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Abstract: Wilms tumor (WT), is one of the most common types of extracranial solid tumors found in early childhood, 
and it needs positive attention worldwide. The tumor microenvironment (TME) serves as a key role in the aggressive-
ness of tumors and has been investigated in many kinds of tumors, primarily in adult-onset cancers. However, the 
TME is not well studied in childhood tumors, especially in Wilms tumors. In the present study, we performed a sys-
tematic investigation of the genetic factors associated with the Wilms tumor microenvironment with the help of bio-
informatics and TARGET database (Therapeutically Applicable Research to Generate Effective Treatments, https://
ocg.cancer.gov/programs/target). The stromal and immune scores of patients were calculated with an “ESTIMATE” 
algorithm and the TME-related differentially expressed genes (TME-related DEGs) were detected with the R package 
“limma”. Then their functional analysis was further revealed by “ClusterProfiler”. The direct/indirect correlations 
between TME-related DEGs were assessed with STRING and the protein-protein interaction (PPI) network was then 
reconstructed by Cytoscape. The DEGs in the top two clusters selected by Molecular Complex Detection (MCODE) 
were taken as hub genes. Survival analysis of all the DEGs was studied and the prognostic immune-related bio-
markers for Wilms tumors were detected. In this study, stromal scores were found to be closely associated with the 
overall survival of Wilms tumor patients. TME-related DEGs and hub genes were suggested to participate in the mi-
gration and function of immune cells. What’s more, 11 of them including GSDMA, TRIM55, SPARCL1, EPYC, LRRC2, 
LAPTM5, PTGFR, APOD, IGF1, CEBPD and SFRP2, were significantly associated with overall survival of patients. In 
brief, our study arrived at a more comprehensive understanding of the tumor microenvironment and provided more 
data for decoding the complicated microenvironment in Wilms tumors by identified several prognostic biomarkers. 
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Introduction

Wilms tumor (WT) is one of the most frequent 
extracranial solid tumors seen in early child-
hood (<15 years age) [1]. Wilms tumors origi-
nate from kidney precursor cells that spread to 
other vital organs (such as lungs, liver, bone, 
brain or nearby lymph nodes) and this diagno-
sis leads to a poor prognosis [2]. With the 
improvement of medical care, the prognosis of 
Wilms tumors has been improved [3]. However, 
as a malignant tumor mainly occurring in young 
children, its occurrence and development re- 
quires more attention and further study. In 
order to investigate better pathogenesis and 
determine better treatment methods for Wilms 
tumor patients, many studies have been per-
formed and have provided new perspectives for 

biologists with regard to Wilms tumor treatment 
[4, 5]. Genetic alterations of tumor cells includ-
ing somatic, germline mutations and intrinsic 
gene dysregulation have been reported to dic-
tate the initiation, progression, and evolution of 
Wilms tumors [6-10].

On the other hand, the tumor microenvironment 
which refers to all of the physiological and bio-
chemical elements at the tumor site beside 
tumor cells, consists of many different non-can-
cerous cells including stromal cells and im- 
mune cells [11]. The tumor microenvironment 
has profound impacts on tumor progression 
and metastasis [12] and is increasingly recog-
nized as a non-negligible obstacle to cancer 
theranostics and therapeutics [13]. Thus, fur-
ther study of the tumor microenvironment may 
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help for effective theranostics and therapeu-
tics of cancer. However, these investigations 
were primarily performed in adult-onset can-
cers and little is known about childhood tu- 
mors, especially Wilms tumors.

Upregulation of the immune associated factors 
such as vascular endothelial growth factor 
(VEGF) and hypoxia-inducible factor 1 (HIF-1) in 
the tumor microenvironment have been ob- 
served to recruit immune cells in Wilms tumors 
[14]. However, these studies were restricted  
to only one or two immune markers of Wilms 
tumors. In this study we provide a comprehen-
sive view of the microenvironment in Wilms 
tumors with bioinformatics analysis.

