
ll
OPEN ACCESS
iScience

Article
Single-cell transcriptomes underscore genetically
distinct tumor characteristics and
microenvironment for hereditary kidney cancers
Ryosuke Jikuya,

Koichi Murakami,

Akira Nishiyama,

..., Hidewaki

Nakagawa,

Tomohiko

Tamura, Hisashi

Hasumi

hasumi@yokohama-cu.ac.jp

Highlights
scRNA-seq displayed

genetically defined

characteristics of

hereditary kidney cancer

scRNA-seq revealed

unique tissue

microenvironment of each

hereditary kidney cancer

BHD-associated kidney

cancer showed

transcriptomic intratumor

heterogeneity (tITH)

BHD-associated kidney

cancer showed

intercalated cell

characteristics driven by

FOXI1

Jikuya et al., iScience 25,
104463
June 17, 2022 ª 2022 The
Author(s).

https://doi.org/10.1016/

j.isci.2022.104463

mailto:hasumi@yokohama-cu.ac.jp
https://doi.org/10.1016/j.isci.2022.104463
https://doi.org/10.1016/j.isci.2022.104463
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.104463&domain=pdf


ll
OPEN ACCESS
iScience
Article
Single-cell transcriptomes underscore genetically
distinct tumor characteristics
and microenvironment for hereditary kidney cancers

Ryosuke Jikuya,1,2 Koichi Murakami,3,4 Akira Nishiyama,3 Ikuma Kato,5 Mitsuko Furuya,5 Jun Nakabayashi,4

Jordan A. Ramilowski,4 Haruka Hamanoue,6 Kazuhiro Maejima,2 Masashi Fujita,2 Taku Mitome,1 Shinji Ohtake,1

Go Noguchi,1 Sachi Kawaura,1 Hisakazu Odaka,1 Takashi Kawahara,1 Mitsuru Komeya,1 Risa Shinoki,1

Daiki Ueno,1 Hiroki Ito,1 Yusuke Ito,1 KentaroMuraoka,1 Narihiko Hayashi,1 Keiichi Kondo,1 Noboru Nakaigawa,1

Koji Hatano,7 Masaya Baba,8 Toshio Suda,8 Tatsuhiko Kodama,9 Satoshi Fujii,5 Kazuhide Makiyama,1

Masahiro Yao,1 Brian M. Shuch,10 Laura S. Schmidt,11,12 W. Marston Linehan,11 Hidewaki Nakagawa,2

Tomohiko Tamura,3,4 and Hisashi Hasumi1,13,*
1Department of Urology,
Yokohama City University
Graduate School of
Medicine, Yokohama,
Kanagawa 236-0004, Japan

2Laboratory for Cancer
Genomics, RIKEN Center for
Integrative Medical Sciences,
Yokohama, Kanagawa 230-
0045, Japan

3Department of Immunology,
Yokohama City University
Graduate School of
Medicine, Yokohama,
Kanagawa 236-0004, Japan

4Advanced Medical Research
Center, Yokohama City
University, Yokohama,
Kanagawa 236-0004, Japan

5Department of Molecular
Pathology, Yokohama City
SUMMARY

Our understanding of how each hereditary kidney cancer adapts to its tissue
microenvironment is incomplete. Here, we present single-cell transcriptomes of
108,342 cells from patient specimens including from six hereditary kidney can-
cers. The transcriptomes displayed distinct characteristics of the cell of origin
and unique tissue microenvironment for each hereditary kidney cancer. Of
note, hereditary leiomyomatosis and renal cell carcinoma (HLRCC)-associated
kidney cancer retained some characteristics of proximal tubules, which were
completely lost in lymph node metastases and present as an avascular tumor
with suppressed T cells and TREM2-high macrophages, leading to immune toler-
ance. Birt-Hogg-Dubé (BHD)-associated kidney cancer exhibited transcriptomic
intratumor heterogeneity (tITH) with increased characteristics of intercalated
cells of the collecting duct and upregulation of FOXI1-driven genes, a critical tran-
scription factor for collecting duct differentiation. These findings facilitate our
understanding of how hereditary kidney cancers adapt to their tissue micro-
environment.
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INTRODUCTION

Dysregulation of metabolism and the epigenome drives renal tumorigenesis, because most kidney cancer-

associated genes are either metabolic or chromatin remodeling genes (Hasumi et al., 2018; Hasumi and

Yao, 2018; Linehan et al., 2019). Kidney cancers arise from various types of cells that constitute the nephron,

which develop frommesenchymal cells arising from the intermediate mesoderm interacting with epithelial

cells from the invading ureteric bud (Maciaszek et al., 2020). The diversity of kidney cancer-associated

genes and the variety of originating cell types underscore the complexity of renal tumorigenesis.

Hereditary kidney cancer accounts for 5–8% of all kidney cancers and loss of each causative gene develops

distinct histological subtypes of kidney cancer as well as systemic manifestations in particular organs (Ball

and Shuch, 2019). To date, thirteen hereditary kidney cancer syndromes have been described and mech-

anistic insights into these rare disorders driven by loss of kidney cancer-associated genes have provided

a foundation for the development of novel therapeutics and diagnostics for hereditary kidney cancer

and for sporadic kidney cancer as well (Hasumi and Yao, 2018; Linehan et al., 2019).

Each hereditary kidney cancer is a uniquely different disease in which aggressiveness, including tumor pro-

liferation and invasion, is determined by the causative gene. The average growth rate of HLRCC-associated

kidney cancer is estimated to be 1.06 cm per year, whereas the median growth rate of von Hippel-Lindau

(VHL)-associated kidney cancer is 0.37 cm per year and that of BHD-associated kidney cancer is 0.1 cm

per year (Ball et al., 2020; Paschall et al., 2020). HLRCC-associated kidney cancer has a propensity to
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metastasize when the primary tumor is small (as small as 0.5 cm), underscoring the aggressive and invasive

nature of the tumor (Grubb et al., 2007; Linehan et al., 2019).

Althoughmuch has been learned about tumorigenesis associatedwith deficiency of each of these causative

genes, our understanding of how each hereditary kidney cancer adapts to its tissue microenvironment is

incomplete. Recent advances in single-cell transcriptome analysis have facilitated further understanding

of the precise molecular characteristics of tumor cells at the single-cell level and how tumor cells adapt

to their tissue microenvironment. In this study, we delineate tumor characteristics and the tissue microen-

vironment of genetically defined hereditary kidney cancers using single-cell RNA-sequencing.

RESULTS

Single-cell transcriptomes exhibit an association of each hereditary kidney cancer with its cell

of origin

To explore how the tumor cell of hereditary kidney cancer adapts to its tissuemicroenvironment, we conducted

single-cell RNAsequencingof twelve surgically resectedspecimens fromsevenpatients includingoneBHD-asso-

ciated hybrid oncocytic chromophobe tumor (HOCT), one BHD-associated chromophobe renal cell carcinoma,

one primary lesion and one lymph node metastasis from HLRCC-associated kidney cancer, two VHL-associated

kidney cancers, one sporadic clear cell renal cell carcinoma, 3 intratumoral samples from a second sporadic clear

cell renal cell carcinomas, and two normal kidney tissues (Figure 1A). To define genetic alterations of those can-

cers, weperformedwholeexomesequencing, which revealed secondhit alterationsof the hereditary kidney can-

cer-causative genes as well as somatic mutations in the sporadic clear cell renal cell carcinomas (Figure 1B).

We obtained the single-cell transcriptomes of 108,342 cells from these twelve tissues and first divided into

46,890 immune cells and 61,452 nonimmune cells using CD45, an immune cell marker (Figures 1C and 1D

and S1A–S1C). Nonimmune cells were annotated into cell clusters using previously reported marker genes

for intercalated or principal cells of the collecting duct, distal tubules, loop of Henle, proximal tubules, glomer-

ulus/vascular, and kidney cancers (Figures 1E and S1D–S1F) (Aird, 2007; Cancer Genome Atlas Research, 2013;

Chabardes-Garonne et al., 2003; Habuka et al., 2014; Han and Amar, 2004; Lake et al., 2019; LeBleu et al., 2013;

Lee et al., 2015; Nawroth et al., 2002; Schmidt, 2013; Wang et al., 2017). Interestingly, normal kidney cells rep-

resenting intercalated or principal cells of the collecting duct, distal tubules, loop of Henle, proximal tubules,

and glomerulus/vascular were clustered side-by-side representing tubules and capillaries of the nephron. Cells

from VHL-associated kidney cancers and sporadic clear cell renal cell carcinomas were clustered close to

glomerulus/vascular, suggesting that those cancers and glomerulus/vascularmight share a portion of their tran-

scriptomic profile, and therefore, those cancers may arise from glomerulus/vascular cells(Chen et al., 2016; Gu

et al., 2017). Cells from the primary lesion and lymph node metastasis of HLRCC-associated kidney cancer

formed an independent cluster distant from nephron cells; however, weak expressions of solute carrier family

17 member 3 (SLC17A3), a marker gene for proximal tubule, suggest that HLRCC-associated kidney cancer

may have originated from the proximal tubule. Importantly, cells of BHD-associated kidney cancer were clus-

tered in the vicinity of collecting duct, suggesting that BHD-associated kidney cancer might have originated

from collecting duct (Figures 1E and S1D–S1F and Dataset S1).

