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1. INTRODUCTION:

Wilms tumor is the most common kidney cancer in children. While most patients have an overall
good prognosis, treatment regimens result in significant morbidity, and unfavorable histology is
associated with worse outcomes, highlighting the need for improved therapies. Since Wilms tumor
directly results from disruptions in embryonic kidney development, its study has led to significant
contributions in the field of developmental nephrology, and vice versa, with advances in renal
development research improving the understanding of Wilms tumor. Recent sequencing studies
now suggest there are over 40 different causative genes identified in Wilms tumor, raising the
question of how differing mutations commonly result in embryonal tumors retaining morphological
and molecular features of the embryonic kidney. Given that a significant proportion of tumors
harbor mutations in genes known for their roles in regulating normal renal development, further
understanding of how such mutations affect progenitor cell maintenance and differentiation in the
developing kidney have the potential to uncover how specific defects in development may
commonly predispose to Wilms tumors.

Approximately 10-20% of Wilms tumors have loss-of-function mutations in Wilms tumor 1 (WT1)
and/or activating mutations in beta-catenin (CTNNB1), with both of these genes known to play
highly cell-type and context-dependent functions in normal kidney development. The kidney arises
from three main progenitor populations – nephron progenitor cells (NPCs), ureteric bud (UB), and
stromal progenitors. NPCs are self-renewing, with a subset undergoing mesenchymal to epithelial
transition (MET) to give rise to components of the nephron. In the human kidney, NPCs are
normally exhausted prior to birth; however, in Wilms tumor, they abnormally persist, along with
primitive stromal and epithelial elements. While it has been assumed that causal mutations in Wilms
tumor occur in the NPCs, recent studies in mice and humans suggest that some gene mutations in
the NPCs alone are not sufficient for tumor development, with one model resulting in tumors only
when targeting both NPCs and stroma. These studies raise the possibility that additional
developmental insults play a role in tumorigenesis, such as abnormal stromal signaling and/or
disrupted crosstalk between the cell lineages within the embryonic microenvironment

Using genetically engineered mouse models, we and others have shown that signals from
developing renal stroma regulate NPCs, with speficially the loss of stromal signaling resulting in
abnormally maintained nephron progenitors reminiscent of nephrogenic rests, or precursor lesions
of Wilms tumor. Through work funded by this grant, we found that activation of beta-catenin in the
stromal progenitor population inhibits NPC differentiation and non-autonomously alters the
molecular state of these cells. These findings demonstrated that disruption of the normal stromal
microenvironment affects the balance between maintenance and differentiation of the neighboring
NPC population. Additionally, comparisons of the transcriptomes of mutant mouse kidneys
expressing an activated allele of beta-catenin in the stromal or nephron progenitor cells revealed
that human Wilms tumors more closely resemble stromal lineage mutants vss wild type kidneys or
the nephron progenitor lineage mutants. Overall, these results suggest that stromal beta-catenin
activation results in histological and molecular features of human Wilms tumor, supporting the
hypothesis that aberrant signaling from the stroma, as mediated by activating mutations in beta-
catenin, plays a role Wilms tumorigenesis.  Furthermore, we have similarly used strategies to assess
the interplay between Wt1 and beta-catenin mutations with goal of better understanding how
specific defects in renal development play a pathogenic role in Wilms tumorigenesis.
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2. KEYWORDS:
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3. ACCOMPLISHMENTS:

What were the major goals of the project?

The following table outlines the goals of the project from the approved statement of work, with the
first colum including the proposed timeline and the second column showing the date and percentage
completed.

Specific Aim 1: Determine the mechanism in which stromal beta-catenin inhibits nephron progenitor cell (NPC) 
differentiation 

Major Task 1: Perform RNA-seq on isolated stroma from BcatEx3flox/+ Foxd1Cre embryonic kidneys to identify stromal-
specific candidate genes that function in stromal-NPC crosstalk 

Subtask 1: Regulatory review and approval by the USAMRMC Animal Care and 
Use Review Office (ACURO) for animal work included in the institutionally 
approved PI’s protocol (APN 2019-102701) 

Proposed for 
months 1-3 

100% complete in 
9/2019 

Subtask 2: Collect control and mutant kidneys (3 cre-negative controls and 3 
BcatEx3flox/+ Foxd1Cre mutant kidneys; will require a total of 3 timed pregnant 
female mice) and isolate stroma using FACs and submit to sequencing core 

Proposed for 
months 3-4 Not complete 

Subtask 3: Analyze RNA-seq data using institutional software pipelines to identify 
gene expression changes in mutant vs wild type kidneys 

Proposed for 
month 5 Not complete 

Subtask 4: Validate gene expression changes using qPCR and/or in situ 
hybridization on control and mutant kidneys (to be performed in triplicate, 
requiring 3 cre-negative controls and 3 BcatEx3flox/+ Foxd1Cre mutant kidneys 
from 3 timed pregnant female mice to ensure reproducibility) 

Proposed for 
months 6-9 

90% complete in 
8/2021 

Milestone(s) Achieved: Identification of specific gene targets of beta-catenin 
activation in the renal stroma 

Proposed for 
month 9 

90% complete in 
8/2021 

Major Task 2: Test the functional ability of genes identified in aim 1a to regulate nephron progenitor 
maintenance/differentiation in vitro 

Subtask 1: Over-express genes in lentiviral vectors from aim1a in explant kidney 
culture to assess for effects on nephron differentiation (to be performed in 
triplicate using wild type kidneys, requiring 3 timed-pregnant female mice to 
assess ~10 genes) 

Proposed for 
months 5-9 Unable to complete 

Subtask 2: Knockdown of genes from aim1a in explant kidney culture to assess for 
effects on nephron differentiation (to be performed in triplicate using wild type 
kidneys, requiring 3 timed-pregnant female mice to assess ~10 genes) 