Stromal and immune cells were proposed as 
major non-cancer components at the tumor 
site and are valuable for cancer theranos- 
tics and therapeutics, thus algorithm such as 
“ESTIMATE” designed by Yoshihara was devel-
oped to predict tumor purity [15]. With this algo-
rithm, stromal and immune scores can be cal-
culated via analyzing the expression of specific 
gene signatures of immune/stromal cells and 
predict the infiltration of immune/stromal cells. 
ESTIMATE algorithm has been quickly applied 
to bioinformatics analysis of prostate cancer 
[16], breast cancer [17], glioblastoma [18] and 
colon cancer [19] and has revealed a list of 
prognosis immune-associated genes but it has 
not been applied to the study of Wilms tumors.

In the current work, the gene expression data 
obtained from TARGET database was analyzed 
with ESTIMATE algorithm. We extracted a list of 
tumor microenvironment related differentially 
expressed genes (TME-related DEGs) and hub 
genes for the first time which were significant- 
ly associated with migration and function of 
immune cells in the Wilms tumor microenviron-
ment that need further study. 

Materials and methods

Data acquisition and processing

A total of 121 Wilms tumor patients with com-
plete clinical information and RNA expression 
data were enrolled in the study. All the RNA 
sequencing data and the corresponding clini- 
cal data for Wilms tumor patients were obtain- 
ed from Therapeutically Applicable Research  
to Generate Effective Treatments (TARGET) 

(https://ocg.cancer.gov/programs/target). Stro- 
mal and immune scores were calculated by 
ESTIMATE, an algorithm providing scores for 
the level of stromal cells present and the infil-
tration level of immune cells in tumor tissues 
[15].

Survival analysis 

Taking the median immune/stromal score as 
the cutoff value, Wilms tumor patients were 
classified into either a high immune/stromal 
score group or low immune/stromal score gr- 
oup. A univariate Cox model was used to illus-
trate the correlation between immune/stromal 
score and patients’ overall survival (OS).

Wilms tumor patients were classified into a 
high or low expression group by taking the 
median expression value of specific TME-re- 
lated DEGs as the cutoff value. Then specific 
TME-related DEGs associated survival analysis 
between these two groups were evaluated by 
Kaplan-Meier survival curve and log-rank test 
analysis. The TME-related DEGs which were sig-
nificantly associated with patients’ overall sur-
vival (OS) were screened out with P<0.05 as 
the threshold for statistical significance. 

Identification of differentially expressed genes 
(DEGs) and TME-related DEGs

According to the ESTIMATE results, all Wilms 
tumor patients were divided into high/low gr- 
oups based on their stromal or immune score. 
Then the expression of genes was identified 
with R package “limma”. |log2FC| >1 (FC = fold 
change) and false discovery rate (FDR) <0.05 
were set as the cutoffs to identify differentially 
expressed genes (DEGs). Heatmaps were gen-
erated with R package “pheatmap”.

TME-related DEGs was defined as intersection 
genes which were upregulated or downregulat-
ed in both Stromal-related genes and Immune-
related genes.

Functional enrichment analysis 

Gene Ontology (GO) functional enrichment an- 
alysis and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway enrichment analysis 
of TME-related DEGs were conducted using the 
R package “clusterProfiler” [20]. P<0.05 was 
set as the statistical significance threshold cri-
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Figure 1. Immune/stromal scores are associated with patients’ age, stage 
and overall survival. A, B. Taking 18 months old as threshold, box-plot shows 
that there is significant association between age of patients and the level 
of immune scores (P=0.018) and stromal scores (P=0.025). C, D. Box-plot 
shows that there is no significant association between tumor stage and the 
immune scores (P=0.152) and stromal scores (P=0.173). E, F. The analysis 
of patients’ overall survival (OS) based on immune scores (P=0.301) and 
stromal scores (P=0.007) was shown by Kaplan-Meier survival curve. 

terion for both GO and KEGG enrichment 
analysis.

Construction of the PPI network 

The direct and indirect correlations between 
DEGs was assessed from Search Tool for the 
Retrieval of Interacting Genes/Proteins (STR- 
ING; Version 11.0; http://string-db.org/) data-
base [21]. The protein-protein interaction (PPI) 
network was reconstructed via Cytoscape soft-

ware (Version 3.6.1) [22]. Fu- 
nctionally related clusters were 
further identified from the PPI 
network with the Molecular 
Complex Detection algorithm 
(MCODE; Version: 1.4.2) in Cy- 
toscape, based on topology to 
locate densely connected re- 
gions.

