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Abstract 

Background:  Autophagy is believed to participate in embryonic development, but whether the expression of 
autophagy-associated genes undergoes changes during the development of human embryonic kidneys remains 
unknown.

Methods:  In this work, we identified 36,151 human renal cells from embryonic kidneys of 9–18 gestational weeks in 
16 major clusters by single-cell RNA sequencing (scRNA-seq), and detected 1350 autophagy-related genes in all fetal 
renal cells. The abundance of each cell cluster in Wilms tumor samples from scRNA-seq and GDC TARGET WT datasets 
was detected by CIBERSORTx. R package Monocle 3 was used to determine differentiation trajectories. Cyclone tool of 
R package scran was applied to calculate the cell cycle scores. R package SCENIC was used to investigate the tran‑
scriptional regulons. The FindMarkers tool from Seurat was used to calculate DEGs. GSVA was used to perform gene 
set enrichment analyses. CellphoneDB was utilized to analyze intercellular communication.

Results:  It was found that cells in the 13th gestational week showed the lowest transcriptional level in each cluster in 
all stages. Nephron progenitors could be divided into four subgroups with diverse levels of autophagy corresponding 
to different SIX2 expressions. SSBpod (podocyte precursors) could differentiate into four types of podocytes (Pod), and 
autophagy-related regulation was involved in this process. Pseudotime analysis showed that interstitial progenitor 
cells (IPCs) potentially possessed two primitive directions of differentiation to interstitial cells with different expres‑
sions of autophagy. It was found that NPCs, pretubular aggregates and interstitial cell clusters had high abundance in 
Wilms tumor as compared with para-tumor samples with active intercellular communication.

Conclusions:  All these findings suggest that autophagy may be involved in the development and cellular hetero‑
geneity of early human fetal kidneys. In addition, part of Wilms tumor cancer cells possess the characteristics of some 
fetal renal cell clusters.
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Introduction
The development of human kidneys starts in the inter-
mediate mesoderm via communication between the 
ureteric bud (UB) and metanephric mesenchyme 
(MM), which are surrounded by mesenchymal cell 
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clusters termed cap mesenchyme (CM) [1]. The mes-
enchyme-to-epithelium transition (MET) of CM is 
the essential for nephron morphogenesis [2]. Nephron 
progenitor cells (NPCs) originate from CM and trans-
form into various nephrons through strict regulation of 
gene expression [3]. NPC niches present heterogene-
ity, where self-renewed NPCs are correlated with high-
SIX2 expression but show slow cycling, while induced 
NPCs are correlated with low-SIX2 expression but 
show fast cycling [4]. Cells from NPCs gradually differ-
entiate into several intermediate states: the pretubular 
aggregate (PTA), renal vesicle and comma-shaped body 
(RVCSB) and S-shaped body (SSB), which finally form 
the whole renal glomeruli and tubules. On the other 
hand, the collecting duct system derives from UB [5] 
and the interstitial progenitor cells (IPC) differentiate 
to form stromal cells, including interstitial cells (ICs), 
mesangial cells (Mes) [6]. MM also gives rise to the 
glomerular and vascular endothelial cells, into which 
eventually erythrocytes and leukocytes along with the 
bloodstream flow [7]. Previous study has revealed the 
underlying mechanisms of nephrogenesis [8], and both 
genetic and imaging techniques have identified almost 
all the cell types and their molecular characteristics 
during mouse kidney development [9, 10]. However, 
there exist species diversities in renal development 
or mature kidneys between rodents and humans [11]. 
Although several recent studies using single-cell RNA 
sequencing (scRNA-seq) to explore gene profiles have 
reported the molecular markers and dynamic gene 
expression in both rodents and humans [2, 5, 12–14], 
the cellular heterogeneity and corresponding gene 
pathways of initiating cells such as NPCs that are asso-
ciated with the development of some renal diseases 
remain unclear.

