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Mutations in transcription factor p63 are associated with de-
velopmental disorders that manifest defects in stratified epithelia
including the epidermis. The underlying cellular and molecular
mechanism is however not yet understood. We established an
epidermal commitment model using human induced pluripotent
stem cells (iPSCs) and characterized differentiation defects of iPSCs
derived from ectrodactyly, ectodermal dysplasia, and cleft lip/palate
(EEC) syndrome patients carrying p63 mutations. Transcriptome
analyses revealed stepwise cell fate transitions during epidermal
commitment: Specification from multipotent simple epithelium to
basal stratified epithelia and ultimately to the mature epidermal fate.
Differentiation defects of EEC iPSCs caused by p63 mutations
occurred during the specification switch from the simple epithelium
to the basal-stratified epithelial fate. Single-cell transcriptome and
pseudotime analyses of cell states identified mesodermal activation
that was associated with the deviated commitment route of EEC
iPSCs. Integrated analyses of differentially regulated genes and p63-
dependent dynamic genomic enhancers during epidermal commit-
ment suggest that p63 directly controls epidermal gene activation at
the specification switch and has an indirect effect on mesodermal
gene repression. Importantly, inhibitors of mesodermal induction
enhanced epidermal commitment of EEC iPSCs. Our findings demon-
strate that p63 is required for specification of stratified epithelia, and
that epidermal commitment defects caused by p63 mutations can be
reversed by repressing mesodermal induction. This study provides
insights into disease mechanisms underlying stratified epithelial
defects caused by p63 mutations and suggests potential therapeutic
strategies for the disease.
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he transcription factor p63 is a key regulator in development

of stratified epithelia in many organs (1-3). Deletion of
p63 in mice results in striking developmental defects or even
complete absence of stratified epithelia in organs such as the
epidermis (2-5). In humans, heterozygous mutations in 7P63
encoding the p63 protein give rise to several autosomal domi-
nant developmental disorders (6). These disorders manifest de-
fects in tissues and organs where stratified epithelia are present,
and their phenotypes resemble those in p63 knockout mice (2, 3),
although in milder forms. One of these disorders is ectrodactyly,
ectodermal dysplasia, and cleft lip/palate (EEC) syndrome (OMIM
604292) that is associated with mutations located in the p63 DNA-
binding domain (7). EEC patients exhibit all of the characteris-
tic phenotypes of p63 mutation-associated diseases, namely,
defects in the epidermis and epidermal-related appendages, limb
malformation, and orofacial clefting. Hotspot mutations in the
p63 DNA-binding domain affecting amino acids such as R204 and
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R304 have been reported to account for ~90% of the EEC cases
(8). Consistent with the dominant inheritance pattern, these mu-
tations have been shown to have a dominant negative effect by
abolishing p63 DNA binding (7). How p63 EEC mutations affect
development of stratified epithelia at the cellular and molecular
level is however not yet fully understood.

The epidermis is probably the best studied model for p63
function. It has been established that p63 plays a pivotal role in
epidermal keratinocytes (KCs) and orchestrates essential cellular
programs, including stem cell maintenance and proliferation,
differentiation, and adhesion (9-11). In 2 different p63 knockout
mouse models, epidermal defects have been consistently repor-
ted (2-5), even though 1 of the models was later shown to be
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hypomorphic (12). It has also been shown that the epithelial fate
is compromised in p63-deficient epidermal cells (13). Although
p63 has undoubted importance in epithelial cells, the cellular
function of p63 during epidermal development is still under
debate. One model suggests that p63 is not required for com-
mitment toward the epidermal fate, as a small number of cells
expressed epidermal marker genes Krt5 and Krtl4, and the
morphology of cells and tissues was relatively normal in
p63 knockout mice (5). Other studies reported that cells and
tissues in p63 knockout mice retained Krt8 and Krt18 expression
that marked the ectodermal rather than the epidermal fate,
concomitant with induced mesodermal genes (14). These find-
ings support a model in which p63 is essential for epidermal
commitment and acts as a gatekeeper of the epithelial lineage
(14). One explanation for these opposite interpretations is
probably because observations were made based on a limited
panel of marker genes or from a small number of cells in a
heterogeneous population. The analysis of the complete tran-
scriptome, especially the single-cell transcriptome that captures
heterogeneous cell states (15, 16), may resolve this issue.