Proposed for 
months 5-9 Unable to complete 

Milestone(s) Achieved: Identification of stroma-specific genes that functionally 
inhibit nephron differentiation 

Proposed for 
month 9 Unable to complete 
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Specific Aim 2: Evaluate human Wilms tumor for malignant potential of the stroma 

Major Task 1: Examine human samples for cell-lineage specific beta-catenin mutations to determine if stromal beta-catenin 
mutation can occur in isolation from blastema/epithelial cell populations 

Subtask 1: Regulatory review and approval by the USAMRMC Human Research 
Protection Office (HRPO) to obtained de-identified samples of humans Wilms 
tumor from our institutional biorepository per PI’s IRB (STU-2019-1047)  

Proposed for 
months 1-3 

100% complete in 
9/2019 

Subtask 2: Obtain sections from de-identified human Wilms tumor samples from 
our institutional biorepository (8 samples, including 4 with beta-catenin activating 
mutations and 4 without will be obtained and used throughout the studies proposed 
in aim 2) 

Proposed for 
month 3 

80% complete in 
8/2021 

Subtask 3: Perform in-situ PCR to localize specific CTNNB1 mutations to stroma, 
blastema, or epithelial cells and determine if the same mutation is present in 
multiple cell lineages 

Proposed for 
months 4-7 Not complete 

Subtask 4: If necessary, perform laser microcapture of stromal and blastemal 
regions of human Wilms tumor and sequence for CTNNB1 mutations 

Proposed for 
months 6-9 Not complete 

Milestone(s) Achieved: Determine the cell types (ie: blastema vs stroma) that carry 
beta-catenin activating mutations in human Wilms tumor samples 

Proposed for 
month 9 Not complete 

Major Task 2: Evaluate the expression of stromal beta-catenin target genes in human Wilms tumor samples, using a targeted 
approach from the identified gene/pathways in our mouse model with stromal activation of beta-catenin (BcatEx3flox/+ 
Foxd1cre) to determine if our mouse model recapitulates expression patterns of human Wilms tumor 

Subtask 1: Generate in-situ probes from gene list in aim 1 Proposed for 
months 8-9 Not complete 

Subtask 2: Perform section in-situ hybridization on human Wilms tumor samples 
(obtained as above) 

Proposed for 
months 9-11 Not complete 

Milestone(s) Achieved: Localize the expression of beta-catenin target genes in 
human Wilms tumor samples, allowing molecular comparisons between human 
Wilms tumor and mouse models with Wilms tumor-like phenotypes 

Proposed for 
month 12 Not complete 

Major Task 3: Evaluate the expression of stromal beta-catenin target genes in human samples using unbiased, global gene 
expression profiling of human Wilms tumor samples. 

Subtask 1: Isolate nuclei from 3 human Wilms tumor samples and 1 control kidney 
(first run to be done at 6 months, allowing time for data to be analyzed, with a 
second run to be performed at 12 months; we will utilize the same samples obtained 
as described above) 

Proposed for 
months 6, 12 

50% complete in 
8/2021 

Subtask 2: Submit isolated nuclei to the sequencing core to generate single cell 
RNA seq data 

Proposed for 
months 7-14 

50% complete in 
8/2021 

Subtask 3: Analyze single cell RNA sequencing data using bioinformatic 
algorithms developed by Dr. Chaney to identify cell types (stroma vs blastema vs 
epithelial derivates) and evaluate their expression of beta-catenin target genes; 
perform regulon analysis to identify novel signaling pathways that may be 
regulated by beta-catenin in specific cell types 

Proposed for 
months 15-18 

50% complete in 
8/2021 
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Milestone(s) Achieved: Generate molecular profiles of 15,000 – 20,000 single cells 
from human Wilms tumor samples and determine the differential gene expression of 
beta-catenin target genes in different cell types to further characterize the 
molecular profiles of Wilm tumor at the single cell level 

Proposed for 
month 18 

50% complete in 
8/2021 

Specific Aim 3: Evaluate cell-lineage effects of beta-catenin activating mutations to determine if beta-catenin activation 
in specific cell lineages during kidney development recapitulates human Wilms tumor 

Major Task 1: Examine mutant mouse lines for Wilms tumor-like phenotypes, including the following lines: 1) BcatEx3flox/+ 

Six2cre, 2) BcatEx3flox/+ Foxd1cre, 3) BcatEx3flox/+ Six2cre+Foxd1cre, and 4) BcatEx3flox/+ TcreERT2 

Subtask 1: Generate timed matings, isolate embryonic kidneys, and perform 
H&Es/in situs/immunoassays on mutants with activation of beta-catenin 
(BcatEx3flox/+) in different compartments of the developing kidney (nephron 
progenitor lineage using Six2cre, stromal lineage using Foxd1cre, both nephron 
progenitor and stromal lineages using Six2cre+Foxd1cre double mutants, and a 
common progenitor using TCreERT2 with tamoxifen given at E8.0; analyses will 
be performed in triplicate for each genotype requiring approximately 20 timed 
pregnant female mice based on breeding schemes) 

Proposed for 
months 3-10 

100% complete in 
4/2020 

Subtask 2: Implant embryonic kidneys of the above genotypes under the kidney 
capsule of immunocompromised mice to assess tumorigenic potential (to be 
performed in duplicate, with 2 kidneys implanted under one adult kidney capsule 
for each genotype, requiring 8 timed pregnant female mice and 15 NOD SCID 
mice) 

Proposed for 
months 4-12 

100% complete in 
2/2020 

Milestone(s) Achieved: Determine if activation of beta-catenin in isolated stroma vs 
blastema vs both components of the developing kidney results in a Wilms tumor like 
phenotype 

