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Abstract 

Keratinocyte is the predominant cell type in the epidermis of skin, and it provides the protective barrier 
function for the body. Various signaling pathways have been implicated in keratinocyte differentiation in 
animal models; However, their temporal regulation and interactions are still to be explored in pluripotent 
stem cell models. In this report, we use human embryonic stem cells to demonstrate that epidermal 
ectoderm and subsequent keratinocyte cell fate can be determined step by step under the regulation of 
defined factors. The inhibition of TGFβ initiates ectodermal lineage differentiation, and the activation of 
BMP pathway drives epidermal TP63 expression. Meanwhile, the timely activation of WNT pathway 
suppresses extraembryonic lineage, and promotes epidermal cell fate. With further specification by 
NOTCH inhibition, more than 90% of cells become TP63-positive stage Ⅱ keratinocytes. Finally, stage Ⅲ 
keratinocytes are produced under defined hypo-calcium keratinocyte culture conditions, and are further 
matured in mouse xenograft model. This study not only establishes an in vitro platform to study 
keratinocyte cell fate determination, but also provides an efficient protocol to produce keratinocytes for 
disease models and clinical applications. 
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Introduction 
The skin separates organisms from the external 

environment and provides an essential protective 
barrier for the individual. The human skin consists of 
three layers: epidermis, dermis and hypodermis. The 
epidermis is the surface layer of the skin, and more 
than 90% of epidermal cells are keratinocytes [1, 2]. 
Keratinocytes form a highly specialized epithelial 
layer to protect the body from infection and the loss of 
water. Keratinocytes generated from human 
pluripotent stem cells (hPSCs) are very useful in basic 
research, disease models and wound healing. 

However, few current procedures explore the details 
of keratinocyte cell fate determination in vitro. 

The induction of epidermal cell fate normally 
requires a stagewise differentiation of epiblast cells 
specified by various signaling pathways, as revealed 
by studies in multiple animal models, including 
zebrafish, xenopus, chicken and mouse [3-6]. During 
embryogenesis, epiblast cells are induced to 
ectoderm-like progenitors by TGFβ/Nodal/Activin 
inhibition [7, 8]. Subsequently, BMP and WNT signals 
jointly induce the epidermal lineage [7, 9, 10]. 
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Meanwhile, the inhibition of NOTCH and FGF 
pathways promotes the epidermal fates [11] [12, 13]. 
The temporal regulation of the involved pathways has 
been shown to be crucial for the cell fate determina-
tion among neural crest, neural plate border and 
epidermal cell fates [4, 11]. Throughout epidermal 
differentiation, keratinocyte gene expression is tightly 
controlled and programmed. The TP53 homolog TP63 
is the first transcription factor specific for the 
epidermal lineage [14]. TP63 is essential for epidermal 
proliferation and stratification. It encodes two 
isoforms: △Np63, expressed in the basal layer, and 
TAp63, which is more highly expressed in suprabasal 
cells [13]. TP63 subsequently induces the expression 
of key keratinocyte genes, such as KRT14, KRT1 and 
KRT10, during keratinocyte differentiation [6].  

Human embryonic stem cells (hESCs) have the 
potential to generate all cell types in our body, and 
they provide an ideal model system to study human 
embryogenesis [15]. To generate keratinocytes from 
hESCs, people have used serum, retinoic acid or dual 
inhibition of TGFβ/BMP pathways to initiate 
ectoderm differentiation [16-18]; BMP4, FGF inhibitor 
or NOTCH inhibitor is then used in different 
procedures to drive epidermal cell fate [13, 18, 19]. In 
the end, low-calcium keratinocyte medium is always 
used to enrich and expand the derived keratinocytes. 
Most procedures use undefined conditions, which 
makes it difficult for researchers to appreciate the 
details of molecular regulation in the process. 

Although all the current procedures could 
generate keratinocytes, there are still major issues to 
be addressed. Firstly, it is unclear how keratinocyte 
cell fate is determined stage by stage in vitro. Current 
studies focus on the analysis after the enrichment by 
keratinocyte media, and it is unknown whether the 
differentiation procedures are efficient to generate 
high purity, P63-positive keratinocyte before the 
enrichment. Secondly, the induction procedures often 
do not reflect the findings from animal models [14, 16, 
20-24]. For instance, WNT is essential for epidermis 
development in animal models; However, there is no 
report on how WNT could affect hESC differentiation 
toward keratinocytes [2, 4]. Thirdly, there is no study 
to explore the interaction of multiple key pathways in 
keratinocyte induction from hESCs.  

As discussed above, TGFβ, BMP, WNT and 
NOTCH pathways are essential for in vivo keratino-
cyte differentiation, but these pathways have also 
been implied in the differentiation of multiple other 
lineages (Figure S1A). For example, TGFβ inhibition, 
BMP activation and NOTCH inhibition can all induce 
extraembryonic lineage [25, 26], while WNT signaling 
drives both neural crest and mesodermal 
differentiation [27, 28]. In order to promote stage Ⅲ 

keratinocyte differentiation, it is important to 
suppress the alternative cell fates that could be 
induced by these signals. We hypothesize that 
temporal and combinatory regulations of the key 
pathways are critical to efficiently induce epidermal 
and keratinocyte cell fates while suppressing 
differentiation toward neural, extraembryonic and 
other lineages. We try to develop a defined 
differentiation procedure in a stagewise manner 
based on knowledge of in vivo studies. In this report, 
we examined the roles of key signaling pathways at 
each stage of epidermal differentiation and 
established a keratinocyte differentiation procedure 
under defined conditions (Figure S1B). We 
demonstrated that TGFβ inhibition initiated ectoderm 
differentiation, and dual activation of BMP and WNT 
pathways drove epidermal specification. We also 
showed that NOTCH inhibition and hypo-calcium 
conditions promoted further keratinocyte maturation. 
Through stepwise modulation of specific pathways, 
we were able to effectively generate stage Ⅱ and stage 
Ⅲ keratinocytes from hESCs and human induced 
pluripotent stem cells (hiPSCs). This study provides a 
novel research platform for people to study epidermal 
differentiation and to develop related applications.  

Materials and Methods 
Human ESC culture  

Human ESCs (H1 and H9) and iPSCs (ND1-4, 
NL-1, NL-4) were used in this study. H1 was the main 
cell line used in keratinocyte differentiation study, 
and the keratinocyte differentiation protocol was 
confirmed by H9, ND1-4, NL-1, and NL-4. All the cell 
lines were maintained in E8 medium (Chen et al., 
2011) on Matrigel-coated plates (Corning 354230). 
Cells were passaged every 3-4 days using EDTA 
method (Liu and Chen, 2014) in the presence of ROCK 
inhibitor (Y27632, 5µM). The ROCK inhibitor was re-
moved the next day, and the medium changed daily. 

