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ABSTRACT 

Background. Denys-Drash syndrome ( DDS) is a rare disease characterized with pseudohermaphroditism, 
nephroblastoma ( also known as Wilms tumor) , and diffuse mesangial sclerosis. The therapy for DDS is largely 
supportive, i.e. surgery and chemotherapy for Wilms tumor and renal replacement therapy. Due to the limited 
understanding of the pathogenesis, precision therapy for DDS is yet to be explored. We sought to explore the cellular 
components and interactions in kidney tissues from an infant with DDS. 
Methods. Whole-exome sequencing was performed to examine the mutations associated with DDS. Single-cell RNA 

sequencing ( scRNA-seq) was performed to explore the heterogenicity of kidney tissue samples. 
Results. A 6-month-old infant with bilateral Wilms tumors and genital ambiguity was diagnosed as having DDS. Whole 
exome sequencing revealed a novel de novo mutation ( p.F185fs*118) in exon 1 of WT1 . scRNA-seq was performed in tissue 
samples from bilateral Wilms tumors and the normal kidney from this infant. Fibroblasts, myocytes, epithelial cells, 
endothelial cells, and mononuclear phagocytes ( MPs) ranked at the top of the 31 135 total cells. Fibroblasts and myocytes 
were dominant in the Wilms tumor samples. In contrast, most epithelial cells and endothelial cells were found in 

normal kidney tissues. CD44 and TUBA1A were significantly changed in myocyte subclusters, which may contribute to 
chemotherapy drug resistance. Macrophages intensively interacted with cancerous cells, including fibroblasts, epithelial 
cells, and myocytes. 
Conclusions. A novel mutation ( p.F185fs*118) in exon 1 of WT1 was identified in an infant with DDS. scRNA-Seq revealed 
the heterogenicity of cellular components in Wilms tumors and kidney tissues, shedding light on the pathogenesis of 
DDS. 
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GRAPHICAL ABSTRACT 

Keywords: Denys-Drash syndrome, single-cell RNA-Seq, tumor microenvironment, whole exome sequencing, Wilms 
tumor 

KEY LEARNING POINTS 

What was known : 

• Denys-Drash syndrome ( DDS) is a rare disease in infants characterized with pseudohermaphroditism, nephroblastoma ( also 
known as Wilms tumor) , and diffuse mesangial sclerosis.

• The therapy for DDS is largely supportive, i.e. surgery and chemotherapy for Wilms tumor and renal replacement therapy.
• The cellular heterogeneity in kidney and Wilms tumor tissues from DDS remain elusive.

This study adds : 

• A novel de novo mutation ( p.F185fs*118) in exon 1 of WT1 was identified in a DDS infant.
• Single-cell RNA sequencing ( scRNA-seq) was performed to explore the heterogenicity of kidney tissue samples.
• CD44 and TUBA1A were significantly changed in myocyte subclusters, which may contribute to chemotherapy drug resis- 

tance.

Potential impact : 

• scRNA-seq is a valuable tool to explore the pathogenesis of rare diseases and the precision oncology.
• Application of multi-omics may provide clues to potential gene therapy for DDS and other rare diseases.
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NTRODUCTION 

enys-Drash syndrome ( DDS) is a rare disease that begins within 
he first few months of life [1 ]. The common clinical features 
or complete DDS include pseudohermaphroditism, nephroblas- 
oma ( also known as Wilms tumor) , and diffuse mesangial scle- 
osis. The boy with DDS is normal in sex chromosomes ( XY) , but 
he external genitals are ambiguous. Wilms tumor is the most 
requent kidney cancer in children [2 ]. Most Wilms tumors are 
solated, and approximately 5% of Wilms tumors may occur ac- 
ompanied by other syndromes, i.e. DDS. Although rare, DDS 
ay vary in clinical characteristics. Incomplete DDS, defined as 
ephropathy with genital anomalies or Wilms tumor, has also 
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een reported [3 ]. In addition, an infant who presented with bi-
ateral Wilms tumor and genital ambiguity without nephropa- 
hy was diagnosed with DDS [4 ]. However, Wilms tumor alone
ithout mesangial sclerosis and genital anomalies excluded 
DS [5 ]. The therapy for DDS is supportive, i.e. surgery and
hemotherapy for Wilms tumor and renal replacement therapy.
he prognosis for children with Wilms tumor is good [6 ]. Due to
he limited data available, the long-term outcomes for infants 
ith DDS are not yet clear [7 ]. 
As a genetic disorder, the well-known culprits of DDS are

utations in the Wilms tumor suppressor gene, WT1 ; over
0% of DDS is linked with constitutional intragenic WT1 mu-
ations [3 ]. WT1 is required for the early development of kid-
eys and gonads before birth [8 ]. Podocyte maturation is de-
ayed in DDS, in which podocytes express the proangiogenic 
soform VEGF165 but lose the inhibitory isoform VEGF165b [9 ].
T1 regulates the VEGF isoforms; WT1 knockout promotes the 