Defects in nephrogenesis or other processes dur-
ing fetal kidney development may predispose various 
renal abnormalities including Wilms tumor [15]. Wilms 
tumor is the most common pediatric renal cancer 
affecting 3–10 per million children and one in ten diag-
nosed children will die of this disease [1]. Wilms tumor 
appears to develop from nephrogenic abnormal struc-
tures, probably due to failure of conversion from mes-
enchyme to nephrons. Undifferentiated structures are 
rarely seen in normal kidneys but frequent noticed in 
Wilms’ tumor, resulting in cell unbounded growth and 
extensive tumorigenesis [16]. Many Wilms tumors are 

composed of mesenchyme and epithelial cells, which is 
consistent with the generally accepted hypothesis that 
these tumors originate from renal progenitor cells [15]. 
Earlier studies have genetically demonstrated that some 
Wilms tumor-associated mutations are also crucial 
in human kidney development, involving nephron or 
podocyte morphogenesis, such as WT1 [17–19]. How-
ever, no human fetal renal cell map has been reported 
to compare their features with those of Wilms tumor 
cells at the single-cell level. In addition, which type of 
kidney precursor gene signature is more likely to enrich 
in Wilms tumors remains unanswered.

Autophagy works via a lysosomal degradation pro-
cess, which plays a vital role in orchestrating various 
human biological processes and homeostasis through 
transcriptional regulation of autophagy-related (ATG) 
genes [20]. These ATG genes have been reported to 
be evolutionarily conserved but functionally diversi-
fied [20, 21]. Autophagy is also highly active in cell dif-
ferentiation, tissue or organismal development, whose 
functional significance has been previously demon-
strated by validation of selective or systemic knock-out 
mammalian models of ATG genes during the past dec-
ades [22]. However, there is limited evidence about the 
role of autophagy in human fetal kidney development 
because the related studies have mainly focused on the 
relationship of autophagy with acute kidney injury, kid-
ney fibrosis or tumors rather with the embryonic kid-
ney [23, 24].

In this study, we used scRNA-seq analysis to glob-
ally investigate the dynamic expression of ATG genes 
among 23 heterogenetic cell types in human embryonic 
kidney development during the 9th to 18th gestational 
week. In addition, we used a combination of single-cell 
and bulk RNA-seq resolution to explore the correlation 
between human fetal renal cells and Wilms tumor sam-
ples, and found that the ATG gene profile of fetal renal 
cells was different from that of Wilms tumors. The find-
ings of the present study may for the first time pro-
vide a novel perspective in exploring the link between 
human embryonic kidney development and autophagy. 
In addition, the relationship between the heterogenetic 
kidney precursor gene signature and Wilms tumor 
identified in this study suggests that some specific cell 
types in the embryonic stage may be the potential tar-
get for the treatment of Wilms tumors.
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Materials and methods
Data acquisition
We performed multiple scRNA-seq analysis on human 
fetal kidneys. The scRNA-seq raw data were obtained 
from Semrau et  al. [5] (GSM3509837; w9, w11, w13, 
w16, w18) and GSM3073089 (w17). To validate the 
scRNA analysis results in the Wilms tumor, two data-
bases were included. Firstly, the scRNA-seq counts 
matrix of Wilms tumor was according to the report by 
Behjati et al. [25]. Secondly, the gene expression RNA-
seq (FPKM) was acquired from GDC TARGET-WT, 
which consists of 126 Wilms tumor samples and 6 nor-
mal tissue samples, along with corresponding clinical 
information.

scRNA‑seq data processing and cell type identification
To control the quality of scRNA-seq raw data of the 
human fetal kidney samples, Seurat (version 3.2.2) 
was used, routinely excluding single cells with < 200 or 
> 6000 UMIs [26]. To remove batch effects among sam-
ples, Harmony (R package, version 1.0) was performed. 
The principal component dimension number was set 
as 50 with 2000 highly variable genes. Finally, 36,151 
single human fetal renal cells were entered for down-
stream analysis.

For the sake of identifying major cell types, the Fin-
dAllMarkers code statement was used to label these 
single cells. Each cell cluster was recognized on the 
basis of the markers validated and published in previ-
ous studies using 10× Genomics scRNA-seq [2, 5, 14]. 
Markers in each major cluster are listed in Additional 
file 2: Table S1. The plot of the marker-labeled cell types 
is shown in Additional file 1: Figure S1.

ATG genes collection
To explore the expression of ATG genes as fully as pos-
sible, a total of 1411 human ATG genes were obtained 
from the public database described by Tan et  al. [27]. 
The inclusion criteria for ATG genes are as follows: 
(a) each ATG gene occurred in at least one of the 
Autophagy, Human Autophagy, Human Autophagy 

Modulators and THANATOS database; and (b) support 
from evidence of the literature on autophagy.