Single-cell transcriptome delineates characteristic tissue microenvironment of each

hereditary kidney cancer

A total of 46,890 immune cells were annotated into each immune cell cluster based on previously estab-

lished gene markers (Figures S1G–S1J) (Zhang et al., 2019). Cell type composition of each tumor revealed

that the large HLRCC-associated kidney cancer (7 cm) had poor vascularity, implying that in this case,

HLRCC-associated kidney cancer and its tissuemicroenvironment may be continuously exposed to hypoxia

and low nutrition (Figure 2A). Analyzing bulk RNA-seq data with a deconvolution pipeline, we predicted cell

type compositions of 539 clear cell renal carcinomas investigated in the TCGA project as well as those of 16

BHD-associated kidney cancers analyzed in this study (Figures S2A–S2D and Dataset S2) (Cancer Genome

Atlas Research, 2013; Newman et al., 2019). Predicted cell type compositions of clear cell renal carcinomas

in the The Cancer Genome Atlas (TCGA) project were diverse and ratios of cytotoxic T cell and B cell

numbers per total cell number were found to be prognostic factors for overall survival (Figures 2B and

2C). On the other hand, predicted cell type compositions of BHD-associated kidney cancers were similar

across all tumors, consistent with our previous notion that BHD-associated kidney cancer is genetically uni-

form with very few driver variants other than variants in the folliculin (FLCN) gene (Figure 2D) (Hasumi et al.,

2018). The average ratio of cancer cell number per total cell number in clear cell renal carcinomas from the
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Figure 1. Single-cell transcriptome exhibits an association of each hereditary kidney cancer with its cell of origin

(A) Computed tomography and hematoxylin-eosin staining of kidney cancers analyzed in this study. Arrows indicate tumors. Image shows a 4003

magnification of hematoxylin and eosin staining. Scale bars represent 50 mm.

(B) Clinical information and somatic variants identified by whole exome sequencing.

(C) Uniform manifold approximation and projection (UMAP) plots of cells from two normal kidneys (left) and those from ten kidney cancers (right).

(D) UMAP plots of CD45 positive immune cells (left) and CD45 negative nonimmune cells (right) from twelve specimens.

(E) UMAP plot of CD45 negative nonimmune cells from all twelve specimens annotated with gene markers, whose expressions are shown in surrounding

figures and Figure S1F. Some residual immune cells which are seen as dark purple dots in CD45 negative cluster 0, 2, 3, 4, 6, 10, 12, 13, 15, 17, 22, 23, and 25 in

the upper panel of Figure S1C were re-clustered as immune cells. Abbreviations: BHD-ChRCC, BHD-associated chromophobe renal cell carcinoma; BHD-

HOCT, BHD-associated hybrid oncocytic chromophobe tumor; ccRCC, clear cell renal cell carcinoma; HLRCC-LN, lymph node metastasis of HLRCC-

associated kidney cancer; HLRCC-Prim, primary lesion of HLRCC-associated kidney cancer; s-ccRCC, sporadic clear cell renal cell carcinoma.
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TCGA project was 48.6%, compared with 83.9% for BHD-associated kidney cancer, suggesting that BHD-

associated kidney cancers may be indolent with a smaller number of non-tumor infiltrating cells and

vascular cells. The molecular profiling of vascular cells in clear cell renal carcinomas analyzed by single-

cell sequencing exhibited increased hypoxia signaling, supporting that the VHL-Hypoxia-inducible factor

(HIF) pathway is dysregulated in these tumors (Figures 2E and 2F and S2E). Interestingly, vascular cells in

BHD-associated HOCT demonstrated increased oxidative phosphorylation without an upregulated HIF-

Vascular endothelial growth factor (VEGF) signature compared to clear cell renal cell carcinomas, suggest-

ing that receptor tyrosine kinase inhibitors targeting tumor angiogenesis may not be effective in BHD-asso-

ciated kidney cancer and a totally different therapeutical approach may be required for targeting vascular

cells in BHD-associated kidney cancer.

HLRCC-associated kidney cancer harbors suppressed T cells and TREM2-high tumor

associated macrophages (TAMs)

To elucidate the molecular characteristics of HLRCC-associated kidney cancer, we mined the single-cell

sequencing data to determine the gene expression profile. We found that aldo-keto reductase family 1

member B10 (AKR1B10), NAD(P)H quinone dehydrogenase 1 (NQO1), and aldo-keto reductase family 1

member C3 (AKR1C3) are highly expressed in HLRCC-associated kidney cancer relative to the other cancer

types, all of which have been reported to be highly expressed in HLRCC-associated kidney cancer in asso-

ciation with a dysregulated Kelch-like ECH-associated protein 1 (KEAP1)-nuclear factor erythroid 2-related

factor 2 (NRF2) axis (Figure 3A) (Ooi et al., 2011). In addition, we found that carboxypeptidase D (CPD),

growth Differentiation Factor 15 (GDF15), S100 calcium binding protein A6 (S100A6), secretory leukocyte

peptidase inhibitor (SLP1), paired box 2 (PAX2), KCNQ1 opposite strand/antisense transcript 1

(KCNQ1OT1), metastasis associated in lung adenocarcinoma transcript-1 (MALAT1), and insulin like

growth factor 2 mRNA binding protein 2 (IGF2BP2) are highly expressed in HLRCC-associated kidney can-

cer relative to the other cancer types, all of which have been reported to be expressed in highly aggressive

cancers with poor prognosis (Chen et al., 2015; Feng et al., 2020; Gao et al., 2021; Han et al., 2020; Miyazaki

et al., 2019; Munn and Garkavtsev, 2018; Shi et al., 2019; Wang et al., 2020; Ye et al., 2021; Yi et al., 2021;

Zhang et al., 2021a). Using Gene Set Enrichment Analysis (GSEA), we compared three types of hereditary

kidney cancers and found that gene sets related to cell migration and metastasis were enriched in HLRCC-

associated kidney cancer, consistent with the fact that this highly aggressive kidney cancer subtype has a

propensity to metastasize from a small primary lesion (Figure 3B).

Because the primary lesion and lymph node metastasis of HLRCC-associated kidney cancer were clustered in

different clusters, we investigated their differentially expressed genes and found that the expression of

SLC17A3—a proximal tubule marker—was lost in the lymph node metastasis (Figure 3C) (Jutabha et al., 2011).

GSEAanalysis revealed thatgenesets related to tumor invasiveness,metastasis, andcellmigrationwereenriched

in the lymph node metastasis compared to the primary lesion, suggesting that the HLRCC primary tumor may

need to modulate its gene expression profile to adapt to the lymph node tissue microenvironment (Figure 3D).

Next, we examined molecular profiling of cytotoxic T cells and tumor-associated macrophages (TAMs). Cyto-

toxic T cells in HLRCC-associated kidney cancer appeared to be suppressed with suppressed TAMs as well

(Figures 3E–3I and S2F and S2G). In addition, expressions of signature genes for triggering receptor expressed

on myeloid cells 2 (TREM2)-high TAMs which are associated with poor prognosis, including secreted phospho-

protein 1 (SPP1) that acts as an immune checkpoint to suppress T cell function, were enriched in HLRCC-asso-

ciated kidney cancer, further suggesting that suppressed TAMs in HLRCC-associated kidney cancer may give

rise to immune tolerance (Figure 3J) (Hu et al., 2020; Klement et al., 2018;Molgora et al., 2020; Xiong et al., 2020).
4 iScience 25, 104463, June 17, 2022
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Figure 2. Single-cell transcriptome delineates characteristic tissue microenvironment of each hereditary kidney cancer

(A) Bar plot of cell type composition. Horizontal axis means ratio of cell number of each cell type per total cell number in each specimen. TAM, tumor-

associated macrophage.

(B) Predicted cell type composition of 539 ccRCC samples from The Cancer Genome Atlas (TCGA) project using deconvolution pipelines.

(C) Overall survival of 539 ccRCC patients from TCGA project based on predicted cell type composition. Patients were divided into two groups by themedian

ratio of cell number of each cell type per total cell number. p values from 2-sided log rank test, and the hazard ratio with 95% confidence interval is shown.

(D) Predicted cell type composition of 16 BHD-associated kidney cancers using deconvolution pipelines.

(E) UMAP plot of vascular cells from all of the twelve specimens. The cell number in each cluster is as follows: 462 vascular cells for BHD-ChRCC, 1,181 vascular

cells for BHD-HOCT, 4,920 vascular cells for ccRCC, 1,462 vascular cells for normal kidney (Normal), and 1,081 vascular cells for nonspecific cluster (Not

specific) cells.

