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Supplementary Table 1.  

Symbol Gene name logFC P Value 

CDKN1A Cyclin dependent kinase inhibitor 1A 4.085346 4.60E-14 

PDZK1IP1 PDZK1 interacting protein 1 5.862841 6.45E-13 

TRIM22 Tripartite motif containing 22 3.559167 1.02E-10 

TNFRSF10B TNF receptor superfamily member 10b 2.509024 1.46E-10 

C3 Complement C3 8.140257 1.48E-10 

CLDN1 Claudin 1 3.55235 2.66E-10 

PHLDA1 Pleckstrin homology like domain family A member 1 3.311057 8.52E-10 

PBXIP1 PBX homeobox interacting protein 1 2.216353 2.12E-09 

EDA2R Ectodysplasin A2 receptor 4.138096 2.47E-09 

TMEM159 Transmembrane protein 159 3.193489 1.08E-08 

FUCA1 Fucosidase, alpha-L- 1, tissue 2.381889 1.22E-08 

NRP2 Neuropilin 2 2.440631 3.27E-08 

CSF1 Colony stimulating factor 1 2.518191 5.04E-08 

SUSD6 Sushi domain containing 6 2.583393 5.78E-08 

SOWAHB Sosondowah ankyrin repeat domain family member B 3.912102 1.26E-07 

GDF15 Growth differentiation factor 15 6.631471 1.47E-07 

IL6 Interleukin 6 5.364979 1.83E-07 

DRAM1 DNA damage regulated autophagy modulator 1 3.06241 2.11E-07 

BTG2 BTG anti-proliferation factor 2 3.541625 2.32E-07 

ATG16L2 Autophagy related 16 like 2 3.300185 2.37E-07 

TPCN1 Two pore segment channel 1 2.927092 2.94E-07 

TNFSF10 TNF superfamily member 10 5.100832 2.98E-07 

SEL1L3 SEL1L family member 3 2.515535 3.13E-07 

TRANK1 Tetratricopeptide repeat and ankyrin repeat containing 1 3.54394 3.61E-07 

SULF2 Sulfatase 2 7.209275 6.50E-07 

PLAU Plasminogen activator, urokinase 3.675696 7.17E-07 

MANBA Mannosidase beta 2.464472 7.60E-07 

CD82 CD82 molecule 4.16917 1.22E-06 

JUP Junction plakoglobin 2.868247 1.23E-06 

CDKN1A Cyclin dependent kinase inhibitor 1A 4.085346 4.60E-14 
 
Footnote: The top 30 most differentially upregulated genes following induced differentiated at 37°C. 
 

 

 

 

  



Supplementary Table 2.  

 

Footnote: Enriched extracellular matrix (C4 fraction) enriched proteins identified by mass spectrometry. 
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Supplementary Table 3.  
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Footnote: Enriched cellular and vesicular proteins (C1 fraction) identified by mass spectrometry. 



Supplementary Table 4.  

 
Footnote: Represents the most differentially expressed glomerular-specific genes [1] identified between MAFB-
mTAGBFP sorted cells isolated at d7+10 and organoid glomeruli isolated at d7+19. 

 

 

 

 

 

 

 

 