Keratinocyte differentiation in monolayer 
Human PSCs were cultured as above until 30% 

confluence, then switched to differentiation medium 
(DMEM/F12, L-ascorbic acid, selenium, transferrin, 
insulin, 1x chemically defined lipid concentrate. From 
Day 0 to Day 8, cells were cultured in differentiation 
medium with the following treatments: Day 0-6, 10 
µM SB431542; Day 1-6, 5 µM CHIR99021; Day 1-8, 10 
ng/ml BMP4 (R&D 314-BP-01M); Day 4-8, 5 µM 
DAPT (Tocris 2634). From Day 9 to Day 11, the 
medium was changed to low-calcium differentiation 
medium (containing 0.06 mM calcium) supplemented 
with BMP4/DAPT/EGF (10 ng/ml). The resulting 
stage Ⅲ keratinocyte were then maintained in 
low-calcium differentiation medium supplemented 
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with 0.7% BSA (Sigma, A7030), 2.4 ng/ml adenine 
(Sigma, A8626-100G), 0.4 µg/ml hydrocortisone 
(Sigma, H0888-1G), 5 µg/ml NKH477 (Tocris, 1603), 
10 ng/ml EGF (Rasmussen et al., 2013). Components 
of the low-calcium differentiation medium: DMEM/ 
F12 (-Calcium) (Sigma, D9785), 28.64 mg/L magnesi-
um chloride (Sigma, M4880), 28.84 mg/L magnesium 
sulfate (Sigma, M2643), 1200 mg/L sodium bicarb-
onate (Sigma, S5761), 7.5 mg/L L-Glutamine (Sigma, 
G5792), 59.05 mg/L L-Leucine (Sigma, L8912), 91.25 
mg/L L-Lysine monohydrochloride (Sigma, L8662), 
17.24 mg/L L-Methionine (Sigma, M5308), and 
calcium chloride (Sigma, C5670) supplemented at 
designated concentrations. Working concentrations of 
treatments tested but not included in the final 
procedure: FGF2, 20 ng/ml; PD0325901, 25 nM; 
SU-5402, 10 μM (TOCRIS, 3300). The concentrations of 
chemicals and growth factors used in all experiments 
are the same as above unless otherwise specified. 

Real Time Polymerase Chain Reaction 
RNA was purified using RNAiso Plus reagent 

(Takara #9109) according to manufacturer's protocol. 
Reverse transcription was carried out using 
High-Capacity cDNA Reverse Transcription Kit from 
Applied Biosystems (4368814). Real‐time PCR was 
performed using Takara SYBR® Premix Ex Taq™ II 
on Applied Biosystems QuantStudio 7 Flex Real-time 
PCR System and the data were normalized to GAPDH 
or TBP expression. Primers used were listed in 
supplemental table S2. 

Immunostaining 
Cells were fixed in 4% paraformaldehyde for 20 

min, washed with PBS, and permeabilized in 0.5% 
Triton X-100/PBS for 10 minutes. After blocking with 
3% BSA/PBS for 1h, cells were incubated with 
primary antibodies overnight in 4℃. Cells were then 
washed in PBS, incubated with the secondary anti-
bodies for 1 hour and washed with PBS three times. 
Hoechst 33258 (Molecular Probes H1398) was used for 
nuclei staining (10min). The following primary 
antibodies were used: anti-TP63 antibody (BA1887, 
Boster); Cytokeratin 14 (sc-58724, Santa Cruz); Cyto-
keratin 1 (sc-65999, Santa Cruz); Cytokeratin 10 (sc- 
23877, Santa Cruz); Involucrin (sc-21748, Santa Cruz); 
Filaggrin (sc-30229, Santa Cruz); KRT18 (sc-6259, 
Santa Cruz). 

Flow Cytometry Analysis 
Cells were dissociated into single cells by 

TrypLE Select enzyme (Thermo Fisher Scientific) 
treatment, washed in PBS, and then fixed by 4% 
paraformaldehyde (PFA) for 20 minutes at room 
temperature. Fixed cells were washed with PBS and 
permeabilized in 0.5% Triton X-100/PBS for 10 

minutes. After washes in PBS, cells were blocked in 3 
% bovine serum albumin (BSA/PBS) for 1 hour and 
incubated with primary antibodies overnight in 4℃. 
After washing in PBS for 3x 5 minutes, cells were 
incubated with secondary antibodies for 30 minutes at 
room temperature, washed twice, and suspended in 
PBS for flow cytometry analysis using BD Accuri™ C6 
Cytometer. Primary antibodies used: Cytokeratin 14; 
Cytokeratin 1. 

IncuCyte Zoom Live-Cell Imaging 
Cell proliferation was measured with the 

IncuCyte Zoom Live-Cell Imaging System (Essen 
Bioscience). Cells were seeded in a Matrigel coated 
6-well plate at 105 cells per well, and nine images were 
captured in each well every 2 hours over a 4-day 
period. Proliferation was determined by calculating 
the total area occupied by cells (% confluence), and 
the starting confluence was around 16%. 

Microarray analysis 
Total RNA was extracted from collected cell 

samples (RNAiso Plus reagent, Takara #9109) and 
further purified (RNAeasy mini kit, QIAGEN). cRNA 
was produced using the TargetAmpTM-Nano 
Labeling Kit. cRNA samples were hybridized onto 
microarrays using the HumanHT-12 v4 Expression 
BeadChip Kit (Illumina) and the arrays were scanned 
on an iScanner (Illumina).  

The microarray data was pre-processed via the 
arrayanalysis.org webportal (www.arrayanalysis.org) 
and the on-line Illumina pre-processing pipeline was 
used. Briefly, box plot and PCA plot were used to 
inspect the data quality. Background correction and 
quantile normalization were applied to the raw data. 
Then the log2 transformation was employed as the 
variance stabilizing strategy. Heatmaps were drawn 
with the R package (pheatmap) to show the expres-
sion patterns. For the global gene expression, 
hierarchical clustering was applied to both axes using 
euclidean metric for similarity and complete linkage 
clustering for row clustering and single linkage 
clustering for column clustering. The GEO accession 
number for the microarrays data reported in this 
paper is GSE144241. 

Mouse excisional wound model and 
keratinocyte transplantation 

All the animal experiments were conducted 
under an animal use protocol approved by the 
University of Macau Sub-panel on Animal Research 
Ethics. NOD SCID mice (6-8 weeks old; male; body 
weight 20-23 g; n=10) were obtained from the animal 
facility of University of Macau. 

