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Abstract
WT1 encodes a podocyte transcription factor whose variants can cause an untreatable glomerular disease in early
childhood. Although WT1 regulates many podocyte genes, it is poorly understood which of them are initiators in
disease and how they subsequently influence other cell-types in the glomerulus. We hypothesised that this could
be resolved using single-cell RNA sequencing (scRNA-seq) and ligand-receptor analysis to profile glomerular cell–
cell communication during the early stages of disease in mice harbouring an orthologous human mutation in WT1
(Wt1R394W/+). Podocytes were the most dysregulated cell-type in the early stages of Wt1R394W/+ disease, with
disrupted angiogenic signalling between podocytes and the endothelium, including the significant
downregulation of transcripts for the vascular factors Vegfa and Nrp1. These signalling changes preceded
glomerular endothelial cell loss in advancing disease, a feature also observed in biopsy samples from human
WT1 glomerulopathies. Addition of conditioned medium frommurineWt1R394W/+ primary podocytes to wild-type
glomerular endothelial cells resulted in impaired endothelial looping and reduced vascular complexity. Despite the
loss of key angiogenic molecules in Wt1R394W/+ podocytes, the pro-vascular molecule adrenomedullin was
upregulated in Wt1R394W/+ podocytes and plasma and its further administration was able to rescue the impaired
looping observed when glomerular endothelium was exposed to Wt1R394W/+ podocyte medium. In comparative
analyses, adrenomedullin upregulation was part of a common injury signature across multiple murine and human
glomerular disease datasets, whilst other gene changes were unique to WT1 disease. Collectively, our study
describes a novel role for altered angiogenic signalling in the initiation of WT1 glomerulopathy. We also identify
adrenomedullin as a proangiogenic factor, which despite being upregulated in early injury, offers an insufficient
protective response due to the wider milieu of dampened vascular signalling that results in endothelial cell loss in
later disease.
© 2024 The Author(s). The Journal of Pathology published by JohnWiley & Sons Ltd on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction

Mutations in the podocyte transcription factor Wilms
tumour 1 (WT1) account for around 15% of genetically
diagnosed congenital glomerular diseases [1]. There are
no specific drug treatments for WT1 glomerulopathy,
with cases being unresponsive to glucocorticoids and
second-line immunosuppressive drugs [1,2]. WT1
adopts both activation and repressive functions [3] and
directly regulates approximately half of all podocyte-
specific genes [4,5], at least 18 of which have known
variants resulting in congenital glomerulopathies [5].
Genomic investigation into pairwise interactions between
WT1 and its genetic targets [4–6] has advanced our knowl-
edge of the WT1-regulated podocyte transcriptome, but
we still lack an integrated understanding of how WT1
initiates multicellular glomerular decline and how this
can be treated.

One approach to explore glomerular pathophysiology
is to use single-cell RNA sequencing (scRNA-seq), a
technique which has characterised the multicellular tran-
scriptional landscape of glomerular health [7] and
disease [8–10]. Most studies to date have focused on
experimentally induced, adult pathologies [8–10], rather
than models replicating genetic mutations observed in
the paediatric population. Therefore, we performed
scRNA-seq on glomeruli from a clinically relevant
murine model of WT1 childhood-onset glomerulopathy
(Wt1R394W/+) [11]. These mice carry a heterozygous
point mutation in WT1, resulting in the substitution
of a tryptophan for arginine at codon 394 in the
DNA-binding, third zinc finger (WT1 c.1180C > T;
p.R394W). This mutation is orthologous to a
paediatric hotspot mutation, accounting for around
30% of all identified WT1 mutations [12] and the most
commonmutation found in Denys–Drash syndrome [13]
(DDS, OMIM #194080), characterised by early onset
steroid-resistant nephrotic syndrome (SRNS) and dif-
fuse mesangial sclerosis (DMS) [12].

Using theWt1R394W/+ mouse, we generated a glomer-
ular transcriptomic dataset at single-cell resolution,
exploring the early stages of an early-onset childhood
disease. Using cell-specific differential expression and
ligand-receptor interaction analyses, we reveal early
transcriptional characteristics of mutant podocytes,
including disrupted angiogenic signalling, with the loss
of key vascular factors, preceding glomerular capillary
loss. Accordingly, tube formation was impaired in
glomerular endothelial cells (GECs) exposed to condi-
tioned medium from Wt1R394W/+ podocytes. Despite
this overall anti-angiogenic environment inWt1 glomer-
ular disease, we found an upregulation of the vascular
peptide adrenomedullin in Wt1R394W/+ podocytes and
plasma. Further administration of adrenomedullin
reversed the impairment of GEC tube formation induced
by Wt1R394W/+ podocyte medium, suggesting an ins-
ufficient protective response. Wider transcriptomic anal-
ysis found adrenomedullin as part of a common
glomerular-injury signature across multiple murine
and human glomerular disease datasets.

Materials and methods

Experimental animals
Animal procedures were approved by the UK Home
Office. Male C57BL/6 mice heterozygous for Wt1
c.1800 C > T p. R394W [11] were backcrossed with
MF1 females (Charles River, Margate, UK) for two
generations [11]; second-generation male offspring
(Wt1R394W/+) were used for all subsequent analysis.
Histological and biochemical assessment is outlined in
Supplementary materials and methods.

Glomerular isolation, single-cell processing and
analysis
Representative individuals (n = 2) for Wt1+/+ and
Wt1R394W/+ mice were used for scRNA-seq. Glomeruli
were isolated as described [8,14] with some adaptations to
maximise podocyte yield (see Supplementarymaterials and
methods). Glomerular single-cell suspensions fromWt1+/+

and Wt1R394W/+ mice were processed in parallel using the
Chromium Next GEM Single Cell 3’ Reagent Kits version
3.1 (Dual Index) kit (10x Genomics, Pleasanton, CA,
USA) following the manufacturer’s instructions. Cell-type
clusters were identified using canonical markers of glomer-
ular cells and informed by published murine scRNA-seq
studies [8,15–17]. WT1 motif analysis was performed
using CiiiDER [18] and inference of glomerular
intercellular communication was determined using
NICHES [18]. Detailed protocols are in the
Supplementary materials and methods.

Cross-disease comparison of podocyte differential
gene expression
To compare podocytes in Wt1R394W/+ glomerulopathy
with other models of early glomerular disease, publicly
accessible scRNA-seq data from Dynabead isolated glo-
meruli were used [8]. Conserved murine genes (found in
all four analysed murine scRNA-seq datasets) underwent
targeted screening for similar dysregulation (fold-
change>0.25 and p < 0.05) in human microarray glomer-
ular datasets in the Nephroseq database nephroseq.org.

