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Abstract  1 

The glomerulus mediates kidney ultrafiltration through specialised epithelial cells called 2 

podocytes which line a basement membrane shared with blood capillary endothelium. Cell-3 

cell crosstalk is critical for glomerular function, but its investigation in childhood glomerular 4 

diseases has received little attention. WT1 encodes a transcription factor expressed in 5 

podocytes, whose heterozygous variants cause devastating kidney disease in childhood. We 6 

used single-cell RNA sequencing and ligand-receptor interaction analysis to resolve the 7 

glomerular transcriptional landscape of mice that carry an orthologous human mutation in WT1 8 

(Wt1R394W/+).  Podocytes were the most dysregulated cell type in early disease, with disrupted 9 

angiogenic signalling preceding glomerular capillary loss. Comparative analyses with 10 

additional murine and human glomerular disease datasets identified unique transcriptional 11 

changes in WT1 glomerular disease, reflecting a non-immunological pathology, whilst 12 

revealing a common injury signature across multiple glomerular diseases. Collectively, this 13 

work advocates vascular-based therapies over immunosuppressive drugs in the treatment of 14 

WT1 glomerular disease.  15 

  16 
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Introduction 1 

Glomeruli are multicellular units in the mammalian kidney that ultrafilter blood, removing toxic 2 

components to be excreted in the urine while retaining blood cells and large proteins. This life 3 

supporting function relies on a healthy blood supply through glomerular capillaries and the 4 

integrity of the glomerular filtration barrier. The filtration barrier is comprised of specialised 5 

epithelia called podocytes which wrap around a fenestrated capillary endothelium, sitting on 6 

the glomerular basement membrane (GBM). This specialised system is supported by a core 7 

of pericyte-like mesangial cells which provide mechanical stability for the glomerular capillary 8 

loops. Parietal epithelial cells (PECs) line the Bowman’s capsule, enclosing this structurally 9 

and functionally distinct niche from the tubulointerstitium.  10 

 11 

Diseases of human glomeruli, also known as ‘glomerulopathies’, can cause nephrotic 12 

syndrome, where the circulation is depleted of large proteins, such as albumin, due to their 13 

loss through the leaky glomerular filtration barrier into the urine. If blood filtration is more 14 

severely impaired, the retention of toxic waste products can be fatal and is referred to as end-15 

stage kidney failure1. A multitude of genes have been implicated in glomerulopathies, with 16 

podocytes being the cell type most commonly involved, expressing at least 50 of the 80 known 17 

genes whose variants result in congenital glomerular disease2. These discoveries have had 18 

positive clinical impacts, providing genetic information for patients and families. However, 19 

fundamental molecular questions remain about how such mutations damage podocytes and 20 

how this implicates other glomerular cells through physical and paracrine intercellular 21 

signalling, resulting in a multicellular injury response3,4.  22 

 23 

Early-onset childhood congenital glomerulopathies often present histologically as diffuse 24 

mesangial sclerosis (DMS), associated obliteration of glomerular capillaries and mesangial 25 

expansion1,2. These pathological features result in nephrotic syndrome and reduced 26 

glomerular filtration, which rapidly progress to end-stage kidney disease. There are no specific 27 
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drug treatments for congenital glomerulopathies, with many cases being unresponsive to 1 

glucocorticoids or second-line immunosuppressive drugs1,2, leaving dialysis or transplantation 2 

as the only interventions for these patients. Mutations in the podocyte expressed zinc finger 3 

transcription factor Wilms tumour 1 (WT1), account for ~15% of genetically diagnosed 4 

congenital glomerular diseases2. WT1 governs many key molecular pathways involved in 5 

podocyte health and disease, directly regulating approximately half of podocyte-specific 6 

genes5, at least 18 of which have known variants that result in congenital glomerulopathies6. 7 

Genomic investigation into pairwise interactions between WT1 and its genetic targets5,6,7 has 8 

advanced our knowledge of the WT1-regulated transcriptome, but we still lack an integrated 9 

understanding of how WT1 initiates multi-cellular glomerular decline and how this can be 10 

effectively treated. 11 

 12 

One approach to explore glomerular pathophysiology in an unbiased manner is to use single-13 

cell RNA sequencing (scRNA-seq). scRNA-seq yields cell-specific transcriptomes, enabling 14 

detection of cell type specific molecular changes, the discovery of rare cell types and the 15 

investigation of intercellular communication. This avenue has been used to characterise the 16 

multi-cellular transcriptional landscape of glomerular health8 and disease9,10 at single-cell 17 

resolution, with an increasing focus on early disease timepoints, towards the goal of 18 

discovering initiators of cellular damage9,10,11. However, most studies to-date have focussed 19 

on adult pathologies, rather than childhood-onset glomerulopathies. To address this need, we 20 

examined a clinically relevant, genetic murine model12 of WT1 glomerulopathy (Wt1R394W/+). 21 

This model carries a heterozygous WT1 point mutation, resulting in the substitution of a 22 

tryptophan for arginine at codon 394 (WT1 c.1180C>T; p.R394W). The change is orthologous 23 

to a hotspot mutation found in Denys-Drash syndrome13 (DDS, OMIM #194080), characterised 24 

by early onset steroid-resistant nephrotic syndrome and DMS on histology.  25 

 26 
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Using the Wt1R394W/+ mouse, we have generated a novel glomerular transcriptomic dataset at 1 

single-cell resolution, exploring the early stages of disease. Using cell-specific differential 2 

expression and ligand-receptor interaction analyses, we identified early transcriptional 3 

characteristics of mutant podocytes, including disrupted angiogenic signalling which precedes 4 

glomerular capillary loss.  From this, we took a comparative approach with other murine 5 

scRNA-seq and human glomerular microarray datasets, identifying transcriptional changes 6 

unique to WT1 glomerulopathy, as well as a common injury signature across multiple 7 

glomerular pathologies. 8 

 9 

10 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 12, 2022. ; https://doi.org/10.1101/2022.10.11.511555doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.11.511555
http://creativecommons.org/licenses/by-nc-nd/4.0/


6 

 

Results and Discussion 1 

Time course of disease progression in Wt1R394W/+ mice  2 

The glomerulus is a highly specialised multicellular niche (Fig. 1a) that becomes structurally 3 

and functionally compromised in WT1 glomerulopathy. Prior work has shown that Wt1R394W/+ 4 

mouse kidneys appear histologically normal at birth and 3 weeks of age, with proteinuria 5 

present by 8 weeks12. To further investigate the relationship between renal function and 6 

structure we compared histology with urinary albumin/creatinine ratio (ACR) and blood urea 7 

nitrogen (BUN) levels; respective indicators of glomerular filtration barrier integrity and renal 8 

excretion. At 4 weeks of age, in the absence of histological pathology of DMS (Fig. 1b), urinary 9 

ACR was significantly elevated (log10 ACR 3.96±0.08 µg/mg; p<0.0001) in Wt1R394W/+ mutant 10 

mice compared with Wt1+/+ wild-type littermates (1.91±0.05; Fig. 1c), indicating impairment of 11 

glomerular filtration barrier functionality. In contrast, BUN levels were similar between Wt1+/+ 12 

(45.97±1.65 mg/dL) and Wt1R394W/+ mice (50.74±2.60 mg/dL) at 4 weeks (Fig. 1d). By 8 weeks 13 

of age, ACR remained significantly elevated in Wt1R394W/+ mice (3.48±0.15 µg/mg;) compared 14 

with Wt1+/+ animals (2.21±0.12 µg/mg; p < 0.0001, Fig. 1c) and histologically, glomeruli 15 

showed pathological features of DMS, including global expansion of the mesangial matrix, 16 

disorganised vasculature and glomerular tuft fibrosis (Fig. 1b). BUN levels were also 17 

significantly increased by 8 weeks (Wt1R394W/+, 62.07±2.54 mg/dL versus Wt1+/+ littermates, 18 

