-07 2 SLC7A11
2.65E-11 -1.57699 0.917 0.919 4.08E-07 2 FRZB
3.36E-11 0.614703 0.969 0.786 5.18E-07 2 ITGA5
3.85E-11 0.865901 1 0.898 5.93E-07 2 COL3A1
7.90E-11 0.802483 0.958 0.802 1.22E-06 2 DDIT4
9.11E-11 0.579195 0.74 0.428 1.40E-06 2 SYNJ2
9.25E-11 0.586266 0.906 0.676 1.42E-06 2 SREK1IP1
9.26E-11 0.570899 0.938 0.828 1.42E-06 2 CILP2
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1.09E-10 0.904138 0.531 0.211 1.67E-06 2 CCL20
1.51E-10 -0.78153 0.25 0.546 2.33E-06 2 WIF1
1.61E-10 0.696852 0.635 0.326 2.48E-06 2 MT1H
1.78E-10 0.54251 0.875 0.671 2.74E-06 2 COL15A1
2.86E-10 0.59732 0.917 0.726 4.40E-06 2 COL5A1
3.29E-10 0.627556 0.958 0.833 5.06E-06 2 ENPP1
3.49E-10 -2.00811 0.875 0.906 5.37E-06 2 CYTL1
4.31E-10 -1.55653 0.5 0.71 6.64E-06 2 ID3
8.34E-10 0.977607 0.823 0.561 1.28E-05 2 GAS1
8.46E-10 0.615275 0.906 0.739 1.30E-05 2 FOSL1
1.23E-09 -1.03788 0.99 0.977 1.89E-05 2 CFH
1.25E-09 -1.23369 0.938 0.924 1.92E-05 2 ID2
1.85E-09 0.685192 0.812 0.514 2.85E-05 2 INHBA-AS1
2.85E-09 -0.81804 0.99 0.958 4.39E-05 2 HSPB1
4.47E-09 0.847908 0.99 0.867 6.88E-05 2 TNFRSF11B
6.48E-09 -1.38364 0.948 0.95 9.98E-05 2 DNAJB1
9.50E-09 0.785323 0.938 0.828 0.000146 2 MT1G
1.22E-08 0.519539 0.667 0.392 0.000188 2 SDC1
1.52E-08 -0.92129 0.375 0.593 0.000233 2 RASD1
1.71E-08 -0.80847 0.562 0.749 0.000263 2 NR4A1
1.73E-08 -0.57048 0.948 0.901 0.000267 2 DYNLL1
2.12E-08 0.506659 0.927 0.734 0.000326 2 EZR
3.76E-08 -0.50659 0.969 0.95 0.000578 2 SERF2
4.70E-08 -0.73111 0.948 0.903 0.000724 2 SRSF7
6.20E-08 -0.61799 1 0.971 0.000954 2 B2M
6.56E-08 0.587962 0.688 0.428 0.00101 2 KANK1
1.20E-07 0.504259 0.438 0.201 0.001852 2 CCDC71L
1.25E-07 0.584951 1 0.992 0.001925 2 MMP3
1.53E-07 -1.7201 0.531 0.702 0.002361 2 HES1
1.71E-07 1.123277 0.677 0.428 0.002628 2 TNFAIP6
1.80E-07 0.532183 0.719 0.465 0.002768 2 KCTD12
2.42E-07 -0.74699 0.865 0.867 0.003723 2 S100B
3.29E-07 0.532168 0.99 0.961 0.005068 2 EMP1
7.91E-07 -0.76088 0.969 0.948 0.012185 2 C2orf82
8.44E-07 -0.74049 0.865 0.896 0.012997 2 DUSP1
1.43E-06 0.732279 0.375 0.162 0.022028 2 IL1RL1
1.69E-06 0.607597 0.958 0.856 0.026003 2 CAV1
1.76E-06 -0.66269 0.969 0.898 0.027089 2 SRSF3
2.10E-06 -0.84172 0.969 0.977 0.032281 2 FGFBP2
2.41E-06 -0.83223 0.844 0.867 0.037146 2 ZFP36
2.50E-06 -0.99841 0.979 0.911 0.038489 2 GADD45B
7.77E-32 2.069746 1 0.973 1.20E-27 3 FOS
2.34E-31 1.936936 1 0.94 3.61E-27 3 DNAJB1
9.23E-30 1.691519 0.987 0.604 1.42E-25 3 RGS16
9.58E-30 1.645344 0.987 0.739 1.48E-25 3 PPP1R10
4.65E-29 1.267691 1 0.978 7.16E-25 3 HSP90AA1
8.58E-28 1.780203 1 0.968 1.32E-23 3 EGR1
9.75E-28 1.253437 0.74 0.201 1.50E-23 3 RPPH1
3.40E-27 1.322964 0.844 0.358 5.23E-23 3 MYLIP
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9.02E-27 1.304496 0.974 0.669 1.39E-22 3 NUFIP2
1.40E-26 1.399833 0.961 0.791 2.16E-22 3 BRD2
1.56E-26 1.552975 0.987 0.915 2.41E-22 3 ID2
2.20E-26 1.612692 0.948 0.624 3.38E-22 3 JUN
1.96E-25 1.185275 0.974 0.682 3.02E-21 3 HEXIM1
1.99E-25 1.234019 0.974 0.833 3.06E-21 3 TRA2B
2.08E-25 1.768779 1 0.928 3.21E-21 3 HSPA1A
4.21E-25 2.066101 0.974 0.609 6.48E-21 3 HES1
1.45E-24 1.282501 0.948 0.657 2.23E-20 3 RSRP1
1.05E-23 1.203629 0.974 0.799 1.61E-19 3 RSRC2
1.84E-23 1.378875 0.974 0.739 2.83E-19 3 NFKBIA
3.56E-23 1.429298 0.974 0.866 5.48E-19 3 HSPH1
7.15E-23 1.365176 0.961 0.659 1.10E-18 3 ID1
9.71E-23 1.185201 0.883 0.537 1.49E-18 3 PCF11
5.15E-22 1.212246 0.87 0.5 7.93E-18 3 SNAI1
5.83E-22 1.303748 0.987 0.913 8.98E-18 3 GADD45B
8.17E-22 0.913882 0.987 0.607 1.26E-17 3 ID3
8.60E-22 0.69021 0.688 0.209 1.32E-17 3 CDKN2AIP
1.43E-21 1.001645 1 0.99 2.20E-17 3 HSP90AB1
2.14E-21 0.677575 0.818 0.343 3.29E-17 3 INTS6
6.97E-21 1.529295 0.948 0.689 1.07E-16 3 NR4A2
7.68E-21 0.983086 1 0.973 1.18E-16 3 HSPA8
8.72E-21 0.996286 0.974 0.801 1.34E-16 3 CLK1
1.24E-20 1.333825 0.896 0.609 1.90E-16 3 DNAJB4
3.17E-20 1.206031 1 0.881 4.88E-16 3 HSPA1B
3.65E-20 1.59216 1 0.958 5.62E-16 3 FOSB
5.50E-20 0.90984 1 0.968 8.47E-16 3 NEAT1
1.59E-19 1.026401 1 0.913 2.44E-15 3 DNAJA1
1.90E-19 1.164935 0.935 0.669 2.92E-15 3 NR4A1
1.31E-18 -1.47549 0.974 0.993 2.02E-14 3 CD55