Monocle3 for pseudotime analysis
In order to determine differentiation trajectories for 
major clusters with large cell number, such as NPCs, 
Pods and ICs, the R package Monocle 3 (version 
0.2.3.0) designed by Cao et al. [28] was used, which has 
also been shown to be heterogeneous. The results were 
visualized as UMAP plot.

Cell cycle analysis
Cell cycle activity plays an important role in develop-
ment process. To calculate the cell cycle scores, involv-
ing G1, S and G2M, Cyclone tool of R package scran 
(version 1.18.1) was applied. The results were visualized 
into heatmap or barplot to show the proportion of cell 
cycle in different clusters or subgroups.

Transcriptional factors analysis
We attempted to know the transcriptional regulons fea-
tures during the development process. To investigate the 
transcriptional regulons (TFs) in the heterogenetic sub-
groups of particular types of cells. R package SCENIC 
[29] (version 1.2.2) was used. The adj. p value < 0.05 was 
considered as significant. The activity of top 10 regulons 
in each subgroup were displayed by heatmap.

Analysis of differentially expressed genes (DEGs)
To explore the differentially expressed genes in each clus-
ter during dynamic development process, the FindMark-
ers tool from Seurat was used to calculate DEGs. The adj. 
p value was set as < 0.05 and log2 [Fold change (FC)] was 
at least > 1. The results were visualized by volcano plot 
and applied to next analysis.

Analysis of functional pathways enrichment
To find which functional pathways work in heterogenic 
cell clusters, we used GSVA (version 1.38.0) to per-
form gene set enrichment analyses based on C2, C5 and 

Fig. 1   Cell types identification and dynamic expression of ATG genes in human fetal kidney. a UMPA plot of single cells mapped in this work 
differently colored by 16 main cell types. b Cell number of each main cell type fractioned by embryo weeks with different color annotations. 
c Overview for cell cycle scores (G1, G2M, S) of single cells clustered by cell types and embryo weeks with different color annotations. d Top 5 gene 
markers of 16 main cell types identified in this atlas. The bubble size presented the expressed percent, and the bubble color presented the average 
expression level of each gene. e Expressed ATG genes per single cell ranging from 9 to 18 weeks of four human fetal kidney. Blue line presents mean 
number of expressed ATG-genes in each cell; Orange bar presents mean ATG-genes expression per cell [log2(TPM + 1)]

(See figure on next page.)
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GO MSigDB gene sets [30, 31]. Pathways with adj. p 
value > 0.05 were not considered for further analysis. The 
upregulated and downregulated pathways were visual-
ized by barplot or heatmap.

Cell‑to‑cell communication
To investigate the communication among cell clusters by 
ligands and receptors, CellphoneDB was utilized to ana-
lyze intercellular communication based on Python algo-
rithm [32]. We explored the cell-cell network among total 
21 cell clusters (15 major clusters and their subgroups 
except leukocytes). The adj. p values < 0.05 of ligand–
receptor pairs was considered as significant. We also used 
iTALK (R package, version 0.1.0) to visualize the network 
of major clusters as previously described [33].

Abundance analysis in RNA‑seq samples
To evaluate the correlations between the cell type in 
scRNA-seq Wilms tumor samples and bulk RNA-seq, 
CIBERSORTx (R version) was applied to detect the 
abundance of cell subgroups in GDC TARGET-WT 
expression matrix, which was under log2(TPM + 1) nor-
malization. We used Student’s t test to detect differences 
in relative abundance of each cell type between the tumor 
and normal samples using GraphPad Prims 7.0 software.

InferCNV
To investigate the in NPCs and NPCs-derived cell clus-
ters or IPCs and ICs, InferCNV package (version 1.7.1) 
was used (Additional file  1: Fig. S2b, c). NPCs or IPCs 
were regarded as the control group and the cut-off value 
was set to 0.1.

Statistical analysis
All statistical analyses and data visualization were con-
ducted in R (version 4.0.1) and GraphPad Prism (version 
7.0).