48.45±1.81 mg/dL; p = 0.0006, Fig. 1d). Together this characterisation suggests 4-week-old 19 

Wt1R394W/+ mice represent a timepoint when early disease is clinically manifested, detectable 20 

through ACR, prior to the emergence of glomerular scaring and deterioration of renal excretory 21 

function present by 8 weeks. This rapid time course of disease progression mimics that 22 

observed in patients1,2,13 and suggests that in Wt1R394W/+ mice, examination of transcriptional 23 

changes in the glomerular niche at 4 weeks of age would identify initiators of disease 24 

progression.  25 

 26 
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Generation of a glomerular single-cell transcriptomic dataset to characterise the onset 1 

of WT1 glomerulopathy 2 

To identify changes in glomerular intercellular communication during the initiation of WT1 3 

glomerulopathy, we performed scRNA-seq on glomeruli isolated by Dynabead perfusion at 4 4 

weeks of age in Wt1+/+ and Wt1R394W/+ mice. Using transcardial bead perfusion, glomeruli were 5 

isolated (Supplementary Fig. 1a) and single-cell suspensions were generated from 6 

biochemically representative mice (Supplementary Fig. 1b-c), using a protocol9,14 further 7 

optimised to maximise podocyte viability and yield (see Methods). Live cells were isolated 8 

using the 10X Genomics Chromium platform and sequenced to a depth of 500 million reads 9 

per sample. Putative doublets were removed, as were cells with low feature recovery, or a 10 

high proportion of mitochondrial transcripts, generating an aggregated atlas of 6846 cells. 11 

Unsupervised clustering and dimension reduction discriminated eleven transcriptionally 12 

distinct cell identities (Fig. 1e), defined by canonical markers9,15,16,17, including two Wt1+ 13 

Nphs2+ podocyte clusters (5215 cells), Emcn+ Ehd3+ glomerular capillary endothelium (721 14 

cells), Ptn+ Pdgfrb+ mesangium (317 cells), Sox17+ arterial endothelium, including Plvap+ 15 

efferent arterioles (141 cells) and Edn1+ afferent arterioles (129 cells), Acta2+ Myh11+ smooth 16 

muscle (99 cells) and Pax8+ Cldn1+ PECs (78 cells). Leukocyte subsets were also identified, 17 

including a Lyz2+ myeloid cluster (61 cells), Cd79a+ Igkc+ B lymphocytes (48 cells) and Cd3+ 18 

Trbc2+ T lymphocytes (37 cells) (Supplementary Fig. 1d). 19 

 20 

Next, we confirmed assigned genotypes through the alignment of each sample to the Wt1 21 

primary transcript, demonstrating that the C>T mutated allele was expressed as an average 22 

of 39% of total Wt1 coverage in Wt1R394W/+ mice (Fig. 1f); in line with the original description 23 

of this model12. To examine the proportion of cell types from each genotype, we split cells by 24 

genotype within each cluster (Fig. 1g; Supplementary Fig. 1e), revealing cells from both 25 

Wt1+/+ and Wt1R394W/+ mice in all glomerular cell type clusters in similar proportions 26 

(Supplementary Fig. 1f), with the clear exception of podocytes. Instead, the podocytes from 27 

Wt1+/+ and Wt1R394W/+ glomeruli resolved into distinct clusters in two-dimensional space, each 28 
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corresponding to Wt1 genotype (Fig. 1e, Supplementary Fig. 1e-f). In summary, our scRNA-1 

seq atlas for childhood glomerulopathy contains a similar diversity of cell types compared with 2 

adult disease datasets9,10,11 and illustrates the extent of podocyte transcriptional disruption 3 

driven by a clinically relevant Wt1 mutation.  4 

Figure 1: Defining early disease in Wt1R394W/+ mice to generate a glomerular single-cell 5 

dataset for WT1 glomerulopathy. a) Schematic of the glomerular niche, comprised of 6 

multiple specialised cell types which together, orchestrate plasma filtration, removing toxic 7 

waste products for urinary excretion. b) Glomeruli from Wt1R394W/+ mutant kidneys show 8 

minimal scarring in early disease at 4 weeks of age, but by 8 weeks, glomeruli show defined 9 
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features of diffuse mesangial sclerosis, seen as global expansion and scarring of mesangial 1 

matrix (black arrowhead), disorganised vasculature (white arrowhead) with shrinking of 2 

glomerular tuft (bracketed), these histological features are also seen at 10 weeks; scale bars 3 

= 50μm. c) Elevated albumin/creatinine ratio (ACR), indicative of early glomerular damage, is 4 

present in Wt1R394W/+ mutant mice (turquoise) from 4 weeks of age, with significantly elevated 5 

log10 ACR compared to Wt1+/+ littermates (pink) (t-test at 4 weeks; p < 0.0001; n=25, 28; lines 6 

represent mean ± SD). d) Blood urea nitrogen (BUN), indicative of renal deterioration, is 7 

elevated in Wt1R394W/+ mice by 8 weeks of age (t-test; p = 0.0006, n = 9, 12; lines represent 8 

mean ± SD). e) UMAP clustering of sequenced glomerular cells from Wt1+/+ and Wt1R394W/+ 9 

mice, a total of 6,846 cell types resolve into eleven transcriptionally distinct cell clusters, of 10 

which only podocytes show two distinct clusters based on genotype. f) Plot of Wt1 c.1800 C>T 11 

p. R394W substitution frequency in Wt1R394W/+ mice, showing mutant T allele is at a lower 12 

frequency than the wildtype C, at an average of 39% presented. g) Plots showing the 13 

proportions of each cell type within each genotype, all non-podocyte cell types are well 14 

represented across both Wt1+/+ and Wt1R394W/+. 15 

 16 

Dysregulation of the podocyte transcriptome dominates early WT1 glomerulopathy 17 

To examine cell type specific changes associated with early WT1 glomerulopathy, we 18 

identified differentially expressed genes across the glomerular tuft in podocytes, glomerular 19 

endothelial cells, the mesangium and PECs (Fig. 2a). Of the 3710 captured genes expressed 20 

in podocytes, 268 genes (7.22%) were significantly (log2 fold-change (log2FC) of ≥ 0.25 and 21 

adjusted p < 0.05) downregulated and 198 upregulated (5.34%) in Wt1R394W/+ mice compared 22 

with Wt1+/+ animals (Fig. 2a). Conversely in glomerular endothelial cells, 25 (3.48%) genes 23 

were downregulated and 33 (4.5%), from a total of 719 genes detected. Similarly, 24 

comparatively low numbers of differentially expressed genes were observed in mesangial cells 25 

(12 genes; 1.76% downregulated and 25 genes; 3.66% upregulated) and PECs (6 genes; 26 

1.54% upregulated) (Fig. 2a, Supplementary Table 1). To assess whether these 27 

transcriptional changes were caused directly by the aberrant binding of mutant WT1, we used 28 

CiiiDER18 to predict the presence of WT1 binding motifs in all differentially expressed podocyte 29 

genes. We found 125 (46.64%) of the podocyte genes downregulated and 107 (54.04%) of 30 

those upregulated contained a predicted WT1 regulatory element within 1 kb downstream and 31 
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500 base-pairs upstream6 of the transcriptional start site. Thus, transcriptional changes in 1 

