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Molecular subtyping and characterization
of clear cell renal cell carcinoma
by tumor differentiation trajectories

Xiu-wu Pan,1,4 Wen-jin Chen,1,2,4 Da Xu,2,4 Wen-bin Guan,3,4 Lin Li,2 Jia-xin Chen,1 Wei-jie Chen,2 Ke-qin Dong,1

Jian-qing Ye,1 Si-shun Gan,2,* Wang Zhou,1,* and Xin-gang Cui1,5,*

SUMMARY

Previous bulk RNA sequencing orwhole genome sequencing on clear cell renal cell carcinoma (ccRCC) sub-
typing mainly focused on ccRCC cell origin or the complex tumor microenvironment (TME). Based on the
single-cell RNA sequencing (scRNA-seq) data of 11 primary ccRCC specimens, cancer stem-cell-like sub-
sets could be differentiated into five trajectories, whereby we further classified ccRCC cells into three
groups with diverse molecular features. These three ccRCC subgroups showed significantly different out-
comes and potential targets to tyrosine kinase inhibitors (TKIs) or immune checkpoint inhibitors (ICIs). Tu-
mor cells in three differentiation directions exhibited distinct interactions with other subsets in the ccRCC
niches. The subtyping model was examined through immunohistochemistry staining in our ccRCC cohort
and validated the same classification effect as the public patients. All these findings help gain a deeper
understanding about the pathogenesis of ccRCC and provide useful clues for optimizing therapeutic
schemes based on the molecular subtype analysis.

INTRODUCTION

Renal cell carcinoma (RCC) is one of the ten most frequently diagnosed cancers worldwide.1,2 Clear cell RCC (ccRCC) ranks the first common

pathological subtype of RCC, accounting for approximately 75% of all RCC cases.3 Although surgical resection is an effective therapeutic

modality for early localized ccRCC, about 30% of patients with localized disease eventually developmetastasis.3 The five-year disease-related

survival (DRS) for metastatic ccRCC is only 12%. Molecular targeted therapies such as the use of tyrosine kinase inhibitors (TKIs) and immune

checkpoint inhibitors (ICIs) are regarded as the standard front-line regimens for advanced and metastatic ccRCC.4,5 However, the common

low response rate induces drug resistance and disease progression in most patients due to the obvious individual response to treatment.6

Therefore, distinguishing high-risk patients and choosing sensitive targeted therapies represent a growing challenge.

TNM staging and Fuhrman grade are generally accepted as common clinical indicators for assessing the progression of RCC. However,

patients with the same clinical stage or grade may have different outcomes. Several studies have shown that molecular signatures can accu-

rately predict the risk stratification of patients with ccRCC, including tumor recurrence, tumor-specific survival, and sensitivity to ICIs, and

angiogenesis inhibitors.7–9 Recent research has demonstrated that RCC tumor tissues can be categorized into seven molecular subsets by

RNA transcriptomic analysis, which are associated with differential clinical outcomes to angiogenesis inhibitors or with an ICI.9 However,

most existing studies have mainly focused on the bulk tissue to classify molecular subtypes with prognostic value but ignored differences

in the distinct single-cell type, much less in the number of cell populations associated with the efficacy of combined therapy. As a result,

the properties and functions of key cell populations cannot be accurately obtained by bulk-seq study.

It is supposed that distinct RCC subtypes originate from different types of highly heterogeneous renal epithelial cells.10 For example,

ccRCC tumors used to be considered originating from proximal tubular cells,11 and therefore, most research efforts were devoted to find

potential cells of origin that share transcriptional characteristics with the ccRCC epithelium. However, with the booming of the cell stem

cell (CSC) theory in recent years, they have been recognized as small subsets of cancer cells with self-renewal ability, which can stimulate tumor

growth and lead to tumor heterogeneity.12 CSCs also participate in tumor aggressiveness recurrence and metastasis, including resistance to

treatment.13 The biological characteristics of ccRCC cells may have appeared as different branches in the process of CSC differentiation, with

different phenotypic states and distinct interactions with the microenvironment. As highly vascularized ccRCC exhibits high levels of immune

cell infiltration,14 metastatic ccRCC should be able to well respond to antiangiogenics and immunotherapies,15,16 but reality is not desirable as

1Department of Urology, Xinhua Hospital, School of Medicine, Shanghai Jiaotong University, 1665 Kongjiang Road, Shanghai 200092, China
2Department of Urology, Third Affiliated Hospital of the Second Military Medical University, 700 Moyu North Road, Shanghai 201805, China
3Department of Pathology, Xinhua Hospital, School of Medicine, Shanghai Jiaotong University, 1665 Kongjiang Road, Shanghai 200092, China
4These authors contributed equally
5Lead contact
*Correspondence: gansishun20101111@163.com (S.-s.G.), brilliant212@163.com (W.Z.), cuixingang@xinhuamed.com.cn (X.-g.C.)
https://doi.org/10.1016/j.isci.2023.108370

iScience 26, 108370, December 15, 2023 ª 2023 The Authors.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

mailto:gansishun20101111@163.com
mailto:brilliant212@163.com
mailto:cuixingang@xinhuamed.com.cn
https://doi.org/10.1016/j.isci.2023.108370
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.108370&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


expected. Therefore, it deserves to investigate the differentiation branches of CSCs and their interactions with immune cells based on the

molecular features, whose future may determine the tumor biological behavior and response to drug therapies.

Single-cell RNA sequencing (scRNA-seq) analysis can identify various cell types or physiological states and profile molecular characteriza-

tion on thousands of cells, thereby revealing specific biological characteristics of various cell types.17,18 Monocle3 algorithm in scRNA-seq can

be used to reveal changes in cell-fate-dependent gene expression, splicing patterns, and allelic imbalances, which was potentially a method

to subtyping cancer cells based on the differentiation of CSCs. In our previous study,19 we used scRNA-seq analysis to characterize the

complex cellular ecosystem and clinical biological evolution of the fatal collecting duct renal rCC (CDRCC) and predict potential intervention

strategies for this deadly disease. Bi et al.20 explored differences in the tumor microenvironment (TME) in metastatic RCC patients before or

after ICI treatment by scRNA-seq analysis. However, these studies did not systematically establish RCC single-cell molecular subtypes to

distinguish differential clinical outcomes.

Therefore, we used scRNA-seq analysis to identify unbiased cell subpopulations of ccRCC in 86,042 cells from patients with different

stages and grades. The subpopulations of ccRCC cells that we identified were involved in several specific biological functions and asso-

ciated with differential clinical outcomes. Three subtypes were identified to predict the prognostic risk of patients with ccRCC and assess

the treatment response of the angiogenesis inhibitor and the checkpoint inhibitor. In addition, we tested the subtyping model through

immunohistochemical (IHC) staining in our ccRCC tissue cohort (n = 286), which validated the same classification effect as the patients

in public datasets. The biological and clinical significance of this study may shed light on accurate prediction and personalized treatment

strategies for ccRCC.