After anesthesia, hair was removed from the 
dorsal surface of NOD SCID mice, and an 8-mm 
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punch was used to mark the edge of wounded skin. 
The full thickness skin flap was elevated with scissors. 
A GFP-labeled H1 cell line was generated by constitu-
tively expressing a GFP construct at the AAVS1 site 
(Mali et al., 2013; Qian et al., 2014), (donor plasmid 
AAVS1-CAG-hrGFP, Plasmid#52344, Addgene; Cas9 
plasmid px330-U6-Chimeric_BB-CBh-hSpCas9, Plas-
mid#42230). The GFP-labeled cells were then differ-
entiated to keratinocytes according to our differentia-
tion protocol. After 20 days of differentiation, 0.7x106 
cells were mixed with matrigel and injected into the 
skin flap. Additional 0.3x106 cells were mixed with 
matrigel and topically applied onto the wound bed. 
After transplantation, the skin flap was returned and 
sutured to prevent cell loss. Seven days after the 
surgery, the animals were sacrificed, and the skin was 
removed and perfused with 4% paraformaldehyde for 
immunostaining and H&E staining. 

3D organotypic culture  
Three-dimensional culture of hESC-derived 

keratinocytes were carried out according to published 
procedures [29]. Briefly, human foreskin fibroblasts 
were embedded in a collagen matrix and cultured on 
3.0µm polycarbonate membrane inserts for 7 days to 
form dermal equivalents. Keratinocytes derived from 
hESCs were collected on day 20 of differentiation and 
seeded on the collagen lattice. Air-lift was performed 
after one week, and the keratinocytes were further 
cultured for two weeks at the air-liquid interface 
before collection for immunohistochemistry analysis.  

Statistical analysis 
All data are presented as the mean± SD of three 

or more independent experiments unless otherwise 
specified.  

Statistical significance was determined by two- 
tailed Student’s t-test. P < 0.05 was considered 
statistically significant. 

Results 
Primitive ectoderm cell fate determination 
through TGFβ inhibition 

In order to generate keratinocytes for disease 
models and potential therapeutic applications, we 
tried to establish an in vitro keratinocyte differentia-
tion platform in defined medium. Based on the know-
ledge from animal models, we systematically ana-
lyzed the impact of key pathways at each develop-
mental stage in keratinocyte cell fate determination. 
We identified TGFβ, BMP4, WNT, NOTCH and cal-
cium level as the main players in the differentiation, 
and they need to be temporally modulated to achieve 
optimal keratinocyte derivation (Figure 1A). The 
details of protocol development are elaborated below.  

First, we examined whether TGFβ inhibition 
could induce primitive ectoderm from hESCs, which 
has the potential to become neuroectoderm and 
surface ectoderm. ALK5 inhibitor SB431542 was 
reported to inhibit TGFβ/Activin/Nodal pathway in 
ectodermal initiation in mouse model [7]. We tested 
this treatment in a 6-day time course, and examined 
the emergence of lineage-specific marker genes from 
day 1 to day 6. Under TGFβ inhibition, the 
pluripotency marker NANOG decreased significantly 
in one day, while all ectodermal and extraembryonic 
makers emerged in six days (TP63, epidermis marker; 
PAX3, neural crest; SIX1, placode; PAX6, neural; CGB 
gene family, extraembryonic) (Figure 1B). It suggests 
that TGFβ inhibition initiates differentiation and 
induces all ectodermal lineages, and a 6-day time 
frame could be used to evaluate the emergence of 
surface ectoderm and epidermal lineages.  

We then evaluated whether the duration of 
TGFβ inhibition could affect ectodermal differentia-
tion in a set of pulse-release treatments. hESCs were 
first exposed to TGFβ inhibition for different periods 
of time, and then allowed to differentiate without the 
inhibition till day 6. We found that one day of TGFβ 
inhibition was sufficient for the emergence of 
epidermal, placode and extraembryonic lineages, but 
neural and neural crest lineage markers required 
more than five days of TGFβ inhibition (Figure 1C). 
We also noticed that the extended TGFβ inhibition by 
itself relatively suppressed epidermal lineage, while 
increasing the differentiation toward other lineages 
(Figure 1C). It suggests that primitive ectoderm 
differentiation is triggered after one day of TGFβ 
inhibition, and additional modulation is probably 
needed to boost epidermal differentiation and 
suppress other lineages. Based on other data 
discussed later in the manuscript (Figure 2), we chose 
to use 6-day SB treatment to optimize surface 
ectodermal differentiation, and various treatments 
were applied to cells on day one or later.  

Epidermal specification through BMP and 
WNT activation 

BMP4 is widely used in epidermal differentia-
tion, and we tested its effect in combination with 
continuous TGFβ inhibition. BMP4 significantly 
enhanced the expression of epidermal marker TP63 
and suppressed neural lineage marker PAX6, while 
elevating the expression of extraembryonic gene CGB 
(Figure 1D). This result suggests that BMP4 along 
with SB431542 drove not only epidermal but also 
extraembryonic differentiation. In order to generate 
epidermal specific lineage, additional factor is needed 
to suppress the extraembryonic lineage. 
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Figure 1. Early epidermal cell fate determination under the influence of multiple signaling pathways in hESCs. See also Figure S1. A. Stagewise method for 
keratinocyte differentiation. B. The time course of epidermal differentiation under TGFβ inhibition. hESCs were treated with SB431542 (SB) in differentiation medium (See 
Materials and Methods), and the cells were harvested at specific time points for analysis of gene expression by RT-qPCR. The results were normalized to GAPDH. C. The 
emergence of TP63 under pulse treatment of TGFβ inhibitor. hESCs were treated with SB431542 (SB) for specified periods in differentiation medium followed by differentiation 
medium only until day 6. Cells were collected on day 6 for analysis of gene expression by RT-qPCR. The results were normalized to GAPDH. D. BMP4 promotes TP63 
expression under TGF-β inhibition. hESCs were treated with SB431542 (SB) in differentiation medium, and BMP4 was added from day 1 till day 6 when cells were harvested for 
gene expression analysis by RT-qPCR. The results were normalized to hESC; Data are presented as the mean±SD of three independent experiments. *, p < 0.05. E. The impact 
of WNT pathway modulation on epidermal cell fate determination. hESCs were treated with SB431542 (D0-6) and BMP4 (D1-6) in differentiation medium, and 
CHIR99021(CHIR, 5 µM) or IWR-1 (1 μM) was added from day 1 to day 6. Cells were then harvested for gene expression analysis by RT-qPCR. The results were normalized 
to hESC; Data are presented as the mean±SD of three independent experiments. *, p < 0.05. ns, not significant.  

