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Abstract

In order to get a better insight into the timing of WT1 mutant Wilms tumor development, we

compared the gene expression profiles of nine established WT1 mutant Wilms tumor cell

lines with published data from different kidney cell types during development. Publications

describing genes expressed in nephrogenic precursor cells, ureteric bud cells, more mature

nephrogenic epithelial cells and interstitial cell types were used. These studies uncovered

that the WT1 mutant Wilms tumor cells lines express genes from the earliest nephrogenic

progenitor cells, as well as from more differentiated nephron cells with the highest expres-

sion from the stromal/interstitial compartment. The expression of genes from all cell com-

partments points to an early developmental origin of the tumor in a common stem cell.

Although variability of the expression of specific genes was evident between the cell lines

the overall expression pattern was very similar. This is likely dependent on their different

genetic backgrounds with distinct WT1 mutations and the absence/presence of mutant

CTNNB1.

Introduction

The kidney develops through reciprocal interactions between the stromal/interstitial, mesen-

chymal and ureteric lineages. The correct signalling between these lineages maintains a bal-

ance between self-renewal and induction of differentiation [1]. The ureteric bud (UB) invades

the metanephric mesenchyme (MM) and MM cells condense around the UB tip to form the

cap mesenchyme (CM). The CM contains the nephrogenic progenitor cells (NPC) that give

rise to all epithelial cells of the nephron. The NPC undergo mesenchymal to epithelial transi-

tion to form the successive structures: pretubular aggregates (PTA), renal vesicles (RV) and

comma- and S-shaped bodies (CSB, SSB). Through the capillary loop stage, the mature and

functional glomerular and tubular structures are formed. The UB forms the cells of the collect-

ing duct system (CD). In the mouse, genes expressed in early kidney precursor cells are Osr1,
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Eya1, Pax2, Wt1, Six1, Six2, Hox11 paralogs, Cited1 and Gdnf. Osr1 is expressed in the earliest

kidney stem cells that give rise to the majority of all cell types in the kidney [2]. Osr1 function

is required for NP cell survival and together with Six2 regulates the balance between cell

renewal and nephron differentiation [3]. Eya1 is expressed before mesenchyme and deletion

leads to renal agenesis [4]. Eya1 probably acts at the top of the genetic hierarchy to control kid-

ney organogenesis and acts as critical regulator for Six1, Pax2 and Gdnf in a molecular pathway

responsible for specification of the metanephric mesenchyme [5]. Eya1, Six2 and Pax2 are

coexpressed in renal progenitors. Through studies of Pax2 knock out mice it was found that

Pax2 functions to maintain NP cells, to repress the renal interstitial program and to maintain

the lineage boundary between nephron and interstitial cells [6]. Six2 is autonomously needed

for self-renewal and maintaining nephron progenitor cells [7, 8]. Uninduced Six2+ CM is char-

acterized by Cited1 expression and Cited1 is turned off when the cells are induced [9, 10]. In

the human kidney CITED1 is continuously expressed in more differentiated cells of the PTA,

RV and SSB [11]. Transient activation of canonical Wnt signalling in Six2+ progenitor cells

induce mesenchymal epithelial transition (MET) and tubulogenesis. A regulatory complex of

Six2 and Lef/Tcf factors promotes progenitor maintenance. When β-Catenin enters this com-

plex nephrogenesis is initiated [12, 13]. Therefore, the balance between Six2-dependent self-

renewal and canonical Wnt signalling regulates nephrogenesis. In addition, it was described

that the synergistic action of Osr1 and Six2 functions to antagonize Wnt directed nephrogenic

differentiation and to maintain nephron progenitors [3].

In human kidney development SIX1 was identified as a SIX2 target and overlapping expres-

sion of both genes was observed in fetal nephron progenitors [14]. ChIP-seq identified a num-

ber of potential target genes and the Six2 binding sites mapped to enhancers of genes

associated with kidney function [14]. Their study also showed that in human kidney SIX1 and

SIX2 bind the same DNA binding motif and among the target genes are SIX1, SIX2, WT1,

EYA1 and OSR1, but each can form independent regulatory complexes. Both factors, SIX1 and

SIX2 bind to their own enhancers to mediate transcriptional activation and they cross-regulate

SIX2 and SIX1 genes, respectively [14]. One of the most highly regulated targets of SIX2 was

SIX1. OSR1 shows comparable expression levels with SIX1 in human and mouse [14]. In

mouse development, Six1 is expressed in pluripotent renal epithelial stem cells and after the

first round of branching it is no longer detected, whereas in human kidney SIX1 activity is

found beyond the initial round of branching [14, 15].

The earliest expression of Wt1 in the kidney was identified in the intermediate mesoderm

and subsequently in metanephric and CM [16, 17]. The important role of Wt1 for normal kid-

ney development was demonstrated by targeted inactivation in embryonic stem cells. The

mutation resulted in embryonic lethality and cells of the intermediate mesoderm go into apo-

ptosis and ureteric bud failed to grow out from the Wolffian duct [18]. In the metanephric

mesenchyme Wt1 is required for the production of UB branching signals and for NP cells

response to UB-derived nephrogenic signals, demonstrating that this gene is crucial for the cell

interactions during kidney formation [18, 19]. In later stages Wt1 is involved in the control of

MET and has an essential function in the development and maintenance of podocytes [20–22].

The WT1 gene is also involved in the development of a subtype of Wilms tumors, where inacti-

vation/mutation of both alleles was identified [23, 24]. These tumors also often harbour addi-

tional mutations in CTNNB1 resulting in activated Wnt signalling [25–28]. This Wilms tumor

subtype has a stromal-predominant or stromal-type histology and often aberrant mesenchy-

mal cell types such as fat, bone, cartilage and muscle are present [26, 29].

Interstitial progenitor cells (IPC) express Foxd1, have self-renewal capacity and all intersti-

tial cell types develop from these [30]. The crucial role for interstitial/stromal cells during nor-

mal kidney development was demonstrated by targeted disruption of BF-2 (Foxd1) in mice
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[31]. Foxd1-/- mutant kidneys are small and a decrease in nephron numbers is observed with a

delay in nephron differentiation [31]. These studies showed that Foxd1 expressing cells pro-

duce signals/factors needed for normal induction of differentiation of the mesenchyme. In the

human kidney FOXD1 is also expressed in SIX2+ NPC cells, although at a lower level [32]. It

was shown that there is a significant divergence between mouse and human renal embryogen-

esis [11, 32]. Specifically, only 27% of mouse IPC marker genes were enriched in human IPC

whereas other mouse interstitial maker genes were found to be expressed in human NPC [32].

We have isolated and described thirteen cell lines from patients with WT1 mutant Wilms

tumors [33, 34]. These tumor cell lines have no functional wildtype WT1 and all except two

have additional mutations in CTNNB1. The timing of loss of wild type WT1 function likely

occurs at different time points in patients with somatic and germ line mutations. It is clear that

isolated cell lines cannot reflect the complexity that occurs in kidney development, however

they can be instructive to visualize the gene expression pattern at specific stages of human kid-

ney development. The aim of this work was to explore the possible developmental origin of the

WT1 mutant subgroup of Wilms tumors by comparing the transcriptomes of the established

Wilms tumor cell lines with those identified in early human kidney development.

