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Supplementary Figure 1. Data quality metrics for single cell analysis of kidney organoids 
across four iPSC lines. (A) Table of reference for 4 different iPSC lines. (B) Boxplots of quality 
control metrics (nGene: number of genes with a normalized expression value above 0 per cell, 
lower QC cutoff 200; nUMI: the total number of Unique Molecule Identifiers (UMIs) detected per 
cell, lower QC cutoff 1000; percent.mito: the proportion of reads mapping to mitochondrial genes, 
upper QC cutoff of 20%)  across cell lines and time points. The center line of the boxplots indicates 
the median, the bottom and top lines of the box indicate the first and third quartiles respectively 
of the data points. Outliers are indicated as dots beyond the whiskers; whiskers stretch up to +-
1.5*IQR on both sides. Each data point is a QC measure for a cell.  
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Supplementary Figure 2. D29 kidney organoids express canonical markers of major 
nephron, mesenchymal and off-target cell types. 
Violin plots of single cell gene expression from D29 kidney organoids for canonical markers. X-
axis annotations represent cell types. Each violin per cell type represents an iPSC line of origin, 
AS, N1, N2 and ThF in order from left to right. PT, Proximal Tubule; TAL, Thick Ascending Limb; 
DT, Distal Tubule; NPC, Nephron Progenitor Cell.   
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Supplementary Figure 3. D29 data-derived markers and canonical markers of major 
human nephron and kidney cell types. 
(A) Violin plots of single cell gene expression from D29 kidney organoids for data-driven 
markers. X-axis annotations represent cell types. Each violin per cluster represents a line, 
AS, N1, N2, and ThF in order from left to right. (B) Violin plot of single cell gene expression 
from human adult nephrectomy for canonical markers. X-axis annotations represent cell 
types. PCT, Proximal Convoluted Tubule; PST, Proximal Straight Tubule; tDL, thin 
descending limb; DCT, distal convoluted tubule; CD, Collecting Duct; PC, Principal Cell; 
IC, Intercalated Cell; vSMC, vascular smooth muscle cell; NKT, Natural Killer T cell. 
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Supplementary Figure 4. First and second trimester fetal kidney. 
t-SNE plot of single cell transcriptomic profiles from (A) first (Week 8) and (B) second (Week 17) 
trimester human fetal kidney. Cluster color annotations as shown. MT, mitochondrial. UB, ureteric 
bud. 
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Supplementary Figure 5. Integrated analysis of human adult and fetal data with D29 
organoids. 
Integrated analysis of D29 organoid with (A) human adult and (B) first (Wk 8) and (C) second (Wk 
17) trimester fetal kidney data. (Left) t-SNE plot of single cell transcriptomic profiles with cell type 
color annotations; (Middle) t-SNE plot of single cell transcriptomic profiles with sample origin color 
annotations; (Right) Proportion plots of sample contribution per cell type. HA, Human Adult; O, 
Organoid; HAO, well-represented in both human adult and organoid; F, Fetal; FO, well-
represented in both fetal and organoid stages.  
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Supplementary Figure 6. Spearman correlation between human adult and fetal data versus 
D29 organoids. 
Spearman correlation coefficient of D29 organoid cell types (ThF line) versus (A) first (Wk 8) and 
(B) second (Wk 17) trimester fetal kidney and (C) human adult clusters.  
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Supplementary Figure 7. Immunofluorescence analysis of D29 kidney organoids 
demonstrates presence of major nephron cell types from glomerulus to distal tubule.  
Immunofluorescence staining of D29 kidney organoids for podocytes (WT1), proximal tubular 