Proposed for 
month 12 

100% complete in 
4/2020 

Major Task 2: Generate organoids using the above beta-catenin activation mutant lines, since this method preserves some wild 
type cell signaling that may be necessary in the development of Wilms tumor 

Subtask 1: Isolate embryonic kidneys from the above matings and generate 
organoids in vitro (to be performed in triplicate, requiring 16 timed pregnant female 
mice) 

Proposed for 
months 13-15 Not complete 

Subtask 2: Implant organoids under the kidney capsule of immunocompromised 
mice to assess for tumorigenic potential (to be performed in duplicate, requiring 15 
NOD SCID mice) 

Proposed for 
months 16-24 Not complete 

Milestone(s) Achieved: Compare phenotypes of organoids vs embryonic kidneys 
with cell type specific beta-catenin activating mutations for proof of principle data 
(supporting the use of an organoid model to introduce multiple combinations of cell 
type specific mutations of Wilms candidate genes) 

Proposed for 
month 24 Not complete 

What was accomplished under these goals? 

During the period of this award, major activities have included: 1) publication of a manuscript 
examining mutant mouse lines with beta-catenin activating mutations for Wilms tumor-like 
phenotypes (Drake KA, Chaney CP, Das A, Roy P, Kwartler CS, Rakheja D, Carroll TJ; Stromal 
activation of beta-catenin in the developing kidney impacts nephron progenitor differentiation and 
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may contribute to Wilms tumor; Development; 2020), 2) analyses of embryonic kidneys implanted 
under the kidney capsule to assess to tumorigenesis, 3) analyses of mutant kidneys with loss of Wt1 
in combination of beta-catenin activation, and 4) single nuclei RNA-seq of embryonic kidneys and a 
human Wilms tumor sample. 

As described in the above statement of work, I proposed the following specific goals/objectives, 
including: 1) to determine the mechanism in which stromal beta-catenin inhibits nephron progenitor 
cell (NPC) differentiation, 2) to evaluate human Wilms tumor for malignant potential of the stroma, 
and 3) to evaluate cell-lineage effects of beta-catenin activating mutations to determine if beta-
catenin activation in specific cell lineages during kidney development recapitulates human Wilms 
tumor. The significant results/key outcomes for each goal is outlined as follows: 

For the first research goal, I had initially proposed to perform additional RNA-seq on 
Foxd1cre;Catnbex3/+ (also referred to as BcatEx3flox/+ Foxd1Cre) kidneys to identify candidate genes 
specifically expressed in the developing to stroma and test their functionality using lentiviral vectors 
in explant cultures. Since these studies required collecting fresh embryonic tissue for FACs/RNA-
seq and explant assays, the experiments were delayed due to an institutional wide laboratory shut 
down in April 2020 limiting our mouse work to only essential activities to maintain the colony. 
Since these studies could not be performed in a timely manner, we instead utilized the data that we 
had already generated from whole kidney RNA-sequencing and identified and validated potential 
candidate genes for this aim. Through this approach, we confirmed that Foxd1cre;Catnbex3/+ mutant 
kidneys show decreased expression of genes in the nephrogenic stroma, including Foxd1, Netrin, 
and Fat4 at E15.5 (Fig. 1, panels H, I, and K, respectively). Previous studies have shown that 
ablation of either Foxd1 or Fat4 resulted in abnormal NPC maintenance (Das et. al, Nat Cell Bio, 
2013; Fetting et. al, Development, 2014; and Mao et. al, Development, 2015). Since Foxd1 
expression is specific to the stromal progenitor population, it was not surprising that this was lost in 
mutant kidneys throughout development (Fig. 1, panels H and L). However, stromal expression of 
Fat4 interestingly was absent at E15.5 (Fig. 1, panel D) when NPC differentiation was blocked, but 
subsequently appeared increased in mutant kidneys at E18.5, when NPC differentiation was 
occurring (Fig. 1, panel N).  
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Figure 1. Activation of beta-catenin in the stromal progenitor population (Foxd1cre;Catnbex3/+) results 
in abnormal stromal patterning and a block in NPC early in development but subsequently show 
delayed mesenchyme to epithelial transition later in development. A-N) In comparison to control 
kidneys, Foxd1cre;Catnbex3/+ mutants show disrupted stromal patterning, with loss of Foxd1 (H), Ntn1 (I), 
and Fat4 (K) and high expression of medullary markers, including Lef1 (J) at E15.5 by in situ hybridization. 
However, at E18.5, the stromal patterning is substantially changed, with decreased expression of Lef1(M) 
and increased expression of Fat4 (N), correlating with NPC differentiation that occurs at this later time point. 

This data supports findigs from other studies showing that changes occuring throughout the timing 
of early vs. late development affect the balance of NPC maintanace and differention, which are 
particularly evident/exasperated in stromal mutant kidneys. Such developmentally regulated factors 
may be due to inherent changes in NPC vs. stromal gene expression that changes over time or could 
possibly to due systemic signals/growth factors that change throughout embryonic development. 
Nonetheless, the role of Fat4 in the non-autonomous regulation of NPC differentiation has been 
extensively studied (Das et. al, Nat Cell Bio, 2013; Bagherie-Lachidan et. al, Development, 2015;  
Mao et. al, Development, 2015; and Zhang et al, Dev Cell, 2019) including its interaction with other 
regulatory genes/proteins (Fetting et. al, Development, 2014 and Ohmori et. al, Sci Rep, 2015). 
Thus, the findings described above in the Foxd1cre;Catnbex3/+ showing changes in NPC 
differentiation related to Fat4 expression require further exploration in order to provide novel 
insights to the renal development field.  