Results
Cell types identification and ATG genes expression 
overview
After cell quality control, all cells were included in the 
analysis. Major cell types were identified by published 
markers [2, 5, 14]. Markers in each major cluster are 
listed in Additional file  2: Table  S1. Of seven human 
fetal kidney samples including two 17-week samples, 
36,151 single cells were retained after quality control 
(QC) and divided into 16 major cell clusters. In addi-
tion to endothelial cells and leukocytes, we identified 
10 cap mesenchyme derived cells, including NPCs, 
PTA, RVCSB, SSB medial and distal cells (SSBmd), 
SSB proximal cells (SSBpr), SSB podocytes (SSBpod), 
podocytes (Pods), early proximal tubule (ErPrT), dis-
tal tubule and loop of Henle (DTLH), and connecting 
tubule (CnT); and three stromal derived cells, includ-
ing IPCs, ICs and Mes, which were presented in the 
UMAP plot (Fig. 1a). The proportion of each cell type 
in different samples were visualized by barplot of 
Fig. 1b. Knowing that most fetal cells are under active 
renewal states, we calculated the cell cycle scores for 
each single cell, which were then clustered into main 
cell types (Fig. 1c). An overview of the cell cycle score 
heatmap showed no significant difference between 
different cell types, indicating that no cluster was 
affected by cell cycle. The top five marker genes of the 
major cell clusters were displayed in the bubble plot 
in Fig.  1d. To investigate ATG dynamic expression in 
different stages of human embryonic kidney develop-
ment, we detected the expression level of ATG genes 
in each cell (Fig. 1e and Additional file 1: Fig. S2a). The 
expression data were scaled by Seurat and then nor-
malized by log2(TPM + 1). The results showed that 
ATG genes were more likely to enrich in early weeks 
(w9), and they tended to decrease at w13 regardless of 
the cell type.

(See figure on next page.)
Fig. 2   Heterogenetic NPCs niche present comprehensive gene expression pattern. a UMAP plot of NPCs subgroups of NPC1-NPC4 with different 
color annotations. b The SIX2 expression per cell [log2(TPM + 1)] in each single cell of four NPCs subgroups. c The violin plot presents marker genes 
of NPC1-NPC4, CITED1, ARID5B, CENPF, PAX8. d Cell cycle scores (G1, G2M, S) of each NPC subgroup. e The pseudotime trajectory plot of NPCs 
subgroups. The pseudotime showed the differentiation start to the end. f Different ATG expression of NPCs subgroups, ** represented P value < 0.01; 
*** represented P value < 0.001. g DEGs of NPC1 and NPC4: red dots represent upregulated genes in NPC1; blue dots represent down-regulated 
genes in NPC1. h GSVA results of NPC1 vs. NPC4. The left and right bar represented the downregulation and upregulation pathways respectively. 
i Top 10 enriched TFs in each subgroup of NPCs
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Heterogeneous NPCs niche with different ATG levels 
uncovers the molecular mechanisms of initial nephron 
epithelium development
Nephron epithelium formation initiates with the dif-
ferentiation from NPCs to PTA and RVCSB. We used 
monocle 3 to perform pseudotime trajectory analysis 
on NPCs cluster. Based on the differentiation features, 
the NPCs were divided in to NPC1-4 four subgroups 
(Fig.  2a). Mammalian nephrogenesis is dependent on 
the regulation of transcriptional factors in homologous 
domains. Previous scRNA-seq study on fetal kidney 
development has genetically and Immunohistochemi-
cally demonstrated that SIX2 is a strong marker gene 
for NPC niche [13]. To investigate the heterogeneity 
of NPCs, we detected the SIX2 expression for NPC1-4 
and found that NPC1 possessed the highest aver-
age level of SIX2, while SIX2 level of NPC4 was the 
opposite (Fig. 2b, Additional file 1: Fig. S3a). Then, we 
sought to find markers for the specific genes in each 
subgroup. The results showed that NPC1 expressed the 
most CITED1, while NPC4 had higher PAX8 expres-
sion but almost had no expression of CITED1 (Fig. 2c). 
CITED1 has also been reported to be strongly and 
positively expressed in cap mesenchyme cells [34], 
and relatively decrease from early NPCs to PTA or 
next step of nephrogenesis [5]. Additionally, PAX8 can 
be detected in late stages of cap mesenchyme, which 
could differentiate into CSB [35], and PAX8 + NPCs 
have morphogenesis potential [36]. Thus, we hypoth-
esized that NPC1 (SIX2highCITED1high) and NPC4 
(SIX2lowCITED1low) could respectively derive from 
NPCs of earlier and later stage, while NPC2,3 could be 
the transient stage.