cells (LTL), and the distal tubular compartment (ECAD) across two protocols (JB, ML) and four 
cell lines (ThF, AS, N1, N2).  
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Supplementary Figure 8. Immunofluorescence analysis of D29 kidney organoids 
demonstrates presence of major kidney epithelial cell types from proximal to distal tubule. 
Immunofluorescence staining of D29 kidney organoids for proximal tubule (LTL), and distal 
nephron compartment (ECAD, GATA3) across two protocols (JB, ML) and four cell lines (ThF, 
AS, N1, N2). 
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Supplementary Figure 9. Cell type proportions of D29 kidney organoids in comparison to 
human adult and fetal kidneys. 
(A) Proportions of cells per cell type averaged across all D29 organoid samples, human adult 
(HA), and first (Wk 8) and second (Wk 17) trimester fetal kidneys. (B) Proportions of cell classes 
within the nephron compartment across all lines and replicates at D29, and human adult (HA), 
and first (Wk 8) and second (Wk 17) trimester fetal kidneys. (C) Proportions of cell compartments 
across human adult (HA), and first (Wk 8) and second (Wk 17) trimester fetal kidneys. 
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Supplementary Figure 10. Cluster specific gene signatures for iPSC D0 and D7 stages  
(A) Violin plot of average expression of cluster specific gene signatures in cells in each line at the 
iPSC stage. Signatures are provided in the table. (B) Violin plot of average expression of cluster 
specific gene signatures in cells in each line at D7. Signatures are provided in the accompanying 
table. In each cluster, violins for AS, N1, N2 and ThF are in order from left to right.  
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Supplementary Figure 11. Single cell analysis of 4 iPSC lines reveals no priming for any 
specific germ layer and expression of cell-cycle markers. 
Violin plot of cluster-specific average expression of germ-layer signatures in single cells from the 
4 iPSC lines at (A) D0 and (C) D7. Violin plot of scores for cell cycle phases G2M and S-phase in 
cells in each iPSC line at (B) D0 and (D) D7 in a cluster specific manner. In each cluster, violins 
for AS, N1, N2 and ThF are in order from left to right.  
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Supplementary Figure 12. Expression of cluster specific gene signatures, line-specific 
SOX2+ progenitor pools and early markers of podocyte differentiation at D15. 
(A) Violin plot of average expression of cluster specific gene signatures in cells in each line at 
D15 (B) tSNE plot showing variability across the lines in presence of SOX2-positive progenitor 
cells at D15. Subpopulation of cells (in red circle) expressing SOX2 emerge as early as D15 in 
ThF and N2. (C) Immunofluorescence staining of D15 kidney organoids for neuron off-target cell 
populations (SOX2) across four cell lines (AS, N1, N2, ThF). 
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Supplementary Figure 13. Integrated analysis of D0, D7, and D15 kidney organoid data. 
Integrated analysis of ThF line D0, D7, and D15 kidney organoid data. (Left) t-SNE plot of single 
cell transcriptomic profiles with cluster color annotations; (Middle) t-SNE plot of single cell 
transcriptomic profiles with sample origin color annotations; (Right) Proportion plots of sample 
contribution per cluster. 
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Supplementary Figure 14. Kidney organoid differentiation follows kidney nephrogenesis 
as determined by expression of transcriptional programs across organoid development 
time. 
Heat map comparison of expression of major transcription factors and other canonical markers of 
nephrogenesis across organoid differentiation, (A) iPSC and D7 (B) D15, across the 4 iPSC lines. 
 