As described above, we sought to use the data that we had already generated from whole kidney 
RNA-seq of control and Foxd1cre;Catnbex3/+ mutant kidneys to identify genes mis-regulated in the 
stroma that may non-autonomously regulate NPC differentiation. Several genes were validated via 
in situ hybridization shown in Fig. 1. However, to further facilitate this, we took an alternative 
approach of cross-referencing differentially expressed genes from the bulk RNA-seq of mutant 
kidneys with single nuclei RNA-seq data generated from control kidneys. To do this, we first took 
genes that were down-regulated in mutant kidneys and examined their expression pattern various 
cell types identified from control kidneys, as shown in Fig. 2. This technique allowed us to only 
identify new stromal gene markers, but additionally generate a list of candidate stromal genes mis-
regulated in Foxd1cre;Catnbex3/+ mutant kidneys, thus providing an alternative to performing RNA-
seq on isolated stroma from mutant kidneys as originally proposed.  
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Figure 3. Using single nuclei RNA-seq data to localize gene expression, we identified several candidate 
stromal markers mis-regulated in Foxd1cre;Catnbex3/+ mutant kidneys. Single nuclei RNA-seq from 
E15.5 control kidneys identified > 4000 cells that correspond to populations of the NPCs, differentiating 
nephron structures (PTA/RV), ureteric bud (UB), and stromal populations, including the nephrogenic zone 
stroma (NZ). We then systematically examined differentially expressed genes from bulk RNA-seq of control 
and Foxd1cre;Catnbex3/+ mutant kidneys to see what genes were specifically expressed in the developing 
stroma. A few of the identified genes include: Aldehyde oxidase 3 (Aox3), Transient Receptor Potential 
Cation Channel Subfamily M Member 3 (Trpm3), Ebf Transcription Factor 2 (Ebf2), and Sushi, Nidogen 
And EGF Like Domains 1 (Sned1) which all are down-regulated in Foxd1cre;Catnbex3/+ mutants and localize 
expression to the embryonic stroma.  

Overall, our analysis thus far has characterized a number of mis-regulated stromal genes that may 
potential influence NPC maintenance/differentiation. To further narrow down this list, we can 
perform additional bioinformatic analyses using the single nuclei RNA-seq data described above by 
analyzing for specific receptor ligand interactions that occur between the stroma and NPCs, then 
cross-referencing these findings with our identified genes; however, due to time limitations, I have 
not yet been able to perform this analysis.   

Also within this first goal/objective, I had proposed to test the functional ability of identified genes 
identified to regulate nephron progenitor maintenance/differentiation in vitro. Toward this aim, we 
first performed explant cultures of control and mutant E12.5 kidneys and evaluated for any changes 
in phenotype that may occur due to ex vivo culture. These preliminary studies revealed that when 
Foxd1cre;Catnbex3/+ kidneys were grown in explant cultures, we somewhat surprisingly saw NPC 
differentiation in the mutant kidneys, as shown in Fig. 3.  

Figure 3. Explant cultures of control and Foxd1cre;Catnbex3/+ mutants both show differentiating NPC 
structures. A) Control kidneys harvested from E12.5 embryos and grown on a filter-media interface show 
maintiained NPCs (SIX2 – green) as well as differentiating nephron structures (LHX1 – red) and proximal 
tubules (LTA, lotus tetragonolobus lectin – purple) after 5 days in culture by immunofluorescence. B) 
Similar findings were observed in mutant kidneys with stromal activation of beta-catenin, which was 
surprising given that differentiating nephron structures do not form in-vivo during eary time points in 
development.  
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As described above, the observation of differentiating nephron structures in mutant kidneys grown 
in explant cultures (with kidneys maintained on a filter-media interface) was somewhat surprising, 
since this is opposite of the phenotype observed in vivo, thus raising multiple considerations 
regarding this finding. First, we specifically chose to dissect and culture E12.5 kidneys, starting 
with the earliest time point that embryonic kidneys can be easily dissected and cultured, and 
initially chose to culture these kidneys for 5 days, since anectodal experience had suggested that 
development is slightly delayed in vitro compared to in vivo, and thus, this timing would roughly 
approximate our data from E15.5 kidneys in vivo. However, once the above data was obtained, the 
experiment was repeated, again harvesting kidneys at day E12.5 but only culturing them for 3 days 
to see if this would obtain a time point in which mutant kidneys show abnormally maintained NPCs 
with a block in differentiation that recapitulates our in vivo findings. However, the data collection 
from these experiments was limited to due a lack of Foxd1cre;Catnbex3/+ mutants obtained from the 
first litter, and then second run of explant experimetns were unable to be analyzed due to 
contaminanted media. Given this, we were subsequently unable to obtain this critical data needed 
before further studies with lentiviral overexpression and gene knockdown manipulation were able to 
be pursued. While we were unable to repeat these studies in the limited time frame, these findings 
did raise several interesting questions regarding how development proceeds ex vivo vs. in vivo and 
whether or not ex vivo conditions (such as components of media, characteristics of the filter, loss of 
“systemic” signals that occur in vivo, etc) may be variables that affect the balance of NPC 
maintainence/differentiation that may revealed in the analysis of Foxd1cre;Catnbex3/+  mutant 
kidneys.  