RESULTS

Human ccRCC cells present significant changes as compared with normal cells

To understand the molecular characteristics of ccRCC, we collected 11 fresh ccRCC tumor tissues from patients with different stages and

grades (Table 1) and digested them into single cells for quality screening and cell sequencing. As a result, we isolated 86,042 ccRCC cells

for subsequent analysis by classifying them into 9 clusters for unsupervised clustering analysis based on the specific expression of cell-

type signal genes, including cancer cells, distal tubule cells (DT), proximal tubule cells (PT), collecting duct cluster cells (CT), endothelial cells,

fibroblasts, B cells, T cells, andmyeloid cells (Figures 1A and S1A; Table S2). The uniformmanifold approximation and projection (UMAP) plot

showed the distribution of the cells in each sample (Figure 1B). Epithelial cells (both normal andmalignant) constituted themain proportion of

renal cells and cancer cells, accounting for about 60% of all cells (Figure S1B).

Each cell cluster was further subdivided into several subclusters using unsupervised clustering analysis. Cancer cells were subdivided into

five cancer cell subclusters (ccRCC1-5 subclusters) (Figure 1C) and five cancer stem cell (CSC) subclusters (CSC and cancer stem-like cell

[CSCL] 1–4 subclusters) (Figure 1D); T cells were subdivided into CD4+T, CD8+T (including CD8+T terminally exhausted [CD8+Tex],

CD8+T terminally exhausted effector [CD8+Tex-eff], and CD8+T progenitor-like [CD8+T-pro]), nature killer T (NKT) cell, regulatory T cell

(Treg), and follicular helper T cell (Tfh) (Figure 1E); B cells were subdivided into B cells and plasma cells (Figure 1F); myeloid cells were

subdivided into tumor-associated macrophage (TAM), M1 macrophage (M1F), M1 macrophage (M2F), dendritic cell (DC), and monocyte

(Figure 1G); endothelial cells were subdivided into endothelial1, endothelial2, and endothelial3 (Figure 1H). Thus, a total of 30 cell popula-

tions were identified in ccRCC tissues. Significant differences in gene expression were clearly exhibited between each subcluster, suggesting

that cell populations were identified successfully (Figure 1H). Correlation analysis showed that cell subclusters in the same cell cluster were

highly concentrated in the adjacent area, further confirming the reliability of the subclusters (Figure S1C). The distribution of uniquemolecular

identifiers (UMIs) in each cell population is shown in Figure S1D. Each subcluster contained various cells frommultiple samples, implying the

rationality of the samples (Figure 1J).

Table 1. Clinical information of ccRCC patients in scRNA-seq analysis

Patient ID Gender Age Grade Stage Cell number

RCC1 Female 62 1 III 11824

RCC2 Male 46 2 I 6719

RCC3 Female 58 2 I 4530

RCC4 Male 65 3 I 9091

RCC5 Male 59 3 IV 5169

RCC6 Male 70 2 II 8711

RCC7 Female 71 2 II 13999

RCC8 Female 49 3 III 5775

RCC9 Male 65 3 IV 9381

RCC10 Female 79 2 IV 6591

RCC11 Female 69 2 II 7427
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The distinct transcriptome program in epithelial cells suggests the potential tumor cell evolution origin

Epithelial cells are the main component of the ccRCC tumor tissue (Figure S1B) and the origin of ccRCC as well.3 To distinguish the hetero-

geneity of epithelial cells, we innovatively applied the monocle3 method of cell differentiation to identify cancer cell subpopulations. As the

monocle plot shown, cancer cell cluster was subdivided into six cancer-related subclusters, including one cancer stem-like cell (CSCL)

Figure 1. Identification of human ccRCC cell populations

(A) Unsupervised clustering for cells isolated from 11 ccRCC tissue samples. Nine major clusters were annotated.

(B) Cells in each sample (p1-p11) displayed by UMAP plot.

(C and D) Cancer cells was subdivided into five cancer cell subclusters (ccRCC1-5) and five cancer stem cell (CSC) subclusters (CSC and CSCL1-4).

(E) T cells were subdivided into CD4+T, CD8+T (including CD8+Tex, CD8+Tex-eff, and CD8+T-pro), NKT, T-reg, and Tfh.

(F) B cells were subdivided into B cells and plasma cells.

(G) Myeloid cells were subdivided into TAM, M1F, M2F, DC, and monocyte.

(H) Endothelial cells were subdivided into endothelial cells 1–3.

(I) Heatmap of gene expression in each subcluster.

(J) The bar plot of fraction of cells from multiple samples in each subcluster.
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subcluster and five branches with five cancer cell subclusters (ccRCC 1–5) (Figure 2A). According to monocle pseudotime trajectory and ve-

locity analysis that we applied to depict the differentiation trajectory of cells, CSC cells, as the starting point of the differentiation process,

could differentiate into ccRCC1-5 cells (Figures 2B and S2A). The general distribution patterns of cancer cells were similar between CSCL

and ccRCC1-5 subclusters (Figure 2D). ccRCC-4 and ccRCC-5 subclusters, which were mainly derived from RCC 1, 6, 8, and 9, were at the

relatively terminal stage of differentiation (Figures 2B, 2C, and 2E). ccRCC-1 subcluster was mainly derived from RCC 7, which was at the rela-

tively early stage of differentiation (Figures 2B, 2C, and 2E).

To further verify whether the characteristics of ccRCC cell clusters that we annotated were correct, we used previously reported ccRCC-

related cell markers to check the characteristics of ccRCC cell clusters. It was found that the known ccRCC CSC markers CD44,19 CXCR4,21

DCLK1,22 NCAM1,23 and MKI6724 were highly expressed in CSCL cluster (Figure 2F). Compared with normal kidney cells, ccRCC cell clusters

generally had higher expression of acknowledged ccRCC-related markers, such as CA9,25 NDUFA4L2,26 SAA1,27 SLC17A3,28 and SLC31A229

(Figure 2F). In addition, the markers for proximal tubules, distal tubules, and collecting duct were significantly highly expressed in PT, DT, and

CD subclusters, respectively (Figure 2F). Moreover, as the heatmap shown, the expression of signature genes could clearly distinguish each

cancer cell subcluster and normal kidney cell subclusters (DT, PT, and CD cells) (Figure 2G). Changes of partial gene expression during cancer

cell differentiation trajectories are shown in Figure S2B. For example, VEGFA, T1MP, PLVAP, and HSPA1B, which are known to be associated

with angiogenesis, were upregulated during CSCL-ccRCC1 differentiation trajectory. GATM and ECH1, which are known to regulate the

biosynthesis of interleukins, were gradually increased in CSCL-ccRCC2 differentiation trajectory. The expression of FHL2, CXCL8, and

TFPI, which are known to regulate the process of phosphorylation, showed an upward trend during CSCL-ccRCC3 differentiation trajectory.

MDK and C1QL1, which are known to promote the process of cell proliferation, were gradually enhanced in CSCL-ccRCC4 differentiation

trajectory. MYL9, SPON2, PLTP, and KRT19, which are known to regulate the process of immune response, were significantly upregulated

during CSCL-ccRCC5 differentiation trajectory.