Materials and methods

The cell lines and their genetics have been described in detail elsewhere [34]. In brief all have

loss of wildtype WT1 and all except for Wilms3 and Wilms5 have CTNNB1 mutations (Fig 1).

All cell lines were derived from fresh tumor material at the time of surgery either with or with-

out chemotherapy, and Wilms5 was established from a nephrogenic rest. The study was

approved by the local ethics committee in Duesseldorf (Nr. 2617) and parents gave written con-

sent that leftover tumor material can be used for research. For cases from Barcelona procedures

were approved by the Institutional Review Board (IRB) at Hospital Sant Joan de Déu (Barce-

lona, Spain) and are in accordance with the principles expressed in the Declaration of Helsinki.

Written informed consent was obtained from parents. Tumor material necessary for histologic

and molecular diagnosis was obtained from the tumor before a portion was processed for

research purposes, following Standard Operating Protocols at the Department of Pathology.

RNA from these nine WT1 mutant Wilms tumour cell lines and the WT1 wild type cell

line, CLS1 (Cell line Services, GmbH, Heidelberg, Germany) were analyzed with Agilent

arrays, containing 60mer long oligonucleotides. First, hybridizations were performed in qua-

druplicates (Wilms1, 2, 3, 4, 5 and 6) with two biological replicates (RNA isolated from differ-

ent passages) and two technical replicates (hybridization of two arrays with the same RNA).

These gave very reproducible results and in all tested cases the results were confirmed with

Q-PCR [33]. Therefore, later Wilms8, Wilms10T and 10M were analyzed in duplicates with

two biological replicates. The mean of these replicates was determined and used as basis for

these studies.

Statistical methods

For the analysis of published data, the gene symbols were extracted from Excel files and the

expression of these genes was analyzed with the R statistical environment. To study the expres-

sion of genes in the Wilms cell lines from the clusters identified by the different authors a strin-

gent expression level cut off >1000 was used. For some of the heat maps a lower cut off >200

was used as indicated in the Figure legends.

The dendrogram was generated using the R-builtin hierarchical clustering method hclust

with Pearson correlation as similarity measure and complete linkage as agglomeration

method.
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To determine the difference between the Wilms cells with and without WT1 expression a

p-value was computed with a two-sided t-test for each gene in six group comparisons. The

group of WT1 negative cell lines (Wilms1, 10T and 10M) was analyzed separately versus each

of the other WT1 expressing cell lines (Wilms2, 3, 4, 5, 6 and 8), resulting in six p-values.

Genes with p<0.05 were selected and analyzed.

For Go term analyses either ToppGene or EnrichR was used [35, 36] and genes from the

different compartments were compared using Venny and exclusively expressed genes were

identified [37].

The Wilms tumor cell line transcriptome was also studied using the normal human fetal

kidney Atlas (https://home.physics.leidenuniv.nl/~semrau/humanfetalkidneyatlas/). This was

done exemplary for one cell line, Wilms8, and after removal of all ribosomal genes, genes with

Fig 1. Cluster dendrogram of all WT1 mutant Wilms cell lines and a WT1 wild type cell line, CLS1, and their

genotypes.

https://doi.org/10.1371/journal.pone.0270380.g001
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an expression >10 000 were studied for their expression in kidney using the algorithm “sets”.

As not all of these genes are expressed in normal fetal kidney, genes with an expression of a Z-

score >2 were manually selected, resulting in 550 genes. These were then used to create heat

maps and their allocation to the different compartments was analyzed and the number of

expressed genes in normal kidney was determined.

Transcriptome datasets of Nephron Progenitor Cells (NPCs) derived from urine and pub-

lished previously [38] (named urine-derived renal progenitor cells: UdRPCs) with data accessi-

ble at NCBI GEO Accession no. GSE128281 were compared to our Wims tumor cell line data.

Expressed genes in the NPC/UdRPC data on the Affymetrix Primeview microarray platform

were determined as described [38] taking the mean of all untreated UdRPCs and of all

UdRPCs treated with the GSK3β inhibitor CHIR99021. The resulting gene symbols and genes

expressed in the mean of all Wilms cell lines in our Agilent microarrays were read into R/Bio-

conductor [39]. These lists of gene symbols were reduced to the gene sets in common to the

Affymetrix Primeview and the Agilent platform to discard gene symbols biasing the Venn dia-

gram because they were only annotated for one of the platforms. Background lists of all possi-

ble Affymetrix and all possible Agilent gene symbols were used. Before making the Venn

diagram UdRPC expressed gene symbols were removed which were not found on the Agilent

background and vice versa. Resulting sets of genes were subjected to gene ontology over-repre-

sentation analysis via the R/Bioconductor package GOstats [40]. The negative log10 p-values

of the 30 most significant GO terms (Biological Process) were plotted employing the package

ggplot2 [41] indicating the ratio of submitted genes compared to all genes in the term on a col-

our scale.

Gene set variation analysis with respect to developmental kidney gene sets

The mean values of the normalized gene expression data were filtered for genes which had

expression signals greater than a threshold of t = 200 in all experiments. These data were trans-

formed to a logarithmic scale (base 2) and filtered for the upper quartile of the coefficient of

variation to find genes with the highest variation for the subsequent Gene set variation analysis

(GSVA) [42]. We retrieved the database of developmental kidney gene sets and these were

tested against the single cell sequencing clusters detected in two publications [32, 43]. The

gene expression data filtered as described above were subjected to the gsva function from the

R/Bioconductor [39] GSVA package employing these single cell cluster gene sets. The heatmap

of the resulting GSVA enrichment scores was drawn with the function heatmap.2 from R

gplots [44] package using the “matlab.like” colour palette.

According to the GSVA clustering the samples were assigned to two groups with differen-

tial up- and down-regulation of cell cycle. Group1 “CCdown” contained samples Wilms1,

Wilms4, Wilms5, Wilms6 and Wilms10M, while group2 “CCup” contained samples Wilms2,

Wilms3, Wilms8 and Wilms10T. To determine the statistics of the resulting two groups, genes

were filtered with expression >200, limma-p-value <0.05 and a ratio >1.33 between CCup/

CCdown and a ratio <0.75 for down-regulation. These were used to make Semrau heatmaps

to characterize the CCup stages NPCd/PTA/IPC and CCdown SSBm/d, DTLH, UCBD stages.

Results and discussion

A comparison between the individual cell lines revealed that they are very similar irrespective

of their different WT1 and CTNNB1 mutations (Fig 1). To explore whether their gene expres-

sion profiles correspond to specific kidney compartments we used published RNA sequencing

data sets from human kidney development. In our studies Agilent arrays containing long oli-

gonucleotides from human genes were used. Thus, the data sets using these different
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technologies cannot simply be compared directly. Therefore, we analyzed the published data

by asking which compartment or developmental stage specific genes from the human data sets

were also expressed in the Wilms cells and analyzed their expression level.

Comparison of Wilms tumor cell line transcription profiles with human

kidney gene expression

For this purpose, several publications were used that have identified different clusters during

human fetal kidney development [15, 32, 43]. The publications describe genes that are

enriched or differentially expressed in the various kidney cell types. These were called clusters

by the authors and the studies come up with different gene sets with some overlap between the

different authors clusters. Therefore, we analysed the expression of genes from the clusters in

the Wilms cell lines from each publication separately.

Lindström et al., showed that human kidney development differs from that in the mouse in

various aspects [11, 32]. Their work showed that many IPC-associated regulatory factors are

also active in NPC and that NPC-associated factors remain active in differentiating nephrons.