ntiangiogenic VEGF120 isoform [10 ]. Isolated Wilms tumors 
nd Wilms tumors in DDS may share the same WT1 muta-
ion, i.e. R362X [5 ], indicating that WT1 mutations alone may
ot be sufficient to cause DDS. The mechanisms by which
T1 mutants regulate the pathogenesis of DDS are still largely

lusive. 
Regarding Wilms tumor alone, single-cell transcriptomes 

ave been reported in few papers [11 , 12 ]. To bridge the knowl-
dge gap in the pathogenesis of Wilms tumor in DDS, in the
resent study, we provided the first single-cell study in kidney
issues from a 6-month-old DDS infant. The peripheral blood 
as analysed for whole exome sequencing to identify gene mu-
ations associated with Wilms tumor and DDS. Bilateral Wilms 
umor tissue samples and normal kidney tissue samples were 
rocessed for single-cell RNA sequencing. We constructed a 
ingle-cell atlas for DDS and characterized the molecular signa- 
ures of diverse cells for this rare disease. 

ATERIALS AND METHODS 

linical examinations and treatments 

bdominal swelling and vomiting caused by Wilms tumors are 
ometimes the first clinical signs of DDS. In the present study, a
-month-old boy presented to the emergency department with a 
istory of recurrent vomiting. Computed tomography ( CT) scan- 
ing was performed to validate the abdominal mass and chest
etastasis. Cardiac ultrasonography was used to observe the 
atent foramen ovale. Syphilis-specific IgG antibody in the sera 
as tested using the Elecsys syphilis assay ( Roche Diagnostics,

ndianapolis, IN, USA) . Peripheral blood samples were collected 
or renal function tests; specifically, blood urea nitrogen and cre-
tinine were measured. 

The patient was treated with a vincristine, actinomycin D 

nd dexamethasone ( VAD) regimen. Subsequently, the patient 
eceived nephron-sparing surgery, first for the Wilms tumor in 
he right kidney and then for the Wilms tumor in the left kidney.
fter the operation, the patient was treated with a VAD regimen
nd local radiotherapy in bilateral renal areas. 

hole exome sequencing 

enomic DNA was extracted from EDTA-treated peripheral 
lood using a Genomic DNA kit ( DP329-TA, TIANGE, China) .
xosomes were enriched using xGen exosome research panel 
2.0 ( IDT, Iowa, USA) . High-throughput sequencing for exosomes 
as performed by an MGI NBSEQ-T7 sequencer. After quality 
ontrol, the paired-end reads were performed using Burrows–
heeler Aligner ( BWA) to the Ensemble GRCh37/hg19 reference 

enome. SNPs and indels were screened, and high-quality and
eliable variants were obtained. Minor allele frequencies ( MAFs) 
ere annotated using databases including 1000 genomes, db-
NP, ESP, ExAC, and genomAD. The OMIM, HGMD, and ClinVar
atabases were used for pathogenicity annotations. Functional 
hanges in variants were predicted using the MaxEntScan, db-
cSNV, SpliceAI, and GATAG software packages. Moreover, CA-
OE, CNVnator, DeviCNV, and ExosomeDepth were used to de-
ect CNVs. 

ingle-cell RNA sequencing 

n the first nephron-sparing surgery, Wilms tumor in the right
idney and normal kidney tissue samples were collected dur-
ng surgery. Meanwhile, samples from Wilms tumor in the left
idney were punctured. The sample processing and single-
ell RNA sequencing of human kidney samples have been ex-
ensively described [13 ]. Briefly, single cells from each tissue
ample were acquired by a GEXSCOPETM Tissue Dissociation 
it ( Singleron Biotechnologies, Nanjing, China) . A microfluidic 
hip was loaded with the single-cell suspension. Guided by the
anufacturer’s instructions ( Singleron GEXSCOPE Single Cell 
NAseq Library Kit, Singleron Biotechnologies) , single-cell RNA- 
eq libraries were prepared. Sequencing was performed on an
llumina HiSeq X10 instrument with 150-bp paired-end reads. 

ingle-cell bioinformation analysis 

aw reads were processed to generate mRNA profiles using
n internal celescope1.3.0 pipeline. Briefly, after filtering read
ne without poly T tails, the cell barcode and UMI were ex-
racted. Adapters and poly A tails were trimmed ( fastp V1)
efore aligning read two to hg19/GRCh37with ensemble ver-
ion 92 gene annotation ( fastp v2.5.3a and featureCounts v1.6.2)
14 ]. Reads with the same cell barcode, UMI and gene were
rouped together to calculate the number of UMIs per gene
er cell. The UMI count tables of each cellular barcode were
sed for further analysis. Cell type identification and cluster-
ng analysis were performed using Seurat ( v4.0.4) and clus- 
ermole ( v1.1.0) [15 ]. The cluster assignment to cell types is
ecided by markers, which are listed in the Figs S1–S7 ( see
nline supplementary material) . Rigor ous quality contr ol w as
erformed, and cells with > 2500 or < 200 gene features and > 20%
itochondrial genes were removed. Standard Seurat workflow 

nalysis was performed. Different samples were integrated with
he IntegrateData function [16 ]. The parameter resolution was
et to 0.15 for the FindClusters function to identify clusters. Dif-
erentially expressed genes ( DEGs) between different clusters 
ere identified with the function FindMarkers, and gene set en-
ichment analysis ( GSEA) was performed to identify enriched 
athways [17 ]. 