Human induced pluripotent stem cells (iPSCs) have provided
revolutionary tools for disease modeling and for testing potential
therapeutic compounds using relevant patient material (17). In
this study, we derived epidermal KCs from human iPSCs of healthy
controls and EEC patients carrying a p63 mutation, R204W or
R304W (18). Bulk and single-cell RNA-seq were performed to
examine cell states using an in vitro epidermal commitment model.
The time course RNA-seq analysis during epidermal commitment
of control iPSCs showed that the initial iPSCs entered an in-
termediate “multipotent” phase before switching and committing
toward the basal stratified epithelial fate, followed by a maturation
phase specific for the epidermal fate. Importantly, EEC iPSCs
largely failed to make the switch toward the epithelial fate and
showed enhanced nonepithelial cell identity. Epidermal commit-
ment of EEC iPSCs was enhanced by inhibitors of mesodermal
induction. It should be noted that 1 of the N-terminal isoforms,
ANp63, is predominantly expressed and shown to be essential in
epidermal cells (1, 10, 13). Our findings may therefore be most
relevant to the biology of the ANp63 isoform.

Results

Generation of Functional Induced Keratinocytes (iKCs) from iPSCs. To
obtain robust epidermal commitment readouts, we used control
iPSCs derived from 2 different individuals, generated from dermal
fibroblasts donated by healthy individuals. One commonly used
human embryonic stem cell line (ESC-H9) (19) was also used in
parallel as the control. Pluripotency and the differentiation capacity
of the 2 iPSC lines were confirmed by the expression of pluripotency
marker genes, OCT4 and SSEA4, and the in vitro differentiation
assay to 3 germ layers (SI Appendix, Fig. S1). All 3 lines together are
termed pluripotent stem cells (PSCs). To facilitate transcriptome
studies, we established a complete feeder-free workflow (Fig.
14) by modifying a 30-d differentiation protocol of combining
retinoic acid (RA) for inducing the ectodermal fate and bone
morphogenetic protein 4 (BMP4) for repressing the neuronal
fate (20). Using this workflow, we directed the 3 control PSC
lines toward the epidermal fate and examined the differentiation
process at days 0, 4, 7, 15, and 30. The morphology of differenti-
ating PSCs started to change on day 4 into a cobblestone shape that
was similar to that of keratinocytes (Fig. 14). The basal epidermal
markers p63 and KRT14 were induced weakly on day 4, became
more visible on day 7, and were then progressively up-regulated till
day 30 in iKCs (Fig. 1 B and C). Epidermal commitment of these
PSCs was also confirmed by marker gene expression at the mRNA
level, namely down-regulated pluripotency marker OCT4, firstly
induced and subsequently decreased simple epithelial markers
KRTS8 and KRT1I8, and up-regulated TP63 and KRT14 (Fig. 1D).
To assess whether the PSC-derived iKCs harbored stratification
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potential, we induced terminal differentiation of iKCs by including
serum in the 2D culture medium. Upon induction for 72 h, induced
expression of terminal differentiation markers, transglutaminase
I (TGM1), involucrin (IVVL), and cysteine protease inhibitor
cystatin M/E (CYSME), was detected (SI Appendix, Fig. S2 A and
B). These data indicated that these iKCs behave similarly to
epidermal KC that can stratify. Taken together, iKCs derived
from PSCs displayed both morphological and functional prop-
erties of epidermal KCs.