Knowing that ccRCC originates from renal tubular epithelial cells, we focused on differences in gene characteristics between cancer cells

and normal renal epithelial cells. As shown in the volcano map, compared with normal epithelial cells, cancer cells were enriched in hypoxia-

responsive and angiogenic genes, such as NDUFA4L2,30 ANGPTL4,31 IGFBP3,32 and VEGFA33 (Figure 2H), and CSCL cells were enriched in

genes related to self-renewal, uncontrolled proliferation, and differentiation, such as NNMT,34 LDHA,35 and SLC16A336 (Figure 2I). Similarly,

volcano map from ‘‘ccRCC versus CSCL’’ showed that specific genes were enriched separately in ccRCC cell clusters and CSCL cell cluster

(Figure 2J). Comparison of gene expressions and transcription factor (TF) activity between normal epithelial cells (PT, CD, and DT cells)

are shown in Figures S3A–S3E.

Specific molecular features of the five differentiation branches of ccRCC cells

To further identify the biological features of the five branches of ccRCC cells, gene set variation analysis (GSVA) was applied in the ccRCC

subclusters. The enrichment of gene ontology (GO) pathway in CSCL subcluster was similar with that in ccRCC1 subcluster (Figure 3A), indi-

cating that CSCL and ccRCC1 cells were the primitive stage of ccRCC cell differentiation, as the lower GO enrichment scores pointed to the

undeveloped biological functions. In addition, the enrichment score of GO pathway was significantly increased in ccRCC 2–5 subclusters

compared with CSCL and ccRCC1 subclusters (Figure 3A). The cell-cycle stage distribution of cancer cells showed that CSCL cells were signif-

icantly enriched in G2/M and S stage (Figure 3B), which is associated with the proliferation, pluripotency, and differentiation of stem cells.

To investigate genetic heterogeneity of large-scale CNV in ccRCC subclusters, inferCNV was calculated based on scRNA data. As in-

ferCNV analysis showed (Figure 3C), chromosomal loss in 3p was commonly observed in ccRCC cells (CSCL and ccRCC 1–5 cells), and this

phenomenon was not observable in normal kidney cells. 3p loss is nearly a universal event in ccRCC,3 which further implies the accuracy

of the ccRCC cells that we identified. Other common ccRCC CNVs37 were also observed in our study, including 5q gain in ccRCC 3–4 cells,

14q loss in ccRCC 2–5 cells, 7 gain in ccRCC 3–5 cells, and 9 loss in ccRCC 4–5 cells (Figure 3C). Interestingly, chromosomal loss in 9p and gain

in 20p were only observed in ccRCC 4 and ccRCC 5 cells (Figure 3C), which have also been reported by previous studies, which observed that

these variation events were associated with poor prognosis of ccRCC patients.38,39

We further analyzed the enrichment of the specific pathways in ccRCC1-5 subclusters to define their biological characteristics and found

that ccRCC1 subclusters were more enriched in angiogenesis-related pathways than that in the other subcluster. ccRCC2 subcluster showed

the enrichment of interleukin-biosynthesis-related pathways; ccRCC3 subcluster showed the enrichment of phosphorylation-activity-related

pathways; ccRCC4 subcluster showed the enrichment of cell-proliferation-related pathways; and ccRCC5 subcluster showed the enrichment

of immunomodulatory signaling pathways (Figure 3D).

Figure 2. The distinct transcriptome program in epithelial cells

(A) Monocle3 analysis: cancer cell cluster was subdivided into six cancer-related subclusters, including CSCL and ccRCC 1–5.

(B) Pseudotime trajectory depicted CSCs cells (the start of differentiation process) can differentiate into ccRCC1-5 cells (the end of differentiation process). The

legend showed the differentiation age (0–30).

(C) ccRCC cells in each sample (p1–p11) displayed by UMAP plot.

(D and E) The general distribution fraction of cancer cells among CSCL and ccRCC1-5 subclusters. Data are represented as mean G SEM.

(F) Violin plot showed the well-known ccRCC-related cell markers to check the characteristics of ccRCC cell clusters. Data are represented as mean G SEM.

(G) Dot plot expression of gene signature in each cancer cell subcluster and normal kidney cell subclusters.

(H–J) Volcano plot showed the gene characteristic differences between cancer cells and normal renal epithelial cells. (H) PT VS Tumor; (I) PT VS CSCL; (J) ccRCC1-5

VS CSCL. Red for upregulated genes; blue and other colors for downregulated genes.
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ccRCC is characterized by lipid metabolism dysfunction.40 Abnormal lipid metabolism in ccRCC promotes cellular lipid accumulation,

which provides the additional ATP for enhancing the viability of cancer cells to promote disease progression.41,42 We further analyzed the

enrichment of lipid metabolism pathways in ccRCC1-5 subclusters. As shown in the enrichment heatmap of the pathways, each cancer cell

subcluster presented up-regulation of meaningful pathways that specifically regulated lipid metabolism (Figure 3E). Interestingly, ccRCC5

subcluster accelerated the accumulation of lipids through biosynthesis, storage, and transportation (Figure 3E). The abundance of metabo-

lites of the glutaminolytic pathway and ketone catabolic process was higher in ccRCC5 subcluster (Figure 3F). However, the fatty acid

oxidation (FAO)-related pathways were enriched in ccRCC2 and ccRCC3 subclusters (Figures 3E and 3F). Abnormal lipid accumulation

and glutamine metabolism have been found to be critical in promoting the progression of ccRCC,41,43 but upregulation of FAO in cancer

cells is equivalent to tumor cell ‘‘slimming,’’ which represses the progression of ccRCC.41 Therefore, cancer cells in ccRCC5 subcluster may

be a higher prognostic risk compared with cancer cells in other subclusters, especially in ccRCC2 and ccRCC3 subclusters.

In addition, we analyzed the pathways related to targeted therapies among the five ccRCC subpopulations (Figure 3G). For example, the

targeted therapy-related pathway of ccRCC1 subcluster was enriched in membrane receptor activation of tyrosine kinases such as VEGFR,

suggesting that ccRCC1 subcluster may be sensitive to sunitinib. Interestingly, ccRCC4 and ccRCC5 subclusters were not only enriched in

T cell activation, T cell homeostasis, andMHC class II receptor activity but also upregulated TKI targeted VEGFR pathways, including positive

regulation of sprouting angiogenesis, sprouting angiogenesis, and vascular-endothelial-growth-factor-activated receptor activity (Figures 3D

and 3G). These findings suggest that ccRCC4 and ccRCC5 subclusters may be sensitive to TKI-targeted therapy combined with ICI

immunotherapy.

To further study the transcriptional program in the cancer cell populations, transcriptional factor (TF) analysis was used. The result high-

lighted that different cancer cell subclusters had different TF activations (Figures 3H and 3I). FOSL2, NFAT5, KLF2, ELF1, YY1, ETS1, and ETS2,

which are known to promote tumor angiogenesis,44–48 were generally up-regulated in the ccRCC1 subcluster. TCF12, SOX4, STAT2, and

Figure 3. Specific molecular features of the five differentiation branches of ccRCC cells

(A) The GO enrichment signature score of cancer cell subclusters and normal kidney cell subclusters. Data are represented as mean G SEM.

(B) The fraction of cancer cells in each cell-cycle stage. Blue for G1 stage; red for G2/M stage; yellow for S stage. Data are represented as mean G SEM.