Results 

Association of stromal or 
immune scores with Wilms’ 
tumor prognosis

In this study, the gene expres-
sion profile and clinical char- 
acteristics of 121 Wilms tu- 
mor patients obtained from 
the TARGET were collected for  
consequent analysis. The 121 
patients in this study ranger 
between 0-15 years old, with  
53 males (43.80%) and 58 
(47.93%) females. According  
to the ESTIMATE algorithm, 
stromal scores were distribut-
ed between 1630.780 and 
881.678, and immune scor- 
es ranging from -1908.230 to 
1035.577. 

Taking the median immune/
stromal score as the cutoff 
value, the patients were divid-
ed into two groups. As the 
Wilms tumor is one of the mo- 
st frequent extra-cranial solid 
tumors in early childhood, we 
divided the 121 patients into  
a younger group (≤18 months, 
n=7) and an elder group (>18 
months old, n=114). As shown 

in Figure 1A and 1B, the distribution of immune 
scores (P=0.018) and stromal scores (P=0.025) 
vary across different ages. Compared to elder 
children, younger children (≤18 months old) 
were with higher immune/stromal scores, whi- 
ch suggested more immune cell infiltration in 
the tumor. However, no significant associations 
were observed in other stratified analyses su- 
ch as tumor stage (Figure 1C, 1D). Then, we 
attempt to explore the potential correlation 
between prognosis and immune/stromal scor- 
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Figure 2. Comparison of gene expression profile with immune scores and stromal scores in Wilms tumors. Wilms tumor patients were divided into two groups based 
on their immune scores or stromal score. Heatmaps of the DEGs of immune scores (A) or stromal scores (B) of high score group vs. low score group. (FDR<0.05, 
log2|FC|>1) were drawn. Genes with higher expression are shown in red, lower expression are shown in green, genes with same expression level are in black. Venn 
diagrams showing the number of aberrantly upregulated (C) or downregulated (D) TME-related DEGs in stromal and immune score groups. DEGs, differentially ex-
pressed genes; TME, tumor microenvironment.
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Table 1. The 236 upregulated and 3 downregulated intersect genes
Genes Regulation
CBR3, LRRC2, SLN, SAMD4A, CXorf21, CD2, MS4A4A, AGT, SFRP2, GAPT, RARRES1, APOD, 
ALDH1A1, EVI2A, HOPX, SDS, S100A8, ARHGAP15, CYTH4, DPEP2, FOS, SERPINF1, SECTM1, 
SYNPO2, GPR183, ADRB2, IL2RG, CXCL6, CEBPD, CCR5, RNASE6, PDCD1LG2, TMEM52B, ABI3BP, 
CSF1R, SHH, IL34, G0S2, HGF, TFEC, TNNI2, FCER1A, MSR1, GIMAP1, BATF, IL6, C1S, MILR1, 
ADAM12, FGL2, OTOR, VSIG4, GSDMA, CCL2, FIBIN, RNASE2, CFHR1, PTGS2, SRGN, TNNC1, 
TRIM72, ITIH5, TREM2, SLAMF8, HRCT1, GPR65, ATP6V1G3, TMEM47, MYL4, CD180, PLD4, 
CCL8, CLRN3, RNASE1, C3, SPP1, ZFP36, KCNJ1, SNX20, SPARCL1, SIGLEC1, FPR3, P2RY13, 
IL32, CD79B, CD68, APOC1, MGP, HLA-DRA, MNDA, PROCR, KLF5, ANK1, GNA15, EGR2, EVI2B, 
LGALS1, PTPRC, PTGFR, CSTA, JAML, IL17B, MYF5, CCL26, MARCO, LRRC25, DKK2, GBP5, TRIM22, 
CLEC3B, CARD16, ITM2A, LY86, CD3G, S1PR4, TNNT2, MPEG1, CLEC2B, PRDM8, LAPTM5, WIF1, 
KLF2, CASP1, IGF1, LMOD3, PLA2G2A, DCN, BDKRB1, LYZ, CCL11, CD53, CH25H, ATP8B4, MYL3, 
FCGR1A, LYVE1, FCGR2B, C15orf48, C1QC, SLAMF6, CRYAB, IFIT1, TYROBP, FGF7, TMIGD3, CYR61, 
CHL1, TIMP4, NCF4, MS4A6A, CD163, SLC22A3, CD84, GPNMB, RGS18, MS4A7, CXCL2, C1QB, 
FAM124B, GIMAP2, ALDH3B1, SAMSN1, MZB1, PLEK, AQP1, LRTM1, GREM1, RETN, AQP9, IFIT3, 
MMP19, HSPB3, LAIR1, LGALS3, C1QTNF1, APBB1IP, CD14, FABP4, RAMP1, C4B, RGS1, LY96, 
AOAH, CD300LF, CCR1, C3AR1, MYOZ2, BMX, CLEC10A, CFH, MS4A14, TRIM55, SLC1A3, FABP3, 
TNNT3, GADD45B, P2RY12, HSD11B1, CXCL10, FDCSP, HES5, BIRC3, THBS1, LRRN4CL, CLDN8, 
TIMD4, MYLPF, STX11, TLR7, CCL14, CCR7, C1QA, ADAMDEC1, SRPX2, JCHAIN, PTHLH, AIF1, 
IL10RA, OSM, IL10, FOLR2, CTSS, CEACAM21, XAF1, VSTM2L, HMOX1, SAMD9L, IL1RN, CLEC7A, 
PARVG, IL33, FPR1, CXCL3, SGK1, EPYC, GPIHBP1