To characterize the epidermal commitment process, we per-
formed time-course RNA-seq analyses of differentiating PSC
cells, and compared them with that of primary epidermal KCs
(Dataset S1). K-means clustering analysis of the top 500 differ-
entially expressed (DE) genes during differentiation identified
6 distinct clusters (Fig. 1E, SI Appendix, Fig. S2E, and Dataset
S2). Cluster 1 (e.g., NANOG) and cluster 2 (e.g., SOX2) were
highly expressed in PSCs, and contained genes involved in stem
cell maintenance and early embryonic morphogenesis based on
gene ontology (GO) analysis. Genes in cluster 3 such as MSX/
were transiently induced and subsequently switched off and are
involved in embryonic development (reproduction) and cell
proliferation. Genes in cluster 4, e.g., IGFBP3, were induced
during early epidermal differentiation and stayed at a high level
until differentiation day 30. Many of these genes play roles in cell
migration and adhesion, embryonic morphogenesis, and devel-
opment of different organs. Importantly, cluster 5 included genes
such as KRT5 and TP63 that are involved in epithelial and epi-
dermal development, desmosome assembly, and extracellular
matrix organization. These genes were lowly expressed or not
expressed in PSCs and during early differentiation and signifi-
cantly induced on day 15 and remained high on day 30. The
expression levels of these genes were similar to their expression
in KCs. Remarkably, ANp63 was the only induced and expressed
p63 isoform that was detected in our RNA-seq data (SI Appen-
dix, Fig. S2I) and quantitative RT-PCR (qRT-PCR) analyses
during PSC differentiation (Fig. 1D). This is consistent with the
previously reported role of this p63 isoform in epidermal de-
velopment (1, 10, 13). Interestingly, cluster 6 also contained
epidermal genes such as KRT14, IVL, and FLG that play roles in
keratinocyte differentiation and barrier formation, although they
remained lowly expressed in day-30 iKCs as compared to primary
KCs. The gene expression during differentiation was also shown
by principal component analysis (PCA), indicating that PSCs
went through distinct phases during epidermal commitment (S
Appendix, Fig. S2 C and D and Dataset S3).

Our RNA-seq analyses revealed different phases of gene ex-
pression during epidermal differentiation; for example, cluster
2 and cluster 3 genes were induced at a high level at an early
differentiation stage (days 4 and 7) and subsequently turned off,
and cluster 5 and 6 genes were expressed at the end of epidermal
differentiation (day 30) or in epidermal keratinocytes. This dy-
namic gene expression pattern probably represents a switch from
a multipotent state to the epidermal fate during development.
To interrogate whether the dynamic gene expression pattern
observed in our in vitro cellular model recapitulates in vivo
epidermal development, we examined RNA-seq data obtained
from the mouse embryonic epidermis (21). Cluster 2 and 3 genes
indeed showed a higher level of expression in the E9 mouse
embryonic skin, whereas cluster 5 and 6 genes had a higher ex-
pression in E13 mouse embryonic skin (Fig. 1F). These findings
demonstrate that the gene expression pattern obtained from PSC
epidermal differentiation is consistent with that during epider-
mal development in vivo.

p63 Predominantly Controls Genes during the Switch from the
Multipotent State to the Epidermal Fate. To characterize the role
of p63 during epidermal commitment, we searched for genes that
were potential direct targets of p63. We firstly identified
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Fig. 1. Generation and characterization of iKCs using human PSCs. (A) The schematic protocol for PSCs differentiation toward iKCs is perpendicularly
presented to the bright field images of 3 different control PSC cell lines (niPSC1, niPSCs2, and ESC-H9) that were induced for epidermal differentiation. (Scale
bars, 100 um.) (B) Immunofluorescence staining for p63 (red) on different days during differentiation (indicated in A). Cell nuclei were stained with DAPI
(blue). (Scale bars, 50 pm.) (C) Immunofluorescence staining for KRT14 (green) during differentiation. Cell nuclei were stained with DAPI (blue). (Scale bars,
50 um.) (D) qRT-PCR analysis of marker genes during differentiation. Gene expression is expressed as ratio over GUSB and undifferentiated day-0 samples for
each cell line (n = 2 per group). Data are presented as mean + SD. (E) Heatmap of 6 clusters of DE genes in PSCs (niPSC1) during differentiation and in human
primary KCs. The colors in the heatmap indicate high (red) or low (blue) expression across the sample set. (F) Relative gene expression presented in the log
scale of ratios between the epidermis in E13 to E9 in mouse embryos. The genes included in this plot are differentially requlated genes in 6 clusters in E. (G)