(C) The inferCNV heatmap for each ccRCC group. Red for gain; blue for loss. The reference cells were normal tubular cell, endothelial, and fibroblasts.

(D) The heatmap for activated cancer-related pathways in each cancer cell group. Red for upregulation; blue for downregulation.

(E and F) Enrichment analysis heatmap of the lipid-metabolism-related pathways in each cancer cell group.

(G) Heatmap for pathways related to targeted therapies among the six ccRCC subpopulations.

(H) Heatmap for transcriptional factor activations in each cancer cell group.

(I) Regulons activity score in CSC and ccRCC 1–5.

ll
OPEN ACCESS

6 iScience 26, 108370, December 15, 2023

iScience
Article



ll
OPEN ACCESS

iScience 26, 108370, December 15, 2023 7

iScience
Article



CUX1, which are known to increase the risk of tumor proliferation and metastasis,49–52 were activated transcriptionally in the ccRCC4

subcluster.

Molecular classification is correlatedwith prognostic risk stratification and different clinical outcomes to targeted therapies

GSVA, CNV, and TF activation presented specific characteristics in the cancer cell populations, thus we tried to explore the molecular clas-

sificationbasedon ccRCC1-5 subclusters. The intersections between themarker genes of ccRCC1-5 subclusters werequite limited (Figure 4A),

implying that the marker genes of ccRCC1-5 subclusters could be used to build scRNA-seq-based classifier. We selected 35 most specific

marker genes of cancer cell populations, including 5 markers (AHSA1, BAG3, EGR1, HSPH1, and BBOX1) in ccRCC1 subcluster, 5 markers

(MIOX, PLEKHA1, SCGN, SLC6A13, and ALDOC) in ccRCC2 subcluster, 5 markers (EPB41L4A-AS1, MYC, PCNP, QTRT1, and TMCC1) in

ccRCC3 subcluster, 7 markers (BHLHE41, BICD1, ITGA3, MXRA7, MXRA8, RRAD, and SNHG25) in ccRCC4 subcluster, and 13 markers

(AEBP1, ARBP1, ARF5, FABP6, FXYD1, HSD3B7, LGI4, LINC01127, PLTP, PLTP, PYHLH, SERPINE1, SERPINE2, SEZ6L2, TGM2, and

TRIM54) in ccRCC5 subcluster (Figure 4B).

To explore the possible application of cancer cell population marker genes in ccRCCmolecular classification, tumor profiles of 5 randomly

selected gene panels (35 genes) of ccRCC1-5 subclusters were used to classify the 527 samples in TCGA dataset into subtypes. The result

showed that the three subtypes achieved an optimized discrimination effect of the ccRCC samples (Figure 4C). The markers of ccRCC1 sub-

cluster were significantly enriched in group 1, the markers of ccRCC2 and ccRCC3 subclusters were observed in group 2, and the markers of

ccRCC4 and ccRCC5 subclusters were increased in group 3 (Figure 4D). We subsequently evaluated the ccRCC prognostic risk in each group.

Patients in group 3 (ccRCC4 and ccRCC5 subclusters) were demonstrated to have aworse survival outcome comparedwith patients in group 1

(ccRCC1 subclusters) and group 2 (ccRCC2 and ccRCC3 subclusters) (Figure 4E). We validated the model internally in the validation cohort

from our own ccRCC patients (n = 286). As expected, the differences in prognostic risk between the three groups were consistent with the

aforementioned results (Figures 4H and 4I).

Group 1 and group 3 clusters were up-regulated in angiogenesis-related pathways, such as activation of transmembrane receptor protein

tyrosine kinase activity, VEGF signaling pathway, regulation of protein tyrosine kinase activity, and regulation of angiogenesis (Figures 4F, 4G,

and S4). Group 2 cluster was enriched in energy-metabolism-related signaling pathways, and patients in this group exhibited the best survival

outcomes, implying that tumor cells progressed slowly and did not require any treatment (Figures 4F, 4G, and S5). Of great interest, pathways

related to ICI therapies were associated with increases in group 3 cluster, including regulation of the immune effector process and acute

inflammatory response (Figures 4F, 4G, and S6). We further characterized the prevalence of the top altered genes in each group, and the

prevalence of BAP1, PTEN, PBRM1, and KDM5C mutations was the highest in group 3 (inflammation/angiogenesis cluster), which is similar

to previous research9 (Figure S7). Therefore, we termed group 1 subcluster as angiogenesis activity, group 2 subcluster as indolent progress,

and group 3 subcluster as inflammation+ angiogenesis activity.

We used patients (n = 120) with ICI therapy from checkmate025 dataset to verify the therapeutic efficacy of ICI therapy. As expected, we

found that patients with ICIs in group 3 exhibited markedly better survival outcomes than patients in group 1, suggesting that patients in

group 3 are more suitable for ICI treatment (Figure 4J). The disease control rate (DCR) of patients with ICI therapy was 79% (group 3),

68% (group 1), and 65% (group 2) (Figure S8A). Compared with untreated ccRCC, tumor purity was decreased and immune scores were

increased significantly in ccRCC tissues with ICIs therapy in group 3 (Figure S8B), demonstrating that our molecular classification based on

scRNA-seq analysis could be effectively applied to risk prognostication for ccRCC patients and provide useful information for personalized

treatment.

ccRCC stem cells are associated with the development and progression of ccRCC

Owing to the vital role of CSCs in the development and progression of ccRCC,53 we further analyzed the biological properties of CSCL cells in

ccRCC tissues and found that CSCL cells could be subdivided into five subclusters by monocle analysis, including CSC subcluster, CSCL1

subcluster, CSCL2 subcluster, CSCL3 subcluster, and CSCL4 subcluster (Figure 5A). Pseudotime trajectory analysis revealed that CSC cells

in CSC subcluster were differentiated into four branches corresponding to the cells of CSCL1-4 subclusters (Figure 5B). Cells in each CSC

cell subcluster were derived from multiple samples (Figure 5C) and had a similar cell number of about 1,500 (Figure 5D). GO pathway

Figure 4. ccRCC subsets in scRNA-seq were mapped to the three molecular subtypes and associated with clinical prognosis

(A) The Venn plot showed the intersections between the marker genes of ccRCC1-5 subclusters.

(B) Heatmap for expression of 35 most specific marker genes in cancer cell populations.

(C) Optimized discrimination effect of the 527 TCGA-KIRC samples in the three subtypes based on the tumor profiles with 5 gene panels (35 genes) of ccRCC1-5

subclusters.

(D) Complex heatmap for gene expression clustering. ccRCC1 subcluster enriched in group 1, ccRCC2 and ccRCC3 subclusters enriched in group 2, and ccRCC4

and ccRCC5 subclusters enriched in group 3.

(E) Survival analysis for group 1–3 in TCGA. p = 0.0011.

(F) Heatmap for the gene expression related to tyrosine kinase.

(G) Heatmap for GSVA analysis of VEGF or angiogenesis-related signaling pathway in group 1–3.

(H) Consensus clustering for our own ccRCC patients (n = 286). The optimized discrimination effect of three groups in our cohort.