up

TMC2, AMHR2, KCNB2 down

es. Stromal score was significantly positively 
associated with overall survival of patients 
(Figure 1F, P=0.007), while the immune score 
showed no significant correlation with patients’ 
overall survival (Figure 1E, P=0.301), indicating 
that the stromal score may be a positive factor 
in patient prognosis.

Identification of the DEGs and TME-related 
DEGs

In the present study, immune related genes 
were selected by comparing high and low 
immune/stromal score patients. In high im- 
mune-score patients, 506 genes were up-regu-
lated and 19 genes were down-regulated. 
Similarly, there were 758 up-regulated genes 
and 45 downregulated genes in the high stro-
mal-score group. 

Heatmaps based on these differentially ex- 
pressed mRNAs were shown in Figure 2A and 
2B. Base on the differentially expressed RNAs, 
the patients with high stromal or immune 
scores could be clearly distinguished from the 
patients with low stromal or immune scores. 
The number of intersection genes which were 
aberrantly up-regulated or down-regulated in 
both high-stromal and high-immune score gr- 
oups was shown by venn diagrams (Figure 2C 
and 2D) and detected as TME-related DEGs 

(236 upregulated genes and 3 downregulated 
genes, Table 1).

The functional analysis of TME-related DEGs

To better understand the interplay among the 
identified TME-related DEGs, the protein-pro-
tein interaction (PPI) network was obtained by 
STRING (minimum required interaction score: 
0.4). After excluding the proteins with no pro-
tein-protein interaction, a PPI network with 205 
nodes and 1,697 edges was reconstructed by 
Cytoscape (Figure 3A). The degree distribution 
of the nodes in this PPI network was analyzed 
and each node had a relatively high degree, 
with the average degree of 15.556. The TME-
related DEGs with top 30 degree (the interac-
tion number of a protein >34) were shown in 
Figure 3B. To outline the potential function of 
the TME-related DEGs and hub genes, function-
al enrichment analysis was performed with 
“ClusterProfiler”. With the 239 TME-related 
DEGs, 625 Gene Ontology (GO) terms and 26 
KEGG pathways were indicated (Figure 3C, 3D).