As described previously, these studies additionally revealed important insights into the non-
autonomous effects on the NPC population. As shown in Fig. 4, Foxd1cre;Catnbex3/+ mutants 
showed a block in NPC differentiation at E15.5 along with abnormal expression of several markers 
of induced NPCs, including C1qdc2 and Wnt4 (Fig. 4, panels I and J, respectively).  However, by 
E18.5 differentiating nephron structures marked by Lhx1 (Fig. 4, panel N) were clearly observed.  
.  
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Figure 4. Activation of beta-catenin in the stromal progenitor population results in expanded NPCs 
that show delayed mesenchyme to epithelial transition. A-N) In comparison to control kidneys, 
Foxd1cre;Catnbex3/+ mutants show a block in NPC differentiation at E15.5, with decreased markers of 
differentiating structures including Pax8 (K) and Lhx1 (L). Interestingly, the NPCs show markedly abnormal 
gene expression, with upregulation of markers of induced NPCs including C1qdc2 (I) and Wnt4 (J). By 
E18.5, mutant kidneys show evidence of mesenchyme to epithelial transition (N), which correlates with the 
previously described changes in stromal gene expression show in Fig. 1. 

Overall, our findings showed that activation of beta-catenin in the stromal progenitor population 
leads to precocious and ectopic differentiation of a more medullary stromal cell type, and given that 
beta-catenin has previously been shown to be necessary for the development of the papillary stroma 
(Boivin and Bridgewater, Am J Physiol Renal Physiol, 2018 and Boivin et. al., J Pathol, 2016), our 
findings in this mutant model suggest it is also sufficient. While we were unable to determine the 
mechanism of stromal to NPC signaling Foxd1cre;Catnbex3/+ mutant kidneys in the duration of the 
grant award, the work summarized above provides important insights into how abnormal stromal 
crosstalk affects kidney development and how such mechanisms may be recapiluated in Wilms 
tumor, as described in our published manuscript (Drake et. al, Development, 2020). 

Regarding the second research goal to evaluate human Wilms tumor for malignant potential of the 
stroma, we were delayed in obtaining human Wilms tumor samples from our institution’s 
biorepository due to the COVID shutdown, which was closed for requests from April to July 2020. I 
have since worked with the biorepository and received 3 samples of fresh/frozen Wilms tumor from 
patients with known CTNNB1 mutations as well as control kidney tissue. Due to time constraints, 
we have been unable to perform in situ assays on human tissue sections as proposed in major tasks 
1 and 2; however, we have made substantial progress toward our proposed objective to evaluate the 
expression of stromal beta-catenin target genes in human samples using unbiased, global gene 
expression profiling of human Wilms tumor samples. To do this, I optimized our protocol for 
isolating nuclei through testing various samples of embryonic kidney and human tissue (including 
human tonsillar tissue given that it is more likely to be similar to tumor tissue rather than control 
kidney tissue) to generate adqueate concentrations of nuclei for 10X single nuclei RNA-seq through 
our institutional core facility, as shown in Fig. 5.   

Figure 5. Nuclei preparation for single nuclei RNA-seq. A) Representative images from single nuclei 
preparations in test samples of embryonic mouse kidneys and human tonsillar tissue (to approximate tumor 
tissue) were imaged in a hemacytometer with brightfield  microscopy, and B) nuclei stained with trypan blue 
to count/prepare nuclei to submit for single nuclei RNA-seq.  
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I submitted two initial samples for single nuclei RNA-seq on the 10X platform, shown in Fig. 6. 
panels A and B. We initially targeted approximately 20,000 reads per nuclei and 10,000 nuclei per 
sample; unfortunately, the sequencing of these samples returned with a very low number of reads 
and large number of estimated cells (ie: average of 4,000 reads per nuclei with estimated 60,000 
nuclei captured). After troubleshooting this data with the core facility and bioinformatic support, we 
suspected a technical issue, and I subsequently resubmitted another sample of E15.5 control mouse 
kidney as shown in Fig. 6 panel C. This time targeting 50,000 reads per nuclei and 5,000 cells per 
sample, we obtained much improved results, with approximately 70,000 reads per nuclei and 4,700 
estimated nuclei captured. I worked with our institution’s bioinformatics pipeline to perform 
preliminary analyses on this data including unbiased cell clustering and informed cell type 
identification using known markers expressed within different cells of the developing kidney as 
labeled below. Due to time constraints, we have yet to repeat sequencing studies on the human 
Wilms tumor samples, though we now expect to be able to successfully obtain this data and perform 
the analysis with the support of the bioinformatics core.   

Figure 6. Single nuclei RNA-seq of embryonic mouse kidneys and human Wilms tumor. A-B) Our 
initial run of single nuclei RNA-seq using the 10X Genomics platform produced sub-optimal data. C) 
However, a repeat run with E15.5 control kidney produced excellent quality data and obtained a 
representative sample of the various cell types present at this time point in development. 

While we were unable to analyze single nuclei RNA-seq of human Wilms tumor samples in the 
duration of this grant period, we attempted additional bioinformatic methods to assess the 
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contributions of stromal cells in the pathogenesis of Wilms tumor. To do this, our bioinformatician, 
Chris Chaney, analyzed bulk RNA-seq data of 126 human Wilms tumors samples publically 
available in the TCGA database. He specifically compared the gene expression changes in Wilms 
tumor to other kidney cancers as they relate to gene regulatory pathways, or regulons. This regulon 
analysis is shown in Fig. 7 panel A. While the majority of the identified genes are expressed either 
in the NPCs or broadly throughout the developing kidney, we did identify PLAGL1 (or PLAG1 
Like Zinc Finger 1), which appears enriched in human Wilms tumor samples, and specifically 
shows expression in the developing stroma of human fetal kidneys seen via analysis of publically 
available single cell data (Fig. 7, panels B-D). While this gene did not come up the RNA-seq of 
beta-catenin mouse models, it may be a gene of interest to pursue in future studies.  