ESULTS 

linical and molecular characteristics of the infant with
DS 

n the physical examination, the infant was found to have an
bdominal mass, right cryptorchidism, hypospadias, labia mi- 
ora and vaginal opening. On the CT scan, bilateral renal masses
 90 × 75 × 71 mm on the left and 89 × 83 × 81 mm on the
ight) were observed ( Fig. 1 A) . Chromosome analysis revealed a

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
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Figure 1: Clinical characteristics of the infant with DDS. A . Contrast-enhanced CT image in the arterial phase at the initial visit; B . Sanger sequencing for the insertion 
mutation in WT1, with an insertion mutation: c.548- 549 ins TCCTTCGGAGCCCTTCGGTCCCTCCGCTACGGA. C . Contrast-enhanced CT image in the arterial phase after 
6 weeks of preoperative chemotherapy. D . Postoperative pathology of the right tumor: nephroblastoma ( mainly mesenchymal type) , with a large amount of proliferative 
fibrous tissue in the tumor and chronic inflammatory cell infiltration in the stroma. E . Contrast-enhanced CT image in the arterial phase before the second surgery. 

F . Postoperative pathology of the left tumor: nephroblastoma ( mainly mesenchymal type) , with a large amount of fusiformis mesenchymal components in the tumor 
and some differentiation into striated muscle. G . Contrast-enhanced MRI coronal images after treatment ends. 
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6, XY karyotype. His mother had congenital renal ectopia, and
is father denied a history of severe diseases. The patient was
mmediately admitted to the pediatric oncology ward. Further 
xaminations were performed during hospitalization. In the 
hest scan, there were no obvious metastatic lesions. On car-
iac ultrasonography, a patent foramen ovale was found. In the
ardiac function test, the infant seemed normal. Considering 
hat his mother was positive for the syphilis-specific antibody 
gG during pregnancy, we performed a hematologic examination 
nd found that the syphilis antibody IgG in the infant sera was
ositive. In the renal function test, his urea nitrogen level was
.4 μmol/L within the reference range ( 1.8 ∼6.5 μmol/L) , and his
reatinine level was 21 μmol/L, which was higher than the nor-
al limits ( 8.4 ∼13.25 mmol) . 
Renal masses in the infants are often associated with Wilms

umor. To explore whether the infant had putative WT1 muta-
ions, we performed whole-exome sequencing ( WGS) in the in- 
ant and his parents. His parents were without WT1 mutations.
n the infant, however, WGS detected a de novo insertion in the
xon 1 of WT1 : c.548_ 549insTCCTTCGGAGCCCTTCGGTCCCTC- 
GCCCTACGGA, which caused p. F185fs*118 ( p. Phe185fsTer118) 
 Fig. 1 B) . The de novo insertion mutation caused the termina-
ion after 118 amino acids starting from Phe185, resulting in
 predicted truncated protein with impaired function. Accord- 
ng to ACMG guidelines, this novel mutation was considered 
athogenic for Wilms tumor. Therefore, this 6-month-old boy 
ith hermaphroditism and Wilms tumor was diagnosed with 
DS. 
The patient first received the VAD regimen for 2 courses in

ix weeks. According to the SIOP program, the drug dose of all
hildren whose weight was less than 12 kg was reduced to 67%.
ollow-up CT showed that the right kidney tumor size was obvi-
usly reduced to 43 × 42 × 36 mm, and the left kidney tumor was
arger to 109 × 107 × 98 mm ( Fig. 1 C) . In the renal function test,
is urea nitrogen level was 2.2 μmol/L, and his creatinine level
as 18 μmol/L. Following multidisciplinary discussions, we de- 
ided to perform right kidney nephron-sparing surgery and left 
umor biopsy for the patient. Postoperative pathology showed 
hat the right tumor was nephroblastoma ( mainly mesenchy- 
al type) with postchemotherapy changes ( Fig. 1 D) . There was 
o obvious metastasis in the bilateral perihilar lymph nodes.
uring the operation, the left nephroblastoma biopsy tissue was 
lso taken for PDTX drug screening. We re-examined renal func-
ion after the operation. Blood urea nitrogen was increased to
.1 μmol/L, and creatinine was up to 30 μmol/L. 