Two clusters, with 25 nodes 194 edges (Fi- 
gure 3E), or 24 nodes 170 edges (Figure 3F), 
were selected by Molecular Complex Detection 
(MCODE) based on their topology to locate 
densely connected regions. In cluster 1 (Figure 
3E), 25 nodes and 194 edges were formed in 
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Figure 3. The functional analysis of TME-related DEGs and hub genes. A. The PPI network (protein-protein interaction network) in TME-related DEGs. B. The degree 
distribution of PPI network of the top 30 TME-related DEGs. C. The top 10 predominant BP, CC and MF terms enriched by these aberrantly expressed TME-related 
DEGs. D. The top 30 predominant KEGG pathways enriched by these aberrantly expressed TME-related DEGs. E, F. Top two modules in the PPI networks. G. The top 
10 predominant BP, CC and MF terms enriched by the hub genes. H. The top 30 predominant KEGG pathways enriched by the hub genes. The color of node reflects 
the upregulation (red) of downregulation (blue) of TME-related DEGs, and the size of the node indicates the number of proteins interacting with the designated pro-
tein. PPI network, protein-protein interaction network; TME, tumor microenvironment; MCODE, Molecular Complex Detection; MF, molecular function; BP, biological 
process; CC, cellular component; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Table 2. The hub genes involve in the top two clusters
Hub genes in cluster 1 FCGR2B, SIGLEC1, CYTH4, C1QC, C1QB, IL1RN, PTPRC, MSR1, LY86, LAPTM5, C1QA, 

FCGR1A, PLEK, RGS18, CSF1R, TREM2, CCR1, TYROBP, HLA-DRA, CXCL10, CCR5, CD2, 
C3AR1, CD53, CTSS

Hub genes in cluster 2 AIF1, CXCL2, IL6, CCL2, CXCL6, AGT, FPR1, CXCL3, BDKRB1, ADORA3, CLEC10A, 
P2RY12, CD68, GPR183, C3, MPEG1, FPR3, P2RY13, CCR7, IL10, S1PR4, IL10RA, 
CD163, TLR7

the network. Among them PTPRC, TYROBP, 
CCR5, C3AR1, CSF1R, CCR1, CXCL10, C1QB, 
PLEK and C1QA were remarkable for having 
many connections with other DEGs. In cluster 2 
(Figure 3F), there were 24 nodes and 170 
edges, IL6, IL10, CCL2, TLR7, AIF1, CD163, 
IL10RA, C3, CD68 and CCR7 had higher con-
nectivity degree values. Among the top 30 
DEGs, some genes such as IL-6, PTPRC, 
TYROBP, IL-10, CCR5, CSF1R, CCL2 and CCR1 
were core genes in the top two clusters and 
they were significantly associated with migra-
tion and function of immune cells in the tumor 
microenvironment. 

The DEGs involved in the top two clusters were 
taken as hub genes (shown in Table 2). Among 
them, PTPRC, also named CD45, is present on 
all differentiated hematopoietic cells (except 
erythrocytes and plasma cells) in various iso-
forms [23]. TYROBP which is mainly expressed 
on peripheral monocyte-macrophage system 
[24] is regarded as a key component in macro-
phage activation signals and inhibitory signals 
[25, 26]. CXCL10 was reported to recruit mono-
cyte-derived macrophages in to the kidney in 
puromycin aminonucleoside nephrosis [27]. 
What’s more, CD163 and CD68 were biomark-
ers of macrophages, the cytokines such as IL6, 
IL10 and chemokines such as CCL2, CXCL10 
were associated with the recruitment and func-
tion of macrophages. Our data indicated that 
the monocyte-macrophage system may play a 
key role in Wilms tumors. The functional analy-
sis of the 49 hub genes showed that 424 Gene 
Ontology (GO) terms and 37 KEGG pathways 
were indicated (Figure 3G, 3H). Overall, the 
results suggested that most of these genes 
were relative to the tumor microenvironment.

Survival analysis of TME-related DEGs

We analyzed the relationships between the 
expression of 239 TME-related DEGS and the 
overall survival based on the clinical informa-
tion. Then, P<0.05 was selected as the thresh-

old to obtain 11 prognosis-related genes. The 
high expression of these 11 genes, including 
GSDMA, TRIM55, SPARCL1, EPYC, LRRC2, 
LAPTM5, PTGFR, APOD, IGF1, CEBPD and SF- 
RP2, was associated with favorable patient 
prognosis and they may be studied in our fur-
ther research (Figure 4).