Figure 7. Regulon analysis of human Wilms tumor samples and PLAGL1 expression. A) Bioinformatic 
analyses performed by Chris Chaney identified gene regulatory pathways upregulated in human Wilms 
tumor samples (vertical lines each representing one sample, outlined in red box) compared to other kidney 
cancers. This data identified PLAGL1 as being enriched in Wilms tumor. B-D) PLAGL1 shows localized 
expression in the developing stroma in mouse single nuceli data (not shown) as well as human fetal kidney 
single cell RNA-seq as shown in panels C and D (data obtained from Lindström et al, Developmental Cell 
2018; available at: http://humphreyslab.com/SingleCell/). 
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For the third research goal, I proposed to evaluate cell-lineage effects of beta-catenin activating 
mutations to determine if beta-catenin activation in specific cell lineages using mutant mouse 
models recapitulates phenotypes observed in Wilms tumor. Subtask 1 (to generate timed matings, 
isolate embryonic kidneys, and characterize the effects of beta-catenin activation in the nephron 
progenitor lineage using Six2cre, stromal lineage using Foxd1cre, both nephron progenitor and 
stromal lineages using Six2cre+Foxd1cre double mutants, and a common progenitor using 
TCreERT2) was completed. The manuscript detailing this work was accepted for publication 
(Drake et. al, Development, 2020) and is attached with this report. To briefly summarize our 
findings, we showed that mutant kidneys with beta-catenin activation mutations specifically 
targeting the stromal progenitor population form remnant epithelial structures surrounded by 
undifferentiated mesenchyme and spindle-shaped fibroblasts, similar to the histology of Wilms 
tumor. Transcriptomes of mutant mouse kidneys with activating mutations in either the nephron 
progenitor lineage or the stromal lineage were compared to human tumors (using RNA seq obtained 
from the pubically available TARGET database), revealing that Wilms tumors shares characteristic 
of the stromal-lineage mutants, more so than wild type developing kidney or NPC lineage mutants. 
We also showed that the expression of diagnostic markers of Wilms tumor, including Six2, Cited1, 
and Ncam, is observed in the stromal lineage mutants, but not the NPC lineage mutants, since 
activation of beta-catenin in the nephrogenic lineage resulted in loss of NPC renewal, a phenotype 
opposite to Wilms tumor. Somewhat surprisingly, our examination of mice with mosaic activation 
of beta-catenin in early metanephric precursor lineages utilizing TcreERT2 revealed that mutant 
cells were either selected against or down-regulated the forced expression of beta-catenin, as these 
kidneys showed lineage-positive cells (suggesting of recombination) but lacked detectable beta-
catenin activation and underwent grossly normal development. In contrast, simultaneous activation 
of beta-catenin in the nephron progenitor and stromal lineages showed severely perturbed 
development with the formation of bone-like tissue, with bone as well as other heterologous 
elements including cartilage and skeletal muscle being reported in some human Wilms tumors. 

For subtask 2, we implanted 2-3 embryonic kidneys of the above genotypes under the kidney 
capsule of immunocompromised mice to assess tumorigenic potential. E15.5 kidneys were 
implanted in NOD SCID mice and examined at 2 month and 4 month time points. We utilized 
mutant mouse lines with the RosaTdtomato reporter (Fig. 8, B-E, inserts) to easily localize the 
implanted mutant kidney tissue. Results of these studies showed somewhat surprising results. First, 
control kidney showed some normally appearing kidney tissue with numerous glomeruli (Fig. 8, F); 
however, they also contained dilated cystic epithelial tubules positive for collecting duct markers 
(data not shown) that resembeled findings in some of the mutant kidney lines, including in the 
nephron progenitor lineage (BcatEx3flox/+ Six2Cre; Fig. 8, G), dual stromal progenitor and nephron 
progenitor lineage (BcatEx3flox/+ Six2Cre + Foxd1cre; Fig. 8, I), and early common progenitor 
(BcatEx3flox/+ TCreERT2; Fig. 8, J) which we now know does not result in sustained activation of 
beta-catenin and resembles wild type kidneys. Furthermore, stromal lineage mutant kidneys 
(BcatEx3flox/+ Foxd1Cre; Fig. 8, H), developed scar-like collagen, as evidenced by strong collagen 
staining with trichrome (data not shown). While beta-catenin activation has been previously shown 
to drive fibrogenesis and desmoid tumors through the proliferation of benign fibroblasts in skin 
(Lam and Gottardi, Curr Opin Rheumatol, 2011), this was a somewhat unexpected outcome to see 
with targeting its activation in the developing renal stroma. We had proposed to generate organoids 
from mutant kidneys and subsequently implant these under the kidney capsule; however, due to 
time constraints, these experiments were not performed. As an alternative to using organoids to 
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generate a murine model of Wilms tumor, we have been subsequently using taxomifen inducible 
Cre-lines to generate mosaic activation of beta-catenin in different cell lineages of the developing 
kidney, as previously described (Huang et. al, Neoplasia, 2016), specifically targeting NPCs as well 
as simultaneously targeting both the NPC and stromal lineages, which has not been previously 
examined. We have had our first litter born from these matings, but have not yet analyzed the 
results since we are allowing the mice to age prior to evaluating them for the development of 
tumors, so unfortunately, we are unable to provide that data at this time.  

Figure 8. Characterization of embryonic kidneys with activation of beta-catenin in different cell 
lineages implanted under the kidney capsule of NOD SCID mice to assess tumorigenesis potential. A,F) 
Control (cre-negative kidneys) showed glomeruli (F) and some dilated tubules (data not shown) when 
examined 4 months after implantation. B, G, K) Mutant kidneys with activation of beta-catenin in the 
nephron progenitor lineage interestingly showed few reporter positive cells interspersed amongst the cystic 
tubules/collecting ducts. C, H, L) Mutant kidneys with activation of beta-catenin in the stromal progenitor 
lineage developed scar-like lesions. D, I, M) Mutant kidneys with activation of beta-catenin simultaneously 
in the nephron and stromal progenitor lineages did not show bone-like lesions in the preliminary analysis, 
though this needs to be further examined.  