(F) Gene Set Enrichment Analysis (GSEA) comparing vascular cells of BHD-HOCT, BHD-ChRCC, and ccRCC (VHL-associated and sporadic). Abbreviations:

BHD-ChRCC, BHD-associated chromophobe renal cell carcinoma; BHD-HOCT, BHD-associated hybrid oncocytic chromophobe tumor; ccRCC, clear cell

renal cell carcinoma; ChRCC, chromophobe renal cell carcinoma; HLRCC-LN, lymph node metastasis of HLRCC-associated kidney cancer; HLRCC-Prim,

primary lesion of HLRCC-associated kidney cancer; HOCT, hybrid oncocytic chromophobe tumor; HR, hazard ratio; s-ccRCC, sporadic clear cell renal cell

carcinoma; TAM, tumor associated macrophage; Unclassified, unclassified renal cell carcinoma.
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BHD-associated kidney cancer exhibits transcriptomic intratumor heterogeneity and

increased intercalated cell characteristics with upregulation of FOXI1-driven genes

Recently, RNA in situ hybridization (RNA-ISH) revealed that BHD-associated HOCT was comprised of L1

cell adhesion molecule (L1CAM) expressing cells and forkhead box I1 (FOXI1) expressing cells, whose ex-

pressions were mutually exclusive in each cell (Zhang et al., 2021b). Consistent with this earlier report, our

single cell analysis of BHD-associated HOCT exhibited distinct clusters of FOXI1 expressing cells and

L1CAM expressing cells, supporting the notion that BHD-associated HOCT has transcriptomic intratumor

heterogeneity (tITH) (Figure 4A). Notably, we found that a cluster of L1CAM expressing cells expresses

marker genes for principal cells of collecting duct, whereas a cluster of FOXI1 expressing cells and

BHD-associated chromophobe renal cell carcinoma express marker genes for intercalated cells of collect-

ing duct, suggesting that these distinctly clustered HOCT cells may develop in part by a mechanism

similar to that of benign collecting duct cells (Figures 4B and S3A–S3D and Dataset S3). To further

compare the molecular characteristics of collecting duct cells and HOCT cells, we conducted trajectory

analysis and notably, principal cells were spotted at the initiation site of the trajectory. On the other

hand, intercalated cells and a portion of the L1CAM expressing HOCT cells were scattered in the middle

of the trajectory, and the FOXI1 expressing HOCT cells were scattered at the terminus of the trajectory

(Figures 4C and S4A–S4D). To uncover the underlying molecular mechanism, we investigated gene ex-

pressions and found that FOXI1 as well as its downstream transcriptional target genes ATPase H+ trans-

porting V0 subunit a4 (ATP6V0A4), ATPase H+ transporting V0 subunit d2 (ATP6V0D2), and carbonic an-

hydrase 2 (CA2) were upregulated in this trajectory (Figure 4D). FOXI1 is an important transcription factor

for intercalated cells that upregulates ATP6V0A4 and ATP6V0D2, subunits of V-ATPase, an essential pro-

tein complex for acid-base homeostasis (Lindgren et al., 2017; Vidarsson et al., 2009). Indeed, we

observed very strong expression of FOXI1 and FOXI1-driven genes in the FOXI1 expressing HOCT cells

as well as moderate expression of FOXI1 and FOXI1-driven genes even in the L1CAM expressing HOCT

cells, suggesting that the elevated expressions of FOXI1 and its downstream genes may be responsible

for the intercalated cell characteristics in BHD-associated kidney cancer (Figures 4E–4G). In fact, expres-

sion levels of intercalated cell marker genes in BHD-associated kidney cancers exceeded their expression

level in normal kidney, thereby supporting that the acquisition of intercalated cell characteristics in BHD-

associated kidney cancer may be because of upregulation of FOXI1 and its driven genes (Figures 4H and

S3A–S3D and Dataset S3).

Differentially expressed genes analysis highlights novel markers and a potential therapeutic

target for BHD-associated kidney cancer

To identify diagnostic markers distinguishing BHD-associated HOCT from BHD-associated chromophobe

RCC, we investigated differentially expressed genes (DEGs) and found that while HECT and RLD domain

containing E3 ubiquitin protein ligase family member 1 (HERC1) (p < 0.001) and solute carrier family 4 mem-

ber 4 (SLC4A4) (p < 0.001) were highly expressed in BHD-associated HOCT, macrophage migration inhib-

itory factor (MIF) (p < 0.001) and phospholipase A and acyltransferase 4 (PLAAT4) (p < 0.001) were highly

expressed in BHD-associated chromophobe RCC, suggesting that these genes might be novel diagnostic

marker genes to distinguish BHD-associated HOCT from BHD-associated chromophobe renal cell carci-

noma (Figures 5A and 5B).
6 iScience 25, 104463, June 17, 2022
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Figure 3. HLRCC-associated kidney cancer harbors suppressed T cells and TREM2-high tumor associated macrophages (TAMs)

(A) Heatmap of top 50 highly expressed genes in HLRCC-associated kidney cancer. Red highlighted genes are associated with the KEAP1-NRF2 axis (left).

Expression of AKR1B10, one of the known genes associated with KEAP1-NRF2 axis, on the UMAP plot and violin plot of non-immune cells in all the tumors

(right). p values are from 2-sided Welch’s two sample t-tests.

(B) GSEA results comparing tumor cells of HLRCC-associated kidney cancer (HLRCC-RCC), ccRCC (VHL-associated and sporadic), and BHD-associated

kidney cancers (BHD-RCC).

(C) UMAP plot of tumor cells from primary lesion and lymph node metastasis of HLRCC-associated kidney cancer (left). Expressions of SLC17A3, a proximal

tubule marker in the left UMAP plot (right).

(D) GSEA results comparing tumor cells of primary lesion and those of lymph node metastasis of HLRCC-associated kidney cancer.

(E) UMAP plot of cytotoxic T cells from all twelve specimens colored by each group. The cell number in each cluster is as follows: 725 cytotoxic T cells for BHD-

HOCT, 3,101 cytotoxic T cells for ccRCC (VHL-associated and sporadic), 1,357 cytotoxic T cells for HLRCC, 576 cytotoxic T cells for normal kidney (Normal),

and 365 cytotoxic T cells for non-specific cluster (Not specific).

(F) GSEA results comparing cytotoxic T cells of BHD-HOCT, ccRCC, and HLRCC-RCC.

(G) Dot plot of marker genes for T cell homeostasis and differentiation (red squared genes) and T cell exhaustion markers (blue squared genes).

(H) UMAP plot of TAMs from all twelve specimens colored by each group. The cell number in each cluster is as follows: 1,737 TAMs for BHD-ChRCC, 4,625

TAMs for BHD-HOCT, 9,213 TAMs for ccRCC, 5,395 TAMs for HLRCC, and 6,234 TAMs for nonspecific cell cluster (Not specific).

(I) GSEA results comparing TAMs of BHD-HOCT, BHD-associated chromophobe renal cell carcinoma (BHD-ChRCC), ccRCC (VHL-associated and sporadic),

and HLRCC-RCC.

(J) Dot plot of signature gene expressions for various types of macrophages. Others include BHD-associated kidney cancers and ccRCC (VHL-associated and

sporadic). Abbreviations: BHD-ChRCC, BHD-associated chromophobe renal cell carcinoma; BHD-HOCT, BHD-associated hybrid oncocytic chromophobe

tumor; BHD-RCC, BHD-associated renal cell carcinoma; ccRCC, clear cell renal cell carcinoma; HLRCC-RCC, HLRCC-associated renal cell carcinoma;

s-ccRCC, sporadic clear cell renal cell carcinoma; TAM, tumor associated macrophage.
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To search for amolecular therapeutic target for BHD-associated kidney cancer, we comparedDEGs identified in

BHD-associated kidney cancerswithDEGs inother cancers analyzed in this study, and found thatMETwas highly

expressed inBHD-associatedkidneycancers (Figure5C). BulkRNA-seqdatasets from16BHD-associated kidney

cancers and 5 normal kidneys further showed that the expression levels ofMET (p< 0.001) and vascular endothe-

lial growth factor B (VEGFB) (p < 0.001) in BHD-associated kidney cancers were statistically higher than those in

normal kidneys (Figures 5D and 5E and S4E and S4F). Finally, using anti-MET immunohistochemistry, we

confirmed that MET protein expression was greater in BHD-associated kidney cancers than in adjacent normal

kidney tissue (Figure 5F).
DISCUSSION

In this study, we compared the single-cell transcriptomes of primary tumors of hereditary kidney cancers

and the cells that make up the tumor microenvironment and uncovered unique characteristics of tumor

cells and microenvironment cells for each hereditary kidney cancer at single-cell level. For instance,

HLRCC-associated kidney cancer harbors suppressed T cells and TREM2-high macrophages, which may

lead to immune tolerance. BHD-associated kidney cancer is an indolent tumor as shown in Figure 3B. In

addition, we observed transcriptomic intratumor heterogeneity (tITH) and increased intercalated cell char-

acteristics with upregulated FOXI1-driven genes in BHD-associated kidney cancer. The results presented in

this study uncover how tumor cells modulate gene expressions to adapt to their tissue microenvironments

(Gupta and Massague, 2006).

On a molecular basis, HLRCC-associated kidney cancer has been reported to exhibit a CpG island meth-

ylator phenotype (CIMP) in which gene expressions are extensively suppressed because of hypermethy-

lation of CpG islands (Cancer Genome Atlas Research et al., 2016). Dysregulation of fumarate hydratase

(FH), the causative gene for HLRCC, results in the accumulation of fumarate and inhibition of alpha ke-

toglutarate-dependent hydroxylases that catalyze DNA demethylation (Hasumi and Yao, 2018). In this

study, HLRCC-associated kidney cancer formed a more distant cluster from nephron cells compared

with other types of kidney cancers, indicating that extensive transcriptional suppression because of

CIMP may affect gene expressions that support nephron cell characteristics in HLRCC-associated kidney

cancer. Interestingly, although no additional driver gene alteration was detected by whole exome

sequencing of the HLRCC-associated lymph node metastasis as compared to the primary lesion, the pri-

mary lesion and lymph node metastasis clustered independently. The lymph node metastasis completely

lost expression of SLC17A3, a proximal tubule marker, suggesting that the hypermethylation of CpG

islands in HLRCC-associated kidney cancer may further affect gene expressions to adapt to the lymph

node tissue microenvironment. Therefore, it will be interesting to compare the CIMP status of the lymph

node metastasis and primary lesion to determine if CpG island hypermethylation in HLRCC-associated
8 iScience 25, 104463, June 17, 2022
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Figure 4. BHD-associated kidney cancer exhibits a transcriptomic intratumor heterogeneity (tITH) and increased intercalated cell characteristics

with upregulated FOXI1-driven genes

(A) UMAP plots of tumor cells of BHD-associated HOCT (BHD-HOCT) and chromophobe renal cell carcinoma (BHD-ChRCC) colored by expressions of each

gene. Yellow colored cells express both genes.