For example, FOXD1, MEIS1 and SIX2 are expressed in IPC and NPC although at a lower level

in the latter. These genes are also co-expressed in Wilms cell lines.

These authors used a technique called MARIS (method for analysing RNA following intra-

cellular sorting) to isolate human SIX2+/MEIS1+ (NPC) and SIX2-/MEIS1+ (IPC) cells for

RNA-Seq studies. They showed that with this technique a higher expression of nephron pro-

genitor markers can be observed in the NPC cells as compared to ITGA8+ enriched NPC [14,

32] and a lower expression of genes expressed in differentiating nephrons.

We first evaluated the genes that Lindström et al., have identified as differentially expressed

between human NPC and IPC cells. Of the 534 genes with enriched expression in NPC, 207

(38.8%) are also expressed in Wilms cells (cut off> 1000) (Fig 2A). The common genes were

analyzed with ToppGene and the most significant Go term molecular function is “cell adhe-

sion molecule binding” with 18 genes (P = 3.46E-6) and genes with a high expression of

>1000 are listed (S1A Fig in S1 File). The second Go term is “signalling receptor binding” with

37 genes (P = 8.02E-5) and the highest expressed genes are listed. Another significant term was

“actin binding” with 14 genes (P = 3.30E-4) (S1A Fig in S1 File). When the same analysis was

performed with all 534 normal human NPC enriched genes, “actin binding” is the most signifi-

cant Go term molecular function with 31 genes (P = 7.05E-7). The term identified as most sig-

nificant in the common genes “cell adhesion molecule binding” is second (P = 1.11E-5) and

the highly expressed genes (transcript per million, TPM>10) are listed (S1B Fig in S1 File).

The third term is “signalling receptor binding” with 75 genes (P = 2.54E-5) and here also the

highest expressed genes in normal NPC cells are listed. As most of the highly expressed genes

in normal NPC and Wilms cell lines are identical this indicates that the Wilms cell lines have

very similar but slightly distinct characteristics as normal human NPC cells. Some important

NPC enriched genes that are not expressed in the Wilms tumor cell lines are CITED1,

COL9A2, EYA1, DACH1, ECEL1, HES6, HEY1, LYPD1, NNAT, PAX2, PCDH15, RSPO1,

SLIT1 and wild type WT1.

The analysis of IPC enriched genes uncovered that 71.6% of the genes are also expressed in

Wilms cells>1000 (Fig 2A). The most significant Go term molecular function is “extracellular

matrix structural constituent” with 34 genes (P = 1.18E-24), and genes are listed according to

their expression level in Wilms cells (S2A Fig in S1 File). The same term is the top term for

normal IPC genes identified by Lindström et al., and genes are listed according to their expres-

sion level. All significant terms are identical in normal IPC and Wilms cells but with a different

order (S2B Fig in S1 File). These results support the notion that the WT1 mutant Wilms tumor
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cells are more related to interstitial cells although they are not identical and have adopted an

aberrant path as they also robustly express genes from NPC population as well.

To study the cellular diversity of human nephrogenic cells in more detail the authors per-

formed single cell RNA-Seq on 2750 predominantly mesenchymal cell types of the cortical

nephrogenic niche from 16-week human fetal kidney. Unsupervised clustering uncovered 12

cell populations initially identified by known marker genes and with different numbers of

genes. Five of these were from interstitial lineages (cluster 2, 9, 10, 11 and 12), and three from

the nephrogenic lineage (cluster 4, 5 and 6). In addition, one cell population corresponds to

vascular endothelial cells (cluster 3), two to proliferating cells (cluster 7 and 8) and one to

immune cells (cluster1). We analyzed how many genes from each cluster are expressed in the

Wilms cell lines (>1000) and the highest number of genes is found for the developing vascular

cell cluster 3 (678/933, 88,3%) and from proliferating clusters 7 (721/890, 80.9%) and 8 (707/

860, 82.2%) (Fig 2B). The high number of genes expressed from the proliferating clusters is

not surprising as tumor cells have a high proliferative potential. The lowest number of genes

Fig 2. Analysis of genes from NPC and IPC enriched genes and from the different clusters expressed in Wilms

cells [32]. A) Percent of genes from the Lindström NPC enriched (green) and IPC enriched (red) compartments

expressed in Wilms cell lines (>1000). B) The percentage of genes expressed in each individual cluster is shown.

Cluster 1, immune cells, was not analyzed. The color coding shows which clusters are part of the NP (green) or IP

lineages (red). The differentiating NP cells, cluster 5 and 6 are darker green. Two clusters of cycling cells are turquois

and developing vasculature cluster is yellow. C) The exclusively expressed genes in the 4 NPC subclusters and the

percent of these expressed in common in the Wilms cell lines are shown, cut off>1000.

https://doi.org/10.1371/journal.pone.0270380.g002
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expressed in Wilms cells is from cluster 6, corresponding to differentiating nephron cells (551/

960, 57%). This demonstrates that the cell lines do not differentiate in culture. S1 Table shows

the key genes for each cluster, the number of genes in each cluster, as well as the highest

expressed genes in the Wilms cell lines.

The authors further studied the heterogeneity of NPC cells and identified 4 subclusters,

called A for self-renewing cells, B or primed NPC, C for differentiating cells and D for prolifer-

ating cells. We analyzed which genes are exclusive for each cluster (S3 Fig in S1 File) and how

many of these from each subcluster are expressed in the Wilms cell lines (>1000) (Fig 2C).

Here the highest percentage of genes are expressed from the proliferating cluster 4D (80.8%),

as would be expected for fast growing tumor cells. These analyses showed, that a large number

of NPC specific genes are robustly expressed in Wilms cells.

To explore the similarities and differences between normal NPC (Lindström cluster4, 1149

symbols) and the Wilms cell lines, we studied the genes expressed in common and those exclu-

sively expressed in NPC using EnrichR. The top Go term for the 1025 common genes is “spli-

ceosome” and other significant Go terms are “DNA replication”, “mismatch repair” and “cell

cycle” (Fig 3A). This confirms that both are in an active state of cell proliferation. The analysis

of the 124 exclusively expressed genes in normal cluster4 revealed as top Go term “metaneph-

ros development” with the genes CITED1, BMP7, FGF10 and PAX2 (Fig 3B). This shows that

the few exclusively expressed genes are associated with normal metanephros development,

which is aberrant/repressed in the Wilms tumor cells.

Another analysis was performed to study the genes that are expressed in common between

all IPC compartments (clusters 2, 9,10,11, 12 [32]) and the Wilms cell lines using EnrichR. Fig

4A shows the 10 top terms, with”extracellular matrix organization” as most significant and

other terms such as “cell proliferation” and “cell migration”. This reflects the normal activity

of interstitial cells in the contribution of the deposition of the extracellular matrix that is also

active in the Wilms tumor cell lines. A high migratory activity is needed during embryonic

morphogenesis and is observed in Wilms tumor cells [34]. The exclusively expressed genes in

normal human interstitial compartments were also studied for the enriched Go biological pro-

cesses and the top 10 terms are listed in Fig 4B. Among these are “nephric duct morphogene-

sis” and “retinoic acid metabolic processes”, known to be active in interstitial cells.