To validate which stage these clusters could be, we 
calculated the cell cycle scores for NPC1-4. As shown 
in Fig. 2d, NPC1 (SIX2highCITED1high) exhibited slower 
cycling and NPC4 (SIX2lowCITED1low) showed faster 
cycling, which is consistent with the opinion about self-
renewal (SIX2high, slow cycling) NPCs versus induced 
(SIX2low, fast cycling) NPCs [37]. In addition, the dif-
ferentiation trajectory displayed that NPC1 and NPC4 
could respectively represent the beginning and end 

of NPCs (Fig.  2e). The NPC4 potentially dominated 
in the induction of PTA, RVCSB. Next, we calculated 
the DEGs between NPC1 and NPC4 and found that 
RSPO3 and TMEM100 were highly regulated in NPC1 
(Fig.  2g). RSPO3 is a typical stimulator of WNT path-
way [38], and TMEM100 plays an important role in 
proliferation and apoptosis in fetal kidney development 
[39], suggesting that NPC1 tends to be self-renewing. 
The GSVA results also showed that the NPC1 pathway 
was enriched in cell cycle and nephron morphogen-
esis, while biosynthesis and induction pathways were 
enriched in NPC4 (Fig. 2h). Finally, the top 10 transcrip-
tional factors analysis revealed that SIX1 and WT1 were 
respectively activated in NPC1 and NPC4 (Fig. 2i). SIX1 
drives the differentiation of metanephric mesenchymal 
and cap mesenchymal cells but gradually decreases in 
the late stage [40]. The role of WT1 in fetal kidney tends 
to present induction effect, such as the regulation of 
MET and podocytes development and maturation [41]. 
When detecting the expression of ATG genes in NPC1-
4, we found that the expression of ATG genes per cell 
in NPC4 was increased compared with NPC1 (P < 0.001, 
Fig. 2f ).

Podocytes are derived from SSBpod and present 
heterogeneity, whose subgroups possess diversified ATG 
genes expression
Podocytes play a crucial role in renal filtration function, 
with the most cell number of all the clusters (8490) in 
our study. Previous literature reviewed the podocytes 
development and indicate that podocytes originated 
from the proximal differentiation branch of SSB [42]. 
Thus, our pseudotime analysis included the podocytes 
and SSBpod, which has been known as the intermedi-
ate state [5] or even precursors [43] of differentiation 
to podocytes. In Fig. 3a, the podocytes were classified 
into four subgroups based on monocle 3 marker genes. 
SSBpod was located in the beginning of this differen-
tiation trajectory with Pod1-4 four directions to form 

Fig. 3  Heterogeneous podocytes present the complex gene expression pattern. a UMAP plot of SSBpod and podocytes subgroups, Pod1-Pod4. 
b The pseudotime trajectory plot of SSBpod and podocytes subgroups. The pseudotime showed the differentiation start to the end. c The violin 
plot presents marker genes of SSBpod and podocytes subgroups. d, e Different ATG expression of NPCs subgroups. ** represented P value < 0.01; 
*** represented P value < 0.001. f Top 10 enriched TFs in SSBpod and podocytes subgroups. g GSVA results of each podocytes subgroup. Red 
represent upregulated pathways; blue represent down-regulated pathways

(See figure on next page.)
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podocytes. And Pod1 occurred in the end of trajectory 
with the highest cell number (Fig. 3b, Additional file 1: 
Fig. S3b). Then we detected the specific marker genes 
in SSBpod and each subgroup of podocytes (Fig.  3c). 
Compared with four podocytes subgroups, PAX8 
became the distinct gene of SSBpod, which is a key fac-
tor involved in the process of kidney development via 
cell lineage determination and interaction [44]. KLF2 
was the specific marker of Pod1 and participates in the 
physiological and pathological states in podocytes [45], 
suggesting that Pod1 could possess some general func-
tions of podocytes. Then, we detected the expression 
of ATG gens in SSBpod and Pod1-4, and found that 
the expression of ATG genes per cell in Pod1, 2, 4 was 
decreased compared with SSBpod (P < 0.001, Fig.  3d, 
e). However, ATG expression level in Pod3 was higher 
than that in SSBpod. Finally, we investigated the tran-
scriptional regulators (top 10) and enriched pathways 
to compare the potential functions between the sub-
groups. SCENIC analysis showed that HMGA1 was 
enriched in SSBpod (Fig. 3f ), which is highly expressed 
in early embryogenesis but downregulated in differ-
entiated in cells or tissues [46]. Immune-related TFs, 
such as NFYB, STAT3, MAFG, were enriched in Pod1 
(Fig. 3f ) and involved in inflammation caused by injury 
or death [47]. The GSVA results also revealed that 
immune-related or cell death pathways were enriched 
in Pod1 (Fig. 3g). Thus, Pod1 could develop into podo-
cytes and participate in immune regulation [48]. The 
Pod3 possessed the highest ATG level, and renal-filtra-
tion-related pathways, autophagy pathways and kidney 
development associated pathways were enriched in this 
subgroup (Fig. 3g).