1.31E-18 1.25282 0.961 0.749 2.02E-14 3 CCNL1
2.47E-18 1.055403 0.948 0.808 3.80E-14 3 MCL1
2.98E-18 -0.9209 1 0.985 4.58E-14 3 S100A10
3.21E-18 0.859568 0.688 0.256 4.95E-14 3 FAM46C
4.11E-18 0.839823 0.987 0.903 6.32E-14 3 ZFAS1
6.40E-18 1.082461 0.961 0.731 9.86E-14 3 IER2
3.30E-17 0.584149 0.909 0.644 5.08E-13 3 RBBP6
7.54E-17 0.656204 0.74 0.321 1.16E-12 3 RHOB
7.73E-17 1.114375 0.818 0.498 1.19E-12 3 RASD1
7.80E-17 1.120864 0.779 0.391 1.20E-12 3 KLF2
1.29E-16 0.987502 0.987 0.913 1.99E-12 3 KLF4
1.49E-16 -1.15248 0.61 0.848 2.30E-12 3 GARS
2.60E-16 0.531434 0.909 0.555 4.00E-12 3 SNHG1
2.68E-16 0.682885 0.753 0.358 4.13E-12 3 GLI3
3.34E-16 0.975032 0.987 0.863 5.14E-12 3 KCNQ1OT1
3.50E-16 -1.18563 0.494 0.789 5.39E-12 3 CHAC1
1.01E-15 0.821854 0.922 0.639 1.55E-11 3 SGK1
1.56E-15 0.811894 0.948 0.881 2.39E-11 3 EIF4A2
2.29E-15 -1.56352 0.909 0.965 3.52E-11 3 C11orf96
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2.88E-15 0.847078 0.857 0.52 4.43E-11 3 RNU6-2
5.31E-15 1.038029 0.961 0.828 8.18E-11 3 PPP1R15A
5.79E-15 0.885043 0.844 0.532 8.91E-11 3 ARRDC3
1.15E-14 1.148503 0.662 0.336 1.78E-10 3 SNHG12
1.45E-14 -0.95352 0.896 0.908 2.23E-10 3 EIF2S2
1.82E-14 -1.19576 0.896 0.93 2.81E-10 3 SLC3A2
2.62E-14 0.794793 0.909 0.744 4.03E-10 3 TRA2A
3.63E-14 0.724531 0.831 0.502 5.58E-10 3 TCF4
4.98E-14 0.913025 0.818 0.5 7.67E-10 3 ATF3
5.58E-14 0.759241 0.818 0.51 8.59E-10 3 ZFP36L2
5.83E-14 0.614026 0.948 0.741 8.98E-10 3 WSB1
8.25E-14 0.887424 0.857 0.632 1.27E-09 3 KLF10
9.97E-14 -1.05872 0.883 0.935 1.54E-09 3 TNFRSF12A
1.03E-13 0.831844 0.961 0.873 1.59E-09 3 SNHG5
1.12E-13 1.087378 0.935 0.853 1.73E-09 3 JMJD1C
1.32E-13 1.020958 0.987 0.898 2.03E-09 3 SRSF3
1.45E-13 0.776727 0.779 0.381 2.23E-09 3 MAFB
1.64E-13 0.740744 1 0.965 2.53E-09 3 UBB
1.96E-13 -0.70157 0.974 0.95 3.02E-09 3 S100A11
2.07E-13 0.59372 0.584 0.214 3.19E-09 3 ZNF292
2.68E-13 0.659824 1 0.92 4.12E-09 3 SLC38A2
3.57E-13 0.616927 0.623 0.249 5.50E-09 3 ARID4A
5.52E-13 0.675238 1 0.9 8.50E-09 3 DDX3X
6.03E-13 0.740254 0.792 0.52 9.28E-09 3 FOXO3
7.85E-13 -0.83057 0.857 0.9 1.21E-08 3 RHOC
7.97E-13 -0.95637 0.766 0.876 1.23E-08 3 MTHFD2
9.10E-13 0.570489 0.714 0.353 1.40E-08 3 EP300
1.31E-12 0.670739 0.948 0.761 2.02E-08 3 CKS2
1.34E-12 0.766763 0.857 0.642 2.06E-08 3 NASP
1.46E-12 1.14897 0.961 0.851 2.24E-08 3 HSPD1
1.57E-12 0.635357 0.896 0.632 2.42E-08 3 KMT2E
1.92E-12 -1.23046 0.974 0.99 2.96E-08 3 INHBA
1.99E-12 0.631732 0.857 0.57 3.07E-08 3 IER5
2.01E-12 0.564276 1 0.9 3.09E-08 3 GNAS
2.61E-12 -0.67992 0.948 0.95 4.02E-08 3 GSTP1
3.80E-12 0.734938 0.922 0.654 5.84E-08 3 TIPARP
5.93E-12 0.566485 0.623 0.281 9.14E-08 3 ZBTB10
6.98E-12 -0.89315 0.584 0.779 1.07E-07 3 CLCF1
1.15E-11 0.688352 0.883 0.679 1.77E-07 3 NXF1
1.57E-11 -0.78178 0.792 0.883 2.42E-07 3 SARS
1.60E-11 -0.72922 0.922 0.913 2.47E-07 3 RSL24D1
1.62E-11 0.533266 1 0.973 2.49E-07 3 UBC
1.90E-11 0.507695 0.662 0.299 2.93E-07 3 KAT6B
2.27E-11 0.532351 0.623 0.276 3.50E-07 3 CEBPD
2.41E-11 1.01642 0.857 0.595 3.72E-07 3 EGR2
3.10E-11 0.975083 0.935 0.836 4.77E-07 3 MT1E
3.47E-11 -0.96585 0.662 0.794 5.34E-07 3 FOSL1
3.97E-11 0.765983 0.74 0.41 6.11E-07 3 TXNIP
4.02E-11 0.909216 0.87 0.647 6.18E-07 3 TSPYL2
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4.09E-11 0.550926 0.779 0.495 6.30E-07 3 C16orf72
4.46E-11 -0.77291 0.597 0.823 6.87E-07 3 TARS
5.51E-11 0.624489 0.948 0.811 8.48E-07 3 ARL6IP1
6.84E-11 0.500838 0.766 0.425 1.05E-06 3 NET1
7.18E-11 -1.14782 0.857 0.93 1.11E-06 3 FGF2
8.27E-11 0.592089 0.662 0.318 1.27E-06 3 RDH10
8.98E-11 0.588679 0.974 0.943 1.38E-06 3 EIF5
1.01E-10 0.651858 0.87 0.726 1.55E-06 3 C6orf62
1.11E-10 0.534 0.597 0.281 1.71E-06 3 MASTL
1.34E-10 0.549975 0.987 0.836 2.07E-06 3 DNAJB6
1.58E-10 0.634062 0.818 0.654 2.43E-06 3 ARID4B
1.61E-10 0.645736 0.896 0.687 2.47E-06 3 EPB41L2
1.61E-10 0.704914 0.87 0.704 2.48E-06 3 TSC22D2
1.65E-10 -0.61568 0.935 0.935 2.54E-06 3 CD59
1.74E-10 -0.87221 0.948 0.928 2.67E-06 3 GPRC5A
1.94E-10 0.622211 0.974 0.791 2.98E-06 3 FAM46A
2.25E-10 0.7734 0.792 0.59 3.46E-06 3 CSRNP1
2.69E-10 -0.53187 0.987 0.938 4.14E-06 3 PRDX1
2.73E-10 0.563409 0.974 0.833 4.20E-06 3 PNRC1