(I) Survival analysis for group 1–3 in our cohort. p = 0.0001.

(J) Survival analysis for group 1–3 in patients received ICIs therapy from Checkmate025. p = 0.0027.
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Figure 5. Identification of ccRCC stem cells

(A) UMAP plot of Monocle3 analysis showed that CSC cells could be subdivided into four CSCLs.

(B) Pseudotime trajectory depicted CSCs cells (the start of differentiation process) can differentiate into CSCLs 1–4 (the end of differentiation process). The

legend showed the differentiation age (0–20).

(C) CSCs and CSCLs in each sample (p1–p11) displayed by UMAP plot.

(D)The cell number in CSC and CSCL1-4. Data are represented as mean G SEM.

(E) The GO enrichment signature score of CSC and CSCL1–4. Data are represented as mean G SEM.

(F) The fraction of CSC and CSCL1–4 in each cell-cycle stage. Blue for G1 stage; red for G2/M stage; yellow for S stage. Data are represented as mean G SEM.

(G) Violin plot showed the well-known stem and cancer markers to check the characteristics of CSC and CSCL1–4. Data are represented as mean G SEM.

(H) Dot plot expression of gene signature among CSC and CSCL1–4.

(I–K) Volcano plot showed the gene characteristic differences among CSCs, cancer cells, and normal renal epithelial cells. (I) CSCLs VS CSC; (J) ccRCC VS CSC; (K)

PT VS CSC. Red for upregulated genes; blue and other colors for downregulated genes.

(L) The heatmap for activated cancer-related pathways in CSC and CSCL1–4. Red for upregulation; blue for downregulation.

(M) Heatmap for transcriptional factor activations in CSC and CSCL1–4.

(N) Regulons activity score in CSC and CSCL1–4.
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enrichment was relatively high in CSCL2 and CSCL3 subcluster (Figure 5E). As mentioned in the previous cell-cycle analysis,54 both the total

CSC cells and CSC cells of CSC cell subcluster exhibited G1 phase arrest, indicating a better consistency of our data (Figure 5F).

All CSC cell subclusters highly expressed known stem cell markers, including CD44,19 CXCR4,21 DCLK1,22 NCAM1,23 MKI67,24 and

PROM155 (Figure 5G). In addition, known ccRCC markers (CA9,25 NDUFA4L2,26 SAA1,27 SLC17A3,28 and SLC31A229) were commonly

increased in CSC cell subclusters (Figure 5G). These results illuminate that identification of ccRCC CSCs was accurate. There were significant

differences in the expression of signature genes betweenCSC cell subclusters (Figure 5H). Comparedwith CSCLs, ccRCCs, and PT cells, CSCs

presented the characteristics of self-renewal and differentiation with high expression of stem-cell-related genes such as RBP4,56 ANGPTL 2,57

VCAM1,58 AIF1,59 NDUFA4L2,60 and LDHA35 (Figures 5I–5K).

GSVA analysis showed enrichment of CSCL1 subcluster in VEGFR signaling pathway and enrichment of CSCL4 subcluster in VEGFR

signaling pathway (Figure 5L). TF analysis was performed to detect specific TF activation in CSC cell subclusters, and the result showed

that SPI1,61 USF2,62 and HNF4A,63 key TF regulating stem and progenitor cells in CSC subcluster, were significantly up-regulated as

compared with CSCL subcluster (Figures 5M and 5N).

Immunosuppressive TME exerted by ccRCC is correlated with unfavorable prognosis

To explore the underlying mechanisms of response to immunotherapy in group 3 patients, further efforts are needed to gain further insights

into the immune microenvironment. As shown in Figures 6A–6C and S9, T cells, B cells and myeloid cells were subdivided into several

Figure 6. Identification of the immune microenvironment in ccRCC

(A–C) (Left to right) The subclusters of T cells, B cells, and myeloid cells by monocle3 analysis.

(D) The number of subclusters of T cells, B cells, and myeloid cells. Data are represented as mean G SEM.

(E and F) Expression of exhaustion markers and signature in CD8+T-pro/CD8+Tex and CD8+T-pro/CD8+Tex-eff. Data are represented as mean G SEM.

(G) Venn diagram of the signature genes among CD8+T-pro/CD8+Tex and CD8+T-pro/CD8+Tex-eff.

(H and I) Volcano plot showed the gene characteristic differences among CD8+T-pro/CD8+Tex and CD8+T-pro/CD8+Tex-eff. Red for upregulated genes; blue

and other colors for downregulated genes.

(J and K) The IHC for CD8+Tex-eff [(J) CD8/PDCD1/GZMB] and CD8+Tex [(K) CD8/PDCD1/LAG3].

(L and M) The ROC and KM curve of PFS in patients with ICIs treatment based on IHC score of CD8+Tex-eff markers.

(N and O) The ROC and KM curve of PFS in patients with ICIs treatment based on IHC score of CD8+Tex markers.

(P and Q) M2F cells were positively associated with CD8+Tex cells.
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subclusters. It is noteworthy that CD8 T cells were subdivided into three subclusters (CD8+Tex, CD8+Tex-eff, and CD8+T-pro) by monocle

analysis. As expected, the number of CD8+Tex cells,M2F cells, and TAMcells in group 3was significantly higher than that in the other groups,

suggesting that ccRCC patients with characteristics of group 3 may present a worse prognosis (Figure 6D). With the pathological grade of

ccRCC increasing, the number of CD8+Tex cells,M2F cells, and TAMcells also increased. However, radiology was unable to show the specific

distribution of tumor stages of these cells (Figure S10). These findings of our study indicate that the terminal state of CD8 T cells presented two

differentiation branches, including CD8+T-pro/CD8+Tex and CD8+T-pro/CD8+Tex-eff, rather than a linear differentiation model as the pre-

vious study.64 CD8+T-pro cells, as relatively naive CD8 T cells, presented low expression of the specificmarker genes of effector or exhausted

state (Figures 6E and S11A). As for terminal CD8+ T cells, exhaustionmarkers were upregulated in both CD8+Tex cells and CD8+Tex-eff cells

(PDCD1, LAG3, HAVCR2 (encoding TIM-3), and ITGA4 for CD8+Tex cells; TIGIT and PDCD1 for CD8+Tex-eff cells) (Figures 6E, 6F, and S11A).

Of effector molecules, we found that GZMB, IFNG, and TRGC2 were significantly upregulated in CD8+Tex-eff cells (Figures 6E and S11A).

Although the expression of PRF1 and FASLG was also up-regulated in CD8+Tex cells (Figures 6E and S11A), only CD8+Tex-eff cells upregu-

lated a host of chemokines (CXCL1, CXCL2, CXCL8, XCL1, and XCL2) (Figures 6H and S11A). As shown in Venn diagram analysis of the signa-

ture genes of three CD8 T subclusters, they shared functional similarities on one hand but on the other hand they also showed important

differences (Figures 6G–6I). Therefore, we identified CD8+Tex cells as ‘‘dysfunctional terminal state’’ and CD8+Tex-eff as ‘‘functional effector

terminal state.’’