Other achievements 
Given that activating beta-catenin mutations have been shown to coincide with WT1 (Wilms tumor 
protein 1) mutations in human tumors, we additionally generated mutant mouse lines with 
simulataneous knock out of WT1 and activation of beta-catenin. Loss of WT1 in NPCs has been 
shown to block NPC differentiation (Berry et. al, Disease Models & Mechanisms, 2015), resulting 
in a “nephrogenic rest” like phenotype. Since we and others have shown that beta-catenin activation 
in the NPC lineage resulted in a premature NPC differentiation, we hypothesized that loss of Wt1 
may affect this phenotype, potentially by maintaining NPCs and preventing their abnormal 
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differentiation driven by beta-catenin. However, subsequent analyses of these mutant mice 
(Six2cre;Catnbex3/+;Wt1c/c) show a phenotype essentially indistinguishable from the beta-catenin 
activating mutation alone, with specifically no increased maintenance of NPCs as hypothesized. 
This raised further questions about how beta-catenin activation and loss of Wt1 may cooperate in 
the development of Wilms tumor, leading me to re-examine Wt1 mutant mice targeting the NPCs, 
stroma, and both NPC and stromal lineages. Interestingly, my analyses of these mutant mice suggest 
that loss of Wt1 specifically targeting the NPC lineage results in non-autonomous effects on the 
developing stroma, resulting in an expansion of the stromal progenitor population. While stromal-
to-NPC crosstalk has been previously examined, as described above, there is very little known 
about how NPC-to-stromal signaling may regulate stromal development. Given this is observed 
with Wt1 mutations, this led to a new hypothesis that a block in NPC differentiation may result in 
abnormal stromal development, thus affecting the microenvironment in the developing kidney and 
potentially predisposing to Wilms tumor. While additional progress to evaluate this hypothesis is 
somewhat outside the scope of this proposal, the work supported by this award directly led to this 
new direction of research and may provide further insight into how beta-catenin activation, in 
conjunction with the loss of Wt1, leads to the development of Wilms tumor.  

What opportunities for training and professional development has the project provided? 

Prior to the social distancing implementations due to COVID, I was participating in UTSW Kidney 
SPORE meetings held twice per month (subtask 1) and presented this project (subtask 2) at a 
meeting. Additionally, UTSW has formed a Wilms Tumor Group, which I presentated at and also 
participated in meetings (subtask 2). I also was invited to present at the 2020 Kidney Cancer 
Research Summit and presented at the Pediatric Academic Societies (PAS) meeting in May 2021 
(subtask 4). Furthermore, I have submitted a Department of Defence Early Career Investigator Idea 
Development Application as well as an NIH K08 Career Development Application from work that 
developed from studies outlined in this proposal.  

How were the results disseminated to communities of interest? 

I have presented this project to groups at my institution and at national meetings, as described 
above. Additionally, work from this proposal was published the journal Development (see 
manuscript attached).  

What do you plan to do during the next reporting period to accomplish the goals?  

Nothing to report  

4. IMPACT:

What was the impact on the development of the principal discipline(s) of the project?

Our work as well, as previous studies, have shown that activating beta-catenin mutations are
observed in both blastema and stromal components of Wilms tumor. It has long been assumed that
the causal mutation in Wilm tumors occur in the blastemal component, with current models
presuming that activation of beta-catenin in the blastemal lineage drives tumor formation. However,



18 

we and others have shown that activation of beta-catenin in the nephron progenitor lineage 
paradoxically resulted in loss of NPC renewal in mice, a phenotype opposite to Wilms tumor. 
Conversely, we showed that activation of beta-catenin in the stromal progenitor population resulted 
in mutant kidneys with remnant epithelial structures surrounded by undifferentiated mesenchyme 
and spindle-shaped fibroblasts, similar to the histology of Wilms tumor. Furthermore, 
transcriptomes of mutant mouse kidneys with activating mutations in either the nephron progenitor 
lineage or the stromal lineage were compared with human Wilms tumors, revealing that Wilms 
tumor shares characteristics of the stromal-lineage mutants more so than wild-type developing 
kidney or NPC lineage mutants. Taken together, these findings suggest that activation beta-catenin 
in the stroma contributes to Wilms tumor pathogenesis, and further understanding of the lineage-
specific effects of CTNNB1 mutations may lead to a better understanding of how the stromal 
microenvironment contributes to tumorigenesis. Additionally, this work has provided significant 
insights into the cross-talk amongst the nephron and stromal lineages during normal development, 
identifying a novel area of research in Wilms tumor biology. 

What was the impact on other disciplines? 

In normal kidney development, WNT/beta-catenin signaling regulates multiple aspects of 
nephrogenesis, including NPC maintenance, mesenchymal-to-epithelial transition, ureteric bud 
progenitor renewal, and differentiation of the interstitium. By examining the transcriptomic 
effects of beta-catenin activating mutations in multiple cell lineages of the developing kidney, we 
have further defined how abnormal activation of this signaling pathway exerts both cell-type 
specific and lineage-independent effects in renal development. While these findings are not only of 
interest from the perspective of Wilms tumor pathogenesis, they also aid in further understanding 
the roles of the renal stroma in regulating normal development. While distinctions between cortical 
and medullary interstitial cells have been previously recognized, recent work has revealed a 
surprising degree of heterogeneity in the embryonic renal interstitium (England et al., Development, 
2020). These findings suggest that unique subpopulations or specific zones/regions of the 
developing renal interstitium may regulate the maturation or specification of adjacent cell types in 
the normally developing kidney. In support of this, inactivation of beta-catenin in the stromal 
progenitor population using Foxd1Cre has been shown to block development of the papillary 
interstitium as well as adjacent epithelial cells of the loop of Henle (England et al., Development, 
2020 and Yu et al., Development, 2009). Conversely, in work performed under this study, we 
showed that activation of beta-catenin in the stromal progenitor population drives expression of 
papillary interstitial cells, with this abnormal interstitial patterning disturbing the normal stromal 
microenvironment, and leading to a lack of differentiation and altered gene expression in NPCs, 
with these findings contributing to the further understanding of nephrogenesis in the field of kidney 
development.  