Percentage of potential p63 target genes in each of the 6 clusters in E. The potential p63 targets were mapped using dynamic p63 enhancers.

p63-bound enhancers that were dynamically changed during com-
mitment. For this, we utilized p63 binding sites identified by p63
ChIP-seq in epidermal KCs (GEO: GSE119997) (22) and open
chromatin regions identified by assay for transposase accessible
chromatin followed by sequencing (ATAC-seq) generated during
ESC epidermal commitment (GEO: GSE108248) (23). We took
this approach because the p63 protein level was low at the ini-
tiation stage of iPSC epidermal commitment, and p63 ChIP-seq
using differentiated iPSCs was likely unreliable. A total number
of 9,361 genomic binding regions of p63 (p63 binding sites) were
clustered to 4 groups using ATAC-seq intensity obtained during
ESC epidermal commitment. Among them, only cluster 4 p63
binding sites (2,454 peaks in 9,361) were induced consistently
during epidermal commitment and ATAC-seq signals remained
at a high level in epidermal keratinocytes (SI Appendix, Fig.
S2G). In parallel, we also examined p63 binding sites using an
ATAC-seq analysis generated using p63 knockout ESC cells
(23). Only 10% of these sites (cluster 3; 794/9,361) did not seem
to fully lose ATAC-seq signals in p63 knockout cells (SI Ap-
pendix, Fig. S2H). These findings indicate that the large majority
of p63 binding sites identified in KCs are indeed dependent on
p63 expression. Subsequently, we overlapped induced p63 en-
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hancers (cluster 4 in SI Appendix, Fig. S2G) and p63-dependent
enhancers (clusters 1 and 2 in SI Appendix, Fig. S2H), and
obtained 2,226 sites that were considered p63-dependent dynamic
enhancers during epidermal commitment, thereafter termed
“dynamic p63 enhancers.”

We then used these 2,226 dynamic p63 enhancers to map
potential p63 direct target genes in the 6 clusters of differentially
regulated genes (Fig. 1G). Intriguingly, cluster 5 that contains
genes induced on days 15 and 30 during epidermal commitment
showed the highest percentage of potential direct p63 targets,
significantly higher than the random expectation (P value = 2.2e-
16) and that of any other clusters (Fig. 1G and SI Appendix, Fig.
S2F), indicating that p63 controls the cell specification switch
from multipotent state to the epidermal fate. Furthermore,
cluster 1, 2, and 3 genes that were expressed at high levels at
early differentiation stages (days 0 and 4) when p63 expression
was barely detectable had even lower percentages than the
random expectation (P value = 3.0e-13, 5.2e-05, and 2.0e-07,
respectively), demonstrating that these genes are not under the
control of p63. As comparison, we also mapped p63 binding sites
to potential target genes, using ChIP-seq data obtained from
ESCs on differentiation day 7 or from epidermal KCs (22, 23).
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There was no significant enrichment or less significant enrichment
of p63 targets in cluster 5 genes, respectively, as compared to the
random expectation (SI Appendix, Fig. S2F). These findings showed
that using these 2,226 dynamic p63 enhancers is a preferred method
to identify direct p63 target genes during epidermal commitment.