3.18E-10 1.428116 0.429 0.152 4.90E-06 3 RMRP
3.52E-10 0.829953 0.883 0.699 5.42E-06 3 RGS2
3.72E-10 0.682163 0.974 0.92 5.72E-06 3 NNMT
4.31E-10 0.647699 0.714 0.403 6.63E-06 3 CREBRF
4.45E-10 0.621088 0.545 0.254 6.86E-06 3 PER3
5.02E-10 -1.04362 0.987 0.965 7.72E-06 3 TM4SF1
5.41E-10 -0.71021 0.468 0.714 8.33E-06 3 CEBPG
5.53E-10 0.696172 0.948 0.786 8.52E-06 3 IFRD1
5.68E-10 -0.66604 0.974 0.953 8.75E-06 3 SH3BGRL3
5.76E-10 -0.88573 0.909 0.92 8.87E-06 3 LINC00152
7.28E-10 -0.57949 0.494 0.766 1.12E-05 3 PGM3
7.73E-10 0.708414 0.805 0.629 1.19E-05 3 FOXC1
1.07E-09 0.629402 0.844 0.664 1.65E-05 3 USP53
1.18E-09 0.667061 0.857 0.734 1.82E-05 3 TOB1
1.56E-09 -0.80447 0.974 0.928 2.41E-05 3 TXN
1.95E-09 -1.38089 0.805 0.836 3.00E-05 3 TXNRD1
1.98E-09 -0.60264 0.299 0.619 3.05E-05 3 ARPC5L
2.02E-09 0.634771 0.688 0.438 3.11E-05 3 PGM2L1
2.03E-09 -0.67945 0.974 0.935 3.13E-05 3 NUPR1
2.09E-09 -0.81225 0.935 0.948 3.23E-05 3 UGDH
2.82E-09 0.501507 0.623 0.351 4.34E-05 3 FAM214A
3.58E-09 -0.61263 0.61 0.766 5.52E-05 3 SNRPD1
3.74E-09 0.567502 1 0.935 5.75E-05 3 SAP18
3.93E-09 -1.58212 0.909 0.93 6.05E-05 3 FGF1
3.97E-09 0.510583 0.688 0.391 6.12E-05 3 CENPC
4.04E-09 -0.76473 0.922 0.928 6.22E-05 3 PNP
4.57E-09 -0.59022 0.987 0.963 7.03E-05 3 S100A6
4.73E-09 0.724895 0.948 0.873 7.29E-05 3 GEM
5.20E-09 0.622632 0.961 0.856 8.00E-05 3 THBS1
5.23E-09 0.68201 0.338 0.1 8.05E-05 3 PEG10
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7.67E-09 -0.95147 0.714 0.818 0.000118 3 P3H2
7.72E-09 -0.66476 0.584 0.789 0.000119 3 FHL2
9.40E-09 0.933876 0.727 0.502 0.000145 3 MT1M
9.95E-09 -1.68662 0.844 0.91 0.000153 3 CYTL1
1.03E-08 0.504333 0.987 0.896 0.000158 3 SRSF5
1.33E-08 0.566607 0.87 0.711 0.000205 3 YTHDC1
1.54E-08 0.681467 0.961 0.843 0.000236 3 ZFP36
1.55E-08 0.519298 0.714 0.463 0.000239 3 RSBN1
1.56E-08 -0.51548 0.896 0.883 0.00024 3 SEC61B
1.70E-08 0.619565 0.74 0.517 0.000262 3 DDIT3
1.75E-08 0.611832 0.844 0.716 0.00027 3 WWP2
2.01E-08 -0.53638 0.442 0.709 0.00031 3 YARS
2.27E-08 -0.65807 0.987 0.945 0.00035 3 RAN
2.69E-08 -0.67775 0.974 0.963 0.000413 3 HERPUD1
2.84E-08 0.851657 0.481 0.211 0.000437 3 SERTAD3
3.01E-08 -0.79081 1 1 0.000463 3 C2orf40
3.05E-08 0.507881 0.662 0.381 0.000469 3 RLF
3.57E-08 0.561909 0.883 0.622 0.00055 3 NFKBIZ
3.60E-08 0.805435 0.844 0.642 0.000555 3 CHORDC1
3.70E-08 0.728647 1 0.935 0.00057 3 CHI3L2
4.61E-08 0.656407 0.338 0.112 0.00071 3 PCDH9
6.15E-08 -0.61809 0.961 0.908 0.000947 3 PGAM1
6.23E-08 0.521864 0.896 0.749 0.00096 3 WAC
7.94E-08 -1.59427 0.442 0.726 0.001223 3 CCL2
8.26E-08 -0.55673 0.714 0.826 0.001272 3 NDUFA6
9.72E-08 -0.62418 0.714 0.794 0.001497 3 PDLIM4
9.90E-08 0.509573 0.935 0.856 0.001524 3 IVNS1ABP
1.01E-07 0.515004 0.571 0.328 0.001548 3 H2AFX
1.03E-07 -0.96204 0.61 0.739 0.001586 3 ASNS
1.07E-07 0.599245 0.974 0.868 0.001652 3 SRSF2
1.18E-07 0.574121 0.779 0.517 0.001813 3 CREB5
1.23E-07 -0.56405 0.831 0.873 0.001895 3 CTSL
1.30E-07 -0.65128 0.519 0.694 0.002006 3 EIF4EBP1
1.36E-07 -1.2126 0.961 0.933 0.002094 3 BMP2
2.19E-07 -0.511 0.818 0.881 0.00337 3 PSMB1
2.27E-07 0.771432 0.688 0.435 0.0035 3 DNAJA4
2.35E-07 -0.69409 0.948 0.968 0.003624 3 CHAD
2.43E-07 0.693763 0.935 0.831 0.003748 3 SNHG8
2.46E-07 0.51603 0.701 0.475 0.003794 3 SLC19A2
2.57E-07 -0.82744 0.805 0.873 0.003954 3 DDX21
3.26E-07 -0.66644 1 0.99 0.00502 3 SERPINA1
3.33E-07 -0.85391 0.701 0.848 0.00512 3 PLAUR
3.44E-07 -0.84204 0.727 0.848 0.005296 3 TPM4
3.74E-07 -0.77015 0.766 0.808 0.005758 3 ERCC1
3.76E-07 0.68238 0.481 0.239 0.005795 3 IRF1
5.09E-07 -0.50195 0.688 0.821 0.007839 3 EIF6
5.29E-07 0.542782 0.649 0.433 0.008151 3 MAF
5.32E-07 -0.75441 0.584 0.731 0.008193 3 ST3GAL1
5.60E-07 0.723071 0.74 0.53 0.008616 3 MRPL18
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6.24E-07 -0.50616 0.818 0.873 0.009607 3 KDELR2
6.91E-07 -1.33148 1 0.993 0.010635 3 MMP3
6.93E-07 -0.64881 0.831 0.876 0.010671 3 TUBA1C
7.24E-07 -0.58302 0.753 0.806 0.011142 3 TUBB6
8.10E-07 -0.52788 0.286 0.557 0.01247 3 SESN2
8.25E-07 0.573213 0.701 0.5 0.012702 3 EGR3
1.27E-06 -0.58856 0.494 0.687 0.019614 3 SLC38A1