We continued the VAD regimen 3 weeks after the operation.
hen, a CT scan showed that the left kidney tumor size increased
o 109 × 107 × 98 mm ( Fig. 1 E) . Moreover, renal function be-
an to worsen after the operation: urea nitrogen was 1.9 μmol/L,
nd creatinine was 20 μmol/L. In addition, the patient began to
ave hypertension. Although spironolactone and captopril were 
dministered to control blood pressure, the patient still experi- 
nced tachycardia and moderate hypertension. To prevent ab- 
ominal compartment syndrome ( ACS) associated with giant 
ephroblastoma, we decided to perform left kidney nephron- 
paring surgery. The postoperative pathology indicated that the 
eft renal tumor was consistent with the transformation from 

ephroblastoma ( mainly mesenchymal) to striated muscle, and 
o significant metastasis was found in the left hilum lymph
ode ( Fig. 1 F) . Postoperative urea nitrogen was 2.6 μmol/L, and
reatinine was 18 μmol/L. The blood pressure gradually returned 
o normal after the operation. We still used the VAD regimen in
hree courses for 9 weeks to treat the infant. At the end of treat-
ent, MRI showed that the upper pole structure of both kidneys
as not clear, and no obvious abnormal mass was found ( Fig. 1 G) .
n the renal function tests, urea nitrogen was 1.9 μmol/L, and
reatinine was 20 μmol/L. At present, the boy has been followed
p closely. 

etailed single-cell atlas in kidney and Wilms tumor 
issues 

o establish the cellular microenvironments of the DDS infant,
e performed scRNA-seq for three kidney samples from the pa-
ient, including bilateral Wilms tumors and normal kidney tis-
ues on the right side ( Fig. 2 A) . After quality control and data
reprocessing, 31 135 cells were retained for downstream analy-
is. Unbiased clustering revealed 12 cellular populations, i.e. ep-
thelial cells, myocytes, mesangial cells, podocytes, endothelial 
ells ( ECs) , mural cells, fibroblasts, T cells, mononuclear phago-
ytes ( MPs) , plasmacytoid dendritic cells ( pDCs) , erythrocytes,
nd proliferating cells ( Fig. 2 B) . The cell numbers in each sam-
le and the canonical markers for each major cluster are listed
n Table S1 and Fig. S1 ( see online supplementary material) .
he distribution of these clusters was quite different in right
umor, left tumor, and normal kidney tissue samples. Fibrob-
asts and myocytes dominated in the Wilms tumors. In con-
rast, epithelial cells and endothelial cells populated the normal
idney samples ( Fig. 2 C) . The Wilms tumors on each side also
aried in cellular components. Following dimension reduction 
nd Leiden clustering, fibroblasts in right and left Wilms tumors
ere visualized in different subclusters by uniform manifold ap-
roximation ( UMAP) . Meanwhile, myocytes were recorded only 
n the left Wilms tumor tissue samples ( Fig. 2 D) . The compli-
ated cellular components in the bilateral Wilms tumors sug-
ested heterogenicity in cancer microenvironments. To eluci- 
ate the origin of cancer cells, we calculated the copy num-
er variation ( CNV) score in the major cell clusters ( Fig. 2 E–
) . The CNV score in the MPs was lowest. In comparison, fi-
roblasts and myocytes in Wilms tumors hosted higher CNV
cores, implying that these cells may be tumor cells. Most ep-
thelial cells were from normal kidney tissues. The CNV score
n the epithelial cells, however, was higher than that in MPs.
e could not preclude the possibility that these epithelial cells
ay be cancerous. Collectively, we established a single-cell atlas
ith multiple cell clusters in Wilms tumors and kidney tissues

or DDS. 

ilms tumor and kidney fibroblasts subcluster into 
istinct cell populations 

ibroblasts were the most prominent cancer cells in the bi-
ateral Wilms tumor tissue samples ( Fig. 2 D; Table S1, see
nline supplementary material) . To uncover the potential roles 
f fibroblasts in Wilms tumor, we subcluster 12 838 fibroblasts
nto five distinct populations ( Fig. 3 A) . Subcluster 1 fibroblasts
 marked by CFD , SPRX , DPT , etc.) , subcluster 4 fibroblasts ( marked
y SLPI , CLU , NDNF , etc.) and subcluster 5 fibroblasts ( marked by
7 , HHIP , ATF3 , etc.) prevailed in the right Wilms tumor sample.
n contrast, subcluster 2 fibroblasts ( marked by PAGE4 , SFRP4 ,
PCDD1 , etc.) and subcluster 3 fibroblasts ( marked by GPX3 ,
YF5 , CHODL , etc.) were mostly recorded in the left Wilms tu-
or sample ( Fig. 3 B) . Cell counts and detailed markers for each
broblast subpopulation are listed in Table S2 and Fig. S2 ( see 
nline supplementary material) . Compar ed to the Wilms tumor 
amples, fibroblasts in the normal sample from the right kidney
ere comparatively fewer in number. However, almost all these

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
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Figure 2: Single-cell RNA sequencing map from tumor and kidney tissues. A . Illustration of the scRNA-seq workflow in infant tumor and kidney tissue samples. 
B . Unbiased clustering of 31 135 cells reveals 12 cellular clusters. Clusters are distinguished by different colors. C . Distribution of cellular clusters in tumor and kidney 
tissue samples. D . Cell proportions in tumor and kidney tissue samples. Myocytes were increased in the left tumor tissue sample. E –F . CNV score in the major clusters 