Discussion

Wilms tumors (~85% of all cases in TARGET 
Kidney Tumor projects) is one of the most com-
mon categories in pediatric kidney tumors that 
may spread to the lungs, liver, bone, brain, or 
nearby lymph nodes in later stages [2], which 
may seriously affect the survival and prognosis 
of patients. To some extent the current treat-
ment of Wilms tumors such as surgiery, che- 
motherapy, and radiation therapy are success-
ful; the cure rate and survival period of Wilms 
tumors have increased to approximately 90% 
[3]. However, young children are at a high risk 
for the irreversible adverse side effects and 
there are still 10% of patients with Wilms 
tumors who die due to recurrence. Thus, the 
occurrence and development of Wilms tumors 
needs positive attention worldwide. With the 
development of sequencing technology, more 
and more somatic and germline information 
were revealed to be responsible for Wilms tu- 
mors [6]. However, effective prognostic bio-
markers that could serve to guide Wilms tumor 
therapy and prognosis are still lacking. 

The tumor microenvironment is determined by 
many factors including genetic factors. How- 
ever, there have been few previous studies of 
the tumor microenvironment of Wilms tumors. 
In the current study, we explored the tumor 
microenvironment based on the TARGET data-
base, with the largest collection of Wilms tu- 
mor samples in a public database and focused 
on the Wilms tumor immune microenviron- 
ment-related gene characteristics. We found 
that immune and stromal scores were inverse- 
ly correlated with patients’ age but positively 
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correlated overall survival. In particular, by 
comparing gene expression in 121 Wilms tu- 
mor patients with high or low immune scores, 
differentially expressed genes (DEGs) were 
yielded. A total of 239 TME-related DEGs were 
extracted which were aberrantly up-regulated 
or downregulated in both high-stromal and 
high-immune score patients. 

Tumor associated macrophages with M2 phe-
notype were reported to affect pathological 
outcome, tumor grade, angiogenesis and inva-
siveness in many tumors [28, 29]. In Wilms 
tumors, infiltration of macrophages was defin- 
ed as a major nosologic difference with adult 
tumors [30]. To further identify functional TME-
related DEGs, the PPI modules were construct-
ed. Nodes with a high connectivity degree in 
the modules, including IL-6, IL-10, CSF1R, CCL2 
and CXCL10, were related to proliferation, ap- 
optosis and function of immune cells especially 
monocyte-macrophage system [31-33]. In line 
with these results, the GO and KEGG analysis 
showed that many of the TME-related DEGs  
and hub genes were involved in regulation of 

inflammatory response or migration and che-
motaxis of immune cells especially macro-
phages (GO:0050900 leukocyte migration, 
GO:0050727 regulation of inflammatory res- 
ponse, GO:0060326 cell chemtaxis, GO:0005- 
126 cytokine receptor binding, GO:0019955 
cytokine binding, hsa04060 Cytokine-cytokine 
receptor interaction, hsa04061 Viral protein 
interaction with cytokine and cytokine recep-
tor). Then an overall survival analysis of all  
TME-related DEGs was performed. A total of 11 
genes were detected to be associated with out-
comes of patients. However, all these 11 genes 
seemed to be less perfect prognostic biomark-
ers with ROC analysis (AUC between 0.6-0.7). 
We believe that this may be due to the small 
sample size (only 120 samples) enrolled in this 
study. Wilms tumor is the most common kidney 
cancer in children but relatively rare in absolu- 
te numbers (1 in 10,000 children). Although 
TARGET database had the largest collection of 
Wilms tumors in a public database, there were 
only 120 samples enrolled in our study. We 
believe that a perfect prognostic marker among 

Figure 4. Kaplan-Meier sur-
vival curves for the TME-
related DEGs significantly 
associated with overall sur- 
vival of Wilms tumor pa-
tients. Kaplan-Meier surviv-
al curves for (A) GSDMA (B) 
TRIM55 (C) SPARCL1 (D) 
EPYC (E) LRRC2 (F) LAPTM5 
(G) PTGFR (H) APOD (I) IGF1 
(J) CEBPD (K) SFRP2.
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these 11 genes would be identified if we have a 
larger sample size. 

In summary, to our knowledge, despite the lim-
ited sample size, the present study is the first to 
apply bioinformatics analysis to Wilms tumors 
and has provided more data for decoding the 
complicated microenvironment. This study will 
help to mine new and potential immune associ-
ated biomarkers and therapeutic targets for 
the diagnosis and prognosis prediction of 
Wilms tumors.
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