Immunofluorescence
Immunofluorescence staining was performed on murine
tissue using antibodies against WT1 (1:100, ab89901,
Abcam, Cambridge, UK), F4/80 (MCA497G, Bio-Rad,
Oxford, UK) and CD31 (1:400, MA3105, ThermoFisher,
Waltham, MA, USA) and on human tissue using an anti-
CD31 antibody (1: 200, ab76533, Abcam). Analysis was
conducted in FIJI [19] as outlined in Supplementary
materials and methods.

Primary podocyte harvest, RT-qPCR and tube
formation assays
For primary podocyte harvest, glomeruli were isolated
from Wt1+/+ and Wt1R394W/+ mice at 4 weeks of age as
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described [20]; see Supplementary materials and
methods for details. Podocyte RNA was extracted
(74136, Qiagen, Manchester, UK) and cDNA prepared
using the gDNA Clear cDNA Synthesis Kit (172-5,035,
Bio-Rad, Oxford, UK). Reverse transcription-quantita-
tive polymerase chain reaction (RT-qPCR) was
performed in duplicate using qPCRBIO SyGreen Mix
Lo-ROX (PB20.11–05, PCRBioSystems, London, UK)
with specific primers for Vegfa and Nrp1 standardised to
Gapdh. Tube formation assays were conducted with
medium conditioned by primary podocytes isolated
from Wt1+/+ and Wt1R394W/+ mice at 4 weeks of age,
which were added to wild-type primary murine GECs
(C57-6014G, Cell Biologics, Chicago, IL, USA) and
analysed using FastTrack AI (MetaVi Labs, Austin,
TX, USA); see Supplementary materials and methods
for details.

Statistical methods
Differences between Wt1+/+ and Wt1R394W/+ groups
were analysed using Prism (GraphPad Inc, Boston,
MA, USA). Normality was assessed using a Shapiro–
Wilk test, and if necessary, data converted to a log scale
before analysis using relevant parametric statistical tests.
Significance was accepted at p < 0.05 and data in graphs
are presented as mean ± SD.

Results

Time course of disease progression in
Wt1R394W/+ mice
The glomerulus is a specialised multicellular niche
(Figure 1A) that becomes structurally and functionally
compromised in WT1 glomerulopathy. Prior work has
shown that Wt1R394W/+ kidneys appear histologically
normal at birth and 3 weeks of age, with proteinuria
present by 8 weeks [11]. To further understand the rela-
tionship between renal structure and function, we com-
pared histology with urinary albumin/creatinine ratio
(ACR) and blood urea nitrogen (BUN) levels from
4 weeks of age. At 4 weeks of age, in the absence of
any overt histological pathology of DMS (Figure 1B),
urinary ACR was significantly elevated (log10
ACR 3.96 ± 0.08 μg/mg; p < 0.0001) in Wt1R394W/+

mice compared with Wt1+/+ wild-type littermates
(1.91 ± 0.05 μg/mg; Figure 1C), indicating glomerular
filtration barrier impairment. In contrast, BUN levels
were similar between Wt1+/+ (45.97 ± 1.65 mg/dl) and
Wt1R394W/+ mice (50.74 ± 2.60 mg/dl) (Figure 1D). By
8 weeks of age, ACR remained significantly elevated
in Wt1R394W/+ mice (3.48 ± 0.15 μg/mg) compared
with Wt1+/+ animals (2.21 ± 0.12 μg/mg; p < 0.0001,
Figure 1C), and histologically, glomeruli showed mes-
angial matrix expansion, disorganised vasculature and
tuft fibrosis, pathological features of DMS (Figure 1B).
BUN levels were significantly increased by 8 weeks
(Wt1R394W/+, 62.07 ± 2.54 mg/dl versusWt1+/+ littermates,

48.45 ± 1.81 mg/dl; p = 0.0006, Figure 1D). Together this
suggests that 4 weeks represents an early disease timepoint
in Wt1R394W/+ mice, when disease is clinically manifested,
prior to widespread glomerular scaring and deterioration of
renal excretory function.

Generation of a glomerular single-cell
transcriptomic dataset to characterise the onset of
WT1 glomerulopathy
To identify initiators of disease progression, we performed
scRNA-seq on glomeruli isolated by Dynabead perfusion
(supplementary material, Figure S1A) from biochemi-
cally representative 4-week-old Wt1+/+ and Wt1R394W/+

mice (supplementary material, Figure S1B,C). Single-
cell suspensions were generated using a protocol
[8,14] optimised to maximise podocyte viability and
yield. Live cells were individually isolated and
sequenced to generate an aggregated atlas of 6,846 cells.
Eleven transcriptionally distinct cell identities (Figure 1E)
were defined by canonical markers [8,15–17], including
twoWt1+Nphs2+ podocyte clusters,Emcn+Ehd3+ GECs,
Ptn+ Pdgfrb+ mesangium, Sox17+ arterial endothelium,
including Plvap+ efferent arterioles and Edn1+ afferent
arterioles, Acta2+ Myh11+ smooth muscle and Pax8+

Cldn1+ parietal epithelial cells (PECs). Leukocyte subsets
were identified, including a Lyz2+ myeloid cluster,
Cd79a+ Igkc+ B lymphocytes and Cd3+ Trbc2+ T lym-
phocytes (supplementary material, Figure S1D).

We confirmed assigned genotypes, demonstrating
that the C > T mutated allele was expressed as an aver-
age of 39% of total Wt1 coverage in Wt1R394W/+ mice
(Figure 1F); in line with the original description of this
model [11]. We allocated cells according to genotype
within each cluster (Figure 1G and supplementarymaterial,
Figure S1E), revealing cells from both Wt1+/+ and
Wt1R394W/+ mice in all glomerular cell-type clusters in
similar proportions (supplementary material, Figure S1F).
However, podocytes fromWt1+/+ andWt1R394W/+ glomer-
uli resolved into distinct clusters in two-dimensional space,
each corresponding to genotype (Figure 1E and supple-
mentary material, Figure S1E,F).