Wt1R394W/+ podocytes are a dominant feature of early WT1 glomerulopathy, partly due to direct 2 

transcriptional disruption.  3 

 4 

To identify the functional roles of differentially expressed genes in Wt1R394W/+ podocytes, we 5 

conducted Gene Ontology (GO) analysis (Fig. 2b). The top upregulated pathways in 6 

podocytes suggested metabolic disturbance (GO:0006120 - mitochondrial electron transport 7 

to NADH to ubiquinone; GO:0006123 - mitochondrial electron transport cytochrome c to 8 

oxygen; and GO:0015990 - electron transport couple proton transport) and cell death 9 

(GO:0010939 - regulation of necrotic cell death). The latter is in contrast with the proposed 10 

function of several of the top five upregulated genes in Wt1R394W/+ podocytes (Fig. 2c; 11 

Supplementary Table 1), which seem to adopt a protective response in glomerular injury. 12 

The peptidase inhibitor R3hdml (log2FC = 1.09) is expressed by podocytes and its 13 

overexpression ameliorates TGF-β-induced apoptosis19. Fittingly, R3hdml knockout in mice 14 

show elevated albuminuria, podocyte foot process effacement and GBM thickening. Pyruvate 15 

kinase (Pkm, log2FC = 0.87) overexpression in podocytes protects against mitochondrial 16 

dysfunction in murine diabetic nephropathy20 and conversely, its loss worsens albuminuria 17 

and podocyte injury in an adriamycin model of focal segmental glomerulosclerosis (FSGS)21. 18 

Cdkn1c (log2FC = 1.04), encoding p57, is associated with podocyte proliferation in animal 19 

models of podocyte injury22,23 and patients with proliferative glomerular disease24,25, with 20 

upregulation of p57 in cultured podocytes being associated with reduced proliferation rates22. 21 

 22 

Of the downregulated genes in Wt1R394W/+ podocytes, four of the top five associated GO 23 

pathways reflected a dampening of angiogenesis (GO:0072102 - glomerulus morphogenesis; 24 

GO:0035767 - endothelial cell chemotaxis; GO: 0061430 - kidney vasculature morphogenesis; 25 

and GO:0038190 - VEGF-activated neuropilin signalling pathway; Fig. 2b). Of the top five 26 

downregulated transcripts, β2-microglobulin, B2m (log2FC = -1.07) was classified into the only 27 

non-vascular GO term (GO:0042026 - protein refolding). B2m is expressed in cultured mouse 28 
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podocytes26 and is commonly upregulated in patients with glomerulonephritis27 (IgA 1 

nephropathy and lupus nephritis), with elevated serum levels associated with disease severity 2 

in diabetic nephropathy28; its downregulation in glomerular disease has not been described. 3 

Col1a2 (log2FC = -1.45), encoding collagen α2(I), is present in the glomerular extracellular 4 

matrix of healthy mice29 and its loss (assessed in Col1a2-deficient mice) is associated with 5 

sclerotic matrix accumulation in the mesangium, a hallmark of DMS30. Mylk encodes myosin 6 

light chain kinase, involved in stress fibre and focal adhesion formation31, processes that are 7 

critical for maintaining podocyte architecture, essential for glomerular filtration. Lastly, 8 

although the functional role of Astrotactin-2, Astn2 (log2FC = -1.56) in the glomerulus is 9 

unknown, a GWAS study identified ASTN2 as a risk factor locus associated with reduced 10 

glomerular filtration rate32.  11 

 12 

To give a pathological context to these transcriptomic changes, we performed 13 

immunofluorescence and RT-qPCR analyses in Wt1+/+ and Wt1R394W/+ mice. To examine the 14 

upregulation of pathways of ‘cell-death’, we assessed podocyte (WT1+) cell number through 15 

disease progression, finding glomerular WT1+ podocyte cells to be significantly fewer at 4 16 

weeks in Wt1R394W/+ mice (9.58±0.40 cells/ glomerular tuft in Wt1+/+ mice versus 5.57±0.31 in 17 

Wt1R394W/+; p < 0.0001, Fig. 2e-f), a finding exacerbated by 8 weeks (Wt1+/+, 8.38±0.62 versus 18 

Wt1R394W/+, 2.75±0.28; p < 0.0001). However, these changes were not detectable in 2-week-19 

old mice (11.04±0.32 and 10.27±0.35 cells/glomerular tuft respectively), reaffirming 4 weeks 20 

as an appropriate age to investigate the early stages of glomerular damage. To verify our 21 

clustering data showing equal proportions of immune cells in Wt1+/+ and Wt1R394W/+ glomeruli 22 

(Fig. 1g; Supplementary Fig. 1f) considering the upregulation of GO:0090025 - regulation of 23 

monocyte chemotaxis in Wt1R394W/+ podocytes (Fig. 2b), we examined monocyte influx in 4-24 

week-old Wt1R394W/+ glomeruli, through quantification of cells expressing the monocyte and 25 

macrophage marker F4/80+ in situ. This analysis found similar intraglomerular F4/80+ myeloid 26 

cell numbers in Wt1+/+ (0.21±0.07 cells) and Wt1R394W/+ mice (0.18±0.04 cells; p = 0.6864; Fig 27 

2g), which was also the case for extraglomerular F4/80+ cell counts (Supplementary Fig. 1g).  28 
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With regard to the pronounced downregulation of angiogenic signalling, RT-qPCR of primary 1 

podocytes isolated at 4 weeks of age demonstrated downregulation of both Vascular 2 

endothelial growth factor A (Vegfa, (Wt1+/+ 1.01±0.06 versus Wt1R394W/+ 0.63±0.04; p = 0.0021 3 

Fig. 2h) and Neuropilin-1 (Nrp1, Wt1+/+, 1.02±0.11 versus Wt1R394W/+0.52±0.14; p = 0.033 Fig. 4 

2i) in Wt1R394W/+ podocytes. This accords with previous evidence that WT1 regulates 5 

VEGFA6,33 and given the fundamental role of VEGFA34 and NRP135,36 signalling in the 6 

maintenance of a healthy filtration barrier, suggests impacts of Wt1R394W/+ podocytes across 7 

other cells of the glomerulus.  8 
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Figure 2: Cell-specific differential expression analyses in the glomerulus shows 1 

podocytes as the most affected cell in early WT1 glomerulopathy. a) Volcano plots 2 

showing differentially expressed genes in Wt1R394W/+ podocytes (significant hits show average 3 

log2FC > 0.25 and adjusted p-value < 0.05) for podocytes, glomerular endothelial cells, 4 

mesangial cells and parietal epithelial cells, showing podocytes as having the highest number 5 
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and proportion of differentially expressed genes. b) Gene Ontology pathway analyses of 1 

podocyte differentially expressed genes, showing the top five upregulated (red) and 2 

downregulated (blue) pathways associated with altered gene expression. c) Violin plots of the 3 

top five upregulated and D) downregulated genes in Wt1R394W/+ podocytes. e-f) Podocyte 4 

(WT1+) cell counts in glomeruli (averaged over 50 glomeruli per animal) at 2, 4 and 8 weeks 5 

of age show a significant decline in podocyte number from 4 weeks of age (t-test; p < 0.0001, 6 

n = 8 mice per group), further reduced by 8 weeks (t-test; p < 0.0001, n = 8 mice per group). 7 

g) Myeloid (F4/80+) cell counts within the tuft of 4-week-old glomeruli, (averaged over 50 8 

glomeruli per animal) show no difference between Wt1+/+ and Wt1R394W/+ mice (t-test; p = 9 