Immunofluorescence analysis of our ccRCC tissues showed that CD8/PDCD1/LAG3 (markers for CD8+Tex cells) and CD8/PDCD1/GZMB

(markers for CD8+Tex-eff cells) were co-expressed in some CD8 T cells (Figures 6J and 6K). Using PFS as the primary outcome, ROC curve

showed that the best IHC score cutoff value for CD8+Tex-eff was 107.5 with anAUCof 0. 9479 (Figure 6L), and the survival analysis showed that

high expression of CD8+Tex-eff indicated a better PFS (Figure 6M). However, the best IHC-score cutoff value for CD8+Tex was 97 with an

AUC of 0.9375 (Figure 6N), and the survival analysis showed that a high expression of CD8+Tex markers indicated a worse PFS (Figure 6O).

Compared with the untreated population, ccRCC patients with anti-PD-1 therapy in group 3 presented an interesting phenomenon that the

number of CD8+Tex-eff cells was elevated and the number of CD8+Tex cells was decreased (Figure S11B). Thus, immunemicroenvironment

reprogramming may be a potential cause of the response to ICI treatment in group 3 patients.

Ligand receptor mediates intercellular interactions in the ccRCC immune microenvironment

To better understand the interconnections between cells in the TME, cell-phone DB analysis was performed to detect the interactions be-

tween cell populations (Figure S12A). It was found that M2F cells were positively associated with CD8+Tex cells (Figures 6P and 6Q).

Compared with CD8+Tex-eff cells, M2F/TAM cells maintained a tight association with CD8+Tex cells via the LGALS9/HAVCR2 receptor

ligand complex (Figures 7A and 7C) by suppressing the cytotoxic viability of CD8+Tex cells via LGALS9-HAVCR2 (encoded by TIM3) interac-

tion.Meanwhile, CD8+Tex cells were inferred to signal toM1F cells expressingCD55 via ADGRE5 (encodedbyCD97), an interaction thatmay

promote the polarization ofM1 cells (Figures 7A and 7C). In addition,M2F/TAM cells enhanced the stability and function of CD8+Tex-eff cells

and T-reg cells via LGALS9-CD44 interactions (Figures 7A and 7C).

We additionally observed cell-cell interactions between cancer cells and other cells (Figures 7B, 7C, and S12B). As expected, ccRCC1 cells

acted on KDR1 and FLT1 receptors of endothelial cells by secreting VEGFA (Figures 7B, 7C, and S12B), thus promoting angiogenesis of endo-

thelial cells in the TME.65 Likewise, both cancer 4 and cancer 5 cells (group 3) secretedMDK andANXA1, signaling to LRP1/SORL1 and FPR1/3

expressed onM2F/TAM cells (Figures 7B and 7C), interactions that induce chemotaxis of TAM cells to interfere with the biological function of

CD8 T cells.66,67 Furthermore, cancer 4 and cancer 5 cells were inferred to engage C3AR1 expressed on M2F/TAM cells via complement C3

(Figures 7B and 7C). Signaling through C3AR1 promotes the polarization of M2F/TAM cells to inhibit the cytotoxic viability of CD8+Tex cells

via LGALS9-HAVCR2 interaction.68

DISCUSSION

Renal cell carcinoma is a highly heterogeneous malignant tumor. The same pathological type of RCC contains the presence of genetically

different subpopulations, which is the possible cause of treatment failure and development of drug resistance.69 Therefore, dissecting the

molecular characterization of RCC with different subpopulations can help gain a better understanding of this disease. Based on scRNA-

seq and the tumor differentiation view, our study provides insights into diverse biological phenotypes that are associatedwith the progression

and therapeutic outcomes of ccRCC, which may help identify targets for future therapeutic development.

Some studies have attempted to stratify ccRCC patients based on the genomic and transcriptomic analysis of bulk tissue samples,9,37 but

the complex TME may confound the heterogeneity of tumor cells. scRNA-seq analysis seeks intra-tumor heterogeneity and cell-to-cell

interconnections by splitting a mixed tumor into individual tumor cells, immune cells, and stromal cells. CSCs, as the origin of tumor cells,

can differentiate into tumor cells of different biological characteristics.70,71 Based on this point, we innovatively used the differentiation

trajectories of CSCs to classify tumor cell subsets. We defined five terminal differentiation trajectories of ccRCC cells. It is worth noting that

ccRCC2 and ccRCC3 cells originate from the close differentiation source, and a similar phenomenon was observed in ccRCC4 and ccRCC5

cells. As might be anticipated, ccRCC2 and ccRCC3 subclusters were automatically archived as a group (group 2) under unsupervised condi-

tions in themolecular classification, aswereccRCC4andccRCC5subclusters.We found that ccRCCpatients ingroup2belonged to the low-risk

cohort with better survival prognosis and better response to ICI therapy. Interestingly, group 3 patients belonged to the high-risk cohort and

showedbetter responses to ICIS treatment comparedwith group2patients, an intermediate-risk cohort. Somecancer subtypesbecomehigh-

ly pathogenic and resistant to drugs, potentially also due to changes in epigenetic levels, such as the influence of TFs. In our study, each ccRCC
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cell cluster had distinct TF activation, although they originated from the same CSCLs. FOSL2, KLF2, YY1, and ETS2 are believed to promote

tumor angiogenesis,44–48whichwere foundenriched in our study, especially in ccRCC1cluster (group1). TCF12andSOX4canpossibly increase

the risk of tumor proliferation andmetastasis,49–52 whichwere found enriched in our study, especially in ccRCC4 cluster (group3). These results

also show that the pattern of TF activation brought the development of tumor subtypes caused by CSC differentiation.

Currently, systemic drug therapy is the main treatment modality for improving the survival of patients with metastatic ccRCC.72 The main

treatment options of systemic drug therapy include TKI monotherapy and TKI-ICI combination therapy.72,73 Although systemic drug therapy

significantly improves OS and PFS in patients with ccRCC, the response rate to drug therapy is lower than 60% (39% for TKI monotherapy and

59% for TKI-ICI combination therapy).74 It is worth noting that TKI-ICI combination therapy recommended by EAU RCC guidelines in recent

years has become the standard first-line treatment for ccRCC, but targeted monotherapy has gradually relegated to alternative therapy.

Indeed, according to the KEYNOTE-426 update study, immune combination therapy is not superior to TKI monotherapy for the IMDC

good-risk population. In addition, treatment safety analysis showed that adverse events induced by TKI-ICI combination therapy were

more complex, leading to a higher proportion of treatment interruption and discontinuation.74,75 Therefore, according to different biological

characteristics, personalized treatment plans can not only affect the therapeutic efficacy but also avoid the adverse events induced by

Figure 7. Ligand-receptor interactions in the ccRCC microenvironment

(A) Immune cells interactions. The color represents the expression level of interactions intensity; the size represents the p value of interactions.

(B) Interactions between ccRCC and immune cells. The color represents the expression level of interactions intensity; the size represents the p value of

interactions.