(B) UMAP plot of tumor in each cell of BHD-ChRCC and BHD-HOCT divided into two clusters; a cluster of L1CAM expressing cells (cL1CAM) and that of

FOXI1 expressing cells (cFOXI1) (left). Bubble chart of expressions of marker genes for intercalated cell (IC) and principal cell (PC) in each cluster; normal cell

atlas was created using transcriptomes of two normal kidneys in this study and expressions of top thirteen marker genes from our normal cell atlas are

indicated (right) (Figure S3 and Dataset S3).

(C) Trajectory analysis of BHD-associated HOCT and benign collecting duct (right). For this trajectory analysis, clusters in Figure 4B were further narrowed

down (confined) in accordance with an upper limit of our PC processing speed; a confined cluster of L1CAM expressing cells (ccL1CAM) and a confined

cluster of FOXI1 expressing cells (ccFOXI1) (left).

(D) Gradient expressions of FOXI1 and its downstream genes in the trajectory of Figure 4C.

(E) FOXI1 expressions in the trajectory of Figure 4C.

(F) Violin plots of FOXI1 and its downstream gene expressions in each cluster. p values from 2-sided Welch’s two sample t-test.

(G) Boxplot of FOXI1 and its downstream gene expressions. N, normal kidney (n = 5). T, BHD-associated kidney cancer (n = 16). p values from 2-sidedWelch’s

two sample t-test.

(H) Bubble chart of expressions of marker genes for benign nephron cells in benign nephron cells and tumors; expressions of top ten marker genes from our

normal cell atlas are shown (Figure S3 and Dataset S3). Abbreviations: BHD-ChRCC, BHD-associated chromophobe renal cell carcinoma; BHD-HOCT, BHD-

associated hybrid oncocytic chromophobe tumor; ccFOXI1, confined cluster of FOXI1 expressing cells; ccL1CAM, confined cluster of L1CAM expressing

cells; ccRCC, clear cell renal cell carcinoma; cFOXI1, cluster of FOXI1 expressing cells; cL1CAM, cluster of L1CAM expressing cells; HLRCC, HLRCC-asso-

ciated kidney cancer; IC, intercalated cell; N, normal kidney; PC, principal cell; T, BHD-associated kidney cancer.
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kidney cancer may trigger the modulation of gene expressions and promote adaptation of tumor cells to

the lymph node tissue microenvironment.

BHD-associated HOCT exhibited transcriptomic intratumor heterogeneity (tITH) comprised of L1CAM and

FOXI1 expressing cells, suggesting thepossibility that the origin cell of BHD-associatedHOCTmayhavealready

been genetically altered before differentiating into these two transcriptomically distinct lineages. Intriguingly,

trajectory analysis revealed that principal cells were plotted at the initiation site of the trajectory, and FOXI1

and its downstream genes — ATP6V0A4, ATP6V0D2, and carbonic anhydrase 2 (CA2) — were upregulated in

this trajectory. FOXI1 is a known transcription factor for collecting duct differentiation. Recently, an association

between FOXI1 and themTORpathway was identified.Micewith principal cell-specific inactivation of TSC com-

plex subunit (Tsc1), a modulator of mTOR kinase activity, develop renal cysts composed of hyperproliferative

intercalated cells with robust expressions of Foxi1 and its downstream genes Ca2 and subunits of V-ATPase

that are critical components of intercalated cells. This phenotype was completely abrogated by the inactivation

of Foxi1, suggesting that FOXI1may act as a critical mediator for the TSC-mTOR pathway through its regulation

of collecting duct differentiation (Barone et al., 2021). FLCN, a causative gene for BHD syndrome, is also associ-

atedwith themTORpathway by signaling amino acid levels tomTORC1 (Tsun et al., 2013). Notably, in this study

we observed increased expression of FOXI1 in BHD-associated kidney cancers. These findings suggest that

BHD-associated kidney cancer may acquire characteristics of intercalated cells with upregulated FOXI1-driven

genes following genomic alteration of its cell of origin.

To date, there is no effective form of therapy for BHD-associated kidney cancer. In our study, the number of

cytotoxic T cells in BHD-associated kidney cancer is quite small and HIF-VEGF signaling is not upregulated

in BHD-associated vasculature, suggesting that neither immune checkpoint inhibitors nor angiogenesis in-

hibitors may be effective against this cancer; therefore, novel therapeutic approaches are needed based on

the molecular context of BHD-associated kidney cancer. In the present study, we found that MET expres-

sion was high in various histological types of BHD-associated kidney cancer, raising the possibility that MET

inhibitors, such as cabozantinib and crizotinib, may provide promising therapeutic approaches for treat-

ment of BHD-associated kidney cancer.

Although we conducted an analysis of transcriptomic intratumor heterogeneity (tITH) by analyzing three

spatially distant lesions in s-ccRCC2, we did not find any differences in transcriptomes from these three le-

sions (Figures S5A–S5C). As we have shown in Figure 1B, we observed genomic intratumor heterogeneity

(gITH) in these three lesions with a variety of driver gene variants including a retinoblastoma 1 (RB1) variant,

but only VHL and lysine demethylase 5C (KDM5C) were commonly altered in all three lesions, suggesting

that VHL and KDM5Cmay be founder variants for these three distant lesions. Therefore, the transcriptomes

of tumor cells and infiltrating immune cells may be largely driven by founder variants in kidney cancer asso-

ciated genes such as VHL and KDM5C.
10 iScience 25, 104463, June 17, 2022



A

C

D

E

F

B

ll
OPEN ACCESS

iScience 25, 104463, June 17, 2022 11

iScience
Article



Figure 5. Differentially expressed genes (DEGs) analysis highlights novel markers and a potential therapeutic target for BHD-associated kidney

cancer

(A) Bubble chart of differentially expressed genes (DEGs) between BHD-associated HOCT (BHD-HOCT) and BHD-associated chromophobe renal cell

carcinoma (BHD-ChRCC). Top twenty-five DEGs in each group are shown.

(B) MA plot of DEGs between four BHD-HOCTs and nine BHD-ChRCCs bulk RNA-seq datasets.

(C) UMAP plot of nonimmune cells from all of twelve specimens colored with MET expressions. The red dotted circle surrounds BHD-associated kidney

cancer cells (upper panel). Violin plots of MET expressions in BHD-associated kidney cancers and other specimens (lower panel). p values from 2-sided

Welch’s two sample t-test.

(D) Heatmap of gene expressions in normal kidneys (n = 5) and BHD-associated kidney cancers (n = 16).

(E) Boxplots of gene expressions shown in Figure 5D. N, normal kidney (n = 5). T, BHD-associated kidney cancer (n = 16). p values from 2-sided Welch’s two

sample t-test.

(F) Immunohistochemistry of MET protein in BHD-associated kidney cancers. Scale bars represent 200 mm. Abbreviations: BHD-ChRCC, BHD-associated

chromophobe renal cell carcinoma; BHD-HOCT, BHD-associated hybrid oncocytic chromophobe tumor; ChRCC, chromophobe renal cell carcinoma;

ccRCC, clear cell renal cell carcinoma; DEGs, differentially expressed genes; HOCT, hybrid oncocytic chromophobe tumor; N, normal kidney; T, BHD-

associated kidney cancer; Unclassified, unclassified renal cell carcinoma.
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Our single-cell transcriptome analysis of various types of hereditary kidney cancers illustrates how tumor

cells associated with a deficiency of each of the causative kidney cancer-associated genes modulate

gene expressions and adapt to their tissue microenvironment. Molecular characteristics of tumor cells

and the tissue microenvironment revealed in this study provide an opportunity for the development of

novel therapeutics that target tumor cells and the tissue microenvironment, which are specific to genetic

alterations associated with each kidney cancer associated gene.

Limitations of the study

Because cancer cell characteristics are largely affected by the genetic background of cancer cells, we

decided to analyze hereditary kidney cancer in this study to minimize the effect of genetic variations.