Differentiation Defects of PSCs Carrying p63 EEC Mutations during
Epidermal Commitment. Next, we examined the p63 function in
epidermal specification by analyzing the effect of p63 EEC muta-
tions during epidermal commitment. For this, we used 2 previously
described iPSC lines derived from EEC patients who carry muta-
tions in the p63 DNA-binding domain, R204W or R304W (18),
termed EEC-iPSCs. The mutations in these iPSCs were confirmed
by Sanger sequencing analyses (S Appendix, Fig. S34). The mor-
phology of control PSCs and EEC-iPSCs at the undifferentiated and
early differentiation stages (days 0 and 4) was indistinguishable
(Figs. 14 and 24). Morphological differences between control PSCs
and mutant iPSCs became evident from differentiation day 7. Many
EEC-PSCs lost the typical cobblestone shape, started to detach
from culture plates, and few cells survived until day 30 (Fig. 24).
qRT-PCR analyses showed that OCT4 expression decreased, and
simple epithelial gene KRT8 and KRT18 expression was not signif-
icantly different in all PSCs (Fig. 2B). This is expected, as these gene
are known not to be under the control of p63 (14). In contrast, the
epidermal markers p63 and KRT14 whose expression was pro-
gressively increased in control PSCs (Fig. 1 B-D) was significantly
affected in EEC-PSCs (Fig. 2 B and C and SI Appendix, Fig. S3C).

To corroborate that impaired commitment indeed results from
p63 EEC mutations, we generated PSCs that contained the EEC
R304W mutation on isogenic backgrounds of control PSCs. This
was performed by introducing the mouse p63 R304W mutant
into control iPSC1 (niPSC1) and ESC-H9, termed iso-R304W
PSCs. Expression of the MYC-tagged p63 R304W mutant
transgene was confirmed by immunostaining (Fig. 2D) and by
sequencing of the cDNA derived from iso-R304W PSCs (SI
Appendix, Fig. S3B). During differentiation of these iso-R304W
PSCs, heterogeneous cell morphology was observed (SI Appen-
dix, Fig. S3D), similar to the morphology detected during EEC-
iPSC differentiation (Fig. 24). Importantly, in contrast to the
strong induction of epidermal marker KRTI14 in the isogenic
niPSC1 on differentiation day 15, no induction was observed in
both is0-R304W PSCs (Fig. 2 D and F). qRT-PCR analyses also
showed consistent marker gene expression, as compared to EEC-
iPSCs (SI Appendix, Fig. S3E). The expression of TP63 in iso-
R304W PSCs stayed unchanged (SI Appendix, Fig. S3E), as the
mouse p63 R304W mutant was expressed constitutively in these
cells. These data unambiguously demonstrated that the expres-
sion of the mutant p63 in PSCs abrogate the function of the
normal p63 and affects the switch from the multipotent simple
epithelial state to the epidermal fate during epidermal commit-
ment. These findings also consolidate the dominant negative
model of p63 EEC mutations proposed previously (7).
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Differentiation defects of PSCs carrying p63 EEC mutations. (A) Bright field image of patient-derived EEC-iPSCs, R204W and R304W, during epidermal