 
In order to identify the factors that could 

suppress extraembryonic lineage, we screened vari-
ous pathway modulators in the presence of BMP4 and 
SB431542. We found that WNT activator CHIR99021 
significantly inhibited extraembryonic marker CGB, 

while increasing epidermal marker TP63 expression 
(Figure 1E). In contrast, WNT inhibitor IWR-1 
suppressed epidermal lineage and increased extra-
embryonic differentiation (Figure 1E). CHIR99021 
alone or along with BMP4 further suppressed the 
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expression of neural marker PAX6, and CHIR99021 
alone inhibits TP63 expression when BMP4 was not 
added (Figure S1C and S1E). These data indicate that 
WNT activation is important for epidermal lineage 
differentiation, which is consistent with the findings 
in animal models [4, 11].We also checked the effect of 
FGF/MEK/ERK signaling pathway modulators on 
keratinocyte differentiation, including MEK/ERK 
inhibitor PD0325901, FGF2 and FGF receptor 
antagonist SU-5402. These treatments showed some 
beneficial effects under specific settings, but not as 
strong compared to BMP4 or CHIR99021 in TP63 
induction (Figure S1D-E). 

Optimization of temporal treatments in early 
epidermal differentiation 

The temporal regulation by growth factors is 
critical for efficient cell fate determination [30]. We 

optimized the temporal treatments for epidermal 
ectoderm differentiation by SB431542, BMP4 and 
CHIR99021. In a 6-day time course, the best TP63 
expression was observed with one day of SB431542 
single treatment before tri-reagent treatment with 
SB431542, BMP4 and CHIR99021 (Figure 2A). 
Although prolonged treatment with SB431542 alone 
suppressed epidermal lineage (Figure 1B), we found 
that extended SB431542 exposure was beneficial to 
TP63 expression in the presence of BMP4 and 
CHIR99021 (Figure 2B). These findings suggest that 
early TGFβ inhibition along with CHIR99021 and 
BMP4 directs the differentiation toward epidermal 
ectoderm lineage.  

Besides the temporal regulation of TGFβ, the 
duration of BMP4 and WNT activation are also 
important for TP63 expression. In the presence of 
SB431542 and CHIR99021, extended BMP4 exposure 

 

 
Figure 2. Optimization of epidermal cell fate determination at early stage. See also Figure S2. A. The time course of primitive ectoderm induction. Cells were 
treated with SB431542 single treatment for 0, 1, 2 or 3 days in differentiation medium, followed by combination treatment with SB431542, BMP4 and CHIR99021 until day 6, 
and collected on day 6 for TP63 gene expression analysis by RT-qPCR. The results were normalized to hESC; Data are presented as the mean±SD of three independent 
experiments. *, p < 0.05. B. The impact of prolonged exposure to TGFβ inhibitor. H1 cells were treated with TGFβ inhibitor SB431542 (SB) for 2, 4 or 7 days in the presence 
of BMP4 (Day 1 to 7) and CHIR99021 (CHIR, Day 1 to 5) in differentiation medium, and gene expression was analyzed on day 7 by RT-qPCR. The results were normalized to 
control (no SB4315432 treatment); Data are presented as the mean±SD of three independent experiments. *, p < 0.05. C. The effect of BMP4 timing on TP63 induction. In the 
presence of SB431542 (SB, Day 0-6) and CHIR99021 (CHIR, Day 1-5), BMP4 was added for specific time periods, and gene expression was analyzed on day 7 by RT-qPCR. The 
results were normalized to control (no BMP4 treatment); Data are presented as the mean±SD of three independent experiments. ns, not significant (one-way ANOVA with 
post hoc multiple comparisons). D. The effect of WNT activation timing on epidermal differentiation. WNT activator CHIR99021 (CHIR) was added in the presence of 
SB431542 (SB, Day 0-6) and BMP4 (Day 1-7) for specified periods of time, and gene expression was analyzed by RT-qPCR on day 7. The results were normalized to control 
(no CHIR treatment); Data are presented as the mean±SD of three independent experiments. *, p < 0.05. E. Impact of NOTCH inhibition during epidermal differentiation. 
Epidermal differentiation was carried out with SB431542 (SB, Day 0-6), CHIR99021 (CHIR, Day 1-6) and BMP4 (Day 1-6). NOTCH inhibitor DAPT was added between Day 
4-6, and the gene expression was analyzed by qPCR on Day 6. The results were normalized to hESC; Data are presented as the mean±SD of three independent experiments. 
*, p < 0.05. F. The impact of WNT activation along with NOTCH inhibition on epidermal cell fate determination. Cells in epidermal differentiation were treated with DAPT 
with or without CHIR99021 (CHIR) between day 4 to 6, and the samples were collected on Day 6 for RT-qPCR. The results were normalized to hESC; Data are presented 
as the mean±SD of three independent experiments. *, p < 0.05.  
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led to consistent TP63 expression (Figure 2C). Higher 
dose of BMP4 was also beneficial to TP63 expression 
(Figure S2A). We also found that TP63 expression was 
decreased by extended WNT activation in the 
presence of SB431542 and BMP4 (Figure 2D). When 
the dose of WNT activator was decreased, TP63 was 
further elevated at the expense of increased 
extraembryonic marker CGB expression (Figure S2B). 
These results indicate that BMP and WNT signaling 
promote epidermal differentiation, but additional 
modulators may be necessary to overcome the WNT 
effect to drive neural crest cell fate[31].  

NOTCH inhibition improves stage II 
keratinocyte differentiation 

NOTCH inhibitor DAPT is reported to increase 
TP63 expression in epidermal differentiation [13], and 
it is also an inducer for extraembryonic lineage [26]. 
We demonstrated that TP63 expression was increased 
by DAPT treatment from day 4 to day 6 (Figure 2E). 
Continued WNT activation was required at this stage, 
as DAPT treatment without CHIR99021 led to 
increase of both TP63 and CGB expression without 
affecting neural and neural crest markers (Figure 
S2C). Adding CHIR99021 from day 4 to 6 helped 
suppress CGB and PAX6 while maintaining TP63 
expression (Figure 2F and S2D). These results suggest 
that NOTCH inhibition is beneficial for the transition 
from primitive ectoderm to stage Ⅱ keratinocytes, but 
concomitant WNT activity is necessary to suppress 
extraembryonic and neural cell fates.  

