




























 

 

Figure 2: Differentiation of neural crest cells into corneal endothelial cells. A) 

Representative light micrographs of neural crest cells differentiating into corneal 

endothelial cells at 9 (D9), 24 (D24), 52 (D52) and 84 (D84) days post-CEnC induction. 

Insets (i) in each panel show higher magnification views to better display changes in 

cell morphology throughout the differentiation process. B) Rt-PCR for CEnC-specific 

transcripts comparing undifferentiated iPSCs and day 16 NCCs (D16 NCCs) to 

differentiated cells at 8, 13, 20, 37, 52 and 84 days post-CEnC induction. POLR2A 

served as a control transcript. C) Representative immunocytochemical labeling of 

differentiated cells at 52 days post-CEnC induction with the CEnC-specific markers, 

zonula occludens-1 (upper left; ZO-1; green), N-Cadherin (upper right; N-Cad; red), 

Aquaporin-1 (lower left; AQP-1; green) and Na+/K+ATPase (lower right; green). DAPI 

was used to counterstain cell nuclei. Insets (i) in each panel show higher magnification 

views. D) Representative immunocytochemical labeling of differentiated cells at 84 

days post-CEnC induction with ZO-1 (upper left; green), N-Cad (upper right; red), 
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AQP-1 (lower left; green) and Na+/K+ATPase (lower right; green). DAPI was used to 

counterstain cell nuclei. Insets (i) in each panel show higher magnification views. Scale 

bars = 400 m in A and 200 m in C-D. 
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Figure 3: IPSC-derived corneal endothelial cells retain expression of CEnC 

markers following cryostorage, thaw and re-culture. A) Rt-PCR for CEnC-specific 

transcripts comparing undifferentiated iPSCs and iPSC-derived CEnCs that were 

frozen at day 57 post-CEnC induction, thawed and differentiated in CEnC induction 

medium for 12 days (69 days total post CEnC induction). POLR2A served as a control 

transcript. B) Representative immunocytochemical labeling of freezen/thawed corneal 

endothelial cells labeled with zonula occludens-1 (upper left; ZO-1; green), N-Cadherin 

(upper right; N-Cad; red), Aquaporin-1 (lower left; AQP-1; green) and Na+/K+ATPase 

(lower right; green). Scale bars = 200 m. 
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Figure 4: Derivation of iPSC-derived corneal endothelial cells does not require 

maturation of neural crest cells. A-I) Representative immunocytochemical analysis 

of cells labeled with N-Cadherin (A-C; N-Cad; red), zonula occludens-1 (D-F; ZO-1; 

green) and Aquaporin-1 (G-I; AQP-1; green). Cells were assessed for the presence of 

corneal endothelial markers following initial differentiation for 3 (D3; A, D and G), 5 

(D5; B, E and H) and 8 (D8; C, F and I) days in NCC-induction medium followed by 

subsequent differentiation in CEnC-specific medium for 19 (D19; A, D and G), 17 (D17; 

B, E and H) and 15 (D15; C, F and I) days, respectively. Insets (i) in each panel show 
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higher magnification views. DAPI was used to counterstain cell nuclei. Scale bars = 

200 m. J) Schematic summarizing the step-wise differentiation paradigm for the 

generation of patient-specific corneal endothelial cells. Fibroblasts derived from a 

patient-specific skin biopsy are reprogrammed into pluripotent stem cells (iPSCs) via 

exogenous expression of the well-documented transcription factors, OCT4, SOX2, 

KLF4 and cMYC. This process, including isolation and expansion of iPSC colonies 

typically takes ~70-90 days. The initial step towards derivation of corneal endothelial 

cells is differentiation of iPSCs to neural crest cells (NCCs) with treatment of cells with 

the GSK-3 inhibitor, CHIR99021 and the TGF/SMAD inhibitor, SB431542 for ~5-16 

days. NCCs were then terminally differentiated into corneal endothelial cells (CEnCs) 

using the same differentiation basal medium supplemented with B27, PDGF-BB and 

the WNT signaling inhibitor, DKK-2 for ~50-80 days. 
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Tables 

Table 1. List of human-specific rt-PCR primers used to assess neural crest cell- 

or corneal  endothelial cell-specific transcript expression. 