However, hereditary kidney cancer might still have genetic alterations in addition to the loss of its

responsible gene, which may affect tumor characteristics. Because tissue microenvironment may vary be-

tween individuals, a large-scaled single cell RNA-seq study is necessary to eliminate variations

between individuals. Molecular characteristics of cancer cells may be sometimes different from that of

a cell of origin. Thus, we need to carefully pursue cells of origin of kidney cancers using multiple

methodologies.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCE TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Patients and specimens

B TCGA KIRC data

B Ethics statement

d METHOD DETAILS

B Single-cell RNA sequencing

B Deconvolution of bulk RNA-seq datasets

B Patient survival analysis based on cell type composition

B Gene ontology (GO) analysis and gene set enrichment analysis (GSEA)

B Whole exome sequencing

B RNA sequencing of bulk tissues

B Immunohistochemistry

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.2022.104463.
12 iScience 25, 104463, June 17, 2022

https://doi.org/10.1016/j.isci.2022.104463


ll
OPEN ACCESS

iScience
Article
ACKNOWLEDGMENTS

We thank Ms. Hiromi Soeda and Mr. Takayuki Akagi in the Department of Molecular Pathology, Yokohama

City University for their excellent works in immunohistochemistry, and Drs. Shota Sasagawa, Yuki Okawa,

and Todd Johnson in Laboratory for Cancer Genomics, RIKEN IMS, for their advice and assistance in bio-

informatic analysis. Authors were supported by JSPS KAKENHI Grant Number as follows: H.Hasumi. by

19K09694, A.N. by 19K07372, I.K. by 19K16563, J.N. by 18K07204, Y.I. by 19K18591, H.I. by 20K18121

and 19K23781, M.K. by 21H03068, M.Furuya. by 20K07395, M.Y. by 19K09717, N.N. by 19K09676, K.K. by

20K09582, S.F. by 19K07769, T.T. by 21H02954, H.N. by 18H04049 and M.B. by 18H02938. This research

was also supported by theMEXT Joint Usage/Research Center Program at the AdvancedMedical Research

Center, Yokohama City University, and the Intramural Research Program of the National Institutes of Health

(NIH), National Cancer Institute (NCI), Center for Cancer Research. This project was funded in part with fed-

eral funds from the Frederick National Laboratory for Cancer Research, NIH, under Contract

HHSN261200800001E. The contents of this publication do not necessarily reflect the views or policies of

the Department of Health and Human Services nor does mention of trade names, commercial products

or organizations imply endorsement by the US Government.

AUTHOR CONTRIBUTIONS

R.J., L.S.S., W.M.L., and H.Hasumi conceived the idea, designed the experiments, and wrote the paper.

R.J., A.N., I.K., and M.Furuya, performed the experiments. R.J., K.Murakami, J.N., J.A.R., K.Maejima, M.Fu-

jita, T.M., S.O., G.N., S.K., H.O., R.S., K.H., M.B., T.S., T.Kodama, S.F., M.Y., B.M.S., L.S.S., W.M.L., H.N., T.T.,

and H.Hasumi analyzed the data. R.J., H.Hamanoue, T.Kawahara, M.K., K.Muraoka, D.U., H.I., Y.I., N.H.,

K.K., N.N., K.Makiyama, and H.Hasumi collected specimens analyzed in this study.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: February 7, 2022

Revised: April 5, 2022

Accepted: May 17, 2022

Published: June 17, 2022
REFERENCES

Aird, W.C. (2007). Phenotypic heterogeneity of
the endothelium: II. Representative vascular
beds. Circ. Res. 100, 174–190. https://doi.org/10.
1161/01.res.0000255690.03436.ae.

Ball, M.W., An, J.Y., Gomella, P.T., Gautam, R.,
Ricketts, C.J., Vocke, C.D., Schmidt, L.S., Merino,
M.J., Srinivasan, R., Malayeri, A.A., et al. (2020).
Growth rates of genetically defined renal tumors:
implications for active surveillance and
intervention. J. Clin. Oncol. 38, 1146–1153.
https://doi.org/10.1200/jco.19.02263.

Ball, M.W., and Shuch, B.M. (2019). Inherited
kidney cancer syndromes. Curr. Opin. Urol. 29,
334–343. https://doi.org/10.1097/mou.
0000000000000646.

Barone, S., Zahedi, K., Brooks, M., Henske,
E.P., Yang, Y., Zhang, E., Bissler, J.J., Yu,
J.J., and Soleimani, M. (2021). Kidney
intercalated cells and the transcription factor
FOXi1 drive cystogenesis in tuberous
sclerosis complex. Proc. Natl. Acad. Sci.
U S A. 118, e2020190118. https://doi.org/10.
1073/pnas.2020190118.

Cancer Genome Atlas Research Network (2013).
Comprehensive molecular characterization of
clear cell renal cell carcinoma. Nature 499, 43–49.
https://doi.org/10.1038/nature12222.
Cancer Genome Atlas Research Network,
Linehan, W.M., Spellman, P.T., Ricketts, C.J.,
Creighton, C.J., Fei, S.S., Davis, C.,Wheeler, D.A.,
Murray, B.A., Schmidt, L., et al. (2016).
Comprehensive molecular characterization of
papillary renal-cell carcinoma. N. Engl. J. Med.
374, 135–145. https://doi.org/10.1056/
nejmoa1505917.

Chabardes-Garonne, D., Mejean, A., Aude, J.C.,
Cheval, L., Di Stefano, A., Gaillard, M.C., Imbert-
Teboul, M., Wittner, M., Balian, C., Anthouard, V.,
et al. (2003). A panoramic view of gene expression
in the human kidney. Proc. Natl. Acad. Sci. U S A.
100, 13710–13715. https://doi.org/10.1073/pnas.
2234604100.

Chen, F., Zhang, Y., Senbabaoglu, Y., Ciriello, G.,
Yang, L., Reznik, E., Shuch, B., Micevic, G., De
Velasco, G., Shinbrot, E., et al. (2016). Multilevel
genomics-based taxonomy of renal cell
carcinoma. Cell Rep. 14, 2476–2489. https://doi.
org/10.1016/j.celrep.2016.02.024.

Chen, X., Liu, X., Lang, H., Zhang, S., Luo, Y., and
Zhang, J. (2015). S100 calcium-binding protein A6
promotes epithelial-mesenchymal transition
through beta-catenin in pancreatic cancer cell
line. PLoS One 10, e0121319. https://doi.org/10.
1371/journal.pone.0121319.
Feng, Y., Tang, Y., Mao, Y., Liu, Y., Yao, D., Yang,
L., Garson, K., Vanderhyden, B.C., and Wang, Q.
(2020). PAX2 promotes epithelial ovarian cancer
progression involving fatty acid metabolic
reprogramming. Int. J. Oncol. 56, 697–708.
https://doi.org/10.3892/ijo.2020.4958.

Gao, Y., Xu, Y., Zhao, S., Qian, L., Song, T., Zheng,
J., Zhang, J., and Chen, B. (2021). Growth
differentiation factor-15 promotes immune
escape of ovarian cancer via targeting CD44 in
dendritic cells. Exp. Cell Res. 402, 112522. https://
doi.org/10.1016/j.yexcr.2021.112522.

Grubb, R.L., 3rd, Franks, M.E., Toro, J.,
Middelton, L., Choyke, L., Fowler, S., Torres-
Cabala, C., Glenn, G.M., Choyke, P., Merino,M.J.,
et al. (2007). Hereditary leiomyomatosis and renal
cell cancer: a syndrome associated with an
aggressive form of inherited renal cancer. J. Urol.
177, 2074–2079. https://doi.org/10.1016/j.juro.
2007.01.155.

Gu, Y.F., Cohn, S., Christie, A., McKenzie, T.,
Wolff, N., Do, Q.N., Madhuranthakam, A.J.,
Pedrosa, I., Wang, T., Dey, A., et al. (2017).
Modeling renal cell carcinoma in mice: Bap1 and
Pbrm1 inactivation drive tumor grade. Cancer
Discov. 7, 900–917. https://doi.org/10.1158/2159-
8290.cd-17-0292.
iScience 25, 104463, June 17, 2022 13

https://doi.org/10.1161/01.res.0000255690.03436.ae
https://doi.org/10.1161/01.res.0000255690.03436.ae
https://doi.org/10.1200/jco.19.02263
https://doi.org/10.1097/mou.0000000000000646
https://doi.org/10.1097/mou.0000000000000646
https://doi.org/10.1073/pnas.2020190118
https://doi.org/10.1073/pnas.2020190118
https://doi.org/10.1038/nature12222
https://doi.org/10.1056/nejmoa1505917
https://doi.org/10.1056/nejmoa1505917
https://doi.org/10.1073/pnas.2234604100
https://doi.org/10.1073/pnas.2234604100
https://doi.org/10.1016/j.celrep.2016.02.024
https://doi.org/10.1016/j.celrep.2016.02.024
https://doi.org/10.1371/journal.pone.0121319
https://doi.org/10.1371/journal.pone.0121319
https://doi.org/10.3892/ijo.2020.4958
https://doi.org/10.1016/j.yexcr.2021.112522
https://doi.org/10.1016/j.yexcr.2021.112522
https://doi.org/10.1016/j.juro.2007.01.155
https://doi.org/10.1016/j.juro.2007.01.155
https://doi.org/10.1158/2159-8290.cd-17-0292
https://doi.org/10.1158/2159-8290.cd-17-0292


ll
OPEN ACCESS

iScience
Article
Gupta, G.P., and Massague, J. (2006). Cancer
metastasis: building a framework. Cell 127,
679–695. https://doi.org/10.1016/j.cell.2006.11.
001.

Habuka, M., Fagerberg, L., Hallstrom, B.M.,
Kampf, C., Edlund, K., Sivertsson, A., Yamamoto,
T., Ponten, F., Uhlen, M., and Odeberg, J. (2014).
The kidney transcriptome and proteome defined
by transcriptomics and antibody-based profiling.
PLoS One 9, e116125. https://doi.org/10.1371/
journal.pone.0116125.

Han, K., Pierce, S.E., Li, A., Spees, K., Anderson,
G.R., Seoane, J.A., Lo, Y.H., Dubreuil, M., Olivas,
M., Kamber, R.A., et al. (2020). CRISPR screens in
cancer spheroids identify 3D growth-specific
vulnerabilities. Nature 580, 136–141. https://doi.
org/10.1038/s41586-020-2099-x.