( fibroblasts, epithelial cells, myocytes and MPs) . 
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Figure 3: Tumor and kidney fibroblasts subcluster into distinct cell populations. A . Subclustering of tumor and kidney fibroblasts further identified five distinct subtypes. 
Color-coded UMAP plots are shown, and each fibroblast subcluster is defined. B . Distribution of fibroblast subclusters in tumor and kidney tissue samples. Fibroblasts 
were common in tumor tissues but few in normal kidney tissues. C . Fibroblast proportions in tumor and kidney tissue samples. Types 1, 4, and 5 were enriched in right 

tumor tissue samples. Meanwhile, types 2 and 3 were found in the left tumor tissues. Most fibroblasts in normal kidney tissues were type 5. D . Signaling pathways for 
fibroblasts. E . Gene signatures of fibroblasts in each subcluster. F . Gene signatures of myofibroblasts in each subcluster. 
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ew fibroblasts were from subcluster 5, which was also observed 
n the right Wilms tumor ( Fig. 3 C) . These fibroblast subclusters 
ay harbor diverse functions ( Fig. 3 D) . Subcluster 1/4/5 fibrob- 

asts dominated in the right Wilms tumor sample. Subcluster 
 fibroblasts expressed mRNA profiles in angiogenesis, coagu- 
ation, IFN- γ response and IFN- α response. Subcluster 4 fibrob- 
asts were characterized in pathways of TNF- α signal via NF- 
B, UV response, G2M checkpoint, P53, and mitotic. Subcluster 
 fibroblasts were associated with cholesterol homeostasis, the 
L-6-JAK-STAT3 pathway, and the TGF- β pathway. Most subclus- 
er 2 and 3 fibroblast cells were in the left Wilms tumor sam- 
le, in which fibroblasts were closely associated with epithelial 
esenchymal transition, apical junction, β-catenin, and reactive 
xygen species pathway. Once activated, fibroblasts differentiate 
nto myofibroblasts. As shown in Fig. 3 E, the classical markers for 
broblasts, DCN, COL1A1, and COL1A2, were highly expressed in 
ubclusters 1 and 2. However, only a few fibroblasts in subclus- 
er 2 may be activated and express gene signatures, i.e. ACTA2,
YL9, and TAGLN ( Fig. 3 F) . In sum, highly heterogeneous fibrob- 

asts constituted the major cancerous population in Wilms tu- 
or tissues. 

yocytes populated in left Wilms tumor tissue samples 

yocytes are muscle cells. As shown in Fig. 2 D, myocytes were 
nly recorded in Wilms tumor tissues, especially in the left 
ilms tumor. The tumor myocytes could be further subclus- 

ered into four distinct subtypes ( Fig. 4 A) . Subcluster 1 and 2 my- 
cytes were common; in contrast, subcluster 3 and 4 myocytes 
ere relatively fewer. Cell counts and detailed markers for each 
yocyte subpopulation are listed in Table S3 and Fig. S3 ( see 
nline supplementary material) . Of note, most myocytes were 
rom the left Wilms tumor ( Fig. 4 B) . In the right Wilms tumor,
ubclusters 2 and 4 of myocytes were major. In the left Wilms 
umor, however, subclusters 1 and 2 were overwhelmed ( Fig. 4 C) .
sing CytoTRACE [18 ], we predicted a higher developmental po- 
ential for myocytes in subclusters 2 and 4 than for myocytes in 
ubclusters 1 and 3 ( Fig. 4 D) . The right Wilms tumor was sensi- 
ive to the VAD regimen. In contrast, the left Wilms tumor was 
esistant to chemotherapy, which may lead to the accumulation 
f myocytes in the left Wilms tumor. To uncover the drug resis- 
ance associated with gene expression, we compared myocytes 
n different subclusters. CD44, a molecule associated with VAD 

rug resistance [19 ], was significantly higher in myocyte sub- 
lusters 2 and 3 from the left Wilms tumor ( Fig. 4 E) . In contrast,
UBA1A, a molecule that reversely regulates VAD drug resis- 
ance [20 ], was significantly higher in myocyte subcluster 4 from 

he left Wilms tumor ( Fig. 4 F) . Collectively, myocytes were pop- 
lar in Wilms tumors, which may contribute to chemotherapy 
esistance. 