Optimization of stage III keratinocyte 
differentiation 

After the first 6 days of differentiation, 
additional treatment is necessary to promote the 
transition to stage Ⅲ keratinocytes. Continuous 
exposure to BMP4 and DAPT further increased TP63 
expression (Figure 3A). Addition of CHIR99021 or a 
combination of SB431542 and CHIR99021 was not 
beneficial to TP63 expression between day 6 and day 8 
(Figure 3A and S3A). Based on these observations, 
BMP4 and DAPT were used to drive keratinocyte 
maturation after day 6 without further CHIR99021 or 
SB431542 treatment. Immunostaining showed that 
more than 70% of cells were TP63-positive after 8 days 
of differentiation (Figure 3B and S3F).  

Even though TP63 was highly expressed at day 
8, key keratinocyte marker KRT14 level was still low 
by day 8 (Figure S3A). Epidermal growth factor (EGF) 
is a common factor in keratinocyte media [32], and we 
included EGF after day 8 in our protocol.  

Low calcium concentration was reported to 
enhance keratinocyte differentiation [33, 34]. We 
examined the effect of calcium on keratinocyte 

differentiation after day 8, because premature 
exposure led to inconsistent cell survival (data not 
shown). We observed that decreasing calcium to 
0.06mM significantly increased TP63 and KRT14 
expression (Figure 3C and S3B). We further evaluated 
the keratinocyte differentiation by immunostaining 
and FACS analysis. More than 80% of cells were TP63 
positive, and KRT14 expression became detectable on 
day 11. The expression of TP63 and KRT14 were 
visibly higher in day 11 cells than those on day 8, 
which is consistent with the FACS results (Figure 
3D-F and Figure S3D). E-cadherin, an essential 
regulator of keratinocyte organization [35], was also 
detectable at the periphery of cells on D8 (Figure S3C). 
These data suggest that stage Ⅲ keratinocytes were 
derived, but further maturation was necessary. 

Keratinocyte derivation in defined conditions 
Based on the above findings, we were able to 

differentiate hESCs to keratinocyte lineage, and we 
then cultured the cells further in a defined medium 
that was formulated according to previous reports by 
others [36]. Finally, we established a procedure to 
differentiate hESCs toward keratinocytes through 
multiple stages (Figure 4A). In the process, we 
observed significant changes in the cellular 
morphology (Figure 4B). The epidermal marker gene 
expression changes were consistent with 
differentiation stages (Figure 4C). After the cells were 
differentiated for more than 20 days, most cells 
expressed keratinocyte markers, including TP63, 
KRT14, KRT10 and KRT1 (Figure 4D and S4D). This 
observation was consistent with flow cytometry 
results that >95% of the cells were positive for KRT14 
and ＞ 85% of cells express maturation marker KRT1 
(Figure 4E). This differentiation process can also be 
carried out in fully chemically defined culture 
conditions, in the absence of Matrigel and albumin. 
We showed that keratinocytes were generated on 
recombinant vitronectin-coated surface (Figure S4A), 
and in albumin-free conditions (Figure S4B). The 
keratinocytes generated have high expansion capacity 
(Figure S4C) and can be passaged 8-10 times in vitro. 

The keratinocyte differentiation procedure was 
then applied to multiple hPSC lines, including hESC 
(H1, H9) and hiPSC (NL-1, NL-4, ND1-4) lines. Most 
cell lines showed positive expression of keratinocyte 
genes, and the levels were comparable to the 
immortalized keratinocyte cell line HaCaT and 
primary human keratinocyte cell lines (Figure 4F). We 
also noticed that different cell lines vary in the level of 
marker gene expression. It indicates that the protocol 
probably needs to be tweaked to fit the differentiation 
needs of specific cell lines. 
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Figure 3. Optimization of keratinocyte maturation conditions. See also Figure S3. A. BMP4 and NOTCH inhibitor (DAPT) treatments are sufficient to support 
keratinocyte maturation from day 6 to day 8. Beyond Day 6 of differentiation, cells were treated with or without SB431542 (SB) or CHIR99021 (CHIR) under BMP4 and NOTCH 
inhibitor treatment for two extra days, and the gene expression was examined by RT-qPCR. The results were normalized to hESC; Data are presented as the mean±SD of three 
independent experiments. *, p < 0.05. B. Immunostaining of TP63 expression on day 0 and day 8. Scale bar, 50 µm. C. The impact of calcium concentration on the expression 
of keratinocyte markers. After eight days of differentiation, cells were maintained in different calcium concentrations (1 mM versus 0.06 mM) between day 9 and day 11, and 
analyzed for gene expression. The results were normalized to hESC; Data are presented as the mean±SD of three independent experiments. *, p < 0.05. D. Immunostaining of 
TP63 (green) and KRT14 (red) expression on D8 and D11. Scale bar, 50 µm. White arrow, KRT14 expression. E. Flow cytometry analysis of TP63 on Day 8 and Day 11 of 
differentiation. Blue peak represents undifferentiated hESCs; pink peak represents keratinocyte. F. Quantification of TP63-positive cells on Day 0, Day 8 and Day 11 by flow 
cytometric analysis. Data shown are mean±SD of three independent experiments. *, p < 0.05.  
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Figure 4. Keratinocyte derivation procedure in defined conditions. See also Figure S4. A. Schematic drawing of the optimized keratinocyte differentiation protocol. 
B. Cell morphology changes in the differentiation process. Scale bar,100µm. C. Stagewise keratinocyte gene expression by RT-qPCR. The results were normalized to hESC (D0); 
Data are representative of 3 independent experiments. D. Immunostaining of TP63 (red), KRT14 (green), KRT1 (green) and KRT10 (green) on day 24 and day 32 of 
differentiation. Scale bar, 50µm. E. Flow cytometry analysis of KRT14 (left panel) and KRT1 (right panel) on Day 28 of differentiation. Blue peak represents undifferentiated 
hESCs; pink peak represents keratinocyte. F. Keratinocyte differentiation from multiple hESC (H1, H9) and hiPSC (ND1-4, NL-1, NL-4) lines. Gene expression was analyzed on 
day 20 of differentiation and compared with HaCaT keratinocyte cell line, primary human foreskin keratinocytes (HFK-1, HFK-2) and undifferentiated hESCs (H1). The results 
were normalized to hESC (H1); Data are representative of 3 independent experiments. 
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Gene Expression in Keratinocyte 
Differentiation 

Keratinocyte gene expression in vivo is tightly 
controlled during embryogenesis [12]. We examined 
how the global gene expression is temporally 
regulated on the in vitro platform. The cluster analysis 
of gene expression demonstrated that the global gene 
expression profiles clustered according to the 
differentiation stages (Figure 5A). A keratinocyte- 
enriched gene list was created based on published 
gene expression data [37](Supplemental Table S1). We 
observed that most keratinocyte-specific genes 
emerged when hESCs differentiate toward keratino-
cytes, and most gene expression reached maximal 
level around Day 11 and Day 26 (Figure 5B). 