Han, X., and Amar, S. (2004). Secreted frizzled-
related protein 1 (SFRP1) protects fibroblasts
from ceramide-induced apoptosis. J. Biol. Chem.
279, 2832–2840. https://doi.org/10.1074/jbc.
m308102200.

Hasumi, H., and Yao, M. (2018). Hereditary kidney
cancer syndromes: genetic disorders driven by
alterations in metabolism and epigenome
regulation. Cancer Sci. 109, 581–586. https://doi.
org/10.1111/cas.13503.

Hasumi, H., Furuya, M., Tatsuno, K., Yamamoto,
S., Baba, M., Hasumi, Y., Isono, Y., Suzuki, K.,
Jikuya, R., Otake, S., et al. (2018). BHD-associated
kidney cancer exhibits unique molecular
characteristics and a wide variety of variants in
chromatin remodeling genes. Hum. Mol. Genet.
27, 2712–2724. https://doi.org/10.1093/hmg/
ddy181.

Hu, J., Chen, Z., Bao, L., Zhou, L., Hou, Y., Liu, L.,
Xiong,M., Zhang, Y., Wang, B., Tao, Z., and Chen,
K. (2020). Single-cell transcriptome analysis
reveals intratumoral heterogeneity in ccRCC,
which results in different clinical outcomes. Mol.
Ther. 28, 1658–1672. https://doi.org/10.1016/j.
ymthe.2020.04.023.

Innis, S.E., Reinaltt, K., Civelek, M., and Anderson,
W.D. (2021). GSEAplot: a package for
customizing gene set enrichment analysis in R.
J. Comput. Biol. 28, 629–631. https://doi.org/10.
1089/cmb.2020.0426.

Jutabha, P., Anzai, N., Wempe, M.F., Wakui, S.,
Endou, H., and Sakurai, H. (2011). Apical voltage-
driven urate efflux transporter NPT4 in renal
proximal tubule. Nucleos. Nucleot. Nucleic Acids
30, 1302–1311. https://doi.org/10.1080/
15257770.2011.616564.

Klement, J.D., Paschall, A.V., Redd, P.S., Ibrahim,
M.L., Lu, C., Yang, D., Celis, E., Abrams, S.I.,
Ozato, K., and Liu, K. (2018). An osteopontin/
CD44 immune checkpoint controls CD8+ T cell
activation and tumor immune evasion. J. Clin.
Invest. 128, 5549–5560. https://doi.org/10.1172/
jci123360.

Lake, B.B., Chen, S., Hoshi, M., Plongthongkum,
N., Salamon, D., Knoten, A., Vijayan, A.,
Venkatesh, R., Kim, E.H., Gao, D., et al. (2019). A
single-nucleus RNA-sequencing pipeline to
decipher the molecular anatomy and
pathophysiology of human kidneys. Nat.
Commun. 10, 2832. https://doi.org/10.1038/
s41467-019-10861-2.
14 iScience 25, 104463, June 17, 2022
LeBleu, V.S., Taduri, G., O’Connell, J., Teng, Y.,
Cooke, V.G., Woda, C., Sugimoto, H., and Kalluri,
R. (2013). Origin and function of myofibroblasts in
kidney fibrosis. Nat. Med. 19, 1047–1053. https://
doi.org/10.1038/nm.3218.

Lee, J.W., Chou, C.L., and Knepper, M.A. (2015).
Deep sequencing in microdissected renal
tubules identifies nephron segment-
specific transcriptomes. J. Am. Soc. Nephrol. 26,
2669–2677. https://doi.org/10.1681/asn.
2014111067.

Lindgren, D., Eriksson, P., Krawczyk, K., Nilsson,
H., Hansson, J., Veerla, S., Sjolund, J., Hoglund,
M., Johansson, M.E., and Axelson, H. (2017). Cell-
type-specific gene programs of the normal
human nephron define kidney cancer subtypes.
Cell Rep. 20, 1476–1489. https://doi.org/10.1016/
j.celrep.2017.07.043.

Linehan, W.M., Schmidt, L.S., Crooks, D.R., Wei,
D., Srinivasan, R., Lang, M., and Ricketts, C.J.
(2019). The metabolic basis of kidney cancer.
Cancer Discov. 9, 1006–1021. https://doi.org/10.
1158/2159-8290.CD-18-1354.

Maciaszek, J.L., Oak, N., and Nichols, K.E. (2020).
Recent advances in Wilms’ tumor predisposition.
Hum. Mol. Genet. 29, R138–R149. https://doi.
org/10.1093/hmg/ddaa091.

Miyazaki, Y., Teramoto, Y., Shibuya, S., Goto, T.,
Okasho, K., Mizuno, K., Uegaki, M., Yoshikawa, T.,
Akamatsu, S., Kobayashi, T., et al. (2019).
Consecutive prostate cancer specimens revealed
increasedAldo(-)Keto reductase family 1member
C3 expression with progression to castration-
resistant prostate cancer. J. Clin. Med. 8, 601.
https://doi.org/10.3390/jcm8050601.

Molgora, M., Esaulova, E., Vermi, W., Hou, J.,
Chen, Y., Luo, J., Brioschi, S., Bugatti, M.,
Omodei, A.S., Ricci, B., et al. (2020). TREM2
modulation remodels the tumor myeloid
landscape enhancing anti-PD-1 immunotherapy.
Cell 182, 886–900.e17. https://doi.org/10.1016/j.
cell.2020.07.013.

Munn, L.L., and Garkavtsev, I. (2018). SLPI: a new
target for stoppingmetastasis. Aging (AlbanyNY)
10, 13–14. https://doi.org/10.18632/aging.
101372.

Nawroth, R., Poell, G., Ranft, A., Kloep, S.,
Samulowitz, U., Fachinger, G., Golding, M.,
Shima, D.T., Deutsch, U., and Vestweber, D.
(2002). VE-PTP and VE-cadherin ectodomains
interact to facilitate regulation of
phosphorylation and cell contacts. EMBO J. 21,
4885–4895. https://doi.org/10.1093/emboj/
cdf497.

Newman, A.M., Steen, C.B., Liu, C.L., Gentles,
A.J., Chaudhuri, A.A., Scherer, F., Khodadoust,
M.S., Esfahani, M.S., Luca, B.A., Steiner, D., et al.
(2019). Determining cell type abundance
and expression from bulk tissues with
digital cytometry. Nat. Biotechnol. 37, 773–782.
https://doi.org/10.1038/s41587-019-0114-2.

Ooi, A., Wong, J.C., Petillo, D., Roossien, D.,
Perrier-Trudova, V., Whitten, D., Min, B.W., Tan,
M.H., Zhang, Z., Yang, X.J., et al. (2011).
An antioxidant response phenotype
shared between hereditary and sporadic type 2
papillary renal cell carcinoma. Cancer Cell 20,
511–523. https://doi.org/10.1016/j.ccr.2011.08.
024.
Paschall, A.K., Nikpanah, M., Farhadi, F., Jones,
E.C., Wakim, P.G., Dwyer, A.J., Gautam, R.,
Merino, M.J., Srinivasan, R., Linehan, W.M., and
Malayeri, A.A. (2020). Hereditary leiomyomatosis
and renal cell carcinoma (HLRCC) syndrome:
spectrum of imaging findings. Clin. Imag. 68,
14–19. https://doi.org/10.1016/j.clinimag.2020.
06.010.

Qiu, X., Hill, A., Packer, J., Lin, D., Ma, Y.A., and
Trapnell, C. (2017). Single-cell mRNA
quantification and differential analysis with
Census. Nat. Methods 14, 309–315. https://doi.
org/10.1038/nmeth.4150.

Schmidt, L.S. (2013). Birt-Hogg-Dube syndrome:
from gene discovery to molecularly targeted
therapies. Fam. Cancer 12, 357–364. https://doi.
org/10.1007/s10689-012-9574-y.

Shannon, P., Markiel, A., Ozier, O., Baliga, N.S.,
Wang, J.T., Ramage, D., Amin, N., Schwikowski,
B., and Ideker, T. (2003). Cytoscape: a software
environment for integrated models of
biomolecular interaction networks. Genome Res.
13, 2498–2504. https://doi.org/10.1101/gr.
1239303.

Shi, J., Chen, L., Chen, Y., Lu, Y., Chen, X., and
Yang, Z. (2019). Aldo-Keto Reductase Family 1
Member B10 (AKR1B10) overexpression in tu-
mors predicts worse overall survival in hepato-
cellular carcinoma. J. Cancer 10, 4892–4901.
https://doi.org/10.7150/jca.32768.

Stuart, T., Butler, A., Hoffman, P., Hafemeister, C.,
Papalexi, E., Mauck, W.M., 3rd, Hao, Y.,
Stoeckius, M., Smibert, P., and Satija, R. (2019).
Comprehensive integration of single-cell data.
Cell 177, 1888–1902.e21. https://doi.org/10.
1016/j.cell.2019.05.031.

Tsun, Z.Y., Bar-Peled, L., Chantranupong, L.,
Zoncu, R., Wang, T., Kim, C., Spooner, E., and
Sabatini, D.M. (2013). The folliculin tumor
suppressor is a GAP for the RagC/DGTPases that
signal amino acid levels tomTORC1.Mol. Cell 52,
495–505. https://doi.org/10.1016/j.molcel.2013.
09.016.

Vidarsson, H., Westergren, R., Heglind, M.,
Blomqvist, S.R., Breton, S., and Enerback, S.
(2009). The forkhead transcription factor Foxi1 is a
master regulator of vacuolar H+-ATPase proton
pump subunits in the inner ear, kidney and
epididymis. PLoS One 4, e4471. https://doi.org/
10.1371/journal.pone.0004471.