1.28E-06 -0.97053 0.805 0.876 0.019753 3 CLEC3A
1.40E-06 0.552457 0.896 0.808 0.021592 3 BAG3
1.57E-06 -0.52018 0.481 0.699 0.024117 3 EPRS
2.29E-06 0.966812 0.935 0.925 0.035289 3 HSPE1
2.62E-06 -1.15655 0.831 0.903 0.040314 3 TNFRSF11B
3.11E-06 -0.57551 0.974 0.93 0.047876 3 CD9
3.24E-06 -0.58331 0.688 0.808 0.04986 3 KLHL21
3.58E-14 0.89816 0.981 0.965 5.52E-10 4 OGN
2.49E-12 0.822324 1 1 3.84E-08 4 CLU
2.99E-12 0.788111 0.981 0.995 4.60E-08 4 LUM
8.51E-12 0.650018 1 1 1.31E-07 4 MGP
7.95E-11 1.384666 0.923 0.916 1.22E-06 4 ASPN
8.68E-11 0.998612 0.962 0.956 1.34E-06 4 HTRA1
1.32E-10 -0.65242 0.885 0.981 2.04E-06 4 ATF4
2.66E-10 -0.83489 0.808 0.911 4.10E-06 4 HSPA9
1.21E-09 -0.84902 0.827 0.925 1.86E-05 4 NCL
2.99E-09 -0.77405 0.923 0.972 4.60E-05 4 PTMA
4.28E-09 -1.22762 0.731 0.892 6.59E-05 4 UGDH-AS1
1.59E-08 1.114212 0.923 0.759 0.000245 4 FIBIN
3.00E-08 -0.81227 0.712 0.862 0.000461 4 CHD2
3.33E-08 -1.05379 0.673 0.836 0.000513 4 PTPRE
4.28E-08 -0.88152 0.846 0.92 0.00066 4 SRSF7
4.97E-08 -1.59741 0.962 0.998 0.000765 4 MMP3
6.73E-08 -0.90663 0.846 0.937 0.001036 4 PNP
6.91E-08 0.557215 0.942 0.855 0.001064 4 S100A4
7.86E-08 -0.76012 0.846 0.92 0.001209 4 SRSF3
7.92E-08 -0.90385 0.865 0.899 0.001219 4 LRRFIP1
8.51E-08 0.579693 1 1 0.001311 4 FN1
1.51E-07 -0.54188 0.423 0.705 0.002328 4 HNRNPAB
1.52E-07 -0.88111 0.769 0.876 0.002342 4 ELL2
1.64E-07 -0.72189 0.808 0.895 0.002531 4 SRSF2
1.65E-07 -0.95887 0.865 0.934 0.002542 4 RTN4
1.67E-07 -0.60175 0.981 0.993 0.002578 4 HSP90AB1
1.85E-07 -0.66233 0.904 0.953 0.002844 4 EIF5
1.97E-07 -0.6996 0.481 0.759 0.00304 4 NOLC1
2.44E-07 -0.82819 0.731 0.897 0.003761 4 PTRF
2.45E-07 -0.9093 0.558 0.792 0.003774 4 RAPH1
3.47E-07 0.6417 0.846 0.77 0.005341 4 ATRAID
3.82E-07 -1.0544 0.788 0.89 0.005885 4 HBEGF
3.86E-07 -0.80666 0.596 0.78 0.005935 4 TOP1
4.71E-07 -0.86046 0.769 0.867 0.007256 4 TRA2B
4.81E-07 -0.53969 0.904 0.953 0.007408 4 EIF4G2
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8.56E-07 -0.62119 0.865 0.963 0.013178 4 RAN
9.14E-07 -0.68999 0.519 0.696 0.014078 4 EIF4G1
1.03E-06 0.507424 0.904 0.867 0.015902 4 ROMO1
1.06E-06 -0.8114 0.942 0.984 0.016245 4 CFH
1.36E-06 -0.57345 0.712 0.82 0.02088 4 TUBB4B
1.65E-06 -0.65242 0.538 0.796 0.025342 4 HNRNPA3
2.12E-06 0.561339 0.615 0.37 0.032645 4 CRLF1
2.17E-06 -0.64002 0.942 0.986 0.033349 4 HSP90AA1
2.48E-06 0.531125 1 1 0.0382 4 C2orf40
2.54E-06 -0.74291 0.808 0.892 0.039096 4 SFPQ
2.56E-06 -0.65155 0.846 0.925 0.039352 4 HNRNPDL
2.69E-06 -0.60347 0.673 0.803 0.041345 4 EIF3J
1.67E-60 1.023538 0.69 0.009 2.57E-56 5 LDB2
6.60E-60 1.741532 0.862 0.031 1.02E-55 5 LGALS3BP
3.51E-49 2.020348 0.862 0.051 5.41E-45 5 CXCL12
2.73E-46 1.638222 0.759 0.036 4.21E-42 5 SPRY1
2.50E-43 1.328589 0.586 0.016 3.85E-39 5 GGT5
4.10E-43 1.614803 0.862 0.067 6.32E-39 5 SERPINF1
5.50E-43 1.150147 0.621 0.02 8.47E-39 5 BST2
8.24E-43 1.503941 0.828 0.06 1.27E-38 5 GPNMB
4.37E-35 0.775227 0.483 0.013 6.72E-31 5 PDE1A
1.08E-33 2.967889 0.759 0.071 1.67E-29 5 SPARCL1
8.28E-32 1.129929 0.552 0.029 1.28E-27 5 TMEM119
1.85E-31 0.69925 0.655 0.049 2.85E-27 5 EBF1
8.00E-31 0.670084 0.517 0.024 1.23E-26 5 FBLN2
5.82E-30 1.173616 0.862 0.12 8.96E-26 5 PDGFRB
7.77E-28 0.56433 0.552 0.038 1.20E-23 5 PLXDC1
8.18E-28 0.564356 0.517 0.031 1.26E-23 5 CPXM1
5.75E-27 3.082808 0.966 0.204 8.85E-23 5 IFI27
7.42E-27 1.64457 0.724 0.091 1.14E-22 5 COL4A2
1.87E-26 1.141787 0.517 0.033 2.88E-22 5 PDLIM1
4.47E-26 3.146694 0.897 0.184 6.88E-22 5 COL14A1
7.20E-26 1.05639 0.793 0.118 1.11E-21 5 LAMA4
9.68E-26 0.973963 0.69 0.08 1.49E-21 5 MARCKS
8.28E-25 4.457227 1 0.333 1.28E-20 5 COL1A1
2.43E-23 2.530747 0.621 0.069 3.74E-19 5 SFRP2
7.53E-23 2.722971 1 0.318 1.16E-18 5 THY1
1.04E-22 1.706461 0.759 0.129 1.60E-18 5 COL4A1
3.70E-22 1.587735 0.828 0.171 5.70E-18 5 MMP2
4.10E-22 1.242721 0.345 0.013 6.31E-18 5 DNASE1L3
7.83E-22 0.787403 0.517 0.049 1.21E-17 5 SLIT3
1.33E-21 0.898321 0.586 0.067 2.05E-17 5 C1orf54
2.66E-21 0.828854 0.379 0.02 4.10E-17 5 IFI44L
6.74E-21 0.814878 0.276 0.007 1.04E-16 5 VWF
8.11E-21 1.357461 0.759 0.149 1.25E-16 5 PLTP
8.50E-21 1.466415 0.483 0.042 1.31E-16 5 WISP2