0.6864, n = 6 mice per group). h) RT-qPCR quantified transcript levels of vascular endothelial 10 

growth factor A (Vegfa) in Wt1+/+ and Wt1R394W/+ primary podocytes isolated from mice at 4 11 

weeks of age, show a significant decline in Vegfa in Wt1R394W/+ podocytes (t-test; p = 0.0021; 12 

n = 4 mice per group). i) RT-qPCR quantified transcript levels of Neuropilin-1 (Nrp1) in Wt1+/+ 13 

and Wt1R394W/+ primary podocytes isolated from mice at 4 weeks of age, show a significant 14 

decline in Nrp1 in Wt1R394W/+ podocytes (t-test; p = 0.0333; n = 4 mice per group).  15 

 16 

Characterisation of the glomerular cell-cell communication landscape identifies 17 

defective angiogenic signaling in early WT1 glomerulopathy 18 

We next strove to understand how the transcriptional changes in Wt1R394W/+ podocytes impacts 19 

their interaction with other cell types in the kidney glomerulus. To do so we conducted ligand-20 

receptor analysis using the NICHES package37. NICHES employs a novel approach that 21 

calculates the product of ligand expression on a single cell and the levels of its putative 22 

receptor on a receiving cell in a pairwise manner, which, unlike other ligand-receptor analysis 23 

tools, generates predicted interactions at single-cell resolution. Interactions were 24 

independently screened using STRING38 and the literature, such that only validated 25 

interactions were included. Firstly, by partitioning our scRNA-seq atlas by genotype, we 26 

conducted unsupervised clustering from the NICHES output, to generate interaction maps of 27 

the intercellular communication landscape in Wt1+/+ and Wt1R394W/+ glomeruli. Distinct 28 

interaction clusters between podocytes and glomerular endothelial cells (Fig. 3a), mesangial 29 

cells (Fig. 3b) and PECs (Fig. 3c) were apparent, with no genotype-specific interactions 30 

observed. From this, we reasoned that the relative strength of podocyte-derived signals to 31 
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other glomerular cells could be altered in WT1 glomerulopathy. To assess this, we examined 1 

if the most statistically significant interactions, as defined by NICHES, were altered between 2 

Wt1+/+ and Wt1R394W/+ glomeruli. 3 

 4 

Between podocytes and glomerular endothelial cells (Fig. 3d), Vegfa-Vegfr2 was amongst the 5 

top interactions found in both Wt1+/+ and Wt1R394W/+ mice. The VEGFA signalling pathway, at 6 

least partially regulated by WT1, is critical for glomerular function3,4, with either 7 

overexpression34,39 or deletion34 of podocyte Vegfa resulting in proteinuria, GBM thickening 8 

and endothelial cell loss. Annexin-A1 and -A2 to dysferlin signalling (Anxa1/2-Dysf), a pro-9 

angiogenic pathway independent of VEGF/VEGFR240 and Timp3-Vegfr2, reported to inhibit 10 

angiogenesis in human endothelial cells41, were also shared between healthy and mutant 11 

glomeruli. However, other angiogenic signals involved in the fine-tuning of trans-cellular 12 

(between cell) VEGF signalling42, including Nrp1-Vegfr2, Vegfa-Vegfr1 and Vegfa-Nrp1, were 13 

enriched between podocytes and endothelial cells in healthy glomeruli only (Fig. 3d). The loss 14 

of these interactions is Wt1R394W/+ glomeruli likely reflects reduction of Nrp1 and Vegfa in 15 

mutant podocytes, as neither Vegfr1 nor Vegfr2 were differentially expressed in Wt1R394W/+ 16 

endothelial cells, with Nrp1 expression showing a significant increase (log2FC = 0.26; 17 

Supplementary Table 1). Signalling between ephrin ligands and their receptors (Efna5-18 

Epha4 and Ephb1-Efnb2), involved in regulating endothelial cell turnover, migration and 19 

permeability43, was also present in Wt1+/+ glomeruli, but not enriched in disease. In contrast, 20 

the podocyte to endothelial interactions most enriched in Wt1R394W/+ mice involved 21 

adrenomedullin and its receptors (Adm-Ramp2, Adm-Ramp3 and Adm-Calcr1), responsible 22 

for vasodilatation and vascular barrier function44. Adm was also detected in the top twenty 23 

upregulated (Supplementary Table 1) genes in Wt1R394W/+ podocytes and its upregulation 24 

has been reported in rodent models of experimental podocyte injury45,46. 25 

 26 

Intercellular communication analyses also identified known and novel interactions between 27 

podocytes and the mesangium. Two interactions (Mfge8-Pdgfrb and Nrp1-Pdgfrb) conserved 28 
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across health and disease involved Pdgfrb; an established marker of mesangial cells8,47 (Fig. 1 

3e). Mfge8 and Nrp1 regulate the migration of pericytes48 and mesenchymal cells49 2 

respectively and NRP1-PDGFRβ complex formation is known to regulate the availability of 3 

NRP1 to fine-tune VEGFA/VEGFR2 signalling50. In contrast, the interaction between Nrp1 and 4 

Pdgfra was diminished in Wt1R394W/+ glomeruli. Interactions between podocyte collagen α2(I) 5 

and mesangial integrin α1 (Col1a2-Itga1) and syndecan-1 (Col1a2-Scd1) were also lost in 6 

disease, likely driven by the downregulation of Col1a2 in Wt1R394W/+ podocytes, as neither 7 

Itga1 nor Scd1 were altered between Wt1R394W/+ and Wt1+/+ mesangial cells (Supplementary 8 

Table 1). The loss of this interaction highlights a potential molecular mechanism underlying 9 

the pathology of Col1a2 deficiency, associated with DMS in mice30. Several podocyte-10 

mesangial interactions enriched in disease involved Bmp7 signalling, reflecting the significant 11 

upregulation of Bmp7 in Wt1R394W/+ podocytes (Supplementary Table 1). As with several of 12 

the top upregulated podocyte genes, increased levels of Bmp7 point towards a protective 13 

response, although this time trans-cellular, with elevated BMP7 known to act as a podocyte 14 

protective factor in multiple models of mesangial injury51,52.  15 

 16 

Ligand-receptor analyses also identified interactions between podocytes and PECs, primarily 17 

involving secretory pathways. Present in health and disease, these included Fgfr1/2-Ncam1, 18 

a mediator of FGF signalling53 and Nbl1-Bmp7, an antagonistic BMP7 interaction, acting on 19 

the TGF-β pathway54 (Fig. 3f). Interactions enriched in Wt1+/+ glomeruli included TGF-β 20 

signalling through integrin β8 (Tgfb1-Itgb8), required for the release of the mature TGF-β 21 

peptide55 and Nectin2-Nectin4, involved in the trans-cell endocytosis of cytoplasmic cargo56, 22 

although neither has been investigated in the glomerulus. In Wt1R394W/+ glomeruli, Adam17-23 

Erbb4 was enriched, which is involved in the regulation of EGF signalling and recently 24 

implicated in glomerular injury in murine models of diabetic nephropathy57.  25 

 26 

As both our GO and ligand-receptor analyses demonstrated a significant disruption to 27 

podocyte-derived angiogenic signalling, we analysed glomerular endothelial cell coverage 28 
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(CD31+) through disease progression at 2, 4 and 8 weeks of age. Unlike the onset of podocyte 1 

loss, which was present from 4 weeks, endothelial cell number (CD31+ coverage/ tuft area) 2 

was maintained in 2 (Wt1+/+, 49.7±3.7% and Wt1R394W/+, 53.2.±2.8%) and 4 (Wt1+/+, 51.9±1.3% 3 

and  Wt1R394W/+, 42.9±4.0%) week old glomeruli but showed a ~50% reduction by 8 weeks of 4 

age (Wt1+/+, 52.39±4.0% versus Wt1R394W/+, 22.0±3.3%; p < 0.0001; Fig. 3g-h).  5 

Figure 3: Altered intercellular signalling between Wt1R394W/+ podocytes and 6 

endothelium, mesangium and parietal epithelial cells precedes glomerular endothelial 7 

loss in WT1 glomerulopathy. Ligand-receptor interaction analysis was performed using the 8 