  



23 
 

 
  

Cell Line
AS
N1
N2
TF

Sample
D0
D7
D15
D29

undetected

z-
sc

or
e

-5

5

0

Endothelial Progenitors

M
uscle−like

Proliferating

N
euronal precursor

N
euron−like

M
elanom

a−like

M
esenchym

e

Podocyte

PT TAL/D
T

G
ATA3+ D

T

N
PC

POU5F1
SOX2

HAND1
HOXC6
HOXD11

LHX1
PAX8
PAX2
WT1

GATA3
JAG1

SOX11
POU3F3
FOXC2
IRX3

NOTCH2
MEIS1
SOX17

Sample
Cell Line

Pl
ur

ip
ot

en
cy

M
es

od
er

m
N

PC
R

en
al

 V
es

ic
le

Day 15 - Podocyte Marker Genes

Pod
oc

yte

PT−li
ke

NPC−1

NPC−2

NPC−3

Mes
en

ch
ym

al−
1

Mes
en

ch
ym

al−
2

Mes
en

ch
ym

al−
3

Mes
en

ch
ym

al−
4

Mes
en

ch
ym

al−
5

Mes
en

ch
ym

al−
6

Prol
ife

rat
ing

−1

Prol
ife

rat
ing

−2

End
oth

elia
l P

rog
en

ito
rs

Mito
−R

ich

SP
AR

C

0

5

SO
ST

0

5

BS
T2

0

5

C
LD

N
5

0

5

C
TG

F

0

5

N
PH

S2

0

5

B

A

Supplementary Figure 15



24 
 

Supplementary Figure 15. Kidney organoid differentiation follows kidney nephrogenesis 
as determined by expression of transcriptional programs across organoid development 
time and data-driven podocyte marker genes at D15. 
(A) Heat map comparison of expression of major transcription factors and other canonical markers 
of nephrogenesis in D29 organoids across 4 iPSC lines. (B) Violin plots from D15 organoids for 
expression of canonical (NPHS2) and data-driven (CLDN5, SOST, BST2, SPARC, CTGF) 
podocyte marker genes. In each cluster, violins for AS, N1, N2 and ThF are in order from left to 
right. 
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Supplementary Figure 16. Expression of monogenic causes of congenital abnormalities of 
the kidney and urinary tract (CAKUT) in appropriate nephron epithelial cell types suggests 
utility of kidney organoids for understanding genetic kidney diseases.  
Heat map comparison of gene expression in organoids across differentiation ((A) D7, (B) D15, 
and (C) D29) of CAKUT-causing genes in kidney epithelial cell clusters (D15, D29) across 4 iPSC 
lines. 
 
  



27 
 

 
  

Mendelian Cystic Diseases & Tumor Syndromes

A

B

Tumor

Podocyte−like

Tubular Progenitors

NPC−1

NPC−2

NPC−3

Endothelial Progenitors

PK
D
1

PK
D
2

PK
H
D
1

M
U
C
1

N
PH

P1
N
PH

P3
N
PH

P4
IQ
C
B1

C
EP

29
0

G
LI
S2

R
PG

R
IP
1L

N
EK

8
SD

C
C
AG

8
TM

EM
67

TT
C
21
B

TM
EM

21
6

C
C
2D

2A
AH

I1
AR

L1
3B

O
FD

1
AL
M
S1

M
KK

S
IF
T1
22

W
D
R
35

M
ET

TS
C
1

TS
C
2

VH
L

D
IC
ER

1
W
T1

Sa
m

pl
e

C
el

l L
in

e

Tumor

Podocyte

PT

TAL/DT

GATA3+ DT

NPC

Endothelial Cells

PK
D
1

PK
D
2

PK
H
D
1

M
U
C
1

N
PH

P1
N
PH

P3
N
PH

P4
IQ
C
B1

C
EP

29
0

G
LI
S2

R
PG

R
IP
1L

N
EK

8
SD

C
C
AG

8
TM

EM
67

TT
C
21
B

TM
EM

21
6

C
C
2D

2A
AH

I1
AR

L1
3B

O
FD

1
AL
M
S1

M
KK

S
IF
T1
22

W
D
R
35

M
ET

TS
C
1

TS
C
2

VH
L

D
IC
ER

1
W
T1

Sa
m

pl
e

C
el

l L
in

e

z-
sc

or
e

0
2
4
6

-2
-4
-6

Cell Line
AS
N1
N2
TF

Sample
D15
D29

Supplementary Figure 17



28 
 

Supplementary Figure 17. Expression of monogenic causes of hereditary renal cystic 
(HRC) diseases and tumor syndromes in appropriate nephron epithelial cell types 
suggests utility of kidney organoids for understanding genetic kidney diseases.  
Heat map comparison of gene expression in organoids (A) D15, (B) D29 of HRC and tumor 
syndrome diseases-causing genes in kidney epithelial cell clusters across 4 iPSC lines. 
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Supplementary Figure 18. Expression of genes associated with chronic kidney diseases 
(CKD) in appropriate nephron epithelial cell types suggests utility of kidney organoids for 
understanding genetic kidney diseases. 
Heat map comparison of gene expression in organoids ((A) D15, (B) D29)  and (C) human adult 
of genes associated with chronic kidney disease in kidney epithelial cell clusters across 4 iPSC 
lines. 
 