IPCs differentiate into two heterogenetic ICs with different 
functions and ATG level
To evaluate the differentiation pattern of IPCs to 
ICs, we performed Monocle 3 for IPCs and ICs clus-
ters as described in “Materials and methods”  section. 
As shown in Fig.  4a, IPCs differentiated into IC1 and 
IC2 (Additional file 1: Fig. S3c), which was consistent 
with the pseudotime trajectory (Fig.  4b). The specific 

marker genes in the three clusters were KIAA0101, 
CADM1 and SFRP1 respectively (Fig. 4c). KIAA0101 is 
an important cell cycle regulated protein [49]. CADM1 
as a cell adhesion molecule, can induce apoptosis 
of the renal epithelium [50]. SFRP1 plays an impor-
tant role in renal interstitial parts formation [51]. To 
show the heterogeneity of IC1 and IC2 in DEGs, we 
visualized them in the volcano plot (Fig.  4d). Then, 
we detected the expression of ATG genes in IPC and 
IC1 & 2, and found that the expression of ATG genes 
per cell in ICs was decreased as compared with that in 
IPC, while there was no significant difference between 
IC1 and IC2 (Fig.  4e). Finally, we explored the tran-
scriptional regulators (top 10) and enriched pathways 
to compare the potential functions among IPCs, IC1 
and IC2. It was discovered that the dynamic regulation 
of EZH2 worked in the mouse model of renal mesen-
chyme formation, which was also enriched in IPCs 
(Fig.  4f ). SOX4, which belongs to the SOXC family 
and is known to affect the fate of kidney development 
[52], was enriched in the IC2 (Fig.  4f ). In addition, 
IPC presented pathways that symbolized the func-
tion of the progenitor such as activating DNA replica-
tion in embryo development. The function of ICs was 
enriched in IC2, such as regulating osmotic pressure 
through transmembrane transportation (Fig. 4g).

Connection of cell clusters to WT RNA‑seq 
and establishment of the NPC and IPC based regulatory 
network for human fetal renal cells
The published literature has stated that renal stem cells 
in the embryo stage may develop to oncogenic stem 
cells leading to WT. To explore the potential tendency 
to developing WT of the cell clusters identified in this 
study, we assessed the abundance of each cell cluster 
in samples from WT scRNA-seq study [25] and GDC 
TARGET WT cohort by CIBERSORTx. As shown in 
Fig.  5a, WT1-3 were three samples from WT scRNA-
seq study. The cell types in the present study displayed 
different fractions in each WT scRNA-seq sample. The 
abundance in GDC TARGET WT samples was normal-
ized by Z-score in Fig.  5b. Each sample had distinct 

(See figure on next page.)
Fig. 4  Heterogenetic interstitial cells present complex gene expression pattern. a UMAP plot of IPCs and ICs subgroups, IC1–IC2. b The pseudotime 
trajectory plot of IPCs and ICs subgroups. The pseudotime showed the differentiation start to the end. c The violin plot presents marker genes of 
IPCs and ICs subgroups. d DEGs of IC1 and IC2: red dots represent upregulated genes in IC1; blue dots represent down-regulated genes in IC1. 
e Different ATG expression of NPCs subgroups. ** represented P value < 0.01; *** represented P value < 0.001. f Top 10 enriched TFs in IPCs and ICs 
subgroups. g GSVA results of IPCs and ICs subgroups. Red represent upregulated pathways; blue represent down-regulated pathways
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cell types factions, and the higher-abundance sample 
tended to have favorable histology WT (FHWT). Then, 
we detected abundance differences of different cell 
types between matched tumor and para-tumor samples 
from GDC TARGET WT. It was found that the fraction 
of NPC1, PTA, ErPrT and IC2 was significant higher 
in tumor samples than that in para-tumor samples 
(Fig.  5c), suggesting that the characteristics of these 
cell types tended to be similar to some tumor derived 
cells in WT. Next, we compared the ATG genes expres-
sion in fetal kidney, scRNA-WT and GDC-WT samples 
by Venn plot. It was found that some ATG gens were 
unique in GDC-WT tumors. In addition, the expres-
sion of ATG genes in tumor samples was significant 
different from that in normal samples or fetal kidney 
samples.