NICHES package37 to infer intercellular communication between podocytes and a) glomerular 9 

endothelial cells (GEC), b) mesangial cells and c) parietal epithelial cells (PEC). A UMAP 10 
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enabled visualisation of pairwise interactions between cell types in two-dimensional space, 1 

with the following colouring: orange (Wt1+/+ podocytes - Wt1+/+ GEC), yellow (Wt1R394W/+ 2 

podocytes - Wt1R394W/+ GEC), green (Wt1+/+ podocytes - Wt1+/+ mesangium), light blue 3 

(Wt1R394W/+ podocytes - Wt1R394W/+ mesangium), dark blue (Wt1+/+ podocytes - Wt1+/+ PEC), 4 

magenta (Wt1R394W/+ podocytes - Wt1R394W/+ PEC). d-f) Heatmaps of the top seven enriched 5 

ligand-receptor interactions by lowest adjusted p-value in Wt1+/+ glomeruli, Wt1R394W/+ 6 

glomeruli, or shared across both genotypes. g) Endothelial cell (CD31+) coverage/ glomerular 7 

tuft area in glomeruli (averaged over 50 glomeruli per animal) at 2 (t-test; p = 0.4733; n = 8 8 

mice per group), 4 (t-test; p = 0.0624; n = 8 mice per group) and 8 weeks of age, shows a 9 

significant decline in CD31+ coverage by 8 weeks of age (t-test; p < 0.0001, n = 8 mice per 10 

group). h) Representative images of CD31+ coverage in the glomerular tuft in Wt1+/+ and 11 

Wt1R394W/+ mice at 4 weeks of age with similar endothelial coverage and Wt1R394W/+ at 8 weeks 12 

of age when a significant loss in endothelial coverage is observed; scale bars = 50μm. 13 

 14 

Collectively, our ligand-receptor analysis has highlighted alterations to intercellular 15 

communication in the Wt1R394W/+ glomerulus, with a pronounced role for angiogenic signalling 16 

that precedes endothelial loss in later disease. By characterising these early changes before 17 

the onset of endothelial loss, we have highlighted several podocyte-derived angiogenic 18 

molecules, including Vegfa, Nrp1 and ephrin ligands, associated with subsequent endothelial 19 

decline. Two additional WT1 mutations in human (WT1_c.1316G>A; p.R439H)58 and mouse 20 

(Wt1R362X/+)59 have been described with glomerular endothelial damage as a feature of their 21 

pathology. Together this suggests vascular focussed therapies may offer a targeted treatment 22 

approach for WT1 glomerulopathies.  23 

 24 

Common signatures of podocyte injury across murine and human glomerulopathies 25 

To improve our molecular understanding of WT1 glomerulopathy relative to other glomerular 26 

diseases, we conducted an integrated comparison of Wt1R394W/+ glomeruli with three other 27 

murine scRNA-seq datasets9: 1) the immune-mediated nephrotoxic nephritis model 28 

(Supplementary Fig. 2a), analogous to adult autoimmune glomerulonephritis; 2) a leptin-29 

deficiency (BTBR Lepob/ob) model of adult diabetic nephropathy (Supplementary Fig. 2b); and 30 

3) a CD2AP-null (Cd2ap-/-) model of congenital FSGS, which also results in compromised 31 
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immune function due to the role of CD2AP in T-cell adhesion60 (Supplementary Fig. 2c). Akin 1 

to our Wt1R394W/+ dataset, scRNA-seq data from each of these models was taken at timepoints 2 

corresponding to the onset of proteinuria, but prior to pathological changes in the glomerulus9. 3 

Differential expression analyses (log2FC of ≥ 0.25 and adjusted p < 0.05) were run on Nphs1+ 4 

and Nphs2+ podocytes from each model, generating gene lists for comparison across all four 5 

disease models (Fig. 4a-b). This approach identified a common signature of 23 upregulated 6 

and 5 downregulated genes by podocytes across all four models (Fig. 4c); with 47 upregulated 7 

and 17 downregulated in three or more of the four datasets (Supplementary Table 2).  8 

 9 

To explore the relevance of these conserved murine genes to human disease, we used 10 

Nephroseq to analyse microarray datasets derived from a spectrum of human glomerular 11 

diseases. These included: variants of FSGS61,62, classified by focal scarring of the glomeruli; 12 

minimal change disease (MCD)61,62, showing normal light microscopy; three immune-13 

mediated glomerulopathies, IgA nephropathy (IgAN)61,63, membranous nephropathy (MN)61 14 

and lupus nephritis (LN)61,64,65; and diabetic nephropathy (DN)61,66, characterised by 15 

glomerular hypertrophy and sclerosis. Thirteen of the 28 (46.43%) transcripts differentially 16 

expressed across murine models were also altered in at least one human glomerular dataset 17 

(Table 1) and eight genes were altered in three or more human glomerulopathies. SULF1 18 

(Supplementary Fig. 3ai-iii) and MAFB (Supplementary Fig. 3bi-iii) were downregulated 19 

and ADM (Supplementary Fig. 3ci-iii) upregulated in three human disease datasets, 20 

LGALS1 (Supplementary Fig. 3di-v), CXCL1 (Supplementary Fig. 3ei-v) and PRSS23 21 

(Supplementary Fig. 3fi-vii) transcripts were significantly elevated in five, CRIP1 22 

(Supplementary Fig. 3gi-vi) upregulated in six and TNFRSF12A (Supplementary Fig 3hi-23 

viii) increased in seven glomerular disease datasets (Fig. 4d). 24 
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Figure 4: Damaged podocytes share a common signature in both murine and human 1 

glomerulopathies in children and adults, but Wt1R394W/+ glomerulopathy has a specific 2 

transcriptional profile. a) Venn diagram of upregulated differentially expressed genes 3 

(DEGs) in diseased podocytes across four murine models of early glomerular disease 4 

(Wt1R394W/+, black; nephrotoxic nephritis, blue; Lepob/ob diabetes, green; and Cd2ap-/-, red), 5 

highlighting that the majority of Wt1R394W/+ differentially expressed genes are unique, but 23 6 

genes are common across all four glomerulopathies. b) Venn diagram of downregulated 7 

podocyte differentially expressed genes across four murine models of early glomerular 8 
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disease highlighting that the majority of Wt1R394W/+ DEGs are unique, but 5 genes are common 1 

across all four glomerulopathies. c) Heatmap of the 23 and 5 conserved podocyte genes in 2 

the Wt1R394W/+ dataset that are up or downregulated across four early disease murine 3 

glomerular models. d) Bar graphs of the fold change increase or decrease of conserved genes 4 

in murine models similarly dysregulated in three or more human glomerular pathologies 5 

(microarray data, Nephroseq); abbreviations as follows: HD, healthy donor; cFSGS, collapsing 6 

focal segmental glomerulosclerosis glomeruli; DN, diabetic nephropathy glomeruli; FSGS, 7 

focal segmental glomerulosclerosis glomeruli; IgAN, IgA nephropathy glomeruli; LN, lupus 8 

nephritis glomeruli; MCD, minimal change disease glomeruli; MN, membranous nephropathy 9 

glomeruli. e) Heatmap of podocyte DEGs that are unique to Wt1R394W/+ glomerulopathy and 10 

were not present in nephrotoxic nephritis, Lepob/ob diabetes, or Cd2ap-/- models. 11 