Symbol Gene name Max FC P Value Association 

KDR Kinase insert domain receptor 23.93 1.94E-03 Podocyte /  Endothelial 

COL4A4 Collagen Type IV alpha 4 chain 15.89 1.72E-04 GBM 

MMP2 Matrix metallopeptidase 2 8.61 1.65E-05 GBM / Mesangium 

CXCL12 Chemokine (C-X-C motif) ligand 12 8.38 8.87E-03 Renal vasculature 

COL4A3 Collagen Type IV alpha 3 chain 7.71 1.73E-03 GBM  

ITGA2 Integrin, alpha 2 6.85 4.49E-03 GBM / matrices 

TEK TEK receptor tyrosine kinase (TIE2) 6.34 1.31E-04 Endothelial 

FN1 Fibronectin 1 6.26 3.10E-03 Glomerular 

ANGPTL2 Angiopoietin like 2 5.41 1.76E-03 Endothelial  / vessels 

IGFBP3 Insulin like growth factor binding protein 3 4.25 1.45E-05 Podocyte 

SHISA3 Shisa homolog 3 4.19 5.16E-05 Nephron progenitors  

MME Membrane metallo-endopeptidase (CD10) 3.97 8.52E-05 Podocyte 

IGFBP5 Insulin like growth factor binding protein  3.61 19.7E-05 Mesangium 

EMCN Endomucin 3.21 3.27E-05 Endothelial   

UCHL1 Ubiquitin C-terminal hydrolase L1 2.74 5.13E-03 Podocyte / PEC 

TAGLN Transgelin 2 2.74 1.94E-04 Mesangium 

CDH5 Cadherin 5 2.66 9.40E-02 Endothelial 

GJA5 Gap junction protein alpha 5 2.57 1.78E-03 Endothelial  / vessels 

SMAD7 SMAD family member 7 2.38 4.26E-05 Glomerular 

CX3CL1 C-X3-C motif chemokine ligand 1 2.32 3.46E-05 Glomerular 

FGF2 Fibroblast growth factor 2 2.30 1.18E-02 Glomerular 

GATA3 GATA binding protein 3 2.25 1.35E-02 Glomerular 

DES Desmin 2.19 8.66E-03 Mesangium 

FOXD1 Forkhead box D1 2.01 8.68E-03 Mesangium 

C1QTNF12 C1q and TNF related 12 2.00 1.49E-02 Podocyte  



Supplementary Figure 1. Morphology and identity of primary podocytes isolated from 

organoid glomeruli. A. Organoid-derived podocytes (OrgPods) actively migrate from 

organoid glomeruli (OrgGloms) over time, forming a progressively more arborized monolayer. 



Scale bars 100µm. B. Organoid-derived podocytes (OrgPods) in culture show comparable 

morphology to the gold-standard conditionally immortalised human podocyte cell line (ciPod) 

[2], displaying a flat arborized morphology with processes connecting adjacent cells. Scale bars 

50µm. C. Fluorescent visualisation of classical podocyte markers alongside phalloidin to mark 

F-actin showed appropriate expression and localisation of these proteins within the OrgPod 

cell population (arrowheads mark areas of interest). PODOCIN showed a cytoplasmic 

distribution with increased levels at cell edges; PODOCALYXIN showed a punctuated 

distribution across the cell with focussed expression at cell junctions. WILMS’ TUMOUR was 

predominately nuclear, as anticipated, whilst P-CADHERIN, another marker of differentiated 

cells, was cytoplasmic, perinuclear and also present at the cell surface. SYNAPTOPODIN was 

found in close association with stress fibres of the actin cytoskeleton whilst CD2-

ASSOCIATED PROTEIN showed mature expression in areas of cell-cell contact at the edges 

of F-actin tips. Representative immunofluorescence images shown in greyscale for single 

channels, merged images in colour. Scale bar 50µm. 

 

  



Supplementary Figure 2. Transcriptional comparison of organoid glomeruli with podocytes 

cultured in 2D. A. Gene Ontology (GO) enrichment analysis of the top 100 differentially 



expressed genes upregulated between differentiated and undifferentiated ciPods. The top 10 

significant GO terms based on P value are presented. P value of 0.05 shown as dotted line. B. 

The reproducibility of the OrgGlom model using clones derived from 3 different iPSC lines 

was highlighted by podocyte gene expression levels in a targeted gene panel. Clone 1 represents 

the line used for all other subsequent analyses. Two way ANOVA, between clones p=0.1943; 

error bars = S.E.M.; significant difference between clones assessed by Tukey’s multiple 

comparisons test; F-value=1.684; DF=2; biological replicates n=3. 

  



 

 

 

Supplementary Figure 3. Transcriptional comparison of organoids, OrgGloms, ciPods and 

undifferentiated iPSC. A. Principle component analysis of RNA sequencing (RNA-Seq) data 

was performed on data from Day 7+18 (Day 25) total kidney organoids [3], undifferentiated 

iPSC lines [4], OrgGloms, OrgPods and ciPods in both differentiated and undifferentiated 

states (our laboratory and a previously published ciPod data (Lab 2, [5]), in addition to data 

collected from Kim et al (Lab 3, [6]). All biological replicates are indicated as individual points. 

B. Heatmap illustrating relative expression of key podocyte genes in OrgGloms and 

undifferentiated iPSC [6]. 