We studied genes that are exclusively expressed in each of the clusters 9, 10, 11 and 12 and

analyzed their expression in the Wilms cell lines. A summary of these analyses is shown in Fig

5 and the eight highest expressed genes in the Wilms cell lines that are also expressed in the

normal clusters are listed. Genes that are also listed in other compartments are shown in black

and are underlined. For example, ANXA2 previously identified as an interstitial marker gene

in the mouse is found in NPC4C and developing vasculature and it is highly expressed in the

Wilms cell lines. It has also been assigned to podocytes [43]. Another example is UCHL1
which is found in cluster 4 and differentiating nephrons (cluster 5) that develop from cluster 4

during differentiation. A full list of genes expressed in the Wilms cell lines from each cluster is

found in S2 Table.

Clusters from the IPC compartment were also analyzed for genes exclusively expressed in

the subclusters, shown in the red circle. The top expressed unique gene in Wilms cell lines are

listed and labeled red; black and underlined genes are also listed in other compartments. The

top genes for differentiating nephrons are shown in green and for cycling cells in turquois.

Cluster1 (immune cells) is not shown. Hochane et al., identified 22 clusters by single cell tran-

scriptome analysis of 16-week human fetal kidney cells [43]. The clusters were assigned by

using the expression of marker genes from the literature of mouse kidney development. The

percentage of marker set candidate genes expressed in Wilms cells from each cluster is shown

in Fig 6A and a list of all genes expressed in Wilms cell lines (<1000) are found in S3 Table.
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The nephrogenic precursor cells (NPC) were represented by four clusters and they express the

known markers SIX2, CITED1, MEOX1 and EYA1, with the highest expression in cluster

NPCa, the self-renewing NPCs. Of these only SIX2 is expressed at highly variable levels

between the Wilms tumor cells lines. These genes were expressed at a lower level in NPCb, but

a higher expression of GDNF and HES1 was observed [43]. In the Wilms cell lines both of

these genes are expressed at a medium level. NPCc is characterized by a high expression of

CRABP2, which is also expressed in the Wilms cells at a medium level. NPCd had a higher

expression of LEF1 and a lower expression of OSR1, CITED1 and MEOX1, whereas the Wilms

cell lines express only low levels of OSR1 and a highly variable level of LEF1. The authors

noticed that a larger fraction of NPCd cells were in the G2/M phase of the cell cycle and had a

high expression of proliferation markers as is observed in the Wilms cell lines. These corre-

spond to the Lindström NPC 4D subcluster.

When nephrogenesis continues pretubular aggregates (PTA) appear, the precursors of RV

and CSB. PTA express a high level of LHX1, which is only expressed at a very low level in the

Fig 3. Go Biological process analysis of genes expressed in common in NPC (cluster4, [32]) and Wilms cells and

those that are exclusively expressed in normal NPC. A) The table lists the top 10 enriched biological processes and

the genes expressed in common in both. B) The table lists the top enriched terms that are exclusive for normal huNPC.

https://doi.org/10.1371/journal.pone.0270380.g003
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Wilms cell lines. A higher expression of the other PTA markers, JAG1 and CCND1 is observed

in the Wilms cell lines but WNT4 is not expressed. Several markers distinguish distal and prox-

imal RV, e.g., SFRP2, DLL1, LHX1 and CDH6, FOXC2, CLDN1 and WT1, respectively. Most

of these vary between cells and have a low level, except for a robust expression of the podocyte

marker FOXC2, and DLL1 is not expressed. Genes that are expressed in the Wilms cell lines

from the next developmental stages are, SSBpr: CAV2, CDH6 and AMN, SSBm/d: IRX2,

POU3F3 and SIM2, and SSBpod: XRCC6, FOXC2 and MAFB. This is followed by more differ-

entiated cell types, and the genes that are expressed in the early proximal tubule (ErPrT) are

AMN, APOM and ANPEP and from distal loop of Henle (DTHL) are LDHB and HOXD8.

Fig 4. Go Biological process analysis of genes expressed in common in IPC (clusters 2, 9, 10, 11, 12, [32]) and

Wilms cells and those that are exclusively expressed in normal IPC. A) The top 10 enriched Biological processes of

genes expressed in common in both. B) The top 10 enriched biological terms that are exclusive for normal huIPC.

https://doi.org/10.1371/journal.pone.0270380.g004
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Characteristic genes for CnT that are expressed in the Wilms cells are SLIT2, BCAT1 and

MEST and from podocytes many genes are expressed at a very high level, among these are

VIM, ANXA2, ACTG1, PODXL2 and MAFB. A high expression of several markers that are

characteristic for UBCD is also seen in the Wilms cell lines (Fig 6B). The interstitium is divided

into three clusters, IPC, the stem cells and the more differentiated cells types ICa and ICb.

Mesangium derived from IPC and endothelial cells correspond to clusters Mes and End. The

expression of genes in the Wilms cell lines >50 000 from each cluster is shown in Fig 6B and

Fig 5. Common expression of genes in Lindström clusters and Wilms cell lines. First genes that are specific, i.e., only expressed in one

cluster were extracted. This was done separately for clusters 4A, 4B, 4C, and 4D from the NPC compartment. Cluster 4 is the parental cluster

and is shown in the same circle. The top expressed genes in Wilms cell lines and also expressed in the respective clusters are listed and

labeled green if they are unique for this cluster; black and underlined genes are also listed in other compartments. Clusters from the IPC

compartment were also analyzed for genes exclusively expressed in the subclusters, shown in the red circle. The top expressed genes in

Wilms cell lines also expressed in the respective clusters are listed and labeled red, if they are unique for this cluster; black and underlined

genes are also listed in other compartments. The top genes for differentiating nephrons are shown in green and for cycling cells in turquois.

Cluster1 (immune cells) is not shown.

https://doi.org/10.1371/journal.pone.0270380.g005
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the expressed genes are seen in S4 Table. Taken together, the Wilms tumor cell lines express

markers from the earliest NP and IP stem cells, as well as markers from ureteric bud and col-

lecting duct and more differentiated cell types.

To identify novel markers the authors used two approaches. First, they analyzed for each

gene the area under the receiver operating characteristics (AUROC) and combined this with

Fig 6. Analysis of genes expressed in the Wilms cells from the Hochane marker set candidates. A) The percentage

of genes expressed in each cluster is shown. B) Genes in each cluster from the three linages that are expressed>50 000

are shown. Ribosomal genes were omitted. No genes in the CnT cluster were expressed above 50 000.

https://doi.org/10.1371/journal.pone.0270380.g006
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expression filtering. This resulted in 88 marker genes and 11 of these overlapped with 89 litera-

ture genes. The expression of these genes in Wilms cell lines is shown in the heat map in Fig 7.

All top 4 genes from NPC and IPC domains, as well as from the CnT, UBCD and proliferation

clusters are expressed in the Wilms cell lines (>200), but only single genes within the clusters

showed a high expression. A lower expression level can be observed for almost all the genes

that are characteristic for more differentiated cell types such as RVCSB, SSB, CnT, DTLH,

ErPrT and UBCD (Fig 7 and S4 Table).