Keratinocyte transplantation in mouse 
excisional wound model and maturation at 
air-liquid interface 

To further evaluate the potential application of 
our hPSC-derived keratinocytes in clinical transplan-
tation, we tested the in vivo survival and incorporation 
of hESC-derived keratinocytes in a mouse model. A 
GFP-labeled hESC reporter cell line was produced, 
and cells were differentiated to keratinocytes 
following the protocol above (Figure 4A). Cells were 
collected on day 20 and transplanted into excisional 
wounds on immunodeficient mice by injection and 
topical application [38]. Seven days after 
transplantation, the wounds closed up (Figure 5C). 
H&E staining results confirmed formation of new 
cornified skin (Figure 5C). Immunostaining of serial 
skin sections showed positive expression of KRT14, 
KRT1, KRT10, IVL and FLG (Figure 5D, red 
fluorescence). GFP-positive cells remained in the skin, 
and the green fluorescence co-localized with the 
staining of keratinocyte maturation markers, 
indicating survival and continued maturation of the 
transplanted cells in vivo (Figure 5D-E). When grown 
at the air-liquid interface in 3D organotypic culture 
[29], hESC-derived keratinocytes further differenti-
ated and matured two weeks after air lift, and some 
cells expressed maturation markers, such as KRT10 
and IVL (Figure S5A).  

Discussion 
Derivation of keratinocytes from pluripotent 

stem cells has many potential applications in disease 
modeling and clinical treatments. Combined with 
induced pluripotent stem cell (iPSC) technology, 
hPSCs have the potential to produce unlimited 
patient-specific keratinocytes in vitro. In order to 
realize the potential of hPSC-derived keratinocytes, 
new technologies need to be developed in many 
aspects, including lineage-specific differentiation, cell 

quality control, cell expansion and transplantation 
[39]. In this report, we stagewisely established an in 
vitro epidermal differentiation procedure by the 
temporal manipulation of key signaling pathways. 
This procedure could generate >80% TP63-positive 
stage Ⅱ keratinocytes before the enrichment by 
keratinocyte culture conditions. This study not only 
provides an in vitro platform to understand human 
keratinocyte development, but also establishes a 
novel differentiation protocol to generate keratino-
cytes for potential therapeutic applications.  

Our current knowledge on keratinocyte 
differentiation mainly comes from animal models, 
and the roles of various pathways in guiding the 
differentiation of keratinocytes from hPSCs have not 
been systematically studied. We showed that the 
interaction among TGFβ, BMP and WNT pathways 
are crucial for epidermal cell fate determination in cell 
culture. Consistent with in vivo studies [7], this report 
shows that TGFβ inhibition induces primitive 
ectoderm, and one-day TGFβ inhibition is sufficient 
for surface ectoderm induction. BMP4 activation and 
NOTCH inhibition is crucial to further increase 
epidermal gene expression (Figure S1A). The function 
of WNT signaling in ectodermal development is very 
critical as it regulates neural crest, neural plate border 
and epidermal cell fates in animal models, and this 
study highlighted that WNT signal is essential in the 
in vitro epidermal differentiation platform [4, 18]. We 
also demonstrated an important function of WNT 
specific to hESC differentiation. Unlike mouse ESCs, 
hESCs can differentiate to extraembryonic lineages in 
intro [25]. We demonstrated that WNT activation 
prevents extraembryonic lineage in epidermal 
differentiation, while all the other factors are reported 
extraembryonic inducers (Figure S1A) [25, 40]. Taken 
together, we think that ectodermal sub-lineage cell 
fate is determined by the combinatorial effects of the 
above growth factors existing in differential gradients 
(Figure S5B). 

Current protocols all use the low-calcium 
keratinocyte media to enrich keratinocytes, and 
differentiation efficiency is then analyzed using the 
enriched cells [41]. Such approach could not 
accurately evaluate differentiation efficiency at earlier 
stages, because neural or neural crest cells generated 
earlier will be eradicated by low calcium conditions 
even when the purity of the starting population is 
low. Through temporal modulation of key signaling 
pathways, we are the first to generate >80% TP63- 
positive stage Ⅱ keratinocytes without enrichment. 
The global gene expression profiles demonstrate the 
sequential epidermal cell fate induction at each stage 
of differentiation (Figure 5). This procedure could 
serve as a valuable platform to understand keratino-
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cyte cell fate determination. It is important to point 
out that other signaling pathways such as EGF, Sonic 
Hedgehog and retinoic acid are reported in epidermal 

differentiation. It would be interesting to see how 
modulators of those pathways could further improve 
the differentiation efficiency in the near future. 

 

 
Figure 5. Further analysis of derived keratinocytes by global gene expression and transplantation. A. Cluster of global gene expression profiles during 
keratinocyte differentiation. RNA samples are collected at each stage of keratinocyte differentiation, and gene expression was analyzed by microarray. The global gene expression 
is clustered by Complete-linkage clustering method. B. Expression of epidermal-specific genes through the differentiation process. Epidermal specific genes were selected 
according to published dataset, and the pattern of gene expression was displayed by stage of differentiation. C. hESC-derived keratinocyte (hKC) transplantation in mouse 
excisional wound model. a. Representative image of mouse excisional wound and sites of hKC application. b. Representative image of the wound right after transplantation. 
Exposed wound areas were marked with yellow dash line. c. Representative image of the wound seven days after wounding and cell transplantation. The skin area was processed 
for further study. d. H&E staining of the wound healing site seven days after keratinocyte transplantation. Square marks the area shown as high magnification image on the right. 
Scale bar, 400µm on the left; 100µm on the right. D. Immunostaining of KRT14, KRT1, KRT10, IVL and FLG (red fluorescence) on serial skin sections. Samples were collected 
seven days after transplantation of keratinocytes derived from GFP-labeled hESCs (green fluorescence). Blue fluorescence, nuclear staining with Hoechst. Scale bar, 100µm on the 
left; 30µm on the right. E. The percentage of GFP-positive cells expressing specific maturation marker genes, representing keratinocyte maturation in vivo. n=6. Data are 
presented as the mean±SD of three independent experiments.  
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In this study, we also made a few interesting 
discoveries. First, TGFβ inhibition can be used to 
induce keratinocyte differentiation. Most previous 
protocols used retinoic acid to initiate epidermal 
lineage differentiation [19, 42, 43]. However, retinoic 
acid is a strong neural lineage inducer and it leads to 
more neural differentiation compared to TGFβ 
inhibition-initiated procedure (Figure S5C). Second, 
we found that KRT18 is not a suitable epidermal 
marker in E8-based differentiation platform. KRT18 
was previously reported to be a marker for surface 
ectoderm [13]. We found that KRT18 is already 
expressed on both mRNA and protein levels in 
undifferentiated hESCs cultured in E8 medium 
(Figure S5D and S5E). Therefore, we used TP63, but 
not KRT18, as the key marker to track the epidermal 
differentiation in this study. Third, we noticed that 
basal and suprabasal marker genes are dynamically 
expressed in our differentiation processes (Figure 4). 
Our results suggest that basal and suprabasal genes 
could be expressed in the same progenitor cells. It is 
supported by recent reports that basal and suprabasal 
genes can be co-expressed during specific stages of 
keratinocyte differentiation [44, 45]. Fourth, we also 
revealed that calcium level is important for 
keratinocyte differentiation. A low calcium level is 
critical for the induction of KRT14 in stage Ⅲ 
keratinocytes. However, the molecular mechanism is 
still to be explored.  