Dysregulation of the podocyte transcriptome
dominates early WT1 glomerulopathy
To examine cell-type specific changes associated with
early WT1 glomerulopathy, we identified differentially
expressed genes (DEGs) in podocytes, GECs, the
mesangium and PECs (Figure 2A). Of the 3,710 cap-
tured genes in podocytes, 268 genes (7.22%) were sig-
nificantly [log2 fold-change (log2FC) of ≥0.25 and
adjusted p < 0.05] downregulated and 198 upregulated
(5.34%) in Wt1R394W/+ mice compared with Wt1+/+

(Figure 2A). Conversely in GECs, 25/719 (3.48%) genes
were downregulated, and 33/719 (4.5%) genes were
upregulated. Comparatively low numbers of DEGs were
observed in mesangial cells (12 genes; 1.76% down-
regulated and 25 genes; 3.66% upregulated) and PECs
(6 genes; 1.54% upregulated) (Figure 2A and
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supplementary material, Table S1). To assess whether
podocyte transcriptional changes were caused directly
by the aberrant binding of mutant WT1, we used
CiiiDER [21] to predict the presence of WT1 binding

motifs. We found 125 (46.64%) of the podocyte genes
downregulated and 107 (54.04%) of those upregulated
contained a predicted WT1 regulatory element within
1 kbp downstream and 500 base-pairs upstream [5] of

Figure 1. Defining early disease inWt1R394W/+mice to generate a glomerular single-cell dataset for WT1 glomerulopathy. (A) The glomerular
niche, composed of multiple specialised cell-types, which together orchestrate plasma filtration, removing toxic waste products for urinary
excretion. (B) Glomeruli fromWt1R394W/+mutant kidneys showminimal scarring in early disease at 4 weeks of age, but by 8 weeks, glomeruli
show defined features of diffuse mesangial sclerosis, seen as global expansion and scarring of mesangial matrix (black arrowhead),
disorganised vasculature (white arrowhead) with shrinking and sclerosis of glomerular tuft (bracketed), these histological features are also
seen at 10 weeks; scale bars: 50 μm. (C) Elevated albumin/creatinine ratio (ACR), indicative of early glomerular damage, is present in
Wt1R394W/+ mutant mice (turquoise) from 4 weeks of age, with significantly elevated log10 ACR compared with Wt1+/+ littermates (pink)
(t-test at 4 weeks; p < 0.0001; n = 25, 28; lines represent mean ± SD). (D) Blood urea nitrogen, indicative of renal deterioration, is elevated
in Wt1R394W/+ mice by 8 weeks of age (t-test; p = 0.0006, n = 9, 12; lines represent mean ± SD). (E) UMAP clustering of sequenced
glomerular cells from Wt1+/+ and Wt1R394W/+ mice. A total of 6,846 cell-types resolved into 11 transcriptionally distinct cell clusters, of
which only podocytes show two distinct clusters based on genotype. (F) Plot of Wt1 c.1800 C > T p. R394W substitution frequency in
Wt1R394W/+mice, showing mutant T allele is at a lower frequency than the wildtype C, at an average of 39% presented. (G) Plots showing the
proportions of each cell-type within each genotype, all non-podocyte cell-types are well represented across both Wt1+/+ and Wt1R394W/+.
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the transcriptional start site. This fits with previous
reports that around half of podocyte-specific genes are
direct targets of WT1 [4]. We compared our DEGs with

those reported by Ratelade et al [22], who conducted
bulk sequencing of glomeruli isolated from Wt1R394W/+

FVB mutant mice, with minimal albuminuria. Of the

Figure 2 Legend on next page.
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38 downregulated genes described by Ratelade et al,
15 were also present in our DEG lists in podocytes
(Col1a2, Ntrk3, Sulf1, Med24, Cd59a, Mgat4a, Fxyd6,
Plxdc2,Cdon, Abr,Dock5,Dusp15, Aifm3, Pcsk6, Scel),
with Cd59a, Sulf1 also downregulated in PECs. Of the
25 upregulated genes, six were present in our dataset,
five of which were found in podocytes (Cald1,Cyp26a1,
Pstpip2, Ptgds, Reep1) and one in GECs (Mxra7).

To identify the functional roles of DEGs in Wt1R394W/+

podocytes, we conducted gene ontology (GO) analysis
(Figure 2B). The top upregulated pathways in podocytes
indicated metabolic disturbance and cell death. The latter
contrasts with the proposed function of several of the top
five upregulated genes inWt1R394W/+ podocytes (Figure 2C
and supplementary material, Table S1), which adopt a
protective response in glomerular injury. These include
the podocyte-expressed peptidase inhibitor R3hdml
(log2FC = 1.09) and pyruvate kinase (Pkm, log2FC =
0.87), the respective overexpression of which ameliorates
TGF-β-induced apoptosis [23] and protects against mito-
chondrial dysfunction in murine diabetic nephropathy
(DN) [24]. Similarly, p57 (Cdkn1c, log2FC = 1.04), the
loss of which is associated with proliferation in animal
models of podocyte injury [25,26] and patients with pro-
liferative glomerular disease [27,28], is upregulated in
Wt1R394W/+ podocytes, a feature shown to be associated
with reduced proliferation rates [25].

Of the downregulated genes inWt1R394W/+ podocytes,
three of the top five associated GO pathways reflected
dampened angiogenesis (Figure 2B). The top five down-
regulated transcripts included collagen α2(I) (Col1a2,
log2FC = �1.45) and myosin light chain kinase (Mylk,
log2FC = �1.02). The loss of Col1a2, present in the
glomerular extracellular matrix of healthy mice [29], is
associated with sclerotic mesangial matrix accumula-
tion, a hallmark of DMS [30] and Mylk is involved
in stress fibre and focal adhesion formation [31], critical
for podocyte architecture. Reduced β2-microglobulin
(B2m, log2FC = �1.07) has not been described, but is
overexpressed in patients with glomerulonephritis [32] and
elevated serum levels are associated with disease severity
in DN [33]. Astrotactin-2 (Astn2, log2FC = �1.56) is a
risk factor locus associated with reduced glomerular
filtration rate [34] (Figure 2D).

To further examine the upregulation of pathways of ‘cell-
death’, we assessed podocyte (WT1+) cell number through
disease progression, finding fewer WT1+ podocyte cells at