 

 

 

  

Cell Type of 
Interest 

Primer Pair Sequences: 
Forward 
Reverse 

 
 
 
 
Neural Crest Cells 

PAX3 
CCACAAGATCGTGGAGATGG 

ACCGCGTCCTTGAGTAATTT 

SOX9 
TGAAGAAGGAGAGCGAGGA 

CGCGGCTGGTACTTGTAAT 

SOX10 
GACCAGTACCCGCACCTG 

CGCTTGTCACTTTCGTTCAG 

p75NTR 
TGGCCTACATAGCCTTCAAGA 

GAGATGCCACTGTCGCTGT 

TFAP2A 
GTCTCCGCCATCCCTATTAAC 

GGACAGCTTCTCCCTCTACTA 

 
 
 
 
Corneal 
Endothelial 
Cells 

CDH2 
AGCCAACCTTAACTGAGGAGT 

GGCAAGTTGATTGGAGGGATG 

AQP1 
ACCTCCTGGCTATTGACTACA 

CCCTTCTATTTGGGCTTCATCT 

COL8A1 
CCTGGGTCAGCAAGTACCTC 

TTGTTCCCCTCGTAAACTGG 

COL8A2 
ATGCTGGGGACTCTGACAC 

GGTAGAGGCATTTCCAGGTACT 

ATP1A1 
ACAGACTTGAGCCGGGGATTA 

TCCATTCAGGAGTAGTGGGAG 

Loading Control POLR2A 
TAACCTGCTGCGGATGATCTGGAA 

GATGTTGAAGAGCAGCGTGGCATT 
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Table 2. Comparison of current protocol to previously published protocols. 

Abbreviations: iPSCs (induced pluripotent stem cells); ESCs (embryonic stem cells); PSCs 

(pluripotent stem cells); NCCs (neural crest cells); EFSCs (eye field stem cells); CEnCs 

(corneal endothelial cells). 

 

 Current protocol McCabe et al. Zhao et al. 

Cell type 
used 

iPSCs from adult 
dermal fibroblasts 

ESCs from human 
blastocysts 

iPSCs from BJ human 
foreskin fibroblast 

PSCs to 
EFSCs 
media 

 
 
 
 

 Not applicable 
 

 
 
 
 

 Not applicable 
 

 DMEM/F12 

 N2 

 B27 

 0.2% bovine serum 
albumin 

 FGF2 

 SB431542 

 LDN193189 

 IWP2 

PSCs/EFSCs 
to NCCs 
media 

 DMEM/F12 

 2% bovine serum 
albumin 

 Trace elements A,B,C 

 (+)-sodium L-
ascorbate 

 Transferrin 

 Heregulin -1 

 LONGR3 IGF-I 

 FGF2 

 SB431542 

 CHIR99021 

 DMEM/F12 

 20% knock out 
serum 
replacement 

 FGF2 

 SB431542 

 Noggin 

 DMEM/F12:Neurobasal 
50:50 

 N2 

 B27 

 2-phospho-L-ascorbic 
acid 

 CHIR99021 

NCCs to 
CEnCs 
media 

 DMEM/F12 

 2% bovine serum 
albumin 

 Trace elements A,B,C 

 (+)-sodium L-
ascorbate 

 Transferrin 

 Heregulin -1 

 LONGR3 IGF-I 

 FGF2 

 B27 

 PDGF-BB 

 DKK-2 

 DMEM/F12 

 20% knock out 
serum 
replacement 

 FGF2 

 B27 

 PDGF-BB 

 DKK-2 

 Human endothelial-
SFM 

 5% fetal bovine serum 

 2-phosphate ascorbic 
acid 

 SB431542 

 H-1125 

PSCs to 
CEnCs time 
line 

 
~25-96 days 

 
~10-15 days 

 
~25 days 
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Supplemental Data 

 

Supplemental Figure 1: iPSC-derived CEnCs do not express markers specific to the corneal 

epithelium. A-D) Representative immunocytochemical labeling of sections of human cornea (A, C) 

and Day 84 iPSC-derived CEnCs (B, D) with antibodies against the corneal epithelial-specific 

markers, keratin 3/keratin 76 (A-B; K3/K76; green) and cytokeratin 12 (C-D; CK12; green). DAPI was 

used to counterstain cell nuclei. Scale bars = 50 m in A, C and 200 m in B, D. 
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