1.03E-20 0.619672 0.31 0.011 1.59E-16 5 EDNRA
1.88E-20 1.472567 0.897 0.253 2.89E-16 5 IFI16
2.41E-20 1.300839 0.724 0.129 3.71E-16 5 AQP1
2.77E-20 1.330199 0.759 0.149 4.26E-16 5 ECM1
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4.16E-20 0.915291 0.517 0.051 6.40E-16 5 NR2F2
4.80E-20 0.833391 0.517 0.053 7.39E-16 5 SRPX
5.30E-20 2.117713 0.931 0.256 8.16E-16 5 IGFBP5
8.74E-20 1.219415 0.414 0.029 1.35E-15 5 RNASE1
1.36E-19 0.786515 0.345 0.018 2.10E-15 5 SCARA5
2.60E-19 0.586463 0.31 0.013 4.01E-15 5 COL5A3
3.27E-19 0.945673 0.414 0.031 5.04E-15 5 GUCY1A3
3.36E-19 3.082213 1 0.867 5.17E-15 5 TMSB4X
4.15E-19 1.179086 0.759 0.158 6.39E-15 5 OLFML2B
4.38E-19 2.180211 1 0.922 6.74E-15 5 TMSB10
2.17E-18 0.900255 0.379 0.027 3.34E-14 5 LRRC17
2.42E-18 -2.70915 1 0.991 3.73E-14 5 SERPINA1
2.88E-18 0.982912 0.517 0.062 4.43E-14 5 NOTCH3
3.73E-18 1.996187 0.759 0.173 5.74E-14 5 PTN
7.70E-18 0.668441 0.414 0.036 1.19E-13 5 CLIC2
9.43E-18 -2.41589 1 0.996 1.45E-13 5 PRELP
1.49E-17 -2.05581 1 0.996 2.29E-13 5 FMOD
1.80E-17 1.988649 1 0.613 2.77E-13 5 IGFBP7
1.85E-17 0.796288 0.517 0.067 2.84E-13 5 C2
1.85E-17 1.371233 0.966 0.482 2.85E-13 5 PSME1
2.95E-17 1.941421 1 0.942 4.54E-13 5 CST3
3.99E-17 -2.46219 1 0.996 6.14E-13 5 SCRG1
6.33E-17 1.918454 0.483 0.058 9.74E-13 5 ISG15
6.39E-17 -2.13981 1 0.998 9.83E-13 5 COMP
8.24E-17 0.772799 0.414 0.038 1.27E-12 5 PSMB9
9.02E-17 0.992559 0.655 0.124 1.39E-12 5 OLFML3
9.70E-17 2.268703 1 0.902 1.49E-12 5 LGALS1
1.30E-16 1.684387 0.724 0.156 2.00E-12 5 CRABP2
1.64E-16 1.552202 1 0.976 2.53E-12 5 B2M
2.46E-16 1.564675 1 0.753 3.79E-12 5 MGST3
3.03E-16 2.938201 1 0.758 4.66E-12 5 COL1A2
3.38E-16 1.229968 0.379 0.033 5.20E-12 5 IGF1
5.00E-16 -2.06842 1 0.969 7.69E-12 5 PCOLCE2
6.14E-16 -2.83972 1 0.998 9.45E-12 5 PLA2G2A
6.51E-16 1.649359 0.655 0.138 1.00E-11 5 COL18A1
7.52E-16 1.255094 1 0.791 1.16E-11 5 MTRNR2L2
1.03E-15 0.974618 1 0.789 1.58E-11 5 MTRNR2L8
1.20E-15 -3.45767 1 0.987 1.84E-11 5 INHBA
1.92E-15 0.667056 0.552 0.087 2.96E-11 5 CADM1
2.02E-15 0.851606 0.828 0.224 3.11E-11 5 PRG4
2.56E-15 1.6638 1 0.88 3.93E-11 5 IFITM2
2.69E-15 2.52227 0.517 0.08 4.14E-11 5 CFD
3.97E-15 1.942045 0.966 0.529 6.12E-11 5 PRSS23
4.16E-15 -2.24033 0.931 0.967 6.40E-11 5 HAPLN1
5.99E-15 -3.696 0.966 0.996 9.22E-11 5 MMP3
6.47E-15 -2.85057 1 0.993 9.95E-11 5 CILP
7.37E-15 -1.12048 1 1 1.14E-10 5 DCN
7.45E-15 -2.18179 1 0.98 1.15E-10 5 SERPINA3
8.51E-15 0.995121 0.379 0.038 1.31E-10 5 CLEC2B
1.09E-14 -2.17718 0.931 0.98 1.68E-10 5 ERRFI1
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1.45E-14 0.929467 1 0.978 2.23E-10 5 MYL6
1.46E-14 2.318594 1 0.856 2.25E-10 5 S100A4
1.96E-14 0.659297 0.379 0.04 3.02E-10 5 PDE5A
2.61E-14 1.354835 1 0.964 4.03E-10 5 S100A6
3.04E-14 0.721433 0.483 0.073 4.68E-10 5 UBE2L6
3.50E-14 1.428417 0.793 0.271 5.39E-10 5 MYL9
4.04E-14 0.646134 0.448 0.06 6.21E-10 5 ZEB2
5.82E-14 -2.42782 1 0.989 8.95E-10 5 CD55
6.77E-14 1.457687 1 0.933 1.04E-09 5 IFITM3
1.52E-13 0.804638 0.379 0.044 2.34E-09 5 XAF1
1.61E-13 -1.84391 0.966 0.962 2.49E-09 5 RGCC
1.68E-13 -1.48635 0.69 0.958 2.58E-09 5 SOD3
1.73E-13 0.808991 0.414 0.053 2.66E-09 5 COL21A1
1.93E-13 1.524642 0.276 0.02 2.97E-09 5 FABP4
2.36E-13 -2.00748 1 1 3.63E-09 5 C2orf40
2.45E-13 0.612395 0.31 0.027 3.78E-09 5 SLIT2
4.29E-13 -1.54141 0.793 0.944 6.61E-09 5 SLC39A14
4.49E-13 -1.55394 0.793 0.931 6.92E-09 5 PAPSS2
4.69E-13 0.522876 0.483 0.08 7.22E-09 5 NID2
4.80E-13 -1.86453 0.793 0.94 7.38E-09 5 GPRC5A
5.58E-13 0.613262 0.483 0.082 8.58E-09 5 GLIPR2
5.61E-13 -1.56814 0.862 0.949 8.63E-09 5 UAP1
6.24E-13 -1.59814 1 1 9.60E-09 5 FN1
7.37E-13 -1.9576 0.966 0.938 1.13E-08 5 SMOC2
8.45E-13 1.294236 0.517 0.096 1.30E-08 5 FILIP1L
1.00E-12 -1.91505 0.793 0.929 1.54E-08 5 CDO1
1.13E-12 1.667073 1 0.913 1.73E-08 5 COL3A1
1.22E-12 -1.59109 1 0.964 1.89E-08 5 BTG1
1.80E-12 -2.04107 0.69 0.933 2.77E-08 5 FGF2
1.81E-12 1.97855 0.483 0.08 2.78E-08 5 RGS5
1.88E-12 -2.64116 0.621 0.938 2.89E-08 5 FRZB
2.15E-12 0.647444 0.483 0.084 3.31E-08 5 XG
3.84E-12 -1.23414 0.931 0.933 5.91E-08 5 MIA
4.37E-12 0.521593 0.621 0.151 6.74E-08 5 RBMS3