In short, we developed a keratinocyte 
differentiation procedure in defined conditions, and 
rediscovered the essential roles of temporal and 
combinatory actions of TGFβ, BMP4, WNT and 
NOTCH signaling in keratinocyte differentiation at 
different developmental stages (Figure 1A). This 
differentiation procedure could serve as a valuable 
research platform for people to study epidermal 
differentiation in vitro. The protocol could also be 
used to generate patient-specific keratinocytes from 
iPSCs for cell therapy and disease models. 

Supplementary Material  
Supplementary figures and tables.  
http://www.ijbs.com/v16p1450s1.pdf  

Acknowledgement 
This project was supported by University of 

Macau Multi-Year Research Grant MYRG2015-00228- 
FHS and Macao Science and Technology Develop-
ment Fund FDCT/131/2014/A3, FDCT/056/2015/ 
A2 and FDCT/0059/2019/A1. We would like to 
thank the Genomics, Bioinformatics and Single Cell 
Core Facility at the Faculty of Health Sciences, 
University of Macau. 

Author Contributions 
G.C. and H.Z. conceived and designed the study. 

H.Z., W.L. and Y.M. performed hPSC maintenance 
and differentiation experiments; H.Z. and Z.R. 
prepared samples for microarray and analyzed the 
data. C.W. provided HaCaT control and phenotypic 
analysis. X.W., K.M., R-H.X. and C-X.D. performed 
keratinocyte evaluation in mouse model. W.N. and 
L.L. provided the primary human foreskin fibroblasts. 
H.Z., W.L. and G.C. wrote the manuscript. Most 
authors contributed to the editing and proofreading 
of the manuscript. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Eckert RL. Structure, function, and differentiation of the keratinocyte. 

Physiological reviews. 1989; 69: 1316-46. 
2. Fuchs E. Scratching the surface of skin development. Nature. 2007; 445: 834-42. 
3. Le Guellec D, Morvan-Dubois G, Sire JY. Skin development in bony fish with 

particular emphasis on collagen deposition in the dermis of the zebrafish 
(Danio rerio). Int J Dev Biol. 2004; 48: 217-31. 

4. Patthey C, Edlund T, Gunhaga L. Wnt-regulated temporal control of BMP 
exposure directs the choice between neural plate border and epidermal fate. 
Development. 2009; 136: 73-83. 

5. Aberdam D. Derivation of keratinocyte progenitor cells and skin formation 
from embryonic stem cells. Int J Dev Biol. 2004; 48: 203-6. 

6. Koster MI, Kim S, Mills AA, DeMayo FJ, Roop DR. p63 is the molecular switch 
for initiation of an epithelial stratification program. Genes & development. 
2004; 18: 126-31. 

7. Li L, Liu C, Biechele S, Zhu Q, Song L, Lanner F, et al. Location of transient 
ectodermal progenitor potential in mouse development. Development. 2013; 
140: 4533-43. 

8. Li L, Song L, Liu C, Chen J, Peng G, Wang R, et al. Ectodermal progenitors 
derived from epiblast stem cells by inhibition of Nodal signaling. J Mol Cell 
Biol. 2015; 7: 455-65. 

9. Bodenstein L, Stern CD. Formation of the chick primitive streak as studied in 
computer simulations. J Theor Biol. 2005; 233: 253-69. 

10. Wilson PA, Hemmati-Brivanlou A. Induction of epidermis and inhibition of 
neural fate by Bmp-4. Nature. 1995; 376: 331-3. 

11. Wilson SI, Rydstrom A, Trimborn T, Willert K, Nusse R, Jessell TM, et al. The 
status of Wnt signalling regulates neural and epidermal fates in the chick 
embryo. Nature. 2001; 411: 325-30. 

12. Byrne C, Tainsky M, Fuchs E. Programming gene expression in developing 
epidermis. Development. 1994; 120: 2369-83. 

13. Tadeu AM, Horsley V. Notch signaling represses p63 expression in the 
developing surface ectoderm. Development. 2013; 140: 3777-86. 

14. Green H, Easley K, Iuchi S. Marker succession during the development of 
keratinocytes from cultured human embryonic stem cells. Proceedings of the 
National Academy of Sciences of the United States of America. 2003; 100: 
15625-30. 

15. Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall 
VS, et al. Embryonic stem cell lines derived from human blastocysts. Science. 
1998; 282: 1145-7. 

16. Metallo CM, Ji L, de Pablo JJ, Palecek SP. Retinoic acid and bone 
morphogenetic protein signaling synergize to efficiently direct epithelial 
differentiation of human embryonic stem cells. Stem cells. 2008; 26: 372-80. 

17. Chambers SM, Fasano CA, Papapetrou EP, Tomishima M, Sadelain M, Studer 
L. Highly efficient neural conversion of human ES and iPS cells by dual 
inhibition of SMAD signaling. Nature biotechnology. 2009; 27: 275-80. 

18. Tchieu J, Zimmer B, Fattahi F, Amin S, Zeltner N, Chen S, et al. A Modular 
Platform for Differentiation of Human PSCs into All Major Ectodermal 
Lineages. Cell stem cell. 2017; 21(e7): 399-410. 

19. Petrova A, Celli A, Jacquet L, Dafou D, Crumrine D, Hupe M, et al. 3D In vitro 
model of a functional epidermal permeability barrier from human embryonic 
stem cells and induced pluripotent stem cells. Stem cell reports. 2014; 2: 
675-89. 