As a second method they used the KeyGenes algorithm to identify classifier genes among the

500 most highly variable genes. Of the 95 classifier genes 24 were the same as in the marker set

and 14 were common in the literature set. The heat maps in Fig 8 and S4 Fig in S1 File show the

expression of KeyGenes in the Wilms cell lines. Each compartment has different numbers of

KeyGenes and all from the NPCd, ICa and IPC compartments are highly expressed, whereas

lower numbers and levels of genes from the other compartments are expressed in the Wilms

cell lines (S4 Fig in S1 File). Also, in this analysis it is obvious that genes from SSBm/d, RVCSBa

+b are expressed at a much lower level than those from the NPC and IPC compartments (Fig 8

and S4 Fig in S1 File). Lastly, we analyzed the expression of their literature gene set and here the

highest expression level was observed for genes from IPC, ICa+b and mesangium cells, whereas

most other genes have a lower expression (S5 Fig in S1 File). In conclusion, the robust expres-

sion of several genes from more mature nephrogenic compartments shows that the pathway for

epithelial differentiation is not completely blocked in these cells. It has been observed previ-

ously, that individual mouse MM cells at E11.5 express markers of more differentiated nephron

cell types [10]. Expression of genes from different lineages is also observed in the Wilms cells,

e.g., podocyte markers, MAFB, PDPN, SYNPO, RHPN1 at highly variable levels between the dif-

ferent Wilms cell lines or a high expression of genes from DTLH, UBCD and ErPrT (Fig 6B).

This supports the notion that genes associated with possible future developmental directions

can occur in the precursor cells such as Wilms tumor cells.

Another way to analyze the Wilms tumor cell line transcriptomes is to study the highest

expressed genes for their expression in normal human fetal kidney. Of the 1300 highest

expressed genes in Wilms cell lines, 550 genes with an expression Z-score of>2 in normal

human kidney were identified. This analysis demonstrated that most of highly expressed genes

in Wilms8 cell line map to the DTLH compartment, followed by PTA, UBCD, IPC, NPCd and

End (S6 Fig in S1 File). Among the genes with highest Z score, were MYL7 (NPCb), PALM2-A-
KAP2 and ARHGAP11 (NPCd), LBX1 (PTA), GRIND2 (RVCSBb), CRLF1 (CnT), NDOR1,

ATP1A1 and COL18A1 (DTLH), COX6A2 (ErPrT), FAM65A (Pod), CNN1 and CDKN2C
(IPC), ACTA2 (Mes) and TM4SF1 (End). It is interesting that the highly expressed genes in

Wilms8 cells that map to the NPCd and PTA clusters are related to the cell cycle as was

observed by Hochane et al. [43]. As many of the highly expressed gene are allocated to the

PTA, DTLH and UBCD compartments, this suggests that a differentiation into these different

kidney cell types has been simultaneously initiated in the same cells.

To combine the results from these studies we have established a heatmap of GSVA enrich-

ment scores using the Hochane and Lindström 2018b gene sets with the Wilms tumor samples

(Fig 9). The top part of the heat map, shows that Hochane NPCa and NPCd are close to Lind-

ström NPC clusters 4, 4d, 4b and the cell cycles clusters 7 and 8. Hochane IPC maps within

these clusters. Here a high score is found in Wilms3, 10T, 8 and 2, whereas Wilms1, 6, 5, 10M

and 4 show a lower score. It is interesting that Lindström NPC4A and NPC4C are in the mid-

dle of more differentiated cell clusters and among the Lindström interstitial clusters 3, 9, 10,

11, 12 where the Hochane ICb cluster is also found. Hochane IPC, the interstitial stem cells are

close to Hochane NPCd. This analysis uncovered that the Wilms cells are separated into two

main clusters, where Wilms1, 4, 6, 5 and 10M (group 1, “CCdown”) have a higher score for
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Fig 7. Expression of the TOP 4 genes from the marker set candidates in the Wilms cell lines. In the heat map the

expressed genes from the top 4 genes are shown (>200).

https://doi.org/10.1371/journal.pone.0270380.g007
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more differentiated cell type gene sets and a lower score for NPC, IPC and cell cycle gene sets,

whereas Wilms3, 10T, 8 and 2 (group2, “CCup”) cell lines have a higher score for NPC and

proliferating clusters. The differences between the two groups are most pronounced in the

Hochane gene set associated with the NPCd cell type. Hochane et al. described that NPCd is

likely more proliferative than the other NPCs and in an intermediate state between the other

NPCs and the pretubular aggregate.

Fig 8. Expression of KeyGenes in Wilms cell lines. Each compartment has a different number of KeyGenes. The

expressed genes from each set are shown (>200) and numbers are listed on the right.

https://doi.org/10.1371/journal.pone.0270380.g008
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To explore this result further, we determined the differences between these two groups of

Wilms tumor cells lines with a Limma-p-value <0.05, expression <200 and a ratio >1.33

between up/down and a ratio <0.75 for down-regulation. These were used to analyze genes

that are expressed in normal human kidney [43] and confirmed the high expression of NPCd,

PTA and IPC compartment genes, many of these are related to the cell cycle (S7 Fig in S1 File).

For the group of down regulated genes, expression of genes from more differentiated cell types

e.g., UBCD, DTLH and ICb was observed as also seen in the GSVA map (S8 Fig in S1 File).

This was somewhat unexpected as all cell lines proliferate well and show similar features in

culture, but the differentiation state of the cells is unknown. We explored which factor might

Fig 9. GSVA enrichment scores for the Hochane and Lindström clusters in Wilms cells. Expression values of

Wilms tumor samples were subjected to GSVA analysis using gene sets associated with developmental kidney cell types

in the single cell sequencing studies [32, 43]. In the hierarchical cluster analysis of the GSVA enrichment scores two

main clusters of samples emerged: group1 (Wilms Tumor samples 1, 4, 5, 6 and 10M) had higher enrichment in

differentiated and lower enrichment in nephron progenitor cell (NPC)-like cells; group2 (Wilms Tumor samples 2, 3, 8

and 10T) had lower enrichment in differentiated and higher enrichment in NPC-like cells.

https://doi.org/10.1371/journal.pone.0270380.g009
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be the reason for this separation and analyzed the preoperative chemotherapy versus primary

surgery, the presence or absence of CTNNB1 mutations, the complete lack of expression of the

mutant WT1 and the time of preoperative chemotherapy in both groups. However, none of

these could explain the difference as cells from patients with these differences could be found

in both groups. Therefore, the reason for this separation currently cannot be explained and

remains to be elucidated in the future.

Another paper describes the study of gene expression in human kidney [15]. We analyzed

the expression of genes in Wilms cell lines that correspond to the clusters defined by these

authors and the full list of genes from each cluster expressed is found in S5 Table. In S9A Fig

in S1 File the percentage of genes from each cluster expressed in Wilms cells with a cut off

>1000 is shown and the number of genes in each compartment is listed in S9B Fig in S1 File.

Here a high percentage of genes from cap mesenchyme (CM), extraglomerular mesangium

(EM), loop of Henle (LOH) mesangium (MG) podocytes (PD) and renal interstitium (RI) is

seen. S6 Table shows a list of marker genes from these 13 clusters and the eight highest

expressed genes in the Wilms cell lines. When the same genes are found in different clusters

they are coded with the same color, demonstrating that there is a large overlap of genes

between these clusters and therefore these gene sets were not studied further.

Previous studies have suggested that the WT1 mutant Wilms tumors are closely related to

interstitial/stromal cells but here we show that they robustly express genes from the NPC, UB

and IP compartments as well as some genes from more differentiated cell types. This further

supports the notion that the origin of WT1 mutant tumors resides in an early kidney stem cell

where the underlining mutations result in a deviation from the normal differentiation

pathway.