  



31 
 

 
  

Mendelian Glomerular Diseases

A

C

B

Podocyte−like

Tubular Progenitors

NPC−1

NPC−2

NPC−3

Endothelial Progenitors

TR
PC

6
C
D
2A
P

IN
F2

M
YO

1E
LM

X1
B

SM
AR

C
AL
1

C
O
Q
2

C
O
Q
6

PD
SS

2
AD

C
K4

SC
AR

B2
AP

O
L1

C
O
L4
A3

C
O
L4
A4

C
O
L4
A5

C
O
L4
A6

FN
1

N
U
P9
3

SG
PL
1

W
D
R
73

N
U
P2
05

TT
C
21
B

D
G
KE

KA
N
K4

AR
H
G
AP

24
N
EI
L1

W
N
K4

KA
N
K1

IL
36
G

AR
H
G
EF

17
XY

LT
1

KA
T2
B

D
LG

5
G
C
C
1

LA
M
B2

M
AG

I2
TN

S2
D
LC

1
C
D
K2
0

IT
SN

1
IT
SN

2
PL
C
E1

BP
TF

AC
TN

4
M
YH

9
IT
G
A3

PT
PR

O
W
T1

Sa
m

pl
e

C
el

l L
in

e

Podocyte
PCT−1
PST
tDL
TAL
TAL/DT
CD−PC
CD−α−IC
CD−PC/IC
Endothelial

TR
PC

6
C
D
2A
P

IN
F2

M
YO

1E
LM

X1
B

SM
AR

C
AL
1

C
O
Q
2

C
O
Q
6

PD
SS

2
AD

C
K4

SC
AR

B2
AP

O
L1

C
O
L4
A3

C
O
L4
A4

C
O
L4
A5

C
O
L4
A6

FN
1

N
U
P9
3

SG
PL
1

W
D
R
73

N
U
P2
05

TT
C
21
B

D
G
KE

KA
N
K4

AR
H
G
AP

24
N
EI
L1

W
N
K4

KA
N
K1

IL
36
G

AR
H
G
EF

17
XY

LT
1

KA
T2
B

D
LG

5
G
C
C
1

LA
M
B2

M
AG

I2
TN

S2
D
LC

1
C
D
K2
0

IT
SN

1
IT
SN

2
PL
C
E1

BP
TF

AC
TN

4
M
YH

9
IT
G
A3

PT
PR

O
W
T1

Sa
m

pl
e

Podocyte

PT

TAL/DT

GATA3+ DT

NPC

Endothelial Cells

TR
PC

6
C
D
2A
P

IN
F2

M
YO

1E
LM

X1
B

SM
AR

C
AL
1

C
O
Q
2

C
O
Q
6

PD
SS

2
AD

C
K4

SC
AR

B2
AP

O
L1

C
O
L4
A3

C
O
L4
A4

C
O
L4
A5

C
O
L4
A6

FN
1

N
U
P9
3

SG
PL
1

W
D
R
73

N
U
P2
05

TT
C
21
B

D
G
KE

KA
N
K4

AR
H
G
AP

24
N
EI
L1

W
N
K4

KA
N
K1

IL
36
G

AR
H
G
EF

17
XY

LT
1

KA
T2
B

D
LG

5
G
C
C
1

LA
M
B2

M
AG

I2
TN

S2
D
LC

1
C
D
K2
0

IT
SN

1
IT
SN

2
PL
C
E1

BP
TF

AC
TN

4
M
YH

9
IT
G
A3

PT
PR

O
W
T1

Sa
m

pl
e

C
el

l L
in

e

z-
sc

or
e

0
2
4
6

-2
-4
-6

Cell Line
AS
N1
N2
TF

Sample
D15
D29
HA

Supplementary Figure 19



32 
 

Supplementary Figure 19. Expression of monogenic causes of hereditary glomerular 
diseases in appropriate nephron epithelial cell types suggests utility of kidney organoids 
for understanding genetic kidney diseases.  
Heat map comparison of gene expression in organoids ((A) D15, (B) D29) and (C) human adult 
of hereditary glomerular disease-causing genes in kidney epithelial cell clusters across 4 iPSC 
lines.  
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Supplementary Figure 20. Expression of cell type-specific differentially enriched genes in 
organoids in prolonged culture. 
(A) Quality control summaries of D32 and D51 control organoids. The center line of the boxplots 
indicates the median, and the bottom and top lines of the box indicate the first and third quartiles 
respectively of the data points. Outliers are indicated as dots beyond the whiskers; whiskers 
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stretch up to +-1.5*IQR on both sides. (B) Violin plot of single cells from D32 (top row) and D51 
(bottom row) control organoids with gene expression of selected genes superimposed. 
 

Supplementary Figure 21. Integrated analysis of D29 (ThF), D32, and D51 control kidney 
organoid data. 
(A) t-SNE plot of single cell transcriptomic profiles with cluster color annotations; (B) t-SNE plot 
of single cell transcriptomic profiles with sample origin color annotations; (C) Proportion plots of 