20. Iuchi S, Dabelsteen S, Easley K, Rheinwald JG, Green H. Immortalized 
keratinocyte lines derived from human embryonic stem cells. Proceedings of 
the National Academy of Sciences of the United States of America. 2006; 103: 
1792-7. 



Int. J. Biol. Sci. 2020, Vol. 16 
 

 
http://www.ijbs.com 

1462 

21. Aberdam E, Barak E, Rouleau M, De LaForest S, Berrih-Aknin S, Suter DM, et 
al. A pure population of ectodermal cells derived from human embryonic 
stem cells. Stem cells. 2008; 26: 440-4. 

22. Guenou H XN, Fernando Larcher, Jessica Feteira, Gilles Lemaitre, Manoubia 
Saidani, Marcela Del Rio, Christine C Barrault, François-Xavier Bernard, Marc 
Peschanski, Christine Baldeschi, Gilles Waksman. Human embryonic 
stem-cell derivatives for full reconstruction of the pluristratifi ed epidermis: a 
preclinical study. 2009. 

23. Kidwai FK, Liu H, Toh WS, Fu X, Jokhun DS, Movahednia MM, et al. 
Differentiation of human embryonic stem cells into clinically amenable 
keratinocytes in an autogenic environment. The Journal of investigative 
dermatology. 2013; 133: 618-28. 

24. Dincer Z, Piao J, Niu L, Ganat Y, Kriks S, Zimmer B, et al. Specification of 
functional cranial placode derivatives from human pluripotent stem cells. Cell 
Rep. 2013; 5: 1387-402. 

25. Xu RH, Chen X, Li DS, Li R, Addicks GC, Glennon C, et al. BMP4 initiates 
human embryonic stem cell differentiation to trophoblast. Nature 
biotechnology. 2002; 20: 1261-4. 

26. Wu Z, Zhang W, Chen G, Cheng L, Liao J, Jia N, et al. Combinatorial signals of 
activin/nodal and bone morphogenic protein regulate the early lineage 
segregation of human embryonic stem cells. The Journal of biological 
chemistry. 2008; 283: 24991-5002. 

27. Dorsky RI, Moon RT, Raible DW. Control of neural crest cell fate by the Wnt 
signalling pathway. Nature. 1998; 396: 370-3. 

28. Lindsley RC, Gill JG, Kyba M, Murphy TL, Murphy KM. Canonical Wnt 
signaling is required for development of embryonic stem cell-derived 
mesoderm. Development. 2006; 133: 3787-96. 

29. Gangatirkar P, Paquet-Fifield S, Li A, Rossi R, Kaur P. Establishment of 3D 
organotypic cultures using human neonatal epidermal cells. Nature protocols. 
2007; 2: 178-86. 

30. Loh KM, Ang LT, Zhang J, Kumar V, Ang J, Auyeong JQ, et al. Efficient 
endoderm induction from human pluripotent stem cells by logically directing 
signals controlling lineage bifurcations. Cell stem cell. 2014; 14: 237-52. 

31. Laura Menendeza TAY, Parker B. Antinb, and Stephen Dalton. Wnt signaling 
and a Smad pathway blockade direct the differentiation of human pluripotent 
stem cells to multipotent neural crest cells. Proceedings of the National 
Academy of Sciences. 2011; 108(48): 19240-19245. 

32. Yamada SS. Preparation of human epidermal keratinocyte cultures. Curr 
Protoc Cell Biol. 2004; Chapter 2: Unit 2 6. 

33. Bikle DD, Xie Z, Tu CL. Calcium regulation of keratinocyte differentiation. 
Expert review of endocrinology & metabolism. 2012; 7: 461-72. 

34. Fang NX, Gu W, Ding J, Saunders NA, Frazer IH, Zhao KN. Calcium enhances 
mouse keratinocyte differentiation in vitro to differentially regulate expression 
of papillomavirus authentic and codon modified L1 genes. Virology. 2007; 365: 
187-97. 

35. Lewis JE, Jensen PJ, Wheelock MJ. Cadherin function is required for human 
keratinocytes to assemble desmosomes and stratify in response to calcium. 
The Journal of investigative dermatology. 1994; 102: 870-7. 

36. Rasmussen C, Thomas-Virnig C, Allen-Hoffmann BL. Classical human 
epidermal keratinocyte cell culture. Methods in molecular biology. 2013; 945: 
161-75. 

37. Zimmerlin L, Park TS, Huo JS, Verma K, Pather SR, Talbot CC, Jr., et al. 
Tankyrase inhibition promotes a stable human naive pluripotent state with 
improved functionality. Development. 2016; 143: 4368-80. 

38. Wang X, Ge J, Tredget EE, Wu Y. The mouse excisional wound splinting 
model, including applications for stem cell transplantation. Nature protocols. 
2013; 8: 302-9. 

39. Movahednia MM, Kidwai FK, Jokhun DS, Squier CA, Toh WS, Cao T. 
Potential applications of keratinocytes derived from human embryonic stem 
cells. Biotechnology journal. 2016; 11: 58-70. 

40. Roberts RM, Loh KM, Amita M, Bernardo AS, Adachi K, Alexenko AP, et al. 
Differentiation of trophoblast cells from human embryonic stem cells: to be or 
not to be? Reproduction. 2014; 147: D1-12. 

41. Kidwai FK, Cao T, Lu K. Differentiation of epidermal keratinocytes from 
human embryonic stem cells. Methods in molecular biology. 2014; 1195: 13-22. 

42. Selekman JA, Grundl NJ, Kolz JM, Palecek SP. Efficient generation of 
functional epithelial and epidermal cells from human pluripotent stem cells 
under defined conditions. Tissue Eng Part C Methods. 2013; 19: 949-60. 

43. Movahednia MM, Kidwai FK, Zou Y, Tong HJ, Liu X, Islam I, et al. Differential 
effects of the extracellular microenvironment on human embryonic stem cell 
differentiation into keratinocytes and their subsequent replicative life span. 
Tissue Eng Part A. 2015; 21: 1432-43. 

44. Finnegan A, Cho RJ, Luu A, Harirchian P, Lee J, Cheng JB, et al. Single-Cell 
Transcriptomics Reveals Spatial and Temporal Turnover of Keratinocyte 
Differentiation Regulators. Frontiers in genetics. 2019; 10: 775. 

45. Joost S, Zeisel A, Jacob T, Sun X, La Manno G, Lonnerberg P, et al. Single-Cell 
Transcriptomics Reveals that Differentiation and Spatial Signatures Shape 
Epidermal and Hair Follicle Heterogeneity. Cell Syst. 2016; 3(e9): 221-37. 

 