pithelial cells and endothelial cells prevailed in 

ormal kidney tissues 

pithelial cells and endothelial cells play pivotal roles in kidney 
iological functions [21 ]. As shown in Fig. 2 C–D, these cells were 
nly recorded in the normal kidney tissue samples. The kidney 
pithelial cells could be further identified into six distinct sub- 
ypes [22 , 23 ]: proximal tubule cells ( PT) , kidney loop of Henle 
pithelial cells ( LOH) , distal convoluted tubule cells ( DCT) , col- 
ecting duct principal cells ( principal cells) , collecting duct in- 
ercalated cells ( intercalated cells) , and IRX3+ epithelial cells 
 Fig. 5 A) . Cell counts and detailed markers for each epithe- 
ial cell subpopulation are listed in Table S4 and Fig. S4 ( see 
nline supplementary material) . Not surprisingly, most of the 
bove-referenced epithelial cells were in normal kidney tissue 
amples ( Fig. 5 B) . Few PT and IRX3+ epithelial cells were recorded 
n the right Wilms tumor samples. Meanwhile, DCT and PT were 
he most common epithelial cells in normal kidney tissue sam- 
les ( Fig. 5 C) . As analysed in the CNV score ( Fig. 2 E–F) , epithe- 
ial cells may be cancerous, which raised the possibility that 
ancerous cells in the Wilms tumor may have originated from 

pithelial cells. In the renal tumor scRNA-Seq, PT cells may 
ransform into clear cell renal cell carcinoma [11 ]. To explore 
he potential differentiation of PT cells, we performed trajec- 
ory analysis. As shown in Fig. 5 D–E, PT cells branched to either
OH, DCT, principal cells, intercalated cells, or IRX3+ epithelial 
ells. We could not exclude the possibility that Wilms tumors 
n DDS may originate from kidney epithelial cells. Similarly, kid- 
ey endothelial cells could be further identified into 5 distinct 
ubtypes: glomerular endothelial cells ( glomerular ECs) , venous 
ndothelial cells ( VECs) , arterial endothelial cells ( AECs) , capil- 
ary endothelial cells ( Cap ECs) and lymphatic endothelial cells 
 LECs) ( Fig. 5 F) . Cell counts and detailed markers for each ep- 
thelial cell subpopulation are listed in Table S5 and Fig. S5 ( see 
nline supplementary material) . Few endothelial cells were ob- 
erved in the right and left Wilms tumors ( Fig. 5 G) . Moreover, the 
istribution of endothelial cell subtypes varied. In right and left 
ilms tumors, VECs and Cap ECs were most common; in con- 

rast, Glomerular ECs and Cap ECs prevailed in normal kidney 
issues ( Fig. 5 H) . Taken together, epithelial cells and endothelial 
ells were the indispensable cellular components in normal kid- 
ey tissues, and cancer cells in Wilms tumors may be from these 
ormal cells, i.e. epithelial cells . 

ononuclear phagocyte ( MP) heterogenicity in the 
ilms tumor microenvironment 

he tumor microenvironment supports tumor initiation and 
rogression. Immune cells are key modulators in the tumor mi- 
roenvironment. As shown in Fig. 3 , pDCs, T cells and MPs were
he most common immune cells in kidney tissues. Among these 
mmune cells, MPs are the only immune cells found not only in
ormal kidney tissues but also in Wilms tumors. To delve into 
he roles of MPs in tumorigenesis, we subclustered MPs into 
ve distinct subtypes: macrophages, monocytes, conventional 
ype 1 dendritic cells ( cDC1) , conventional type 2 dendritic cells 
 cDC2) , and mature dendritic cells ( Fig. 6 A) . Cell counts and de- 
ailed markers for each MP subpopulation are listed in Table S6
nd Fig. S6 ( see online supplementary material) . In compari- 
on, monocytes and cDC2s were enriched in the normal kid- 
ey tissue; macrophages were more popular in the Wilms tu- 
or tissues ( Fig. 6 B–C) . Cell counts and detailed markers for 
ach macrophage subcluster are listed in Table S7 and Fig. S7
 see online supplementary material) . To further understand the 
ifferentiation processes, we performed trajectory analysis. As 
hown in Fig. 6 D–E, monocytes differentiated into macrophages; 
specially, monocytes differentiated into macrophages sub- 
lusters 1 and 2 in the right tumors; and macrophages sub- 
lusters 3 and 4 from monocytes were in the left tumors. In the
ifferentiation from monocytes to macrophages, the levels of 
CN1 , LYZ , TIMP1 , PLAUR , and VCAN decreased; meanwhile, the
evels of LGMN , PLD3 , and RGS1 increased ( Fig. 6 F) . Together, we
evealed the heterogenicity of MPs in the kidney and Wilms tu- 
or tissues, which may interact with tumor cells and promote 

umor progression. 

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad277#supplementary-data
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Figure 4: Tumor myocytes subcluster into distinct cell populations. A . Sub-clustering of tumor myocytes further identified four distinct subtypes. Color-coded UMAP 
plots are shown, and each myocyte subcluster is defined. B . Distribution of myocyte subclusters in tumor tissue samples. Myocytes were mostly recorded in left tumor 
tissues. C . Myocyte proportions in right and left tumor tissue samples. Type 1 myocytes were enriched in left tumor tissue samples. D . Predicted ordering in different 
subtypes of myocytes. E –F . Drug-resistance analysis of associated genes, CD44 and TUBA1A , in myocytes against incristine, doxorubicin, and dexamethasone. * P < 0.05. 
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Figure 5: Epithelial cells and endothelial cells dominate in normal kidney tissue samples. A . Subclustering of tumor and kidney epithelial cells further identified six dis- 
tinct subtypes: proximal tubule cells ( PT) , kidney loop of Henle epithelial cells ( LOH) , distal convoluted tubule cells ( DCT) , collecting duct principal cells ( PrincipalCells) , 
collecting duct intercalated cells ( intercalated cells) , and IRX3 + epithelial cells. Color-coded UMAP plots are shown, and each epithelial cell subcluster is defined. 