5.03E-12 0.899651 0.966 0.756 7.74E-08 5 BANF1
5.82E-12 1.187935 0.759 0.258 8.96E-08 5 VCAN
5.88E-12 0.805149 0.517 0.1 9.05E-08 5 MAP1B
6.12E-12 1.094205 1 0.978 9.42E-08 5 SPARC
6.17E-12 0.636634 0.586 0.133 9.50E-08 5 ELN
7.23E-12 1.019703 0.69 0.218 1.11E-07 5 TPM1
8.09E-12 -1.63609 0.759 0.949 1.25E-07 5 COL11A2
9.32E-12 0.605001 0.379 0.051 1.44E-07 5 SYTL2
1.07E-11 0.984428 1 0.933 1.64E-07 5 CD9
1.41E-11 -1.3426 0.828 0.931 2.17E-07 5 PLOD2
1.47E-11 -1.43815 1 1 2.26E-07 5 MGP
1.59E-11 -1.35691 1 1 2.44E-07 5 CLU
1.69E-11 0.941686 0.966 0.849 2.60E-07 5 COX4I1
2.12E-11 -2.40464 0.862 0.958 3.27E-07 5 C2orf82
2.45E-11 -2.18737 1 0.973 3.77E-07 5 FGFBP2
2.65E-11 -1.27338 0.621 0.896 4.08E-07 5 ITM2C
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2.82E-11 -1.95055 1 0.962 4.35E-07 5 CHAD
3.92E-11 -1.65992 0.966 0.964 6.03E-07 5 MT1X
4.50E-11 1.786322 0.897 0.507 6.92E-07 5 IFI6
4.56E-11 -1.20123 0.379 0.84 7.03E-07 5 BCAT1
4.99E-11 1.230511 0.931 0.66 7.69E-07 5 LY6E
6.07E-11 -1.00693 0.966 0.973 9.35E-07 5 ENO1
6.39E-11 0.710073 0.483 0.1 9.84E-07 5 PSMB8
6.53E-11 1.699865 1 0.647 1.01E-06 5 ID3
6.96E-11 0.885699 0.448 0.084 1.07E-06 5 CLEC3B
7.05E-11 -1.49184 0.759 0.938 1.08E-06 5 PNP
9.50E-11 1.131177 0.621 0.169 1.46E-06 5 POSTN
1.29E-10 0.741822 1 0.956 1.98E-06 5 CD63
1.31E-10 -0.97965 0.931 0.973 2.02E-06 5 ATF4
1.41E-10 -1.5822 1 0.996 2.17E-06 5 CTGF
1.49E-10 1.026138 0.966 0.596 2.30E-06 5 PPIC
1.57E-10 -1.23261 0.586 0.889 2.42E-06 5 VEGFA
1.58E-10 0.527963 0.345 0.049 2.43E-06 5 RARRES3
1.74E-10 -1.23851 0.345 0.827 2.67E-06 5 ATP1B1
1.84E-10 -2.11576 0.897 0.94 2.83E-06 5 BMP2
1.89E-10 -1.49419 1 0.973 2.90E-06 5 GPX3
2.02E-10 0.765858 1 0.949 3.12E-06 5 SRP14
2.17E-10 1.682195 1 0.929 3.33E-06 5 COL6A1
2.24E-10 -1.21141 0.862 0.907 3.45E-06 5 SOX9
2.28E-10 0.742132 0.793 0.331 3.51E-06 5 RSU1
2.79E-10 -1.36779 0.862 0.951 4.30E-06 5 UGDH
3.24E-10 0.592001 0.276 0.031 4.99E-06 5 FGL2
3.99E-10 0.964941 1 0.869 6.15E-06 5 CAV1
4.18E-10 0.86144 0.897 0.524 6.44E-06 5 TMEM50A
4.34E-10 1.485133 0.517 0.118 6.69E-06 5 RAMP2
5.27E-10 0.616749 1 0.862 8.11E-06 5 RHOA
5.31E-10 -0.79393 1 0.991 8.17E-06 5 EIF1
5.36E-10 -1.87631 0.862 0.931 8.25E-06 5 TNFRSF12A
5.80E-10 -1.17034 1 0.991 8.92E-06 5 TSC22D1
6.21E-10 1.21462 0.862 0.567 9.56E-06 5 FKBP1A
6.28E-10 0.798185 0.966 0.711 9.66E-06 5 FIS1
6.71E-10 0.670516 1 0.891 1.03E-05 5 COX6C
7.23E-10 -1.02098 0.897 0.933 1.11E-05 5 BZW1
7.29E-10 0.672618 0.448 0.093 1.12E-05 5 EPHA3
8.81E-10 0.578063 1 0.969 1.36E-05 5 PPIA
9.19E-10 -1.6403 0.793 0.871 1.41E-05 5 S100B
9.20E-10 -1.12051 0.966 0.931 1.42E-05 5 PGK1
9.79E-10 -1.00987 1 0.996 1.51E-05 5 BGN
1.11E-09 1.581374 0.966 0.853 1.72E-05 5 COL6A3
1.16E-09 -2.16466 0.828 0.931 1.79E-05 5 PTGS2
1.30E-09 0.605859 0.552 0.151 2.00E-05 5 MRGPRF
1.30E-09 -1.49747 0.483 0.84 2.00E-05 5 PTPRE
1.33E-09 -1.3682 0.621 0.889 2.05E-05 5 THBS1
1.35E-09 -0.9324 0.345 0.867 2.08E-05 5 NOTCH2
1.38E-09 0.851282 0.552 0.164 2.13E-05 5 SPON2
1.47E-09 1.400308 0.897 0.56 2.27E-05 5 HCFC1R1
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1.52E-09 0.668985 0.724 0.244 2.35E-05 5 IGFBP4
1.55E-09 -1.36142 0.448 0.871 2.38E-05 5 KIAA0040
1.63E-09 -1.12449 0.552 0.902 2.51E-05 5 DDX3Y
1.77E-09 1.329662 0.69 0.258 2.73E-05 5 PPAP2B
1.90E-09 0.505961 0.345 0.056 2.92E-05 5 PAMR1
1.90E-09 0.915476 1 0.882 2.92E-05 5 PFN1
2.10E-09 -0.83479 0.276 0.789 3.23E-05 5 MFI2
2.10E-09 -1.69236 1 0.964 3.24E-05 5 CYR61
2.12E-09 0.785548 0.966 0.738 3.26E-05 5 NEDD8
2.30E-09 -1.22807 0.69 0.858 3.54E-05 5 SPINT2
2.93E-09 -1.00564 0.621 0.884 4.51E-05 5 RUNX1
2.98E-09 0.786902 0.414 0.084 4.60E-05 5 KCNE4
3.47E-09 1.320004 0.276 0.036 5.35E-05 5 CD36
3.67E-09 -2.01688 0.966 0.956 5.65E-05 5 C11orf96
3.76E-09 0.638094 0.483 0.12 5.79E-05 5 CDH13
5.06E-09 0.896433 0.345 0.06 7.79E-05 5 MCAM
5.41E-09 1.00558 1 0.807 8.32E-05 5 ATP5I
5.56E-09 0.741065 1 0.951 8.57E-05 5 SERF2
6.00E-09 1.031838 0.897 0.549 9.24E-05 5 ISCU
6.12E-09 0.706416 0.931 0.56 9.42E-05 5 DPYSL2
7.78E-09 0.889174 0.724 0.34 0.00012 5 CERCAM
8.05E-09 1.006122 0.759 0.349 0.000124 5 UACA