What was the impact on technology transfer? 
Nothing to report 

What was the impact on society beyond science and technology? 
Nothing to report 

5. CHANGES/PROBLEMS:



19 

Changes in approach and reasons for change 

Overall, the work performed in the first year of funding needed to be significantly adjusted from the 
timeline previously proposed in the statement of work due to an institutional wide laboratory shut 
down in initiated in April 2020 due to the COVID19 pandemic. This limited our mouse work to 
only essential activities to maintain the colony, with other experiments to generate tissue (ie: for 
RNA seq and explant studies) placed on hold as directed by our institition. Additionally, we were 
significantly delayed in obtaining human Wilms tumor samples from our institution’s biorepository, 
which was closed for any requests due to the COVID19 shutdown. Given these obstacles, we 
worked with the data and tissue that we had already generated in an effort to continue to make 
progress toward each research aim as outlined in the accomplishments section of this report. 
Additionally, I had turnover in my laboratory personnel with difficulty hiring new research 
technicians, which significantly limited the ability to perform in vitro assays in the lab. 

As described, we adjusted our approach/methods on several subtasks to try to make progress in our 
proposed research aims. Since we were able to identify and validate several candidate genes from 
the bulk RNA seq data was previously performed, it became less critical to perform additional 
RNA-seq studies on isolated stroma from mutant kidneys. Additionally, we obtained preliminary 
data in our in vitro explant culture model that required significant troubleshooting prior to 
proceeding with gene overexpression/knock-down assays. We also experienced some technical 
challenges in performing single nuclei RNA-seq, thus delaying the generation of analyzed data for 
these aims. However, we were able to make significant progress in analyzing Wt1 mutant mice and 
troubleshooting the above assays, thus still providing a high likelihood of completing these 
experiemnts with additional time.  

Actual or anticipated problems or delays and actions or plans to resolve them 

Nothing to report 

Changes that had a significant impact on expenditures 

Please see below for a description of the budget and justification, including any changes made to the 
budget for year 1 provided with the initial grant proposal: 

PERSONNEL    (Year 1), (Year 2) 
No changes were made. 

TRAVEL  (Year 2) 
No changes were made. 

MATERIALS AND SUPPLIES   (Year 1),  (Year 2)  
Due to the delayed in-vitro and cell culture work, expenses not utilized during year 1 were deferred 
to year 2.  
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OTHER EXPENSES (CORE SERVICES)   (Year 1),  (Year 2) 
Due to the delay in obtaining human samples for sequencing and delay in utilizing the UTSW 
lentiviral vector core, expenses not utilized during year 1 were deferred to year 2.  

ANIMAL COSTS   (Year 1), (Year 2) 
Due to the limited mouse work performed during our institutional COVID shutdown, expenses not 
utilized during year 1 were deferred to year 2.  

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or 
select agents 

The regulatory review and approval by the USAMRMC Animal Care and Use Review Office 
(ACURO) for animal work included in the institutionally approved PI’s protocol (APN 2019-
102701) and the USAMRMC Human Research Protection Office (HRPO) obtain de-identified 
samples of humans Wilms tumor from our institutional biorepository per PI’s IRB (STU-2019-
1047) were both completed in 9/2019, with no significant changes to report.  

Significant changes in use or care of human subjects 
Nothing to report 

Significant changes in use or care of vertebrate animals 
Nothing to report 

Significant changes in use of biohazards and/or select agents 
Nothing to report 

6. PRODUCTS:

• Publications, conference papers, and presentations   .

Journal publications.

Drake KA, Chaney CP, Das A, Roy P, Kwartler CS, Rakheja D, Carroll TJ. Stromal
activation of beta-catenin in the developing kidney impacts nephron progenitor
differentiation and may contribute to Wilms tumor. Development. 2020; 147(21). PMID:
32541007. Published in July 2020. Acknowledgement of federal support: Yes.

Books or other non-periodical, one-time publications.
Nothing to report

Other publications, conference papers and presentations.
Kidney Cancer Research Summit Presentation: Defining the role of beta-catenin in Wilms
tumor; October 22, 2020; Virtual Seminar.
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Pediatric Academic Societies (PAS) and American Society for Pediatric Nephrology 
(ASPN) Presentation: Stromal beta-catenin in Wilms tumor; May 24, 2021; Virtual Seminar. 

• Website(s) or other Internet site(s)
Nothing to report

• Technologies or techniques
Nothing to report

• Inventions, patent applications, and/or licenses
Nothing to report

• Other Products
Nothing to report

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project?

Name: Keri Drake – No change
Name: Christopher Chaney – No change
Name: Mohita Patel – left for another position, replaced by Brianna Bentley

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel
since the last reporting period?

The only change in support for personnel on the grant is for Keri Drake (PI), who’s active funding
from the CCRAC Early Career Research Award (9/2018 - 8/2020) was extended through a NCE
(through 12/2021).

What other organizations were involved as partners?
Nothing to report

8. SPECIAL REPORTING REQUIREMENTS
Nothing to report

9. APPENDICES:

Please see the attached published manuscript.
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