 12 
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Table 1: Podocyte genes dysregulated in Wt1R394W/+, nephrotoxic nephritis, Lepob/ob 1 

diabetes and Cd2ap-/- murine scRNA-seq datasets, with associated changes in human 2 

glomerulopathies. All 23 upregulated and 5 downregulated podocyte genes found in murine 3 

early disease datasets9 (Wt1R394W/+, nephrotoxic nephritis, Lepob/ob diabetes and Cd2ap-/-) and 4 

their corresponding occurrence in human glomerular pathologies (Nephroseq). Abbreviations 5 
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as follows: HD, healthy donor; cFSGS, collapsing focal segmental glomerulosclerosis 1 

glomeruli; DN, diabetic nephropathy glomeruli; FSGS, focal segmental glomerulosclerosis 2 

glomeruli; IgAN, IgA nephropathy glomeruli; LN, lupus nephritis glomeruli; MCD, minimal 3 

change disease glomeruli; MN, membranous nephropathy glomeruli. 4 

 5 

These seven genes span a variety of functions, ADM and SULF1 are implicated in secretory 6 

signalling pathways. ADM, enriched in Wt1R394W/+ podocyte to endothelial signalling 7 

interactions (Fig. 3d), is a secreted vasodilatory peptide. SULF1, sulfatase-1, the eighth most 8 

downregulated gene in Wt1R394W/+ podocytes (Supplementary Table 1), is a modulator of 9 

growth factor signalling in the GBM and a direct target of WT167. Interestingly, global Sulf1-/; 10 

Sulf2-/- knock-out mouse, displays proteinuria, glomerulosclerosis and a reduced distribution 11 

of VEGFA in the GBM69,70, suggesting a role for SULF1 beyond that of WT1 glomerulopathy 12 

alone.   13 

 14 

Both LGALS1 (Galectin-1) and CRIP1 have more structural roles. Galectin-1 is a podocyte-15 

produced component of the slit-diaphragm and its increased glomerular expression is a 16 

feature of childhood DMS and FSGS71, as well as adult DN72. The expression of CRIP1 has 17 

not been described in podocytes, however it has been defined as a marker of renin cells in 18 

the juxtaglomerular region73. The enzymatic function of serine protease 23 (PRSS23) has also 19 

received little attention in the context of glomerular disease, but it is upregulated in human 20 

FSGS glomeruli74 and in podocytes and mesangial cells from a Cd2ap+/-; Fyn-/- mouse model 21 

of FSGS75. The latter study highlighted that PRSS23 can activate Par2 (Protease-Activated 22 

Receptor 2), a receptor implicated in TGFβ1-induced podocyte injury. MAFB, encoding a 23 

transcription factor required for maintenance of podocyte differentiation, is decreased in 24 

podocytes from FSGS patients and its overexpression alleviates adriamycin-induced FSGS in 25 

mice75. 26 

 27 

The final two molecules CXCL1 and TNFRSF12A, upregulated in five and seven human 28 

glomerular diseases respectively, are both immune factors. CXCL1 is a chemokine commonly 29 
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implicated in glomerulonephritis, regulating infiltration of neutrophils into the glomerulus76. 1 

Similarly, activation of the Tumor necrosis factor-like weak inducer of apoptosis (TWEAK) 2 

receptor (TNFRSF12A), has been shown to promote inflammation and fibrosis in LN77 and 3 

crescent formation in IgAN78. Our findings not only show the upregulation of CXCL1 and 4 

TNFRSF12A in glomerulonephritis pathologies, but also across other nephrotic diseases from 5 

a non-immune origin. Sanchez-Nino et al. have also shown elevated TNFRSF12A in human 6 

FSGS and MN glomeruli and a non-immune experimental mouse model, associated with 7 

elevated Ccl2, a potent inflammatory chemokine driving macrophage infiltration79. In contrast, 8 

despite CXCL1 and TNFRSF12A upregulation in Wt1R394W/+ podocytes, we did not see an 9 

upregulation of Ccl2 (Supplementary Table 1), nor an increase in intraglomerular 10 

macrophage number (Fig. 2g). Together this suggests differential roles for CXCL1 and 11 

TNFRSF12A across a broader range of glomerulopathies than currently characterised.  12 

 13 

WT1 glomerulopathy has a unique transcriptional signature 14 

In performing our comparative analyses across murine podocyte scRNA-seq datasets, we 15 

have also revealed specific alterations unique to each pathology. These disease-specific 16 

transcriptional changes account for the vast majority of differentially expressed genes in each 17 

pathology (Fig. 4a-b). Focussing on WT1 glomerulopathy, the 114 upregulated (57.3% of the 18 

total upregulated) and 195 downregulated (72.8% of the total downregulated) genes unique 19 

to Wt1R394W/+ disease point towards its distinct aetiology (Supplementary Table 2); the top 20 

thirty unique genes (by log2FC) are shown in Fig. 4e.  21 

 22 

With this in mind, we strove to explore a key aetiological hallmark of WT1 glomerulopathy and 23 

other congenital glomerular diseases, their resistance to glucocorticoids and second-line 24 

immunosuppressive therapies1,2. To do so, we interrogated the list of unique differentially 25 

expressed genes from each of the four murine podocyte datasets, identifying those classified 26 

in the broadest immunological GO term (GO:0002376 - immune system process). The unique 27 

podocyte gene lists from nephrotoxic nephritis, DN and Cd2ap-/- models all showed an overall 28 
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upregulation of genes involved in ‘immune system processes’, whilst Wt1R394W/+ was the only 1 

model in which a downregulation of this GO term dominated (Supplementary Table 3). This 2 

bias for the suppression of immune system processes in Wt1R394W/+ podocytes is unlikely to 3 

reflect direct WT1 mis-regulation, as only 2 of the 14 immune-related genes were predicted to 4 

contain a WT1 regulatory element. Together this highlights a critical feature of WT1 aetiology, 5 

where a decrease in immune-related genes defines early pathology. This provides a potential 6 

explanation for the suboptimal efficacy of immunosuppressive drugs in treating WT1 7 

glomerulopathy in a clinical setting.  8 

 9 

Conclusions 10 

Our results constitute a first scRNA-seq glomerular dataset of a murine model carrying a 11 

clinically relevant point mutation observed in patients. Here, we have shown podocytes to be 12 

the most altered glomerular cell type in early Wt1R394W/+ pathology, consistent with the 13 

localisation of WT1 expression in the postnatal kidney, impacting podocyte cell viability and 14 

glomerular paracrine signalling. Crucially, this highlights a window for therapeutic intervention, 15 

prior to an irreversible decline in organ function and before other cells in the glomerulus, such 16 

as the glomerular endothelium, are damaged through aberrant Wt1R394W/+ podocyte signalling. 17 

Furthermore, by integrating our findings with publicly available datasets, we have advanced 18 

our understanding of glomerular pathologies across murine models and into human, 19 

identifying a signature of molecules that define podocyte injury, which hold promise for novel 20 

treatment approaches for multiple glomerular diseases in the future. For WT1 glomerulopathy, 21 

this work reaffirms the unfounded use of immunosuppressive strategies in disease 22 

management. Instead, it points towards the use of alternatives, such as vascular based 23 

therapies to modulate disrupted podocyte cell-signalling and associated loss of the glomerular 24 

endothelium that occurs concurrently with decline in kidney function.  25 

 26 

  27 
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Methods 1 

Experimental Animals and Procedures  2 

Male C57BL/6 mice heterozygous for Wt1 c.1800 C>T p. R394W were backcrossed with 3 

female MF1s (Charles River) for two generations12; second-generation male offspring 4 