Individual differences between WT1 mutant cell lines

Another line of studies was to explore the difference between the cell lines with and without

WT1 expression. Although all cell lines have only mutant WT1 DNA alleles the RNA expres-

sion differs between the cell lines [45]. Wilms1 has an almost absent expression of WT1 RNA

and a homozygous WT1 deletion is present in Wilms10T and 10M [45]. These three cell lines

were analyzed as a group and compared against the other cell lines. A p-value of<0.05 in all

six t-tests was found for 114 genes, with a higher expression of 49 and a lower expression of 65

genes in cells with lack of WT1 expression (Fig 10A and 10B, respectively). Two genes, SIX1
and SIX2 that are normally expressed in nephron progenitor cells show a lower expression in

cells without WT1 (Fig 10B). This correlated with a higher expression of OSR1 and OSR2, but

these did not reach a p-value of<0.05.

To interrogate the biological function of the differentially expressed genes we performed a

ToppGene analysis of the higher and lower expressed gernes and only for the genes with a

lower expression a significant enrichment for GO terms is found. The first significant term is

“embryonic skeletal system morphogenesis” with genes HOXA2, HOXD3, HOXD4, HOXD9,

HOXD10, HOXD11, WT1, SIX1 and SIX2 all expressed at a lower level in the cells without

WT1. Next are “embryonic organ development” and “anterior/posterior pattern specification”

(Fig 11A). This shows that these biological processes are not active in these cells and that early

embryonic patterning is erroneous. The specification of metanephric mesenchyme requires

Hox and Wt1 proteins and as both are lacking this process might not be initiated. We also

noticed that two genes with a lower expression, MEST and CP4, are both located in an imprint-

ing cluster on chromosome 7q [46].

The lower expression of SIX1 and SIX2 was an interesting observation as these genes have a

role in the balance of progenitor renewal and commitment. The disturbance of this balance
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could have a significant effect on tumor development. We therefore studied whether putative

SIX1 and/or SIX2 target genes are among the differentially expressed genes. To address this

question, we used the list of putative common SIX1/SIX2 human target genes identified by

ChIP-seq and expression studies in human and mouse kidney progenitors [14]. Indeed, 17 of

the differentially expressed genes in the Wilms cell lines were identified as putative SIX1/2 tar-

get genes: SIX2, SIX1, SISHA2, THY1, ZFP64, ANGPT1, FAM49A, PLCE1, SOBP, GPR39,

WT1, HOXD9, MBOAT1, SOBP, LRRC8D, PCDH9 and SNAP25 and the number of SIX bind-

ing sites and the regulatory scores are indicated in Fig 11B and 11C.

The correlation of no WT1 expression with a low level of SIX2 and SIX1 might confirm that

WT1 is a major target for SIX2. In fact, multiple binding sites for Six2 were identified in the

Wt1 gene and therefore this gene is a highly likely and real Six2 target gene [14]. However, in

the development of Wilms tumor the first step is haploinsufficiency for WT1 expression either

in the germline or during development in sporadic cases, followed by complete functional loss

of both wild type alleles. Therefore, an alternative scenario could be that the complete loss of a

functional wild type WT1 results in the reduced expression of SIX2, i.e., WT1 regulates SIX2.

An alternative scenario is that the timing of WT1 loss during nephrogenesis happens in a cell

Fig 10. Differentially expressed genes in Wilms cells with and without WT1 expression. A) Heat map of the genes expressed higher in cells without WT1:

Wilms1, Wilms10T and Wilms10M (left) and expression level of selected genes with a higher expression in Wilms1, Wilms10T and Wilms10M (right). B) Heat

map of genes expressed lower in cells without WT1 (left) and expression of selected genes with a lower expression in Wilms cells without WT1 expression

(right).

https://doi.org/10.1371/journal.pone.0270380.g010
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that has not turned on the expression of SIX1/2 yet. If the loss of WT1 occurs at a later time

point when the cells have already activated the SIX genes this would result in tumors/cell lines

with SIX2 expression. Therefore, with these cell lines alone these alternative possibilities, loss

of SIX1/2 expression is due to loss of WT1 or vice versa cannot be clarified.

Fig 11. Analysis of differentially expressed genes in Wilms cells with and without mutant WT1 expression. A) ToppGene result for the

differentially expressed genes. B) The Venn diagram shows that among the 114 differentially expressed genes in cells with and without

WT1 (blue circle) 17 are putative SIX1/2 target genes (yellow circle, 1792 putative SIX1/2 target genes identified by O´Brien et al., 2016

[14]. C) A list of the 17 putative target genes with the number of peaks as detected with ChIP seq by O´Brien et al., 2016 and the regulatory

score that they have determined [14].

https://doi.org/10.1371/journal.pone.0270380.g011
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Comparison of Wilms tumor cell lines with human WT1 mutant Wilms

tumors and mouse Wt1 mutant Wilms tumor models

Fukuzawa et al., 2017 analyzed WT1 mutant human Wilms tumors in vivo for the expression

of genes from the morphologically distinct cell types found in the kidney [47]. Their studies

showed that these tumors contain cells with mesenchymal differentiation as well as UB like

structures. Genes expressed in PT, RV, CSB, SSB, HL and DT were also identified but their

expression was lower. Expression of HOXD11, a specific marker of MM was found in blastema

as well as stromal cells, indicating that WT1 mutant tumors are derived from the metanephric

lineage [47]. HOXD11 shows a low expression in cells with a complete lack of mutant WT1
expression but a high expression in the other cell lines (Fig 10B). The cell lines that we have

studied here have a similar expression pattern as cells from different compartments in tumors

in vivo. This demonstrates that the expression of genes from all kidney cell types is indeed

found in the same cells. Therefore, we confirm their conclusion from in vivo analyses of WT1
mutant tumors that these are derived from stem cells with the capacity to differentiate into all

cell types of the kidney. The more complete differentiation observed in vivo might be due to

signaling between different cell types.

Two papers described Wilms tumor mouse models with Wt1 ablation [48, 49]. The first

mouse model describes a somatic mosaic ablation of Wt1 in a genetic background of biallelic

expression of Igf2 using a ubiquitously expressed, tamoxifen inducible transgene encoding

Cre-recombinase [48]. The Wilms tumors that developed in these U-Wt1-Igf2 animals had an

early onset, occurred at a high frequency and had a triphasic histology, similar to WT1 mutant

human Wilms tumors. The cell of origin for these Wilms tumors was postulated to reside in

the intermediate mesoderm [48]. In the next approach the effect of cell type specific ablation

of Wt1 with either biallelic Igf2 expression or coexpression of an activated mutant β-Catenin

protein was tested [49]. When β-catenin was activated in nephron progenitors, either in

Cited1+ or Six2+ cells, Wilms tumors developed with an epithelial morphology, irrespective of

Wt1 ablation. The tumors did not express genes characteristic for early renal progenitors nor

Pax2, but markers for committed NP cells and epithelial differentiation were expressed [49].

In contrast, when biallelic Igf2 expression and Wt1 ablation was directed to Cited1+ but not to

Six2+ nephron progenitor cells, Wilms tumors with triphasic histology developed. In these

tumors, genes normally active in intermediate mesoderm and early metanephric mesenchyme

such as Eya1, Osr1, Pax2, Hoxa11 and postinduction genes were expressed [49]. Finally, no

tumors developed when any of these alterations were induced in Foxd1+ stromal cells.