To investigate the cell-cell communication network 
between the cell types of nephrogenesis in the study, 
we applied CellphoneDB (python version) and iTALK 
R package to the scRNA-sEq. Notably, NPCs and IPCs 
presented the most interactions with the other cell 
clusters (Fig.  6a). The interaction density among dif-
ferent cell types was shown in Fig.  6b. Considering 
the above GSVA results and the features of fetal tis-
sue cells, we collected CellphoneDB results on inter-
action pairs of growth factors. NPC4 possessed the 
highest interaction density compared with NPC1-3, 
and therefore we chose NPC4 cluster as the objective 
of ligand–receptor pairs in Fig.  6c. It was discovered 
that IGF2 produced by NPC4 could interact with the 
other cell clusters via IGF2R, IGF2R and IDE, and 
NPC4 interacted with podocytes by TGFβ family. The 
receptors of IGF2 on NPC4 could strongly interact 
with ErPrT, ICs and IPCs. The profile of interactions 
pairs in IPC was relatively different from NPC, but the 
IGF2 related ligand–receptor pairs played an impor-
tant role in the interaction network of IPC (Fig. 6d).

Discussion
In this article, we described a more detailed fetal 
renal cell atlas based on published scRNA-seq studies. 
Firstly, we discovered the heterogeneity of NPCs, ICs 

and podocytes and their corresponding differentiation 
directions and functions. Secondly, we investigated 
the dynamic expression of ATG genes in each cell type 
at different gestational weeks, and found that the ATG 
expression pattern was significantly different between 
subgroups of NPCs, ICs and podocytes. Thirdly, we 
explored the potential connection between fetal renal 
cell types and WT samples, and found that some cell 
clusters had distinct features between tumor and 
para-tumor samples, such as NPC1, ErPrT and IC2. 
Finally, we for the first time constructed an intercel-
lular interaction network among cell types identified 
by scRNA-sEq.  The results of the present study may 
provide new insights into the ATG expression pro-
file during human fetal kidney development based 
on scRNA-seq, and cell types with more potential to 
develop to WT.

Autophagy is necessary for maintaining homeosta-
sis and may participate in embryo development [53]. 
However, the underlying role of autophagy in human 
fetal kidney development remains elusive. On one 
hand, autophagy is mainly a prominent catabolism in 
cells by degrading abnormal proteins and impaired 
organelles. On the other hand, cells experience pro-
found reprogramming involving changes in organelles 
and extracellular matrix composition. Previous study 
reviewed that autophagy exerted its effects in cell 
morphogenesis via cell cycle adjustment, adhesion 
molecule expression and TGFβ pathways [54]. These 
roles of autophagy were also consistent with our work. 
We found that cell cycle scores in NPCs presented 
heterogeneity, which was corresponded to different 
ATG genes expression and differentiation directions 
in NPC subgroups (Fig.  2d, f, l). Then, we detected 
CADM1, a known cell adhesion molecule, and found 
that it was a specific marker for IC1 (Fig.  4c), sug-
gesting that autophagy may participate in the process 
of IPC to IC1. Finally, we also found in the cell–cell 
network that the TGFβ related ligand–receptor pairs 
played an remarkable role in IPC interactions with 
other cell types, which may provide novel perspec-
tives for the study of the potential mechanism and 

Fig. 5  Characteristics of cell types identified by scRNA-seq in public WT RNA-seq cohort. a Relative abundance of cell types in WT scRNA-seq tumor 
samples calculated by CIBERSORTx. The bubble color presented the abundance of each cell type identified by scRNA-seq in the bulk RNA-seq 
samples. b Relative abundance of cell types in WT bulk RNA-seq tumor samples calculated by CIBERSORTx, clustered by histology and TNM stage. 
c Comparison of relative abundance between tumor samples and para-tumor samples from TARGET WT cohort. * represents p < 0.05; ** represents 
p < 0.01. d Venn diagram of ATG genes among three databases, 1395 of total 1411 ATG genes were recognized; overlapped genes were listed (left). 
The comparison of ATG expression among fetal kidney, TARGET tumor and normal samples. *** represents p < 0.001

(See figure on next page.)
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regulation pattern of autophagy in human fetal kidney 
development.