4 weeks in Wt1R394W/+ mice (9.58 ± 0.40 cells/glomerular
tuft in Wt1+/+ mice versus 5.57 ± 0.31 in Wt1R394W/+;
p < 0.0001, Figure 2E,F), a finding exacerbated by
8 weeks (Wt1+/+, 8.38 ± 0.62 versus Wt1R394W/+, 2.75
± 0.28; p < 0.0001), but undetectable in 2-week-old
mice (11.04 ± 0.32 and 10.27 ± 0.35 cells/glomerular
tuft respectively). To verify our clustering data showing
equal proportions of immune cells in Wt1+/+ and
Wt1R394W/+ glomeruli (Figure 1G and supplementary
material, Figure S1F) considering the upregulation of
GO:0090025 – regulation of monocyte chemotaxis in
Wt1R394W/+ podocytes (Figure 2B), we examined
monocyte infiltration in situ at 4 weeks, through mye-
loid marker F4/80+. This found similar intraglomerular
F4/80+ cell numbers in Wt1+/+ (0.21 ± 0.07 cells)
and Wt1R394W/+ mice (0.18 ± 0.04 cells; p = 0.6864;
Figure 2G), which was also the case for extraglomerular
F4/80+ cell counts (supplementary material, Figure S1G).
Regarding the pronounced dampening of angiogenic sig-
nalling, RT-qPCR of primary podocytes isolated at
4 weeks of age (supplementary material, Figure S2A,B)
demonstrated downregulation of both vascular endo-
thelial growth factor A [Vegfa (Wt1+/+ 1.01 ± 0.06
versus Wt1R394W/+ 0.63 ± 0.04); p = 0.0021 Figure 2H]
and Neuropilin-1 (Nrp1, Wt1+/+, 1.02 ± 0.11 versus
Wt1R394W/+ 0.52 ± 0.14; p = 0.033 Figure 2I) in
Wt1R394W/+ podocytes. This describes a down-regulation
that persists ex vivo, outside of the native environment, in
accordwith the presence of predictedWT1 bindingmotifs
(supplementarymaterial, Table S1) and previous evidence
that WT1 directly regulates VEGFA [5,35].

Characterisation of the glomerular cell–cell
communication landscape identifies defective
angiogenic signalling in early WT1 glomerulopathy,
associated with endothelial cell loss
Next, we focused on how Wt1R394W/+ podocytes might
impact other glomerular cells by conducting ligand-
receptor analysis using the NICHES package [18],
predicting paracrine and physical interactions at single-
cell resolution. Partitioning our scRNA-seq atlas by
genotype, we conducted unsupervised clustering from
the NICHES output to generate interaction maps of the
intercellular communication landscape in Wt1+/+ and
Wt1R394W/+ glomeruli. Distinct interaction clusters
between podocytes and GECs (Figure 3A), mesangial

Figure 2. Cell-specific differential expression analyses in the glomerulus shows podocytes as the most affected cell in early WT1 glomerulopathy.
(A) Volcano plots showing differentially expressed genes (DEGs) inWt1R394W/+ podocytes (significant hits show average log2 fold change (FC) >0.25
and adjusted p value <0.05) for podocytes, glomerular endothelial cells, mesangial cells and parietal epithelial cells, showing podocytes as having
the highest number and proportion of DEGs. (B) Gene ontology (GO) pathway analyses of podocyte DEGs, showing the top five upregulated
(red) and downregulated (blue) pathways. (C) Violin plots of the top five upregulated and (D) downregulated genes inWt1R394W/+ podocytes.
(E, F) Podocyte (WT1+) cell counts in glomeruli at 2, 4 and 8 weeks of age show a significant decline in podocyte number from 4 weeks of age (t-test;
p < 0.0001, n = 8 mice per group), further reduced by 8 weeks (t-test; p < 0.0001, n = 8 mice per group). (G) Myeloid (F4/80+) cell counts within the
tuft of 4-week-old glomeruli show no difference between Wt1+/+ and Wt1R394W/+ mice (t-test; p = 0.6864, n = 6 mice per group). (H) Reverse
transcription-quantitative polymerase chain reaction (RT-qPCR) quantified transcript levels of vascular endothelial growth factor A (Vegfa) inWt1+/+

and Wt1R394W/+ primary podocytes isolated from mice at 4 weeks of age show a significant decline in Vegfa in Wt1R394W/+ podocytes (t-test;
p = 0.0021; n = 4mice per group). (I) RT-qPCR quantified transcript levels of neuropilin-1 (Nrp1) inWt1+/+ andWt1R394W/+ primary podocytes isolated
from mice at 4 weeks of age show a significant decline in Nrp1 inWt1R394W/+ podocytes (t-test; p = 0.0333; n = 4 mice per group).
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Figure 3. Altered intercellular signalling between Wt1R394W/+ podocytes and glomerular endothelial, mesangial and parietal epithelial cells
and associated disruption to endothelial angiogenesis. Ligand–receptor interaction analysis was performed using the NICHES package [18] to
infer intercellular communication between podocytes and (A) glomerular endothelial cells (GECs), (B) mesangial cells and (C) parietal epithelial
cells (PECs). A UMAP enabled visualisation of pairwise interactions between cell-types in two-dimensional space, with the following colouring:
orange (Wt1+/+ podocytes –Wt1+/+GEC), yellow (Wt1R394W/+ podocytes –Wt1R394W/+GEC), green (Wt1+/+ podocytes –Wt1+/+mesangium), light
blue (Wt1R394W/+ podocytes –Wt1R394W/+mesangium), dark blue (Wt1+/+ podocytes –Wt1+/+ PEC), magenta (Wt1R394W/+ podocytes –Wt1R394W/

+ PEC). (D–F) Heatmaps showing average log2 fold change (FC) of the top seven enriched ligand–receptor interactions (by lowest adjusted p value)
in Wt1+/+ and Wt1R394W/+ glomeruli. (G–I) Tube formation in murine GECs cultured in media conditioned by primary podocytes isolated from
Wt1+/+ andWt1R394W/+mice at 4 weeks of age.Wt1R394W/+ conditionedmedium resulted in (G) fewer loops (t-test; p = 0.0141, n = 10mice per
group), (H) a reduction in total tube length (t-test; p = 0.0141, n = 10 mice per group) and (I) increased individual tube length (t-test;
p = 0.0104, n = 10 mice per group). (J) Representative images of endothelial tube formation inWt1+/+ andWt1R394W/+ podocyte conditioned
media, a single loop (1) and individual tube length (dashed line) are indicated.
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cells (Figure 3B) and PECs (Figure 3C) were apparent,
with no genotype-specific interactions observed.