B . Distribution of epithelial cell subclusters in tumor and kidney tissue samples. Epithelial cells were common in normal kidney tissues but few in tumor tissues. C . 
Epithelial cell proportions in tumor and kidney tissue samples. All six epithelial cell subtypes were recorded in normal kidney tissue samples. Proximal tubule cells 
predominate in the right tumor tissue sample. D –E . Trajectory analysis of epithelial cells. F . Sub-clustering of tumor and kidney endothelial cells further identified five 
distinct subtypes: glomerular endothelial cells ( glomerularECs) , venous endothelial cells ( VECs) , arterial endothelial cells ( AECs) , capillary endothelial cells ( CapECs) , 

and lymphatic endothelial cells ( LECs) . Color-coded UMAP plots are shown, and each endothelial cell subcluster is defined. G . Distribution of endothelial cell subclus- 
ters in tumor and kidney tissue samples. Endothelial cells were common in normal kidney tissues but few in tumor tissues. H . Endothelial cell proportions in tumor 
and kidney tissue samples. Lymphatic endothelial cells were observed in right tumor tissue samples but not in normal kidney tissues. 
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Figure 6: Tumor and kidney mononuclear phagocytes ( MPs) subcluster into distinct cell populations. A . Subclustering of tumor and kidney MPs further identified five 
distinct subtypes: macrophages, monocytes, conventional type 1 dendritic cells ( cDC1) , conventional type 2 dendritic cells ( cDC2) , and mature dendritic cells. Color- 
coded UMAP plots are shown, and each endothelial cell subcluster is defined. B . Distribution of MP subclusters in tumor and kidney tissue samples. Monoytes are 
almost absent in the left tumor tissue samples. C . MP cell proportions in tumor and kidney tissue samples. Compared with normal kidney tissue samples, tumor tissue 

samples have increased macrophages. D –E . Trajectory-based differential expression analysis for monocytes and macrophage subclusters in tumor and kidney tissue 
samples. F . Transcriptional changes in monocytes and macrophages in the trajectory analysis. 
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Figure 7: Cell-to-cell communications between macrophages and fibroblasts, 
epithelial cells, and myocytes in Wilms tumors and normal kidney tissues. 
A . Overview of selected ligand–receptor interactions between macrophages 

and fibroblasts. B . Overview of selected ligand–receptor interactions between 
macrophages and epithelial cells. C . Overview of selected ligand–receptor inter- 
actions between macrophages and myocytes. P values are indicated by circle size 
( permutation test) . The means of the average expression level of interactions are 
acrophages communicated with tumor cells 

acrophages play essential roles in the tumor microenviron- 
ent. As described above, CNVs in fibroblasts, epithelial cells,
nd myocytes were much higher than those in macrophages. Us- 
ng CellphoneDB [24 ], we predicted the cell–cell communication 
etween macrophages and other cells, especially fibroblasts,
pithelial cells, and myocytes. In general, the crosstalk between 
acrophages and fibroblasts from either Wilms tumors ( left,

ight) or normal kidney tissues seemed similar ( Fig. 7 A) . In the 
isted 20 interactions, 19 receptor-ligand bindings were similar in 
he right tumor, normal kidney tissue, and left tumor. However,
NFRSF1A-GRN was recorded in macrophage-fibroblasts in the 
eft Wilms tumor and normal kidney but almost vanished in the 
ight Wilms tumor sample. Interactions between macrophages 
nd epithelial cells were comparable in the right tumor, nor- 
al kidney tissue, and left tumor samples. One key change was 

hat TNFSF10-RIPK1 may be increased in the right tumor tis- 
ues ( Fig. 7 B) . Myocytes were almost only recorded in the Wilms 
umor tissues. The bilateral Wilms tumor samples were sim- 
lar in the interactions between macrophages and myocytes 
 Fig. 7 C) . Above all, macrophages communicate with fibroblasts,
pithelial cells, and myocytes, which may contribute to tumor 
rogression. 