(C) Ligand-receptor explanation for immune microenvironment.
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excessive treatment. In the present study, group 1 and group 3 clusters were enriched in angiogenesis-related pathways, suggesting that

patients in these clusters tend to be sensitive to TKI treatment. As shown recently, patients in angiogenic clusters demonstrated longer

PFS with TKI treatment.9 Meanwhile, group 3 cluster with up-regulated immune-related pathways showed better efficacy for ICI treatment,

whereas this was not the case with group 2 cluster. By corollary, ccRCC patients in group 1 were suitable for TKI monotherapy, and ccRCC

patients in group 3were suitable for TKI-ICI combination therapy.Molecular subtyping of tumor differentiation branches can further clarify the

nature of different ccRCC tumors, whichmay be an important basis for solving themechanism of tumor drug resistance and developing com-

bination therapy, but more in-depth clinical studies are needed.

Tumor-induced T cell dysfunction is a crucial cause of malignant tumor progression and poor immunotherapy efficacy.76 Previous studies

have suggested that T cell exhaustion, identified as a hyporesponsive T cell state, is a key immune escape mechanism for so-called cold

tumors.77 So, are exhausted T cells all at a non-responsive T cell stage? In fact, they are just the terminal state of T cell differentiation. It

was found in our study that progenitor-like CD8+ T cells could differentiate into two terminally exhausted states of CD8+ T cells with different

clinical outcomes. Increasing evidence has indicated that macrophages are highly plastic in phenotyping and genetics, as macrophages can

switch from proinflammatory (M1) to immunosuppressive (M2) phenotype in cancer and other most pathological conditions.78 M2 macro-

phages are the major population of leukocytes infiltrating tumors. They secrete multiple growth factors, cytokines, angiogenic factors,

and chemokines, some of which inhibit immune-response, causing evasion of tumor immune surveillance.79 Thus, immunosuppressive

TAMs are usually regarded as therapeutic targets. We found that M2F cells were positively associated with CD8+Tex cells, which might

work through LGALS9/HAVCR2 receptor ligand complex in the cell communication analysis to block the cytotoxicity of CD8+ Tex cells. Pre-

vious study also found that the TAMs increasedCXCL10 level by binding to its receptor CXCR3 on Tregs and promoted function exhaustion of

CD8+ T cells through the elevated expression CTLA4, LAG3, and PDCD1.66,80 Our findings provide insights into the heterogeneity of the

immune microenvironment, and potential therapeutic targets for ccRCC, suggesting that ccRCC patients in group 1 may benefit from TKI

monotherapy, whereas TKI-ICI combination therapy may be more applicable in group 3.

In conclusion, we established a ccRCC subtyping system by analyzing cancer cell differentiation trajectories and further validated it in

TCGA-KIRC and Checkmate-025 dataset and ccRCC tissue array of our center. We identified three ccRCC molecular subtypes and found

that they were associated with different clinical outcomes and distinct treatment-related transcriptomic signatures, suggesting that the

classification model may prove to be a useful tool for predicting patient survival and assessing the response of patients to ccRCC therapy.

In addition, we described CSC subpopulations and their expression landscapes, believing that they can facilitate the development of poten-

tial therapeutic targets against CSCs in ccRCC.

Limitations of the study

This study has some limitations. First, the number (n = 11) of patients with primary ccRCC in our own center is limited, andmore tissue samples

for scRNA-seq from different institutions are required to further validate and improve the subtyping accuracy. In addition, the ccRCC patients

for scRNA-seq were treatment-naive in this study, which might not be fully matched for combination analysis with other data from treated

patients. Meanwhile, we had no matched genomics or proteomic data for these samples or datasets, which could not reflect the consistency

in terms of both genomic and proteomic features. Further studies can be designed based on our results to investigate the efficacy of prom-

ising treatments targeting CSCs on one hand, and on the other hand each ccRCC subpopulation should be investigated in corresponding

tumor cells and animals. Finally, well-planned clinical trials are required to validate the efficacy of potential drugs based on this subclassifi-

cation system.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Xin-gang Cui

(cuixingang@xinhuamed.com.cn).

Materials availability

This study did not generate new unique reagents.

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-BAG3 Abcam https://www.abcam.cn/products/primary-antibodies/bag3-antibody-

ab47124.html

anti-HSPH1 Abcam https://www.abcam.cn/products/primary-antibodies/hsp105hsp110-

antibody-epr4576-ab109624.html

anti-SLC30A1 Invitrogen https://www.thermofisher.cn/cn/zh/antibody/product/SLC30A1-

Antibody-Polyclonal/PA5-37463

anti-TAPP1 Abcam https://www.abcam.cn/products/primary-antibodies/tapp-1-antibody-

ab230181.html

anti-PCNP Abcam https://www.abcam.cn/products/primary-antibodies/pcnp-antibody-

ab97909.html

anti-BBOX1 novus https://www.novusbio.com/products/bbox1-antibody_nbp1-88695

anti-SERPINE2 Abcam https://www.abcam.cn/products/primary-antibodies/serpine2pn-1-

antibody-ab154591.html

anti-SEZ6L2 novus https://www.novusbio.com/products/sez6l2-bsrp-a-antibody_nbp2-38051

anti-MXRA7 Atlas Antibodies https://www.atlasantibodies.com/products/antigens/control-antigens/

prest-antigen/mxra7-antigen-aprest84609/?q=&t=

Biological samples

Human ccRCC tissues Xinhua Hospital N/A

Deposited data

scRNA-seq raw data This work, https://bigd.big.ac.cn https://ngdc.cncb.ac.cn/gsub/submit/bioproject/subPRO020437/

TCGA cohort GDC Data Portal https://portal.gdc.cancer.gov/

Checkmate-025 cohort Braun et al.81 https://doi.org/10.1038/s41591-020-0839-y

Software and algorithms

Cellranger 10X Genomics https://support.10xgenomics.com/single-cell-gene-expression/software/

pipelines/latest/what-is-cell-ranger

R cran.r-project.org https://cran.r-project.org/src/base/R-4/R-4.0.2.tar.gz

Seurat cran.r-project.org https://cran.r-project.org/web/packages/Seurat/

inferCNV github.com/broadinstitute/inferCNV https://github.com/broadinstitute/inferCNV

Monocle3 bioconductor.org https://cole-trapnell-lab.github.io/monocle3/docs/installation/

pySCENIC github.com/aertslab/pySCENIC https://github.com/aertslab/pySCENIC

GSVA bioconductor.org https://bioconductor.org/packages/release/bioc/html/GSVA.html

Limma bioconductor.org https://bioconductor.org/packages/release/bioc/html/limma.html

ggplot2 cran.r-project.org https://cran.r-project.org/web/packages/ggplot2/index.html
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Data and code availability

� The raw sequence data generated in this paper were deposited in the Genome Sequence Archive (GSA) of the National Genomics

Data Center, Beijing Institute of Genomics (China National Center for Bioinformation), Chinese Academy of Sciences, and are publicly

available as of the date of publication. Accession numbers are listed in the key resources table. This paper analyzes existing, publicly

available data. These accession numbers for the datasets are listed in the key resources table.
� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Eleven tumor samples were obtained from 11 ccRCCpatients who underwent laparoscopic partial nephrectomy (LPN) or laparoscopic radical

nephrectomy (LRN) in the Third Affiliated Hospital of the Naval Medical University (Shanghai, China) from October 2018 to September 2019

(The detailed clinical characteristics were presented Table 1). For IHC staining, 286 tumor samples were obtained from ccRCC patients who

underwent tumor resection surgery in the Third Affiliated Hospital of Naval Medical University and Xinhua Hospital from May 2012 to

November 2017. The clinical features of these patients are summarized in Table S1. This study was approved by the ethics committee of

the said university and Xinhua Hospital (EHBHKY2020-K-026; XHEC-C-2021-145-1). All patients in this study provided their informed consent.

ccRCC sequencing data were screened from the Cancer Genome Atlas. The standardized RNA-sequence FPKM and Clinic files were

downloaded from the TCGA on March 10, 2021. A total of 527 CCRCC samples with complete clinical follow-up information were obtained.