(Wt1R394W/+) were used for all subsequent analysis. All procedures were approved by the UK 5 

Home Office. Renal function was assessed at 4, 8 and 10 weeks of age by urinary 6 

albumin/creatinine ratio (ACR) via enzyme-linked immunosorbent assay of albumin (Bethyl 7 

Laboratories, Montgomery, TX) and creatinine (Cayman Chemical, 500701). Blood urea 8 

nitrogen (BUN) levels were quantified in plasma taken at 4 and 8 weeks of age using the 9 

QuantiChromTM Urea Assay Kit (DIUR-100, BioAssay Systems). Histological analyses were 10 

conducted on 7m periodic acid–Schiff stained sections. 11 

 12 

Glomerular isolation and preparation of single cell suspensions 13 

Prior to glomerular isolation urinary ACR and plasma BUN were analysed across littermates 14 

at 4 weeks as described. Representative individuals (n = 2) for each of Wt1+/+ and Wt1R394W/+ 15 

were used for single-cell RNA-seq. Glomeruli were isolated as previously described9,14 with 16 

some adaptations to maximise podocyte yield. Due to the smaller size of the mouse at 4 weeks 17 

old, limiting the efficacy of inter-arterial bead perfusion, transcardial perfusion was used to 18 

increase glomerular yield, mice were perfused with 40 ml of ice-cold Hanks' Balanced Salt 19 

Solution without calcium and magnesium (HBSS-/-), containing 300 L M-450 Epoxy 20 

Dynabeads (14011, Invitrogen). Both kidneys were removed and minced into small pieces 21 

with a scalpel and incubated in 3 ml prewarmed digestion buffer (1.5 U/ml Liberase TM, 100 22 

U/ml DNase I in HBSS-/-) at 37°C for 20 minutes with constant agitation (300 RPM) in a 23 

ThermoMixer (Eppendorf). All subsequent steps were performed as previously described9,14, 24 

with the addition of bovine serum albumin (BSA)-coated plastics throughout to prevent cell 25 

adhesion (10% BSA in DPBS-/- and rinsed with DPBS-/-).To enhance podocyte number in the 26 

final cell fraction, the mechanical digest approach was optimised as follows: gentle pipetting 27 
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every 10 mins for 30 mins, at 30 minutes each sample was transferred into a 2 ml syringe 1 

(without passing via the needle) and slowly and steadily pushed through 25 ½ gauge needle 2 

followed by a 27 ½ gauge needle (smaller gauge needles were not used as these were 3 

associated with podocyte loss). Samples were then incubated for an additional 5 minutes with 4 

one pipette mix. At 45 minutes the digest was stopped with 10 ml ice-cold DBPS-/- with 10% 5 

foetal bovine serum (FBS) and placed on a magnetic separator to remove magnetic beads. 6 

The supernatant was sieved (100 µm cell strainer) and rinsed with DPBS-/- + 10% FBS to 7 

remove aggregates. Cells were resuspended in DPBS-/- + 2% FBS, 5 mM EDTA and 8 

underwent a live/dead cell sort with propidium iodide viability dye with 98.1-98.9% viability 9 

across all four samples.   10 

 11 

Library preparation, single-cell sequencing and alignment 12 

Healthy and disease glomerular single-cell suspensions were processed in parallel using the 13 

Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1 (Dual Index) kit according to 14 

manufacturer’s instructions. GEMs underwent 3’ GEX library preparation and libraries were 15 

pooled. All four samples underwent 150 base pair (bp) paired-end read sequencing on one 16 

lane of an S4 flow cell (Illumina NovaSeq 6000) to a minimum depth of 500 million reads per 17 

sample (Source BioScience, Nottingham, UK). Reads were mapped individually from each 18 

sample to the 10x-approved gex-mm10-2020-A mouse reference sequence using 10X 19 

Genomics Cell Ranger v5.0.180. Data were separately aligned to the Wt1 primary transcript 20 

using HISAT2 v2.2.181 to confirm the presence of the Wt1p.R394W heterozygous mutation in 21 

the two Wt1R394W/+ samples. 22 

 23 

Quality control and pre-processing of single-cell sequencing data 24 

Single-cell sequencing data were aggregated and processed using Seurat (v4.1.1)82 in R 25 

Studio (v 2022.02.0). The full script for analysis had been made available at 26 

https://github.com/daniyal-27 

jafree1995/collaborations/blob/main/Chandleretal_2022_WT1glomerulopathyscRNAseq. 28 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 12, 2022. ; https://doi.org/10.1101/2022.10.11.511555doi: bioRxiv preprint 

https://github.com/daniyal-jafree1995/collaborations/blob/main/Chandleretal_2022_WT1glomerulopathyscRNAseq
https://github.com/daniyal-jafree1995/collaborations/blob/main/Chandleretal_2022_WT1glomerulopathyscRNAseq
https://doi.org/10.1101/2022.10.11.511555
http://creativecommons.org/licenses/by-nc-nd/4.0/


28 

 

Quality control criteria were empirically determined, including the removal of cells with fewer 1 

than 150 RNA features or mitochondrial feature representation greater than 20% and putative 2 

doublets (DoubletFinder 2.0.383). 93.77% of cells (6846/7301) were retained in the final count 3 

matrix, with levels consistent across each donor. The resulting count matrix was corrected for 4 

ambient RNA contamination using the SoupX (v1.6.1) package84. Samples were then 5 

normalised, scaling expression by all genes detected, before dimension reduction with 6 

principal component analysis, which identified 16 informative principal components. This 7 

reduced dataset was used for nearest-neighbour graph construction and unsupervised 8 

clustering (Louvain method), with a 0.4 resolution selected based on apparent cluster 9 

separation on indicative marker genes and visualised by UMAP. 10 

 11 

Cell type identification 12 

Cell type clusters were identified using canonical markers of glomerular cells and informed by 13 

published scRNA-seq studies of murine glomeruli, vasculature and immune cells9,15,16,17. 14 

These markers were visualised using the DotPlot function in Seurat and included Wt1 and 15 

Nphs2 for podocytes, Emcn and Ehd3 for glomerular endothelial cells, Ptn and Pdgfrb for 16 

mesangial cells, Sox17 for arterial subsets including Plvap-expressing efferent arteriole and 17 

Edn1-expressed afferent arteriole, Acta2 and Myh11 for vascular smooth muscle cells, Pax8 18 

and Cldn1 for parietal epithelial cells, Ptprc (Cd45) labelling all immune cells and Lyz2, Cd79a 19 

and Igkc or Cd3e and Trbc2, to discriminate myeloid, B-cell and T-cell lineages, respectively. 20 

Cell type proportions were visualised using bar graphs in Prism (v9.3.1, GraphPad Software).  21 

 22 

Differential expression and gene ontology analysis 23 

The FindMarkers function (using the Wilcoxon Rank Sum test) in Seurat was used to perform 24 

cell-specific differential expression analysis between wildtype and mutant cells, defining a 25 

differentially expressed gene as one with an average log2FC > 0.25 and adjusted p-value < 26 

0.05. Results of differential expression were visualised using heatmaps or violin plots in Seurat 27 

and EnhancedVolcano (v1.12.0) plots. WT1 motif analysis was done using CiiiDER18, within 28 
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1kb base-pairs downstream and 500 base-pairs upstream of the transcriptional start site6, with 1 

stringency set to 0.1 and the WT1 motif (MA1627.1) defined by JASPAR 2022. Gene ontology 2 