We examined if the relative strength, defined as the
most statistically significant interactions by NICHES,
were altered (defined by log2FC) between Wt1+/+ and
Wt1R394W/+ glomeruli. Between podocytes and GECs
(Figure 3D), angiogenic signals involved in the
fine-tuning of trans-cellular (between cell) VEGF
signalling [36], including Nrp1-Vegfr2, Vegfa-Vegfr1
and Vegfa-Nrp1, were enriched in healthy glomeruli
(Figure 3D). However, these interactions were lost in
Wt1R394W/+ glomeruli, reflecting the reduction of Nrp1
and Vegfa in mutant podocytes, as neither Vegfr1 nor
Vegfr2 were differentially expressed in Wt1R394W/+

GECs, with Nrp1 expression showing a significant
increase (supplementary material, Table S1). In contrast,
podocyte to endothelial interactions enriched in
Wt1R394W/+ mice involved adrenomedullin (Adm)
and its receptors (Adm-Ramp2, Adm-Ramp3 and
Adm-Calcrl), implicated in angiogenesis [37] and vas-
cular barrier permeability [38]. Admwas detected in the
top 20 upregulated (supplementary material, Table S1)
genes inWt1R394W/+ podocytes and its upregulation has
been reported in experimental models of podocyte
injury [39–41]. Several glomerular interactions involv-
ing podocyte Col1a2 were altered in disease, with con-
nections between mesangial integrin α1 (Col1a2–Itga1)
and syndecan-1 (Col1a2–Scd1) and PEC syndecan-4
(Col1a2–Sdc4) lost inWt1R394W/+ mice (Figure 3E,F).
Podocyte–mesangial interactions enriched in dis-
ease involved nephronectin (Npnt–Itga8), glypican-3
(Gpc3–Lrp1) and Bmp7 signalling. Both Gpc3 and
Bmp7 were upregulated in Wt1R394W/+ podocytes
(supplementary material, Table S1), with upregulation
of Bmp7 reported to be protective in multiple models
of mesangial injury [42,43]. Between podocytes
and PECs, Cxcl12-Sdc4 signalling was enriched
(Figure 3E) inWt1R394W/+ glomeruli, a pathway impli-
cated in the inhibition of PEC recolonisation in the
injured glomerulus [44].

As both GO and ligand-receptor analyses indicate
disruption to podocyte-derived angiogenic signalling in
the Wt1R394W/+ glomerulus, we conducted tube for-
mation assays with wild-type primary murine GECs
(supplementary material, Figure S2C) exposed to
medium conditioned by podocytes harvested from
4-week-old Wt1+/+ or Wt1R394W/+ mice. Exposure of
GECs to conditioned medium from Wt1R394W/+

podocytes led to on average 30.6% significantly
fewer endothelial loops (p = 0.0200; Figure 3G),
along with significantly reduced total tube length
(by 7.9%, p = 0.0141; Figure 3H), with each individ-
ual tube showing on average a 56.2% significantly
longer length in Wt1R394W/+ conditioned medium
(p = 0.0104; Figure 3I). Overall, this led to GECs in
Wt1R394W/+ conditions forming fewer, wider loops, indic-
ative of a less complex microvascular network (Figure 3J).

To evaluate the impact of this in vivo, we measured
GEC coverage through disease progression in Wt1+/+

andWt1R394W/+ mice. Unlike the onset of podocyte loss,

which was present from 4 weeks, endothelial cell num-
ber (CD31+ coverage/ tuft area) was maintained in
2-week-old (Wt1+/+, 49.7 ± 3.7% and Wt1R394W/+,
53.2. ± 2.8%) and 4-week-old (Wt1+/+, 51.9 ± 1.3%
and Wt1R394W/+, 42.9 ± 4.0%) glomeruli, but sho-
wed a reduction of around 50% by 8 weeks of age
(Wt1+/+, 52.39 ± 4.0% versus Wt1R394W/+, 22.0 ± 3.3%;
p < 0.0001; Figure 4A,B). We also evaluated GEC cover-
age in human biopsies from WT1 glomerulopathies.
Samples taken from four healthy paediatric donors
(HPD1-4) showed an average CD31+ endothelial cover-
age of 25.6 ± 4.0% (Figure 4C). Two of the three WT1
glomerulopathies analysed, including a WT1p.R366H
(WT1 c.1097G > A; p.Arg366His, 14.6 ± 3.8%)
mutation, with thrombotic microangiopathy on his-
tology [45] (Figure 4D,i) and the WT1p.R394W
(17.55 ± 7.9%) mutation, with DMS on histology [46]
(Figure 4D,ii), showed a significant reduction in GEC
coverage compared with HPD1-4 (p < 0.0001). The
third mutation, WT1p.H405R (WT1 c.1214A > G;
p.His405Arg, 24.3 ± 3.8%), with areas of glomerular
matrix expansion on histology [46] (Figure 4D,iii), showed
no difference compared with HPD1-4 (Figure 4C–E).

Upregulated adrenomedullin supports endothelial
angiogenesis in Wt1R394W/+ glomeruli
The enrichment of adrenomedullin signalling between
podocytes and GECs in Wt1R394W/+ glomeruli
(Figure 3D) led us to further investigate its role in the
context of WT1 glomerulopathy. Adm is predomi-
nantly expressed in podocytes (Figure 5A) and its
receptors in GECs (Figure 5B–D). Differential expres-
sion analyses demonstrated a significant upregulation
(log2FC = 0.66; Figure 5E and supplementary material,
Table S1) of Adm in Wt1R394W/+ podocytes. We next
quantified circulating levels of pro-adrenomedullin
(pro-AM), the precursor peptide for adrenomedullin, in
plasma from Wt1+/+ and Wt1R394W/+ mice and found
significantly elevated levels in 4-week-old Wt1R394W/+

mice (log10 pro-AM 1.95 ± 0.23 pg/ml) compared with
Wt1+/+ (log10 pro-AM 1.55 ± 0.34 pg/ml; p = 0.0081),
but no difference at 8 weeks of age (Figure 5F). To
explore the role of podocyte Adm upregulation in the
context of the anti-angiogenic environment found in
Wt1 glomerular disease (Figures 2H,I and 3D), we quan-
tified secreted levels of pro-AM in the Wt1R394W/+

podocyte conditioned medium used in tube formation
assays and found a significant positive correlation with
the number of loops (p = 0.019; Figure 5G) of cultured
GECs. Together this suggests that despite the overall
dampening of vascular signalling, adrenomedullin
increases in early Wt1R394W/+ disease, adopting a pro-
angiogenic role in the glomerulus.
Subsequently, we repeated tube formation assays

with Wt1R394W/+ podocyte conditioned media with
the addition of 200 nM of exogenous adrenomedullin.
This supplementation resulted in the cultured GECs
showing increased loop count (an average increase of
157.6%; p = 0.0003 versus Wt1R394W/+ conditioned
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medium without supplementation; Figure 5H),
alongside increased total tube length (by an average
of 37.8%; p < 0.0001; Figure 5I) but with a reduction
in the average length of each tube (by 53.0%;
p = 0.025; Figure 5J), resulting in a denser, more
complex endothelial network (Figure 5K). Together
this suggests that Adm upregulation offers a protec-
tive response in Wt1R394W/+ podocytes; however, at
native expression levels, this upregulation is insuffi-
cient to combat the wider loss of other vascular
factors.