8.41E-09 0.809849 0.483 0.12 0.00013 5 CCND1
8.96E-09 0.679727 0.966 0.804 0.000138 5 COX5B
9.02E-09 0.842866 0.966 0.811 0.000139 5 7-Sep
9.23E-09 0.928715 1 0.927 0.000142 5 LGALS3
1.04E-08 1.00485 0.517 0.147 0.00016 5 MDK
1.19E-08 -1.1585 0.586 0.882 0.000184 5 ELL2
1.29E-08 0.676981 0.345 0.062 0.000199 5 FGF7
1.36E-08 -3.08364 0.862 0.951 0.000209 5 CHI3L2
1.44E-08 -0.81953 0.207 0.718 0.000222 5 COL9A3
1.50E-08 -1.44776 0.793 0.896 0.000231 5 NFATC2
1.51E-08 0.883313 0.759 0.404 0.000232 5 VAMP5
1.52E-08 -1.36607 0.655 0.893 0.000233 5 HBEGF
1.53E-08 0.730563 0.655 0.247 0.000235 5 CYB5A
1.55E-08 1.043983 0.828 0.58 0.000239 5 PRKCDBP
1.72E-08 -1.54621 0.207 0.751 0.000265 5 GREM1
1.96E-08 0.982841 0.931 0.613 0.000301 5 SH3BGRL
1.98E-08 1.032754 1 0.747 0.000305 5 SEPW1
2.02E-08 0.752574 0.793 0.409 0.000311 5 EHD2
2.18E-08 -0.72545 0.138 0.696 0.000335 5 STK17A
2.35E-08 -0.91439 0.345 0.744 0.000362 5 COLGALT2
3.06E-08 0.929448 0.966 0.833 0.000472 5 GPX4
3.31E-08 -0.78191 0.414 0.773 0.00051 5 TFRC
3.35E-08 -1.03738 0.517 0.809 0.000516 5 STK38L
3.47E-08 -0.91518 0.31 0.789 0.000534 5 KDM6B
4.07E-08 -1.29944 0.552 0.818 0.000626 5 P3H2
4.46E-08 0.93653 0.966 0.878 0.000687 5 GSN
4.88E-08 -1.1075 0.414 0.796 0.000751 5 FOSL1
5.05E-08 0.619505 0.966 0.864 0.000777 5 NDUFS5
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5.09E-08 0.879864 0.931 0.807 0.000784 5 ARL6IP5
5.31E-08 -0.99758 0.517 0.824 0.000817 5 GPC6
5.61E-08 -1.11511 0.241 0.747 0.000864 5 ATP13A3
5.94E-08 -0.88944 0.172 0.687 0.000914 5 SLC38A1
6.12E-08 -1.12667 0.448 0.787 0.000942 5 RAPH1
6.16E-08 -1.19874 0.931 0.956 0.000948 5 HSPA5
6.26E-08 0.934916 1 0.891 0.000964 5 CRIP1
6.63E-08 0.920815 0.828 0.489 0.001021 5 C9orf16
7.41E-08 -2.40114 0.897 0.96 0.001141 5 CHI3L1
8.43E-08 0.771901 0.69 0.32 0.001298 5 PDHB
8.65E-08 1.115514 0.862 0.54 0.001332 5 DPT
8.70E-08 0.692616 0.966 0.833 0.00134 5 SUMO2
1.00E-07 -1.12125 0.655 0.858 0.001539 5 CHD2
1.01E-07 -1.35344 0.862 0.871 0.00155 5 SERPINA5
1.12E-07 0.559848 1 0.938 0.001721 5 DSTN
1.26E-07 1.298536 0.793 0.46 0.001944 5 DKK3
1.27E-07 0.655338 0.379 0.087 0.001957 5 STMN1
1.34E-07 0.677822 0.621 0.236 0.002067 5 C4orf27
1.42E-07 0.716365 1 0.916 0.002183 5 CFL1
1.56E-07 0.629374 0.862 0.54 0.002395 5 ZFP36L2
1.61E-07 -0.9306 0.931 0.902 0.002485 5 CLIC4
1.63E-07 -1.17171 0.448 0.824 0.002502 5 KCNMA1
1.72E-07 -1.35032 0.379 0.764 0.002654 5 TF
1.79E-07 -0.65952 0.172 0.724 0.002752 5 LAG3
1.82E-07 0.573725 1 0.856 0.002801 5 UQCRQ
1.84E-07 -1.29571 0.448 0.793 0.002831 5 RYBP
1.88E-07 1.405885 0.828 0.573 0.002894 5 IGFBP6
1.97E-07 0.918652 0.621 0.251 0.003038 5 PDLIM2
2.06E-07 1.029222 0.897 0.6 0.003169 5 ATOX1
2.07E-07 -0.93484 0.379 0.773 0.003181 5 SGMS2
2.12E-07 0.912984 0.966 0.86 0.003269 5 LMNA
2.15E-07 0.711077 0.966 0.713 0.003314 5 LEPROT
2.35E-07 -1.50802 1 0.962 0.003623 5 FOSB
2.37E-07 0.684582 0.724 0.364 0.003653 5 NREP
2.42E-07 -0.92702 0.621 0.847 0.003729 5 DNAJB9
2.43E-07 -0.83056 0.31 0.711 0.003742 5 FBXO2
2.62E-07 0.641342 0.448 0.133 0.004027 5 CALHM2
2.68E-07 0.623704 0.966 0.791 0.004125 5 CYB5R3
2.75E-07 -2.30526 0.759 0.856 0.00424 5 MT1G
2.93E-07 -1.07342 0.448 0.811 0.00451 5 KLHL21
2.99E-07 0.614368 1 0.922 0.0046 5 DAD1
3.13E-07 -0.54115 0.138 0.662 0.004817 5 TRPV4
3.30E-07 0.517591 0.345 0.078 0.005083 5 HSD3B7
3.53E-07 -0.85071 0.448 0.842 0.005431 5 CPEB4
3.53E-07 -1.58817 0.586 0.847 0.005437 5 TXNRD1
3.63E-07 0.848043 1 0.964 0.005591 5 PTMA
4.23E-07 0.847409 1 0.953 0.00651 5 SH3BGRL3
4.28E-07 0.728693 0.517 0.178 0.006586 5 TFPI
4.28E-07 1.054466 0.862 0.529 0.006588 5 PDGFRL
4.32E-07 0.674692 0.966 0.769 0.006647 5 KRTCAP2
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4.35E-07 -0.76404 0.517 0.82 0.006696 5 ITGA10
4.42E-07 -0.93586 0.621 0.884 0.0068 5 TUBA1C
4.43E-07 0.651788 0.966 0.704 0.006824 5 TMEM14C
4.44E-07 0.620825 0.966 0.913 0.006829 5 MYL12B
4.46E-07 -0.64173 0.276 0.724 0.00686 5 SDC4
4.57E-07 0.77296 0.724 0.416 0.007038 5 GSTK1
4.66E-07 0.796719 0.931 0.884 0.007181 5 UQCR11
4.78E-07 0.664079 0.793 0.424 0.007357 5 FBN1
5.05E-07 0.647076 1 0.809 0.00778 5 MYL12A