(GO) analysis was performed by manually exporting lists of differentially expressed genes into 3 

the PANTHER webtool to group genes into GO biological processes85. Statistical 4 

overrepresentation (Fisher’s Exact test) was performed to calculate an enrichment score and 5 

false discovery rate (FDR) for each GO term, before plotting results in Prism. 6 

 7 

Ligand-receptor pair analysis 8 

Inference of glomerular intercellular communication was performed using the NICHES 9 

package37. NICHES calculates the product of ligand expression by a given cell and the 10 

expression of its putative receptors in a pairwise manner, thus providing ligand-receptor 11 

analysis single-cell resolution. A NICHES object was created from a subset of the annotated 12 

scRNA-seq dataset containing only cells within the glomerular tuft, including podocytes and 13 

their physical or paracrine signalling candidates: glomerular endothelial cells, mesangial cells 14 

and parietal epithelial cells. The dataset was partitioned by genotype, before imputing ligand-15 

receptor pairs for Wt1+/+ or Wt1R394W/+ glomerular cell types. A NICHES UMAP was created to 16 

visualise the pairwise interactions in two-dimensional space and the OmniPath database86 17 

was used to create a list of putative ligand-receptor interactions between each cell pair. This 18 

list of putative ligand-receptor pairs was then manually curated, first by validating interactions 19 

on STRING38 (with “Co-occurrence” and “Text-mining” excluded to ensure interactions came 20 

from curated databases/experimental data only), followed by mining of the literature, to only 21 

include established intercellular interactions. The curated lists were used to generate 22 

heatmaps, listed in order of adjusted p-value and grouped by enrichment in Wt1+/+ glomeruli 23 

or Wt1R394W/+ glomeruli or those that were conserved across both. 24 

 25 

Cross-disease comparison of podocyte differential gene expression 26 

To compare podocytes in Wt1R394W/+ glomerulopathy with other models of early glomerular 27 

disease, publicly accessible scRNA-seq data from Dynabead isolated glomeruli were used9. 28 
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These included a nephrotoxic nephritis model (NTN, n = 2 mice and n = 2 controls) harvested 1 

at five days post injection in the absence of glomerulosclerosis. The second dataset was a 2 

leptin-deficiency (BTBR Lepob/ob, n = 2 mutants and n = 2 controls) model of type 2 diabetes, 3 

taken at twelve weeks of age, characterised by proteinuria prior to glomerular lesions. The 4 

final dataset was a model of congenital nephrotic syndrome due to Cd2ap deficiency (Cd2ap-5 

/- n = 1 mouse or without Cd2ap+/+, n = 1 mouse) taken at three weeks, soon after the onset 6 

of proteinuria. Count matrices for each disease and their respective control groups were 7 

downloaded from the National Center for Biotechnology Information Gene Expression 8 

Omnibus (GSE146912). The quality control and pre-processing steps described above were 9 

applied separately to each dataset, to account for differences in data quality, batch effects and 10 

experimental conditions, such as murine genetic background. For each dataset, a further 11 

processing step of batch integration was performed using the Harmony package87 to ensure 12 

clustering of diseased and healthy podocytes within each condition. Podocytes were then 13 

identified by the co-expression of Nphs1 and Nphs2. Differential expression analysis was run 14 

for healthy and diseased podocytes independently for each dataset, as above and the 15 

resulting lists were manually compared with that of Wt1R394W/+ glomerulopathy. The full script 16 

for the cross-disease comparison of scRNA-seq data has been made publicly available: 17 

https://github.com/daniyal-18 

jafree1995/collaborations/blob/main/Chandleretal_2022_crossglomdiseasecomparison.R. 19 

The number of differentially expressed genes present in each pathology were used to 20 

construct Venn diagrams. Genes, the upregulation or downregulation of which, was conserved 21 

by podocytes across all pathologies and those unique to Wt1R394W/+ glomerulopathy, were used 22 

to construct heatmaps. Each of the 23 conserved upregulated and 5 downregulated genes 23 

(found in all four analysed murine scRNA-seq datasets) then underwent targeted screening 24 

for similar dysregulation (fold-change > 0.25 and p < 0.05) in the Nephroseq database 25 

nephroseq.org of human microarray data, restricted to glomerular datasets only. 26 

 27 

 28 
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Immunofluorescence 1 

Immunofluorescence staining was performed on 7m cryosections using primary antibodies 2 

against WT1 (1:100, ab89901, Abcam), F4/80 (MCA497G, Bio-Rad) and CD31 (1:400, 3 

MA3105, ThermoFisher) and imaged on a Zeiss Observer 7 Colour Fluorescence with 4 

Hamamatsu Flash 4.0v3 camera. The number of WT1+ cells found within the glomerular tuft 5 

was counted in 50 glomeruli per section and averaged for each individual. CD31+ staining was 6 

quantified as percentage coverage of tuft area in 50 glomeruli per section calculated in FIJI88 7 

and averaged per animal. For myeloid counts, F4/80+ cells were counted within the glomerulus 8 

and in the field of vision outside the glomerulus at a consistent magnification, counts were 9 

taken over 50 glomeruli per animal and averaged for each mouse.   10 

 11 

Primary podocyte harvest and culture 12 

For primary podocyte harvest, glomeruli were isolated from Wt1+/+ and Wt1R394W/+ mice at 4 13 

weeks of age as previously described89. In brief kidneys were digested in DPBS-/- with 1 mg/mL 14 

Collagenase A (C2674, Sigma) and 200 U/ml DNASe I (18047-019, Invitrogen) for 30 mins at 15 

37°C with gentle agitation. Collagenase digested tissue was then sieved through a 100 μm 16 

cell strainer, collected by centrifugation and resuspended in 1 ml DPBS-/-. After washing, 17 

glomeruli were resuspended in growth media (RPMI-1640 (21875091, ThermoFisher) with 18 

10% FBS, 1% Penicillin-Streptomycin and 1% Insulin-Transferrin-Selenium (41400045, 19 

ThermoFisher) and plated on Matrigel (354234, Corning) coated plates (diluted at 1:100). 20 

Glomeruli were incubated at 37°C, in 5% CO2 for seven days, at which point glomeruli were 21 

removed by 30 μm sieving and podocytes were left to fully differentiate for another 3 days. 22 

Podocyte total RNA was extracted (74136, Qiagen) and cDNA prepared using the gDNA Clear 23 

cDNA Synthesis Kit according to manufactures instructions (172-5035, Bio-Rad). Quantitative 24 

real-time polymerase chain reaction (RT-qPCR) was performed in duplicate using qPCRBIO 25 

SyGreen Mix Lo-ROX (PB20.11-05, PCRBioSystems) with gene specific primers for Vegfa, 26 

Nrp1 and Sulf1 standardised to Gapdh.  27 

 28 
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Statistical methods 1 

Statistical methods for scRNA-seq data have been described. All other statistical differences 2 

between Wt1+/+ and Wt1R394W/+ groups were analysed using Prism. Normality was assessed 3 

using the Shapiro-Wilk test and t-tests were used throughout. Statistical significance was 4 

accepted at p < 0.05 and graphed data is presented at mean  standard deviation (SD).  5 

 6 

Data availability 7 

Processed and raw data for scRNA-seq experiments will be uploaded to NCBI Gene 8 

Expression Omnibus database upon publication of the manuscript. 9 

 10 

Code availability 11 

The codes generated during this study are available at Github repository here 12 

https://github.com/daniyal-jafree1995/collaborations.  13 
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