Wang, L., Peng, Z., Wang, K., Qi, Y., Yang, Y.,
Zhang, Y., An, X., Luo, S., and Zheng, J. (2017).
NDUFA4L2 is associated with clear cell renal cell
carcinoma malignancy and is regulated by ELK1.
PeerJ 5, e4065. https://doi.org/10.7717/peerj.
4065.

Wang, Y., Wang, J., Hao, H., and Luo, X. (2020).
lncRNA KCNQ1OT1 promotes the proliferation,
migration and invasion of retinoblastoma cells by
upregulating HIF-1a via sponging miR-153-3p.
J. Invest. Med. 68, 1349–1356. https://doi.org/10.
1136/jim-2020-001431.

Xiong, D., Wang, Y., and You, M. (2020). A gene
expression signature of TREM2hi macrophages
and gd T cells predicts immunotherapy response.
Nat. Commun. 11, 5084. https://doi.org/10.1038/
s41467-020-18546-x.

https://doi.org/10.1016/j.cell.2006.11.001
https://doi.org/10.1016/j.cell.2006.11.001
https://doi.org/10.1371/journal.pone.0116125
https://doi.org/10.1371/journal.pone.0116125
https://doi.org/10.1038/s41586-020-2099-x
https://doi.org/10.1038/s41586-020-2099-x
https://doi.org/10.1074/jbc.m308102200
https://doi.org/10.1074/jbc.m308102200
https://doi.org/10.1111/cas.13503
https://doi.org/10.1111/cas.13503
https://doi.org/10.1093/hmg/ddy181
https://doi.org/10.1093/hmg/ddy181
https://doi.org/10.1016/j.ymthe.2020.04.023
https://doi.org/10.1016/j.ymthe.2020.04.023
https://doi.org/10.1089/cmb.2020.0426
https://doi.org/10.1089/cmb.2020.0426
https://doi.org/10.1080/15257770.2011.616564
https://doi.org/10.1080/15257770.2011.616564
https://doi.org/10.1172/jci123360
https://doi.org/10.1172/jci123360
https://doi.org/10.1038/s41467-019-10861-2
https://doi.org/10.1038/s41467-019-10861-2
https://doi.org/10.1038/nm.3218
https://doi.org/10.1038/nm.3218
https://doi.org/10.1681/asn.2014111067
https://doi.org/10.1681/asn.2014111067
https://doi.org/10.1016/j.celrep.2017.07.043
https://doi.org/10.1016/j.celrep.2017.07.043
https://doi.org/10.1158/2159-8290.CD-18-1354
https://doi.org/10.1158/2159-8290.CD-18-1354
https://doi.org/10.1093/hmg/ddaa091
https://doi.org/10.1093/hmg/ddaa091
https://doi.org/10.3390/jcm8050601
https://doi.org/10.1016/j.cell.2020.07.013
https://doi.org/10.1016/j.cell.2020.07.013
https://doi.org/10.18632/aging.101372
https://doi.org/10.18632/aging.101372
https://doi.org/10.1093/emboj/cdf497
https://doi.org/10.1093/emboj/cdf497
https://doi.org/10.1038/s41587-019-0114-2
https://doi.org/10.1016/j.ccr.2011.08.024
https://doi.org/10.1016/j.ccr.2011.08.024
https://doi.org/10.1016/j.clinimag.2020.06.010
https://doi.org/10.1016/j.clinimag.2020.06.010
https://doi.org/10.1038/nmeth.4150
https://doi.org/10.1038/nmeth.4150
https://doi.org/10.1007/s10689-012-9574-y
https://doi.org/10.1007/s10689-012-9574-y
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.7150/jca.32768
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1016/j.cell.2019.05.031
https://doi.org/10.1016/j.molcel.2013.09.016
https://doi.org/10.1016/j.molcel.2013.09.016
https://doi.org/10.1371/journal.pone.0004471
https://doi.org/10.1371/journal.pone.0004471
https://doi.org/10.7717/peerj.4065
https://doi.org/10.7717/peerj.4065
https://doi.org/10.1136/jim-2020-001431
https://doi.org/10.1136/jim-2020-001431
https://doi.org/10.1038/s41467-020-18546-x
https://doi.org/10.1038/s41467-020-18546-x


ll
OPEN ACCESS

iScience
Article
Ye, M., Dong, S., Hou, H., Zhang, T., and Shen, M.
(2021). Oncogenic role of long noncoding
RNAMALAT1 in thyroid cancer progression
through regulation of the miR-204/IGF2BP2/m6A-
MYC signaling. Mol. Ther. Nucleic Acids 23, 1–12.
https://doi.org/10.1016/j.omtn.2020.09.023.

Yi, J., Liu, Y., Zhang, L., and Fang, C. (2021).
Secreted phosphoprotein-1 accelerates the
progression of human colorectal cancer
through activating beta-catenin signaling. Oncol.
Lett. 21, 372. https://doi.org/10.3892/ol.2021.
12633.
Zhang, L., Wan, Y., Zhang, Z., Jiang, Y., Gu, Z., Ma,
X., Nie, S., Yang, J., Lang, J., Cheng, W., and Zhu,
L. (2021a). IGF2BP1 overexpression stabilizes
PEG10 mRNA in an m6A-dependent manner and
promotes endometrial cancer progression.
Theranostics 11, 1100–1114. https://doi.org/10.
7150/thno.49345.

Zhang, X., Lan, Y., Xu, J., Quan, F., Zhao, E., Deng,
C., Luo, T., Xu, L., Liao, G., Yan, M., et al. (2019).
CellMarker: a manually curated resource of cell
markers in human and mouse. Nucleic Acids Res.
47, D721–D728. https://doi.org/10.1093/nar/
gky900.

Zhang, Y., Narayanan, S.P., Mannan, R., Raskind,
G., Wang, X., Vats, P., Su, F., Hosseini, N., Cao, X.,
Kumar-Sinha, C., et al. (2021b). Single-
cell analyses of renal cell cancers
reveal insights into tumor
microenvironment, cell of origin, and therapy
response. Proc. Natl. Acad. Sci. U S A. 118,
e2103240118. https://doi.org/10.1073/pnas.
2103240118.
iScience 25, 104463, June 17, 2022 15

https://doi.org/10.1016/j.omtn.2020.09.023
https://doi.org/10.3892/ol.2021.12633
https://doi.org/10.3892/ol.2021.12633
https://doi.org/10.7150/thno.49345
https://doi.org/10.7150/thno.49345
https://doi.org/10.1093/nar/gky900
https://doi.org/10.1093/nar/gky900
https://doi.org/10.1073/pnas.2103240118
https://doi.org/10.1073/pnas.2103240118


ll
OPEN ACCESS

iScience
Article
STAR+METHODS

KEY RESOURCE TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-MET (clone D1C2) Cell Signaling Technology Cat# 8198S, RRID:AB_10858224

Dako REAL EnVision Detection System,

Peroxidase/DAB, Rabbit/Mouse, HRP Kit

Agilent Cat# K5007, RRID:AB_2888627

Chemicals, peptides, and recombinant proteins

Liberase DL Sigma-Aldrich Cat# 05,466,202,001

DNase I Sigma-Aldrich Cat# 10104159001

RBC lysis buffer BD Biosciences Cat# 555899

Critical commercial assays

Cellometer Auto 2000 Cell Viability Counter Nexcelom Bioscience N/A

Chromium Single Cell Controller instrument 103 Genomics N/A

Chromium Next GEM Chip G Single Cell Kit 103 Genomics Cat# 1000127

Chromium Single Cell 3ʹ GEM, Library &

Gel Bead Kit v3.1

103 Genomics Cat# 1000128

Chromium i7 Multiplex Kits 103 Genomics Cat# 120262

NextSeq 500/550 High Output Kit v2.5 Illumina Cat# 20024907

KAPA Library Quantification Kit Roche Cat# KK4828

Deposited data

scRNA sequencing data This study DDBJ:JGAS000303

RNA sequencing data This study DDBJ:JGAS000303

Whole exome sequencing data This study DDBJ:JGAS000303

TCGA KIRC RNA sequencing data GDC Data Portal https://portal.gdc.cancer.gov/

Software and algorithms

Seurat (v3.1.2) Stuart et al. (2019) https://satijalab.org/seurat/

RStudio (v3.6.3) RStudio, Inc. https://www.rstudio.com/products/rstudio/

CIBERSORTx Newman et al. (2019) https://cibersortx.stanford.edu/

survival (v3.2.13) Therneau T. M., 2020 https://CRAN.R-project.org/package=survival

Cell Ranger (v6.0.2) 103 Genomics https://support.10xgenomics.com/

monocle2 (v2.14.0) Qiu et al. (2017) http://cole-trapnell-lab.github.io/monocle-release/

Cytoscape (v3.7.2) Shannon et al. (2003) https://cytoscape.org/

fgsea (v1.16.0) Innis et al. (2021) https://github.com/ctlab/fgsea

Genomon (v2.6.3) the Human Genome Center

(HGC) supercomputer system

at The University of Tokyo

https://github.com/Genomon/genomon

Riboduct N/A https://github.com/msfuji/riboduct
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Hisashi Hasumi (hasumi@yokohama-cu.ac.jp).
Materials availability

This study did not generate new unique reagents.
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Data and code availability

d All of sequencing data, including scRNA, RNA and whole exome sequencing, were deposited in DNA