  



 

Supplementary Figure 4. Use of a human MAFB reporter iPSC line to analyse organoid-

derived podocytes and glomeruli. A. Design of human MAFB-BFP2 reporter iPSC lines. 

Schematic diagram of the MAFB locus and the homologous template used for gene targeting. 

The oligonucleotides (ODNs) used for identifying targeted clones by PCR are indicated. pA, 

polyA signal; Ex, exon. B. Gel analysis of the PCR products amplified from correctly targeted 

MAFB clones. Primers ODN-1 and ODN-2 flank the recombination site with ODN-3 binding 

within the reporter cassette and ODN-2 binding outside the region of homology. C. MAFB-

BFP2 iPSC reporter cell line was successfully directly differentiated into kidney organoid. 

Immunostaining of fixed organoids showed appropriate nephron segmentation with lotus 

tetragonolobus lectin (LTL) marking proximal tubule and E-CADHERIN marking maturing 



proximal tubule, distal tubule and collecting duct. MAFB-BFP2 signal was found to overlay 

with NEPHRIN in the glomeruli confirming the specificity of the MAFB-tagged line. Scale 

bar 200µm. D. Live imaging of MAFB-BFP2 reporter expression over time in sieved 

OrgGloms shows robust gene expression when in suspension up to 96 hours post-isolation. E. 

Immunostaining of isolated OrgGloms shows low level expression of the endothelial marker 

PLATELET ENDOTHELIAL CELL ADHESION MOLECULE (PECAM1) and mesangial 

marker PLATELET-DERIVED GROWTH FACTOR RECEPTOR BETA (PDGFRβ). 

Expression levels of single channels shown in greyscale to preserve maximum contrast, merged 

images shown in colour. Scale bars 10µm. 

  



 



Supplementary Figure 5. Clinical characterisation of congenital nephrotic syndrome patient 

and derivation and validation of patient iPSC clones. A, B. Haematoxylin and eosin (A) and 

PAS (B) stained sections of kidney tissue from congential nephrotic syndrome patient. C. TEM 

of podocyes from congenital nephrotic syndrome patient RG1013 kidney tissue revealing 

evidence for podocyte effacement and loos of microvilli. D. FACS analysis of pluripotency 

cell surface markers for patient-derived iPSC clones RG1013.1 and RG1013.2. SNP analysis 

was performed to validate the chromosomal integrity of both clones. No aneuploidies were 

detected. E. Brightfield images of patient-derived iPSC clones RG1013.1 and RG1013.2 in 

culture showing appropriate morphology for a pluripotent stem cell population. F. DNA 

sequencing was performed on both RG1013.1 and 1013.2 to validate the presence of the 

original patient mutations in exons 10 and 27. Chromatograms are presented for both regions 

showing clear evidence of a heterozygous mutation in these iPSC clones. G. Generation of 

appropriately patterned kidney organoids from both RG1013.1 and RG1013.2 iPSC. 

Immunofluorescence staining revealed the presence of appropriately patterned nephrons as 

evidenced by the presence of podocytes (MAFB, white), proximal segments (LTL, blue), distal 

segments (CDH1, green) and collecting duct (GATA3/CDH1, red/green). 

  



 

Supplementary Figure 6. Characterisation of organoid glomeruli from congenital nephrotic 

syndrome patient lines.  A. Scanning electron microscopy of glomeruli within organoids 

derived from a control iPSC line (MAFBmTAGBFP reporter line) and a congenital nephrotic 



syndrome (CNS) patient-derived iPSC line. Arrows indicate broad, flattened podocytes within 

patient glomeruli. Magnification 8000x. B. Immunostaining of OrgGloms isolated from CNS 

patient organoids derived from both iPSC clones (CNS#1: RG1013.1, CNS#2: RG1013.2) 

show comparable protein intensity, representative images shown. Scale bars 10µm. 

 

 

Supplementary Video 1. Three-dimensional video of immunostained whole sieved organoid 

glomerulus. Confocal z-stack images were reconstructed to form a 3D image of the organoid 

glomerulus, immunostained for the podocyte proteins NEPHRIN (green), NEPH1 (red) and 

Podocalyxin (magenta) in addition to nuclei marked with DAPI (blue). Co-localisation of 

NEPHRIN and NEPH1 can clearly be observed at the basal junction between cells. 
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