Adrenomedullin upregulation is part of a common
signature of podocyte injury across murine and
human glomerulopathies
To explore the extent to which adrenomedullin
upregulation is a common feature of podocyte injury across
murine and human glomerulopathies, we conducted an

integrated comparison of Wt1R394W/+ glomeruli with
three other murine scRNA-seq datasets [8]: (1) the
nephrotoxic nephritis model (supplementary material,
Figure S3A) of adult autoimmune glomerulonephritis;
(2) a leptin-deficiency (BTBR Lepob/ob) model of adult
DN (supplementary material, Figure S3B); and (3) a
CD2AP-null (Cd2ap�/�) model of congenital FSGS,
which also results in compromised immune function
due to the role of CD2AP in T-cell adhesion [47] (sup-
plementary material, Figure S3C). Akin to our
Wt1R394W/+ dataset, scRNA-seq data from these models
were taken during early disease, at the onset of protein-
uria, but prior to pathological glomerular changes [8].
Podocyte DEGs were computed for each model and
compared across all four pathologies (Figure 6A,B).
This approach identified upregulation of Adm across all
four mouse models as part of a common signature of
23 upregulated and five downregulated podocyte genes
(Figure 6C); with 47 upregulated and 17 downregulated

Figure 4. Glomerular endothelial loss in WT1 glomerulopathy in mouse and human tissues. (A) Endothelial cell (CD31+) coverage/glomerular
tuft area in murine glomeruli at 2 (t-test; p = 0.4733; n = 8 mice per group), 4 (t-test; p = 0.0624; n = 8 mice per group) and 8 weeks of age
shows a significant decline in CD31+ coverage by 8 weeks of age (t-test; p < 0.0001, n = 8 mice per group). (B) Representative images of CD31+

coverage in the glomerular tuft inWt1+/+ andWt1R394W/+mice at 4 weeks of age with similar endothelial coverage andWt1R394W/+ at 8 weeks of
age when a significant loss in endothelial coverage is observed; scale bars: 50 μm. (C) Endothelial cell (CD31+) coverage/glomerular tuft area in
human glomeruli from biopsies taken from four healthy paediatric donors (pooled and indicated in gradient colours: HPD1, 22 glomeruli; HPD2,
42 glomeruli; HPD3, 20 glomeruli; and HPD4, 11 glomeruli) and three WT1 glomerulopathy donors, of which WT1.pR336H (one-way ANOVA,
p < 0.0001, 25 glomeruli) and WT1.pR394W (one-way ANOVA, p < 0.0001, 27 glomeruli) showed a significant reduction of CD31+ coverage,
whereas WT1.pH405R (one-way ANOVA, p = 0.3988, 55 glomeruli) showed no significant difference in CD31+ glomerular coverage compared with
HPD1-4. (D, E) Representative glomerular histology of three WT1 glomerulopathy donors WT1.pR336H, WT1.pR394W and WT1.pH405R.
(E) Representative images of CD31+ coverage in the glomerular tuft of WT1 glomerulopathies, of which a significant loss in endothelial coverage
is observed in WT1.pR336H and WT1.pR394W, but not in WT1.pH405R glomeruli when compared with HPD1–4; scale bars: 50 μm.
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genes in three or more of the four datasets (supplementary
material, Table S2).

To explore the relevance of these conserved murine
genes to human disease, we used Nephroseq to analyse
human glomerular microarray datasets. These included
variants of FSGS [48,49]; minimal change disease
(MCD) [48,49]; three immune-mediated glomerulopathies,
IgA nephropathy (IgAN) [48,50], membranous nephropathy

(MN) [48] and lupus nephritis (LN) [48,51,52]; and DN
[48,53]. Thirteen of the 28 (46.43%) transcripts dif-
ferentially expressed across murine models were
altered in at least one human glomerulopathy dataset
(Table 1). ADM was upregulated (supplementary material,
Figure S4Ai–iii) in three human disease datasets,
LGALS1 (supplementary material, Figure S4Bi–v),
CXCL1 (supplementary material, Figure S4Ci-–v)

Figure 5. Adrenomedullin is upregulated in early disease inWt1R394W/+mice and acts as a pro-angiogenic factor secreted by podocytes.
Featureplots showing UMAP expression localisation of (A) Adm predominantly in podocytes and its receptors, (B) Calcrl, (C) Ramp2 and
(D) Ramp3 in glomerular endothelial cells (GECs). (E) Violin plot of Adm, significantly upregulated in Wt1R394W/+ podocytes [log2 fold
change (FC) = 0.66]. (F) Plasma pro-adrenomedullin (pro-AM) levels are elevated in Wt1R394W/+ mice (turquoise) compared with
Wt1+/+ littermates (pink) at 4 weeks of age (two-way ANOVA, p = 0.0081, n = 12 mice per group), an increase which is lost in
Wt1R394W/+ mice by 8 weeks of age (two-way ANOVA, p < 0.0001, n = 12 mice per group); lines represent mean ± SD. (G) Secreted
levels of pro-AM inWt1R394W/+ podocyte conditioned medium positively correlate with loop count in cultured GECs (line fit by simple
linear regression, two-tailed correlation analyses, p = 0.019). (H–J) Tube formation in murine GECs cultured in media conditioned by
primary podocytes isolated from Wt1R394W/+ mice at 4 weeks of age with and without the addition of adrenomedullin (AM; 200 nM)
results in (H) more loops (paired t-test; p = 0.0002, n = 7 mice per group), (I) increased total tube length (paired t-test; p < 0.0001,
n = 7 mice per group), (J) decreased average individual length (paired t-test; p = 0.0165, n = 7 mice per group); dashed
line represents the average of the Wt1+/+ conditioned media conditions. (K) Representative image of GEC tube formation in
Wt1R394W/+ podocyte conditioned medium with 200 nM AM.
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Figure 6. Damaged podocytes share a common signature in both murine and human glomerulopathies in children and adults, butWt1R394W/+