sample contribution per cluster. 
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Supplementary Figure 22. Single cell analysis of kidney subcapsular transplantation of 
organoids. 
(A) Table of cell numbers from D32 cultured and transplanted organoids. (B) Quality control (QC) 
summaries of D32 transplanted kidney organoids from alignment to the combined human and 
mouse transcriptomes for (left) human and (right) mouse cells. The center line of the boxplots 
indicates the median, and the bottom and top lines of the box indicate the first and third quartiles 
respectively of the data points. Outliers are indicated as dots beyond the whiskers; whiskers 
stretch up to +-1.5*IQR on both sides. Data points represent QC summaries as indicated. (C) 
Immunofluorescence staining of D51 transplanted kidney organoids for human nuclei, mouse 
endothelial cells (Plvap), and cytoskeleton (F-actin). (D) t-SNE plot of human cells from D32 
transplanted kidney organoids. (E) Violin plot of gene expression of canonical cluster markers in 
single cells from D32 transplanted organoids (human). Y-axis annotations represent clusters. 
Each violin per cluster represents a transplant replicate.  
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Supplementary Figure 23. Off-target SOX2+ neuronal- and PMEL+ melanoma-like off-target 
cells reduced in transplanted organoids. 
(A) t-SNE plot of single cells from in vitro (D29 and D32, and prolonged culture D51) and 
transplanted organoids with expression of off-target gene markers (PMEL [melanoma-like], SOX2 
[neuronal precursor], MYOG [muscle-like], STMN2 [neuronal]). The colors indicate the range of 
expression from low (off-white) to high (purple). (B) Spearman correlation plot indicates that 
STMN2+ cells in transplanted organoids correlate most (r = 0.82) with fetal kidney, in contrast to 
organoids grown in vitro. 
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Supplementary Figure 24.  Transplanted organoids show similar expression of neuronal 
genes to second trimester fetal kidneys. (A) Violin plots of clusters from D29 and D32 controls, 
D51 prolonged culture and D32 transplanted showing expression of specific genes of interest. 
NTRK2 is abundantly co-expressed with NPHS2 (podocyte) in fetal kidney and across all 
organoids. The STMN2+ neuronal cluster in fetal kidney in enriched in CHGA, CHGB and GAL, 
and this pattern of gene expression is uniquely recapitulated in D32 transplant organoids, but not 
in organoids grown in vitro. (B) Dot plot indicates expression of CHGA and CHGB was detectable 
in a small number of cells in D29 STMN2+ cells. (C) Immunofluorescence staining of D29 and 
D32 control kidney organoids for NTRK2, podocytes (NPHS1), and distal tubules (CDH1).  
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Supplementary Table 1. Table of canonical markers for kidney (organoids and 
human)  

Kidney compartment  Canonical Markers used for 
identification 

Organoid Human Mouse 
Podocyte (1-5) NPHS2, 

SYNPO,WT1 
NPHS1, NPHS2, 
SYNPO, WT1, 

PODXL 

 

Proximal Tubule (1-4) CUBN, 
LRP2,AQP1 

CUBN, LRP2,AQP1, 
SLC7A3, SLC22A7 

 