The early onset and triphasic histology of U-Wt1-Igf2 mouse Wilms tumors resembles that

of WT1 mutant human Wilms tumors. WT1 mutant Wilms tumors develop at an early age

and have either triphasic or stromal-predominant histology. All WT1 mutant human cell lines

except Wilms4 from a WAGR patient, have a paternal duplication of chromosome 11p15,

resulting in biallelic expression of IGF2. Furthermore, all except two cell lines have an addi-

tional mutant CTNNB1 gene. Therefore, most WT1 mutant human Wilms tumor cells carry

three genetic alterations: homozygous/functional loss of wild type WT1 in all, biallelic expres-

sion of IGF2 and CTNNB1 mutations. None of the mouse tumor models harbor all three alter-

ations [49]. The human Wilms cell lines do not express PAX2, EYA1 nor CITED1, but other

early renal mesenchyme genes such as OSR1, HOXA11, SIX1 and SIX2 and the stromal marker

FOXD1. In conclusion, the combination of these three mutations and the gene expression pat-

tern is unique to human WT1 mutant Wilms tumors and differs from the mouse tumor

models.

Taken together these mouse models represent some aspects of WT1 mutant human Wilms

tumors and they show that the origin of Wilms tumors must lie in an early uncommitted
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progenitor cell as we also show here for the human WT1 mutant Wilms tumor cell lines. The

work by Huang et al., revealed that a committed stromal cell cannot be the origin of Wilms

tumors, but the high expression of interstitial genes that we observe in the Wilms tumor cell

lines supports their close relationship to stromal cells and possibly a faulty differentiation into

interstitial cell types as was postulated for Pax2 negative mouse cells [6]. This further illumi-

nates the origin of WT1 mutant Wilms tumors in an early nephron progenitor with a dis-

turbed differentiation pattern. The concomitant expression of early and postinduction NP

genes indicates that they retain a multilineage potential.

Expression of selected early kidney progenitor genes and their putative

targets analyzed in Wilms cells

Crucial genes for NP cell pool maintenance in the mouse are Wt1, Osr1, Eya1, Hox11 paralogs,

Six1 and Six2. In the cell lines only mutant WT1 is present and EYA1 is not expressed, whereas

all other genes are positive. We searched publications describing mutant mouse phenotypes

and putative targets/interactions partners of these genes and compared these to the data of

Wilms cell lines.

WT1-/- embryos express Pax2 and Gdnf mRNA prior to aberrant apoptosis [19] and the

WT1 negative Wilms tumor cells do not express PAX2, but GDNF. Osr1 acts upstream of

Pax2, Sall1, Eya1, Six2 and Gdnf during kidney development and Osr1 mutant embryos lack

the expression of these genes [50]. The Wilms tumor cells express variable levels of OSR1 and

SIX2 (Fig 10B). SIX1, SALL1 and GDNF are all robustly expressed but PAX2 is undetectable. In

the mouse Pax2 and Eya1 are needed for the expression of Gdnf. In contrast, in the Wilms

cells GDNF is expressed in the absence of EYA1 and PAX2, suggesting an alternative mecha-

nism for activation in the human tumor cells.

In Pax2 mutant cap mesenchyme there is no expression of Cited1, Ncad (CDH2) and at

some stage coexpression of Six2 and Foxd1 was observed. In the PAX2 negative Wilms cells,

SIX2, FOXD1 and CDH2 are expressed, whereas CITED1 is negative. Furthermore, in mice the

expression of Eya1, Sall1 and Six1 is Pax2 independent and in the human Wilms tumor cells

SIX1 is highly expressed and SALL1 at a lower level, confirming their PAX2 independent

activation.

In mice the Hox11 paralogs complex with Eya1 and Pax2 to drive expression of Six2 and

Gdnf [51]. In the Wilms cell lines HOXD11 is variably expressed and HOXA11 at a lower level.

As both EYA1 and PAX2 are not detectable in Wilms cells a [Hoxa11-Pax2-Eya1] complex

cannot be formed. However, the cells express EYA2, PAX3 and PAX8, suggesting that alterna-

tive complexes might be formed with other family members to regulate the expression of

GDNF and SIX2.

A loss-of function for Six1 and Six2 genes results in kidney agenesis. In the Six1 mutant, the

levels of Six2, Pax2 and Sall1 are reduced, whereas Eya1 was unaffected and expression of Wt1
is normal [52]. This indicates that Six1 is upstream of Six2. In the Wilms cells SIX1 is highly

expressed, SALL1 lower, SIX2 is variable and PAX2 is lacking. In summary, this short survey of

mouse data compared to the human Wilms tumor cells unravels that different mechanism

must exist in the human tumor cells to control these genes.

On the origin of WT1 mutant Wilms tumors and the Wilms tumor gene

signature

The early renal stem cell origin of the WT1 mutant Wilms tumor cell lines is supported by the

expression of OSR1+, a gene that is expressed in the intermediate mesoderm (IM) prior to the

expression of definitive kidney or blood/vascular markers. All kidney lineages are derived
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from Osr1+ cells [2]. The interaction and signaling from the posterior IM (PIM) with the ante-

rior IM (AIM) induces metanephros differentiation. The PIM contains multipotent precursor

populations that develop into nephrons and stroma, whereas the AIM is the precursor for UB

and the collecting system. Hoxa11 and Hoxd11 genes are restricted to PIM, the precursor cells

for the MM. Both genes are expressed in the Wilms cell lines. Hoxd11 activates several mark-

ers, e.g., Six2, Gdnf, Foxd1 and Pbx1 that are specific for metanephritic cells, all are expressed

in the Wilms cell lines. The expression of Wt1, Lhx1 and Pax2 in early metanephric develop-

ment are first signs of a commitment to a renal fate. In the Wilms cells the WT1 gene is non-

functional, LHX1 is expressed at a low level and PAX2 is not expressed, suggesting that the

lack of these genes at an early developmental stage contributes to the aberrant fate observed in

these cells.

The WT1 mutant Wilms tumor cells coexpress FOXD1 and SIX2 which has been described

to occur in mouse early kidney precursor cells before the lineage boundary between nephron

epithelial cells and interstitial cells is established. However, shortly after UB branching starts,

Six2+ nephron and Foxd1+ stromal lineages are mutually exclusive. Whereas in the Wilms

tumor cell lines as well as in tumors in vivo, markers for stromal, nephron and UB derived

cells are simultaneously expressed [47]. Therefore, this indicates an origin before specification

of these lineages. This is supported by the fact that Wilms tumors contains cell types normally

found in embryonic kidney and in WT1 mutant tumors additionally ectopic, non-renal tissues

are present. It has been postulated that Wilms tumors arise from intermediate mesoderm

before specification of nephron and stromal progenitors [49, 53]. In summary, the Wilms

tumor cell lines coexpress markers of all three lineages of kidney development, further sup-

porting their origin in an early multipotent cell with an aberrant differentiation path.