glomerulopathy has a specific transcriptional profile. (A) Venn diagram of upregulated differentially expressed genes (DEGs) in diseased
podocytes across four murine models of early glomerular disease (Wt1R394W/+, black; nephrotoxic nephritis, blue; Lepob/ob diabetes, green; and
Cd2ap�/�, red), highlighting that the majority ofWt1R394W/+ differentially expressed genes are unique, but 23 genes are common across all
four glomerulopathies. (B) Venn diagram of downregulated podocyte differentially expressed genes across four murine models of early
glomerular disease highlighting that the majority of Wt1R394W/+ DEGs are unique, but five genes are common across all four
glomerulopathies. (C) Heatmap of the 23 and 5 conserved podocyte genes in the Wt1R394W/+ dataset that are up- or downregulated across
four early disease murine glomerular models. (D) Bar charts of the fold-change increase or decrease of conserved genes in murine models
similarly dysregulated in three or more human glomerular pathologies (microarray data, Nephroseq); HD, healthy donor; cFSGS, collapsing
focal segmental glomerulosclerosis glomeruli; DN, diabetic nephropathy glomeruli; FSGS, focal segmental glomerulosclerosis glomeruli;
IgAN, IgA nephropathy glomeruli; LN, lupus nephritis glomeruli; MCD, minimal change disease glomeruli; MN, membranous nephropathy
glomeruli. (E) Heatmap of podocyte DEGs that are unique to Wt1R394W/+ glomerulopathy and were not present in nephrotoxic nephritis,
Lepob/ob diabetes, or Cd2ap�/� models.
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and PRSS23 (supplementary material, Figure S4Di–vii)
transcripts were significantly elevated in five, CRIP1
(supplementary material, Figure S4Ei–vi) upregulated
in six and TNFRSF12A (supplementary material,
Figure S4Fi–viii) increased in seven glomerular disease
datasets (Figure 6D). SULF1 (supplementary material,
Figure S4Gi–iii) and MAFB (supplementary material,
Figure S4Hi–iii) were downregulated in three human dis-
ease datasets.

WT1 glomerulopathy has a unique transcriptional
signature
By performing comparative analyses across murine
podocyte scRNA-seq datasets, we also revealed
disease-specific transcriptional changes (Figure 6A,B).
Focusing on WT1 glomerulopathy, the 114 upregulated

(57.3% of the total upregulated) and 195 downregulated
(72.8% of the total downregulated) genes unique to
Wt1R394W/+ disease point towards its distinct aetiology
(supplementary material, Table S2); the top 30 unique
genes (by log2FC) are shown in Figure 6E.
With this in mind, we explored a key aetiological

hallmark of WT1 glomerulopathy and other congenital
glomerular diseases, their resistance to glucocorticoids
and second-line immunosuppressive therapies [1,2,12].
To do so, we interrogated the list of unique DEGs from
each of the four early disease murine podocyte datasets,
identifying those classified in the broadest immunolog-
ical GO term (GO:0002376 – immune system process).
The unique podocyte DEGs from nephrotoxic nephritis,
DN and Cd2ap�/� models all showed an overall
upregulation of genes involved in ‘immune system pro-
cesses’. In contrast, Wt1R394W/+ was the only model in

Table 1. Podocyte genes dysregulated in Wt1R394W/+, nephrotoxic nephritis, Lepob/ob diabetes and Cd2ap�/� murine scRNA-seq datasets,
with associated changes in human glomerulopathies. All 23 upregulated and five downregulated podocyte genes found in four murine early
disease datasets (Wt1R394W/+, nephrotoxic nephritis, Lepob/ob diabetes and Cd2ap�/�) and their corresponding occurrence in human
glomerular pathologies (Nephroseq).
Gene upregulated in four
murine podocyte datasets

Gene; gene function Upregulated in human datasets

R3hdml R3H domain containing like; putative serine protease inhibitor -
Adm Adrenomedullin; vasodilation, hormone secretion, promotion of angiogenesis DN, FSGS, MN
Dusp14 Dual specificity phosphatase 14; dephosphorylates tyrosine and serine/threonine -
Gpx3 Glutathione peroxidase 3; protects against oxidative stress -
Vamp5 Vesicle associated membrane protein 5; docking/fusion of vesicles and cell membranes -
F2r (Par1) Coagulation factor II Thrombin receptor; regulation of thrombotic response -
Nr4a1 (Nur77) Nuclear receptor-related factor 1; orphan nuclear receptor. -
Tspan2 Tetraspanin 2; cell surface protein involved in signal transduction events MG
Ankrd1 (Carp) Ankyrin repeat domain 1; putative transcription factor -
Lgals1 Galectin 1; modulates cell–cell and cell–matrix interactions, component of slit-

diaphragm
DN, FSGS, IgAN, LN, MN

Gm1673 (C4orf48) Neuropeptide-like protein C4orf48; unknown cFSGS
Gadd45b Growth arrest and DNA damage inducible beta; stress response gene -
Clu Clusterin; extracellular chaperone DN
Fuca1 Alpha-L-fucosidase 1; lysosomal enzyme, degradation of fucose-glycoproteins/lipids -
Cxcl1 C-X-C motif chemokine ligand 1; inflammatory chemokine cFSGS, DN, FSGS, IgAN, LN
Kazn (Kaz) Kazrin; desmosome assembly, cell adhesion, cytoskeletal organisation cFSGS
Crip1 Cysteine rich protein 1; putative function as an intracellular zinc transport protein DN, FSGS, IgAN, LN, MCD, MN
Tnfrsf12a (Fn14) Tumor necrosis factor receptor superfamily member 12A; positive regulation of

apoptosis
cFSGS, DN, FSGS, IgAN, LN, MCD, MN

Csrp1 Cysteine and glycine rich protein 1; putative role in development and cellular
differentiation

-

Cnn2 Calponin 2; putative function in the structural organisation of actin filaments -
Bok BCL2 family apoptosis regulator BOK; a proapoptotic member of the BCL2 family -
Net1 Neuroepithelial cell transforming 1; guanine nucleotide exchange factor for RhoA

GTPase
LN

Prss23 Serine protease 23; trypsin family of serine proteases cFSGS, DN, FSGS, LN, MN

Gene downregulated in
four murine podocyte
datasets

Gene; gene function Downregulated in human datasets

Sulf1 Sulfatase 1; enzyme that removes 6-O-sulphate from proteoglycan heparan sulfate
chains

cFSGS, DN, LN

Snx31 Sorting nexin 31; putative role in intracellular protein transport -
Pard3b Par-3 family cell polarity regulator beta; putative role in cell division and cell

polarization
-

Mafb MAF BZIP transcription factor B; transcription factor, required for podocyte
differentiation

cFSGS, DN, FSGS

Fam129b (Niban2) Niban apoptosis regulator 2; transcriptional coactivator, putative anti-apoptosis role -

cFSGS, collapsing focal segmental glomerulosclerosis glomeruli; DN, diabetic nephropathy glomeruli; FSGS, focal segmental glomerulosclerosis glomeruli; HD, healthy
donor; IgAN, IgA nephropathy glomeruli; LN, lupus nephritis glomeruli; MCD, minimal change disease glomeruli; MN, membranous nephropathy glomeruli.
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which a downregulation of this GO term dominated
(supplementary material, Table S3); an observation
fitting with the lack of monocyte influx noted in
Wt1R394W/+ glomeruli (Figure 2G and supplementary
material, Figure S1G). This suppression inWt1R394W/+

podocytes is unlikely to reflect direct WT1
mis-regulation, as only two of the 14 immune-related
genes were predicted to contain a WT1 regulatory
element.