DataBank of Japan (DDBJ) under the accession number JGAS000303. Raw quantification data for

each figure were deposited at online repository in Mendeley (https://data.mendeley.com/drafts/

7w3x9kfnbm).

d All codes used in this study were from already existing software and algorithms, as listed in the ‘‘Software

and Algorithms’’ section of the key resource table.

d Any additional information required to reanalyze the data reported in this work paper is available from

the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patients and specimens

Patients known or suspected to be affected with hereditary or sporadic kidney cancers were referred to the

Department of Urology in Yokohama City University Hospital, which is a center for hereditary kidney cancer

in Japan. Germline alteration of each hereditary kidney cancer patient was confirmed by Sanger

sequencing prior to surgery; one BHD patient with chromophobe renal cell carcinoma (BHD-ChRCC)

was found to have a germline variant of c.404delC in folliculin (FLCN) gene, another BHD patient with

hybrid oncocytic chromophobe tumor (BHD-HOCT) had a germline variant of c.1533–1536 delGATG in

FLCN gene, HLRCC patient had a germline variant of c.712G > C in fumarate hydratase (FH) gene resulting

in amino acid change of Asp238His in the FH protein, one VHL patient had a large deletion encompassing

exons 1 and 2 of VHL gene at germline level and another VHL patient had a germline variant of c.226–228

delTCT in VHL gene (Figures S5D–S5H). VHL1 patient developed bilateral multifocal clear cell renal cell car-

cinomas metachronously, which is a characteristic of VHL-associated kidney cancer. The primary lesion of

HLRCC-associated kidney cancer and its lymph node metastasis were resected in the same operation.

Germline variant of FH pSer334Arg in exon 7 was identified in s-ccRCC1 patient, who is a family member

of an HLRCC kindred, and a germline FLCN c.199 dupG variant was coincidentally identified in s-ccRCC2

patient, without any somatic second-hit variant being detected in these genes; therefore, both s-ccRCC1

and s-ccRCC2 were categorized as sporadic kidney cancers in this study. Two normal kidney samples were

obtained from normal renal cortexes of s-ccRCC1 and s-ccRCC2 patients. To analyze intratumor heteroge-

neity, s-ccRCC2 was sampled three times and each sample was named as s-ccRCC2-1, s-ccRCC2-2 and

s-ccRCC2-3, respectively. Either robotic partial nephrectomy or open nephrectomy was performed to re-

move the tumors in these patients.
TCGA KIRC data

Bulk RNA sequencing data of 539 tumors and patient’s clinical information in TCGA project were down-

loaded from the GDC data repository (https://portal.gdc.cancer.gov/).
Ethics statement

This study was approved by the Institutional Review Board of Yokohama City University (A200100004),

which does not permit to disclose any personal information of patient. Informed consent for the study

was obtained from all participants.
METHOD DETAILS

Single-cell RNA sequencing

Single-cell RNA sequencing was performed on twelve surgically resected specimens from seven patients

including two BHD-associated kidney cancers, one primary lesion and one lymph node metastasis from

HLRCC-associated kidney cancer, two VHL-associated kidney cancers, one sporadic clear cell renal cell car-

cinoma (ccRCC), 3 independent samplings from a second ccRCC and two normal kidney tissues. Surgically

resected specimens were sliced into approximately 50 mm3 sized pieces, minced and digested in 1.5 mL of

13 PBS supplemented with 0.33 mg/mL Liberase DL (Sigma-Aldrich) and 0.2 mg/mL DNase at 37 �C for

30 min. After adding 150 mL of 100% FBS, each cell suspension was passed through a 40 mm cells strainer

and cells were collected by centrifugation of 1000 rpm for 5 min at 4 �C. Red blood cells were removed by

incubating with RBC lysis buffer (BD Biosciences, Franklin Lakes, NJ) for 3 min on ice, following centrifuga-

tion at 1000 rpm for 5min at 4 �C. Cell pellet was resuspended with 1mL of 13 PBS supplemented with 0.5%
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BSA. Live cells were counted by Cellometer Auto (2000) (Nexcelom Bioscience). Single cell suspensions

were loaded on a Chromium Single Cell Controller instrument (103Genomics) to generate emulsion drop-

lets containing cells and beads. Single-cell RNA-Seq libraries were prepared using the Chromium single

cell 30 kit (103 Genomics) according to the manufacturer’s protocol. The library quantification was per-

formed using KAPA Library Quantification Kit (Roche). Paired-end sequencing was conducted on the

NextSeq 500 platform (Illumina). Read alignment and quantification were done using Cell Ranger (6.0.2)

and the GRCh38 reference genome (Dataset S4). The Quality Control (QC) process was done using R pack-

age Seurat (version 3.1.2) (Stuart et al., 2019). Single cells with less than 200 UMIs were removed as low-

quality cells. We chose genes for analysis that were expressed in equal or more than 3 cells. We normalized

our data using NormalizeData function in Seurat (scale.factor = 10000). We identified highly variable fea-

tures using FindVariableFeatures function with top 2,000 variable genes. Data from twelve specimens

were integrated using the IntegrateData and FindIntegrationAnchors functions. We applied a linear trans-

formation using the ScaleData function. Principal component analysis (PCA) was done using the RunPCA

function. We determined the dimension of the dataset using the ElbowPlot function and we adopted

optimal PC. We annotated cell clusters using the FindClusters function (resolution = 0.5–1.2) and mapped

them into 2D uniform manifold approximation and projection (UMAP). 108,342 single cells, including

11,839 normal specimens-derived cells, 89,573 primary tumor specimens-derived cells and 6,930 lymph

node metastasis specimen-derived cells were subjected to further analyses. Pseudotime trajectory analysis

was performed using R package monocle2 (version 2.14.0) (Qiu et al., 2017).

Deconvolution of bulk RNA-seq datasets

Deconvolution of bulk RNA-seq datasets was done using an analytical tool CIBERSORTx (https://ciber-

sortx.stanford.edu/) (Newman et al., 2019). First, a reference matrix for each cell type was created using

the single-cell RNA sequencing data of clear cell RCC samples analyzed in this study, and then the percent-

age of component cells in clear cell RCC samples in TCGA KIRC project was calculated by deconvolution

methods in CIBERSORTx using the reference matrix. Bulk RNA sequencing data of 539 tumors in TCGA

KIRC project were obtained from the GDC data portal (https://portal.gdc.cancer.gov/). Default parameters

were applied; 999 for Maximum condition number (kappa) for signature matrix, 0.01 for q value cutoff for

differential expression analysis and 300 and 500 for minimum and maximum number of barcode genes to

consider for each phenotype when building signature matrix, respectively. Signature matrices and lists of

cell fractions are available in Figures S2A–S2D and Dataset S2.

Patient survival analysis based on cell type composition

Overall survival in patients from TCGA KIRC project was predicted based on cell type composition. Patients

were divided into two groups using median ratio of cell number of each cell type (cancer cell, vascular cell,

TAM, cytotoxic T cell or B cell) per total cell number. Patient’s clinical information in TCGA KIRC project was

obtained from the GDC data portal (https://portal.gdc.cancer.gov/). Survival analysis was performed using

Kaplan-Meier survival curves. p values from 2-sided log rank test, and the hazard ratio with 95% confidence

interval is calculated.

Gene ontology (GO) analysis and gene set enrichment analysis (GSEA)

GO analyses were done using Cytoscape software (version 3.7.2) plug-in BiNGO; the cutoff threshold for p

value was set as 0.05 (Shannon et al., 2003). GSEA were done using R package fgsea (version 1.16.0); default

parameters were applied; 10,000 for nperm, 15 for minSize and 1000 for maxSize (Innis et al., 2021).

Whole exome sequencing

Whole exome sequencing was done using SureSelect Human All Exon V6 (Agilent Technologies) and Illu-

mina Novaseq6000/PE150. Reads mapping and further analyses were done using Genomon pipeline

(https://github.com/Genomon/genomon). The GRCh37 reference genome was used for alignment.

RNA sequencing of bulk tissues

RNA sequencing was done with bulk tissues of 16 BHD-associated kidney cancers and 5 adjacent normal

kidneys from ten BHD patients using TruSeq Stranded mRNA Library Prep Kit, TruSeq RNA CD Index Kit

(Dual Index) and Hiseq 2500 (Illumina) according to the manufacturer protocol. Reads mapping and further

analyses were done using GitHub RNA-seq pipeline riboduct (https://github.com/msfuji/riboduct). The

GRCh37 reference genome was used for alignment.
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Immunohistochemistry

Immunohistochemistry was done on 4-mm-thick representative formalin-fixed paraffin-embedded sections.

The tissue slides were autoclaved in Tris-EDTA buffer (pH 9.0) for antigen retrieval, then incubated with rab-

bit monoclonal MET antibody at 1:300 dilution (clone D1C2, #8198; Cell Signaling Technology) for one hour

at room temperature and visualized with the Real EnVision Detection System, Peroxidase/DAB+, Rabbit/

Mouse (Agilent Technologies). The MET protein was considered to be positive when membranous and/or

cytoplasmic MET staining was observed.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Rstudio (version 3.6.3). Welch’s two sample t-test was applied to

determine whether the means of two populations were different, and differences were considered to be

statistically significant at a value of p < 0.05. All statistical tests were 2-sided. The association between

cell type compositions of clear cell renal carcinomas and patients’ outcomes were analyzed with the Ka-

plan-Meier method and 2-sided log rank test.
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