ISCUSSION 

n the present study, a 6-month-old boy ( 46, XY) with bilateral 
ilms tumors and false hermaphroditism ( hypospadias, labia 
inora and vaginal opening) was diagnosed with DDS. WT1 
utation is the culprit for Wilms tumor and associated syn- 
romes, i.e. DDS, WAGR syndrome ( Wilms tumor, aniridia, gen- 
tourinary anomalies, and impaired intellectual development) 
nd Beckwith–Wiedemann syndrome. The WT1 gene includes 
0 exons: exons 1 to 6 encoding the N-terminal domain for trans- 
ctivation and exons 7 to 10 encoding the C-terminal domain for 
NA binding. Here, we found a novel frameshift nonsense muta- 
ion in exon 1 of WT1: p.F185fs*118 ( p.Phe185fsTer118) . The pre- 
ature termination of exon 1 may disable the inhibitory func- 

ions of WT1, which may accelerate kidney tumor progression 
n this 6-month boy. The roles and mechanisms of p.F185fs*118 
arrant further investigation in cell and animal models [25 ] of 
ilms tumor and DDS. 
To explore the cellular components of Wilms tumors and kid- 

ey tissue in DDS, we performed single-cell RNA-Seq. In consid- 
ration of cell numbers and potential functions, we focused on 
he top 3 nonimmune cells ( fibroblasts, myocytes, and epithelial 
ells) and the top 1 immune cell, i.e. MPs. Epithelial cells were the 
ost common type in the normal kidney tissue sample. In con- 

rast, Wilms tumor tissue samples were confluent with fibrob- 
asts and myocytes but lacked epithelial cells. CNVs of certain 
enes are involved with cancer progression [26 ]. Compared with 
Ps, all these nonimmune cells had higher CNVs, indicating that 

hey may be cancerous. Our observation supported the hypothe- 
is that cancer cells in Wilms tumor may originate from aberrant 
etal cells [11 ], i.e. epithelial cells. In fact, WT1 in Wilms tumor in-
uced the transformation of epithelial cells into fibroblasts [27 ].
yocytes may also originate from epithelial cells. For example,
picardial cells, epithelial cells in the heart, have the potential 
o differentiate into cardiac myocytes [28 ]. We could not exclude 
he possibility that epithelial cells were cancerous and transdif- 
erentiate into fibroblasts and myocytes in the Wilms tumor. As 
imilar as these non-immune cells, MPs also play essential roles 
n the tumor micro-environment. Monocytes differentiated into 
indicated by color. 
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acrophages, accompanied with decreased levels of FCN1 , LYZ ,
IMP1 , PLAUR , and VCAN , and increased levels of LGMN , PLD3 ,
nd RGS1 . These genes are involved with macrophage differenti-
tion and tumor progression. For example, FCN1+ macrophages 
xhibited proinflammatory phenotypes [29 ]; FCN1 reduction in 
acrophages may promote cancer progression. 
As the guiding management principles [30 , 31 ], the boy was

reated with neoadjuvant chemotherapy and nephron-sparing 
urgery. Wilms tumor on the right was sensitive to VAD regi-
en chemotherapy. In contrast, the left Wilms tumor was re-
istant. The striking difference in cellular components in the 
ilateral Wilms tumors was that myocytes populated the left 
ilms tumors. Single-cell transcriptional changes may help un- 

over the mechanisms of drug resistance [32 ]. To explore the
olecules involved in VAD drug resistance, we compared multi- 
le genes and found that CD44 [19 ] and TUBA1A [20 ] were higher
n the myocyte subclusters from left Wilms tumor, suggesting 
 complicated evolution of cancer cells upon chemotherapy. In 
he cells cross-talking analysis, Galectin 9 encoded by LAGLS9 in
acrophages interacted with CD44 in myocytes. Galectin 9 regu- 

ates tumor immune microenvironment and cancer progression 
33 ]. Targeting CD44 and TUBA1A may improve the efficiency of
AD chemotherapy against Wilms tumors. 
This study had some limitations. First, the research lacked 

ome important controls, i.e. Wilms tumors from other infants 
ith similar ages and normal kidney tissues from other infants.
owever, renal tumors in 6-month-old infants are less likely to
e Wilms tumors [34 ], which increases the difficulty of includ-
ng appropriate Wilms tumor controls in DDS research. Second,
he sample size was small. Future studies with more DDS pa-
ients are definitely needed. DDS is a rare disease, even fewer
han Wilms tumors. Frozen samples from DDS patients may be
xplored by single-nucleus RNA sequencing, which is more suit- 
ble for frozen samples than single-cell RNA sequencing [35 ].
hird, the cellular phenotype and potential functions revealed 
y single-cell RNA sequencing should be verified using other 
ethods. Due to the paucity of clinical samples, we did not have
nough tissue for multicolor flow cytometry to verify the specu-
ations. Perhaps DDS animal models should be established. 

In conclusion, we provided the first single-cell transcrip- 
ome of bilateral Wilms tumors and normal kidney tissues 
n a 6-month-old boy with a rare disease, DDS. Fibroblasts
nd myocytes in Wilms tumors may be from kidney ep-
thelial cells, which were almost absent in the tumor sam-
les. Upon chemotherapy, myocytes developed drug resistance,
hich was characterized by altered levels of CD44 and TUBA1A .
he communications between macrophages and cancerous fi- 
roblasts, epithelial cells and myocytes may contribute to tumor 
rogression. 
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