Tumors originate from the development of abnor-
mal somatic cells or immature stem cells [55]. 
Although there is no consensus on origin of WT, one 
possibility is that WT may derive from the malignant 
transformation of kidney progenitors or stem cells 
[56]. Earlier genomic, genetic and epigenetic stud-
ies reported that kidney progenitor cells or stem cells 
during the embryo stage had subsets similar to WT 
in terms of molecular marker expression [57]. In this 
study, we used CIBERSORTx tool to explore the cor-
relation between fetal kidney cell types and WT data-
set samples, and found that some cell types of human 
fatal kidneys such as NPC and PTA were enriched 
in WT tumor samples as compared with para-tumor 
samples. These enriched cell types were not only 
involved in kidney progenitors, stem cells or other 
fetal renal cells in the early stage. Meanwhile, we per-
formed inferCNV by using NPCs and IPCs as control 
and found that NPC- and IPC-derived cells presented 
CNV differences (Additional file  1: Fig. S2b, c). For 
the first time, we validated the origin possibility of 
WT based on scRNA-sEq. However, two recent stud-
ies indicated that the RNA-seq of the original stem 
cells detected cancer-related genes due to contami-
nation of gene sequence in mouse and cancer muta-
tions are truly rare [58, 59]. Therefore, more studies 
are required to validate the connection between fetal 
renal stem cells or progenitors and WT tumor cells 
and clarify the underlying mechanism.

A recent scRNA-seq study on human fetal kidneys 
reported that there was a correlation between fetal 
renal cell types and a series of some other renal dis-
eases except WT [2].Interestingly, we also identified 
some marker genes or TFs that were related to par-
ticular renal diseases; for instance PAX8 was found to 
be highly expressed in NPC4 and SSBpod (Figs. 2c and 

3c), which was associated with subsequent differen-
tiation based on functional analysis. PAX8 was found 
to affect the branching shape of a normally develop-
ing kidney and be expressed in metastatic renal cell 
carcinoma (RCC) and polycystic kidney disease [60]. 
We also found that HIF1α and FOXO3 were enriched 
in Pod4 (Fig.  3f ). FOXO3 could respond to hypoxic 
stress and block HIF1-mediated apoptosis by regu-
lating CITED2 in cancer cells [61], and HIF-1 related 
hypoxia pathways were acknowledged as working 
in RCC. In addition to NPCs and Pods, SOX4 was 
enriched in IC2, which was upregulated in RCC and 
related to poor prognosis [62]. Nevertheless, the main 
limitation of our work was to include both fetal renal 
cortex (17w) and the whole fetal kidney (w9, w11, 
w13, w16, w18), with the original intention was to 
include embryonic kidney scRNA-seq data of all pub-
lished representative weeks. This deserved discussion 
though the combined data might not affect the major 
conclusion (Fig. S4). In summary, the characteristics 
of fetal renal cells are potentially to be the targets to 
multiple renal diseases, though it needs to be vali-
dated in vitro and through clinical trials.

In conclusion, for the first time we uncovered the 
dynamic expression of ATG genes in the develop-
ment of human fetal kidneys, and this finding may 
promote future study on the comprehensive mecha-
nism of autophagy in human fetal kidney develop-
ment. scRNA-seq revealed the novel heterogeneous 
fetal renal cells that possess different ATG levels and 
diverse function patterns. For the first time, we dem-
onstrated that progenitor cells were potential during 
the process of conversion to WT during the fetal stage 
by using sing-cell and bulk RNA-sEq.  In addition, we 
profiled a new map of fetal renal cells to explain het-
erogeneous biological functions by using scRNA-seq, 
which may provide new targets for the treatment of 
renal diseases.

(See figure on next page.)
Fig. 6  Cell–cell communication network in human fetal renal cell types. a The interaction network established by CellphoneDB; size and number of 
lines represents interaction counts. b Heatmap presents the number of potential ligand–receptor pairs between cell groups. c Bubble plots present 
ligand–receptor pairs of growth factors targeted to NPCs. The interactions intensity was presented by the bubble color. d Bubble plots present 
ligand–receptor pairs of growth factors targeted to IPCs. The interactions intensity was presented by the bubble color
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