Discussion

Our results constitute the first scRNA-seq glomerular
dataset of a childhood glomerulopathy, which models a
clinically relevant point mutation observed in patients.
Podocytes are the most altered glomerular cell-type in
early Wt1R394W/+ pathology, consistent with the
localisation of WT1 in the postnatal kidney and
the predicted dominant-negative effect of mutant WT1
when binding DNA [54,55]. Our ligand-receptor analy-
sis has highlighted alterations to cell–cell communica-
tion in theWt1R394W/+ glomerulus during the early stages
of disease, with a pronounced role for disrupted angio-
genic signalling and a significant reduction of Vegfa and
Nrp1. We subsequently showed GEC loss in the
Wt1R394W/+ mouse during later disease. Previous tempo-
ral characterisation of disease progression found no
overt changes in kidney histology in newborn or
3-week-old Wt1R394W/+ animals [11]. However, the
pre-natal phenotype of Wt1R394W/+ mice should be
examined in finer detail, using methods such as three-
dimensional imaging [56], as the human pathology of
WT1 glomerulopathies manifests early after birth and
thus is likely to have an initial insult during
nephrogenesis. This could also be examined using
humanWt1R394W/+ kidney organoids, but at present kid-
ney organoid culture does not facilitate the differentia-
tion of vascularised glomeruli with capillary loops and
in vivo vascularisation through murine implantation is
required [57]. The Wt1R362X/+ truncation mouse model
of DDS also displays glomeruli with fewer capillary
loops and lower expression of CD31 [58]. However, this
was assessed at E18.5, due to postnatal lethality.
Postnatal damage to GECs was also apparent in paedi-
atric biopsies from two WT1 glomerulopathies, notably
that of the heterozygous p.R394W point mutation [46]
and a p.R366H mutation [45], but not of a p.H405R
mutation [46,59]. This highlights mutation-associated
variation in pathology, perhaps in accordance with the
severity of abnormal glomerular development [58] or
postnatal damage.
We also found that the vascular peptide adreno-

medullin was upregulated in Wt1R394W/+ podocytes
(Adm) and plasma (Pro-AM). Adrenomedullin adopts
multiple roles within the kidney; from vasodilatory and
diuretic functions, to the regulation of cellular proliferation
and inflammation [37]. Adrenomedullin upregulation
appears to offer a pro-angiogenic protective response in

the dampened angiogenic environment of the Wt1R394W/+

glomerulus in early disease. However, this response is an
ineffective one, in the context of the broader loss of other
vascular signalling molecules, which results in endothe-
lial cell loss in advancing disease. Indeed, the
upregulation of ADM in progressive human pathologies
raises the same point of incomplete protection. Thus, the
extent to which the native upregulation of this molecule
impacts disease progression is an area of future investiga-
tion. However further administration of adrenomedullin
was able to rescue impaired loop formation, supporting
microvasculature complexity in GECs tube formation
assays. Together this suggests that vascular-focused ther-
apies, which have been used in adult pre-clinical models
of kidney disease [60,61], may offer an early, targeted
approach to alleviate the disruption in podocyte vascular
signalling in certain WT1 glomerulopathies. Among
these, adrenomedullin, as a natively upregulated
angiogenic molecule that shows complete rescue
in vitro with further administration, warrants further
investigation.

By integrating our Wt1R394W/+ dataset with other
murine models and human glomerular diseases, we iden-
tified a signature of molecules that define podocyte
injury and offer promise for future treatment approaches.
The eight identified genes span a variety of functions.
ADM was upregulated in human glomeruli from FSGS,
MN and DN, with others describing elevated plasma
levels in patients with non-diabetic CKD [62,63]. As
mentioned, this supports broader therapeutic implica-
tions for ADM, as demonstrated in multiple experimental
models of podocyte injury [39–41]. However, this effi-
cacy is pathology dependent and may not always be
advantageous, as reported in DN, where elevated levels
are linked to increased angiogenesis, a pathological hall-
mark of the early diabetic glomerulus [64,65]. SULF1
(sulfatase-1; supplementary material, Table S1) is a
modulator of growth factor signalling in the GBM and
is a direct target of WT1 [22]. The global Sulf1�/�;
Sulf2�/�mouse displays proteinuria, glomerulosclerosis
and a reduced distribution of VEGFA in the GBM
[66,67], supporting a role for SULF1 beyond that of
WT1 glomerulopathy alone. Galectin-1 is a component
of the slit-diaphragm, and its increased glomerular
expression is a feature of childhood DMS and
FSGS [68], as well as adult DN [69]. MAFB encodes
a transcription factor required for maintenance of
podocyte differentiation and is decreased in podocytes
from patients with FSGS [70]. In contrast, CRIP1
expression is yet to be described in podocytes but is
defined as a marker of juxtaglomerular renin cells [71].
Similarly, serine protease 23 (PRSS23) has received little
attention in the context of glomerular disease, but it is
upregulated in human FSGS glomeruli [72] and in
podocytes and mesangial cells from a Cd2ap+/�;
Fyn�/� mouse model of FSGS [73]. The final two tran-
scriptsCXCL1 and TNFRSF12A, upregulated in five and
seven human datasets respectively, both encode immune
factors. CXCL1 is a chemokine implicated in glomeru-
lonephritis, regulating infiltration of neutrophils into the
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glomerulus [74] while TNFRSF12A promotes inflam-
mation and fibrosis in LN [75] and crescent formation in
IgAN [76]. Our findings show upregulation of CXCL1
and TNFRSF12A in both glomerulonephritis and
nephrotic diseases with a non-immune origin.

Finally, we highlight a critical feature of WT1
glomerulopathy, where a decrease in immune-related
genes defines early pathology and offers a potential
explanation for the suboptimal efficacy of immunosup-
pressive drugs in clinical practice. This was recently
evaluated for calcineurin inhibitors, immunosuppressive
medications with emerging efficacy in genetic SRNS,
which showed no remission response in patients with
WT1 variants, comparedwith 2.2% and 15.4% inNPHS2
and NPHS1 variant cohorts, respectively [77]. Together
this necessitates examination of other genetic variants of
congenital glomerular disease (which, unlike CD2AP,
have no immunological function) to ascertain if this
immunological feature is a unique hallmark of WT1
disease. Our findings point towards the alternative
approach of vascular based therapies, which may mod-
ulate disrupted podocyte cell signalling and the associ-
ated loss of GECs that occurs concurrently with decline
in kidney function.
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