Thick Ascending Limb (1-4) SLC12A1 SLC12A1, UMOD  
Distal Convoluted Tubule (1-4) - SLC12A3, MUC1, 

CDH1 
 

Distal Nephron (3,4) CDH1 -  
Ureteric Bud (1,2,7-10)  GATA3, RET, 

GFRA1, WNT11, 
ETV4, ETV5 

 

Collecting Duct – Principal Cells 
(1-3,6) 

- AQP2, SCNN1B, 
SCNN1G 

 

Collecting Duct –  
Intercalated Cells (1-3,6) 

 SLC4A9, ATP6V0D2  

Collecting Duct – alpha Intercalated 
Cells (1-3,6) 

- SLC4A1, KIT  

Collecting Duct – beta Intercalated 
Cells (1-3,6) 

- SLC26A4, INSRR  

Mesenchymal/vascular smooth 
muscle  

COL3A1, MEIS2, 
MEIS1 
[3,4] 

ACTA2 [7]  

Mesenchymal/fibroblast COL3A1  
Endothelial Cell (1,2,3,5,8,9) PECAM1 PECAM1, KDR, 

FLT1, EMCN 
Pecam1, Kdr, Flt1, 

Emcn 
Fenestrated Endothelial Cell (10) - PECAM1, PLVAP Pecam1, Plvap 

Immune Cells (2) - PTPRC  
 

Other Organoid 
Epithelial (11) EPCAM 
Neuronal (3) STMN2, SOX11 

Neuronal (progenitor) (12,13) SOX2 
Muscle (3) MYOG, MYLPF 

Melanoma-like (3) PMEL 
 

Other (14-17) Organoid 
Nephron Progenitor Cells (Distal) POU3F3, PAX2, LHX1, IRX3 

Nephron Progenitor Cells 
(Proximal) 

WT1, FOXC2, NOTCH2 
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Supplementary Table 2. Table of data-driven markers from D29 and D15 
Organoid Stage Kidney Cell  Data-driven Marker 

 
D15 

 
                Podocyte  

CLDN5 
SOST 

SPARC 
BST2 

 
 

D29 

Proximal Tubule 
(Proximal-distal gradient) 

 
                  APOE 

 
Distal Nephron 

WFDC2 
MAL 

DEFB1 
 
Supplementary Table 3. Table of cell types and compartments 

Putative_Cell_Types Compartment 
Endothelial Cells Endothelial 
Distal Nephron Nephron 
Nephron Progenitor Cells Nephron 
Podocyte Nephron 
Proximal Convoluted Tubule Nephron 
Thick Ascending Limb Nephron 
Mesenchymal Cells-1 Mesenchymal 
Mesenchymal Cells-2 Mesenchymal 
Mesenchymal Cells-3 Mesenchymal 
Mesenchymal Cells-4 Mesenchymal 
Mesenchymal Cells-5 Mesenchymal 
Mesenchymal Cells-6 Mesenchymal 
Mesenchymal Cells-7 Mesenchymal 
Mesenchymal Cells-8 Mesenchymal 
Proliferating Mesenchymal 
Muscle-like-1 Offtarget 
Muscle-like-2 Offtarget 
Neuron-like Offtarget 
Neuronal precursor Offtarget 
Melanoma Offtarget 
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Supplementary Table 4. Table of developmental programs (14-17). 
Ureteric Bud RET, WNT9B, LHX1, ETV4, ETV5, 

WNT11, SPRY1, FGF9, GATA3, GFR1A 
 

Metanephric Mesenchyme OSR1, SALL1, WT1, EYA1, HOXD11, 
CITED1, PAX2, SIX1, SIX2, GDNF 
 

Cap Mesenchyme GDNF, PAX2, WT1, SIX2, CITED1, 
EYA1, WNT4 
 

Pretubular aggregate WNT4, LHX1 
Renal Vesicle – distal PAX2, LHX1, IRX3 (BRN1), LHX1 
Renal Vesicle – Proximal NOTCH2 
Renal Vesicle – Glomerulus FOXC2, WT1, VEGF 
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