5.11E-07 -1.145 0.793 0.902 0.007862 5 LRRFIP1
5.41E-07 0.700127 0.276 0.051 0.008328 5 CPZ
5.48E-07 0.558234 0.414 0.109 0.008431 5 SLC39A10
5.49E-07 -0.67408 1 0.973 0.008451 5 DDX5
5.51E-07 0.870411 0.69 0.391 0.008478 5 HIGD2A
5.66E-07 -1.1955 0.828 0.933 0.008718 5 RTN4
5.86E-07 -0.91397 0.828 0.94 0.009015 5 DST
5.99E-07 -1.52517 0.793 0.876 0.009219 5 PDPN
6.51E-07 -1.02101 0.793 0.884 0.010026 5 GLS
6.66E-07 -0.69493 0.138 0.602 0.010257 5 TCEAL2
7.21E-07 -0.81736 0.483 0.818 0.011102 5 ODC1
7.81E-07 -0.73544 0.759 0.887 0.012024 5 HNRNPA1
7.90E-07 0.725451 1 0.849 0.012158 5 COX7A1
8.16E-07 -0.84681 0.759 0.904 0.01256 5 PRNP
8.59E-07 -0.50719 0.069 0.564 0.013233 5 PNO1
8.59E-07 -0.69774 0.241 0.678 0.013233 5 NFATC1
8.90E-07 -0.84278 0.828 0.916 0.013696 5 XBP1
8.90E-07 0.51018 0.517 0.18 0.013698 5 SSC5D
9.23E-07 1.031676 0.966 0.862 0.014213 5 EMP3
9.53E-07 0.757325 0.552 0.207 0.014668 5 BICC1
1.01E-06 0.596159 0.379 0.1 0.015484 5 ENTPD1
1.02E-06 -0.50026 0.414 0.827 0.015712 5 JUND
1.05E-06 -0.60858 0.172 0.644 0.016204 5 SLC7A5
1.15E-06 0.556765 0.966 0.953 0.017717 5 S100A11
1.17E-06 -0.79339 0.724 0.911 0.017955 5 HSPA9
1.18E-06 -0.6678 0.966 0.962 0.01823 5 NPM1
1.32E-06 0.604553 0.862 0.536 0.020299 5 TCF4
1.37E-06 0.633391 0.897 0.713 0.021161 5 MINOS1
1.40E-06 -0.91331 0.379 0.729 0.021517 5 ST3GAL1
1.41E-06 -0.65004 0.034 0.52 0.021715 5 KIF21A
1.48E-06 0.95511 0.966 0.764 0.022802 5 NFKBIA
1.49E-06 0.723775 0.966 0.784 0.022963 5 WBP5
1.50E-06 -0.83363 0.69 0.878 0.023086 5 TGFBR1
1.52E-06 -1.78679 0.655 0.813 0.023326 5 PDE4B
1.55E-06 0.552841 0.759 0.478 0.023831 5 RAB13
1.58E-06 0.627041 0.966 0.756 0.0244 5 CSTB
1.67E-06 -1.33948 0.966 0.889 0.025707 5 COL11A1
1.71E-06 0.645793 0.931 0.784 0.026389 5 DYNLRB1
1.71E-06 -1.33065 0.69 0.796 0.026398 5 BNIP3
1.72E-06 0.908271 0.931 0.718 0.026456 5 PHPT1
1.74E-06 0.567538 0.931 0.791 0.026821 5 OST4
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1.87E-06 0.54904 0.483 0.156 0.028814 5 MAP1A
1.88E-06 -0.96953 0.379 0.784 0.028934 5 PPP1R3C
1.90E-06 -1.17657 0.448 0.76 0.029319 5 CHAC1
1.92E-06 -0.724 0.138 0.591 0.029518 5 MPP6
1.93E-06 -0.69503 0.31 0.684 0.029682 5 SUSD5
1.95E-06 -0.60609 0.172 0.629 0.02997 5 GLIS3
2.09E-06 -1.0585 0.414 0.756 0.032245 5 TRIB1
2.11E-06 -0.94803 0.759 0.833 0.032463 5 FGFR1
2.20E-06 0.576136 0.793 0.422 0.03394 5 ARF5
2.28E-06 0.777394 1 0.749 0.035141 5 COL5A1
2.62E-06 -1.54163 0.931 0.956 0.040345 5 SOD2
2.67E-06 -0.69568 0.31 0.729 0.041086 5 SLC16A1
2.69E-06 -0.73838 0.379 0.776 0.041472 5 TES
2.71E-06 -0.71003 0.241 0.669 0.04178 5 STK26
2.79E-06 -0.89991 0.621 0.807 0.042918 5 PXYLP1
2.87E-06 0.669015 0.862 0.644 0.044238 5 15-Sep
2.90E-06 -0.88241 0.586 0.8 0.044594 5 FNDC3B
2.93E-06 -0.91283 0.207 0.62 0.045113 5 GALNT15
2.93E-06 -0.6647 0.724 0.913 0.045127 5 SDC2
2.94E-06 -0.58993 0.034 0.509 0.045245 5 KANK1
2.96E-06 -0.92054 0.931 0.967 0.045592 5 HERPUD1
3.03E-06 0.977495 0.586 0.258 0.046722 5 IRF1
3.10E-06 -0.72842 0.276 0.656 0.047773 5 GCLM
3.15E-06 0.540639 0.931 0.658 0.048574 5 ATP6AP2

Supplementary Figure 2. The expression level of marker genes of resC, proC and HTC in ATDC5 cells during different 
stage. SOX9 and Fn1 were the marker genes of resC, COL2A1 and Runx2 were the markers genes of proC, COL10A1 
and COL1A1 were the marker genes of HTC. Bars represent standard error form three replications. Different letters 
(a-c) indicate significant differences (P < 0.05) of cells among different marker genes based on one-way ANOVA fol-
lowed by Tukey’s HSD test for multiple comparisons.
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Supplementary Figure 3. Protein-protein interaction (PPI) network of candidate marker genes in 3 clusters. (A-C) Protein-protein interaction (PPI) network of candi-
date marker genes in HTCs (A), HomCs (B) and FCs (C).
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Supplementary Figure 4. The expression level of FN1, JUN and CD44 among six clusters. We illustrated the signifi-
cantly differential expressions of FN1, JUN and CD44 in six clusters via bubble plot.