METHOD DETAILS

Preparation of cell suspensions

The tumor samples surgically removed from the patients were immediately sent to the laboratory within one hour in 4�C liquid medium. All

samples were rinsed with phosphate buffer saline (PBS) solution three times and cut into tiny cell clumps of less than 1mm3. Each sample was

then transferred into the centrifuge tube with digestion medium with collagenase I (Sigma), collagenase IV (Sigma), DNase IV (Sigma), and

hyaluronidase I-S (Sigma) in 0.25% Trypsin (ThermoFisher Scientific) to complete the digestion process in a 37�C thermostatic shaker until the

samples were digested to single cells. Next, the incubated samples were filtered with 40-mm nylon meshes (Corning) to remove cell debris.

After centrifugation, the cell pellet was resuspended in red blood lysis buffer to eliminate red blood cells. After resuspension with PBS, auto-

matic cytometry (Luna) was used to determine the cell concentration and cell vitality. If the calculated concentration was too high, the liquid

volume was adjusted to the appropriate concentration and counted once more. Once the desired cell suspension (1000cells/ul) and cell

vitality (>90%) were obtained, they were immediately placed on ice for subsequent GEM preparation and reverse transcription.

ScRNA sequencing

The prepared single-cell suspensions were lysed, and the released RNA was barcoded to scRNA-seq libraries with the Chromium Single Cell

3’ Library and Gel Bead Kit v3 (10x Genomics). The cDNA libraries were sequenced on Illumina Nova6000 with a sequencing depth of at least

100,000 reads per cell and labeled in the human genome (build Grch38) under the operation of CellRanger (10X Genomics). The gene

locations were annotated with Ensemble build 95.

ScRNA-seq data processing

Original sequencing data matrices from CellRanger (version 3.0.2) were separately imported to R statistical environment (version 4.0.3), and

integrated with Seurat R package (version). To remove the low-expressed genes and low-quality cells, cells that had fewer genes below 200

either over 5000 or with more than 30% mitochondrial reads were depleted, and the genes expressed in at least 3 cells were kept from the

original data. Unique molecular identifier (UMI) counts were normalized using the ‘‘NormalizeData’’ function. The 1000 highly variable genes

(HVGs) were identified by the ‘‘FindVariableGenes’’ function. Principal component analysis (PCA) was performed on the single-cell expression

matrix using the ‘‘RunPCA’’ function and top 30 principal components were used for clustering with the Louvain graph-clustering method.

Then, we used the ‘‘Runharmony’’ to perform the batch-effect correction for each dataset (https://github.com/immuno-genomics/

harmony). Subsequently, a K-nearest-neighbor graph was established based on harmony dimensions for cell clustering analysis. As to sub-

clusters (except for cancer cells), the same methods were used for recognizing the variable genes, reducing dimensions and clustering. We

use dimensionality reduction and cell clustering method provided by monocle3 downstream to reanalyze tumor cells, and the Batch effect

from the samples was eliminated by running the align_cds() function.

Differential gene expression analysis

To identify marker genes of each cluster, we contrasted cells from one cluster to all other cells using the Seurat FindAllMarkers function. For

cancer cell populations subdivided byMonocle3, wemapped the grouping information of these cell subgroups back to the Seurat object and

calculated the differential genes for the Seurat object that rewrites the grouping information. According to the results of the calculation, the

ggplot2 and heatmap packages were used to visually display the heat, violin and bubble maps.
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Gene set enrichment analysis

The GSVA R package was applied to estimate pathway activity scores for single cell and visualize it through the heatmap using gene set of C2

and C5 collection obtained from the molecular signature database. The differential activities of pathways were calculated using the limma R

package.

Regulon activity analysis

PySCENIC (V1.22) algorithm and Arboreto package GRNBoost2 method were used to build the gene regulatory network (GRN) in all cells

combined with cis- Target human motif database (V9). Raw expression data were extracted from the Seurat data. Filtration was performed

with default parameters of pySCENIC. Then, grnboost2 method was used to compute GRN. CisTarget databases containing hg38__ref-

seq-r80__10kb_up_and_down_tss.mc9nr.feather and hg38__refseq- r80__10kb_up_and_down_tss.mc9nr.feather and the transcription factor

motif annotation database(v9) were used to identify enriched motifs. Aucell function assigns specific values to each cell to represent their

regulon activity based on Jensen–Shannon divergence.

Pseudotime trajectory analysis

The Monocle3 algorithm(V0.2.3.0) was used to perform dimensionality reduction, cell clustering and plot trajectories to illustrate the behav-

ioral similarity and transitions among cancer cells. An expression matrix derived from Seurat was used to build a CellDataSet for Monocle

pipeline, and partition cells into supergroups after dimensionality reduction.

Copy number variation (CNV) estimation

To infer CNV patterns from the scRNA-seq data, we used the inferCNV (V1.6.0) method with recommended parameters for 10X data to illus-

trate the diverse patterns of chromosome CNV in tumor cell clusters. The Fibroblast, endothelial and normal epithelial cells were used as the

reference with low CNV.

TCGA Kaplan-Meier survival curve analysis

The downloaded TCGA CCRCC data were normalized and then integrated. For the integrated data set, Kaplan-Meier survival curves of

different subtype gene sets in the data set were drawn using the survival package.

IHC and cohort survival analysis

The IHCwas performed according to protocol. Antibody information were as following: BAG3 (Abcam, ab47124), HSPH1 (Abcam, ab109624),

SLC30A1 (Invitrogen, PA5-37463), TAPP1 (Abcam, ab230181), PCNP (Abcam, ab97909), BBOX1 (novus, NBP1-88695), SERPINE2 (Abcam,

ab154591), SEZ6L2 (novus, NBP2-38051) and MXRA7 (Atlas Antibodies, HPA044819). IHC score and Kaplan-Meier survival curve were used

to evaluate the relationship between the expression of genes and prognosis. The survival status and duration of the patients were used to

draw Kaplan-Meier curve (P < 0.05 indicating a statistically significant difference).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyseswere performedusing R software (version 4.0.2). In Figures S8B and S11B, two-sidedWilcoxon test was used to compare

signature scores or ESTIMATE-inferred immune and tumor scores between different cell groups and bulk RNA-Seq sample groups. In

Figures 4E, 4I, and 4J, Log-rank test was used to evaluate survival differences. Detailed descriptions of the statistical tests performed for

individual analysis are provided in the Figure legends and STAR Methods.
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