Challen and coworkers analyzed the molecules that are involved in the specification of

metanephric mesenchyme (MM) and the formation of renal progenitor cells by the surround-

ing intermediate mesoderm (IM) [54]. They have identified 21 genes that have a higher expres-

sion in uninduced MM (>1.8-fold) than in IM at E10.5 of mouse development. Of these, 16

corresponding to human genes are present on the Agilent Arrays and 12/16 (75%) are

expressed in the Wilms tumor cell lines at significant levels. 42 probes were identified as more

highly expressed in IM, 18 of these were unknown cDNA clones/ESTs. Of the 24 named

mouse genes, 16 human genes are present on the Agilent arrays. In the Wilms cell lines 13/16

(81%) are expressed, with the highest expression of LGALS1, ACTN1, TIMP3, DDX3X and

PODXL as well as a variable level of POSTN. Although this is only a small set of IM and MM

genes identified in mouse the expression of a high percentage of these at a high level in WT1
mutant Wilms cell lines provides more evidence for their precursor cell characteristics.

Another way to analyze the cell of origin for Wilms tumors is to ask whether genes that are

expressed in the undifferentiated state of pluripotent stem cells are also expressed in Wilms

cell lines. Mallon et al., have generated a list of 169 Agilent oligonucleotide symbols that

defines pluripotency, 118 of these were represented by gene symbols and the rest were oligonu-

cleotide identifiers without a corresponding gene [55]. Of these 79 (67%) were expressed in the

Wilms cell lines (>200). Among the expressed genes are TERF1, SEPHS1, BPTF, HSPD1,

SHISA9, PINX1, NOLC1, EMG1, SNX5 and JMJD1C. The expression of a large number of

these genes reinforces their early developmental origin.

We have shown in our previous analyses of five Wilms tumor cell lines that these express

known mesenchymal stem cell (MSC) surface markers, CD73, CD90 and CD105 [33]. They

also show a multi-differentiation potential similar to MSC into adipocytes, osteocytes, chon-

drocytes and rhabdomyoblastic cells as is also observed in WT1 mutant Wilms tumors in vivo.

We have described a Wilms tumor specific gene signature of 756 genes with a >2 fc expression

in Wilms cells in comparison to MSC cells. This WT signature contains many transcription
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factors regulating development during embryogenesis, such as HOXA11, HOXD10, HOXD11,

PAX3 and TCF21. Other genes from the WT signature are involved in neurogenesis and axon

development, for example CDH18, SEMA4D, SYTL5 and SHC3 [33]. In addition, several Wnt

target genes show a higher expression in Wilms cells than in MSC, as they have an activated

Wnt signaling pathway. Furthermore, the WT gene signature contains genes from RAS/RAC

signaling pathways, genes that are overexpressed in tumors, extracellular matrix proteins as

well as genes from Hh, TGFβ and RA signaling pathways [33]. Here we used this WT gene sig-

nature set to determine enriched Go terms. With EnrichR the top Go term is “nervous system

development” (p = 4.2E-9) followed by “ureteric bud morphogenesis” (P = 8.39E-9), with the

genes BMP4, BMP2, WNT11, SALL1, WT1, SIX1, TCF21, HOXD11 and HOXA11. Several

terms were identified that involve UB branching, UB development and mesonephric tubule

development, indicating that the Wilms cell lines express genes that can induce UB branching

of the nephric duct (Fig 12A). Using ToppGene other terms for Go Biological processes were

Fig 12. Go BP-term analysis of the WT signature genes. A) the 10 top terms using EnrichR and B) the 20 top terms using

ToppGene.

https://doi.org/10.1371/journal.pone.0270380.g012
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“animal organ morphogenesis” (P = 2.702E-17, with 131 genes), “synaptic signaling”

(P = 1.054E-15, with 92 genes), “tube development” (P = 2.032E-13, with 129 genes), “branch-

ing morphogenesis of an epithelial tube” (P = 9.442E-13, with 33 genes) and “vascular

Fig 13. Comparison of Wilms cell lines with UdRPC and analysis of the Go BP-terms of the common gene set. A)

The Venn diagram shows the overlap between genes expressed in Wilms tumor cells (red) and UdRPC (green) and the

exclusively expressed genes. B) the 30 top Go BP-terms of the 1260 genes exclusively expressed in Wilms cells.

https://doi.org/10.1371/journal.pone.0270380.g013
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development” (P = 1.422E-12, with 94 genes) (Fig 12B). All these point to the multipotent state

of the cells with expression of some genes necessary for early kidney development.

Fig 14. Comparison of Wilms cell lines with UdRPC_CHIR and analysis of the Go BP-terms of the Wilms tumor

cell line exclusive gene set. A) The Venn diagram shows the overlap between genes expressed in Wilms cells (red) and

UdRPC_CHIR (green) and the exclusively expressed genes. B) the 30 top Go BP-terms of the 1327 genes exclusively

expressed in Wilms cells.

https://doi.org/10.1371/journal.pone.0270380.g014
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Another angle to identify specific regulatory genes in the WT1 mutant cell line is the com-

parison with normal human urine derived renal stem cells (UdRPC) [38]. These cells express

pluripotency associated proteins and renal stem cell markers and can be induced to differenti-

ate when Wnt signaling is activated with CHIR99021 [38]. A comparison of UdRPC with

Wilms tumor cell lines revealed common and exclusive gene sets and these were studied for

the respective Go BP-terms (Fig 13A). The Wilms tumor cell line exclusive set corresponds to

1260 genes and the top Go terms are “regulation of cell communication”, “regulation of signal-

ing” and “urogenital system development” (Fig 13B). Very interesting terms are negative regu-

lation of mesodermal cell fate specification and negative regulation of mesoderm formation

with 4 genes: DKK1, MESP1, SFRP2, SOX17. This points to a block in early mesodermal differ-

entiation in the Wilms tumor cell lines.

When the same analysis is done with Wnt activated UdRSC-CHIR, there are 1327 Wilms

tumor specific genes (Fig 14A) with the top term “Cardiovascular development” and “mesen-

chyme development” (Fig 14B). The heart also develops from mesoderm and the presence of

terms related to cardiovascular development may point to an even earlier origin of WT1
mutant tumors.

Taken together these comparisons support our conclusion that the Wilms tumor cell lines

are arrested at an early development stage with a stochastic expression of genes from all kidney

compartments and an aberrant differentiation pattern.

Summary and conclusion

Our analyses uncovered that the Wilms tumor cells coexpress genes from all kidney compart-

ments and genes from more mature cells. The simultaneous expression of these genes indicates

that WT1 mutant Wilms tumors develop at an early step of kidney differentiation with a faulty

induction of differentiation in all lineages. In the WT1 negative precursor cells, important fac-

tors for a normal nephrogenic differentiation program are missing, e.g., CITED1, PAX2, EYA1
and MEOX1 while other NP genes are expressed e.g., SIX1, SIX2, OSR1 and SALL1. Although

most of these cell lines have an activated Wnt signaling pathway that normally induces differ-

entiation, this does not occur in the Wilms cell lines and points to the oncogenic role of Wnt

signaling in WT1- cells. Furthermore, the analysis of expression of specific genes and their

putative targets shows that in these cells other gene regulations than in normal mouse cells are

operative. To further explore these developmental gene regulations, the Wilms tumor cell lines

can be used as model systems. The function of WT1 loss and activated Wnt signaling by

mutant CTNNB1 can be studied using the CRISPR-Cas9 technique to correct these genetic

defects. Using such manipulated cells in a kidney organ system should reveal their differentia-

tion potential into the various cell types of the kidney and determine whether they are true kid-

ney stem cells.
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