differentiation until day 15. (B) gRT-PCR analysis of marker gene expression in control niPSC1 and EEC-iPSCs. Gene expression is expressed as the ratio over GUSB
and undifferentiated day-0 samples for each cell line (n = 2 per group). Data are presented as mean + SD, *P < 0.05, **P < 0.01. (C) Immunofluorescence staining
for KRT14 (green) and DAPI (blue) in niPSC1 and EEC-iPSCs during differentiation. (Scale bars, 50 um.) (D) Immunofluorescence staining for the MYC-tag (green)
and DAPI (blue) in iso-R304W PSCs (niPSC1-R304W and ESC-H9-R304W) on day 15. (Scale bars, 50 um.) (E) Immunofluorescence staining for the epidermal marker
KRT14 (green) and DAPI (blue) in iso-R304W PSCs (niPSC1-R304W and ESC-H9-R304W) on day 15. (Scale bars, 50 um.) (F) gRT-PCR analysis of the epidermal marker
KRT14 expression in control niPSC1 and iso-R304W PSCs. Gene expression is expressed as the ratio over GUSB and undifferentiated day-0 samples for each cell
line (n = 2 per group). Student’s t test was performed comparing the committed cells against day 0, for each genotype. Data are presented as mean + SD.
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Deregulated Epithelial Gene Expression in Differentiating PSCs
Carrying p63 EEC Mutations. To characterize EEC-iPSC commit-
ment at the molecular level, we performed RNA-seq analysis of
these cells during epidermal differentiation (SI Appendix, Fig.
S4B and Dataset S1). K-means clustering analysis of the top 500
DE genes identified 7 clusters (Fig. 34, SI Appendix, Fig. S44,
and Dataset S4). Generally, the expression pattern of these 7 clus-
ters of genes was consistent with that in control PSCs during dif-
ferentiation, with down-regulated genes in clusters 1 and 2 playing
roles in stem cell maintenance and genes in clusters 3 and 4 that
were initially induced and subsequently down-regulated functioning
in morphogenesis. Cluster 6 included genes that were up-regulated
during differentiation, and many are known for a role in epidermal
development. For some of these genes, there was no obvious dif-
ference between control PSCs and EEC-iPSCs.

Among the 7 clusters, 2 clusters, clusters 5 and 7, showed a
clear difference between control PSCs and EEC-iPSCs at later
stages of differentiation (day 7 onwards) when p63 expression
became readily detectable (Fig. 34 and SI Appendix, Fig. S4A4).
Cluster 5 contained genes that were expressed at a higher level in
EEC-iPSCs at differentiation stages on days 7 and 15, as com-
pared to control PSCs. These genes were strongly enriched for
functions in immune and defense response, such as IFNBI and
IFIT1. Cluster 7 genes were strongly up-regulated in control
PSCs at late differentiation stages on day 15 and day 30, but
remained consistently low in EEC-iPSCs. Genes in this cluster
included KRT5 and KRT1 that have important roles in regulating
epidermal development. This deregulated gene expression pat-
tern, accompanied by differentiation defects of EEC-iPSCs ob-
served at this stage, showed that these 2 clusters of genes are
deregulated due to p63 EEC mutations.

To corroborate these observations from in vitro human iPSC
differentiation with in vivo development controlled by p63, we
compared expression of cluster 5 and 7 genes with expression of
genes that were deregulated in the embryonic epidermis of a
p63 knockout model (21). Cluster 5 genes that contains many
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nonepithelial genes (e.g., immune genes) and were expressed at
high levels in EEC-iPSCs had high expression in the p63 KO
epidermis. In contrast, cluster 7 genes that includes many epi-
dermal genes and were down-regulated in EEC-iPSCs had high
expression levels in the mouse embryonic epidermis where
p63 function is normal (HET) (Fig. 3B). Furthermore, we exam-
ined whether these cluster 5 and 7 genes were p63 direct targets by
using the 2,226 dynamic p63 enhancers. Cluster 7 genes were highly
enriched for p63 direct targets, as compared to the random ex-
pectation (P value = 2.2e-16), whereas cluster 5 genes that mainly
play roles in nonepithelial functions did not have enriched
p63 targets and were likely not p63 direct targets (Fig. 3C). These
findings show that gene expression dynamics observed during iPSC
differentiation is consistent with in vivo epidermal development and
suggest that p63 directly controls epidermal gene activation during
commitment. Nonepithelial gene activation is probably an indirect
effect caused by p63 EEC mutations.

To further assess the gene expression difference between
control PSCs and EEC-iPSCs, we looked for consistent DE
genes that were common to both EEC mutations, R204W and
R304W, on differentiation day 15 (SI Appendix, Fig. S4C and
Dataset S5). Commonly down-regulated genes (241) in EEC-
iPSCs were related to epithelial and epidermal development
(e.g., KRTS5 and S100A49), whereas up-regulated genes (296) in
both EEC-iPSCs were enriched in functions such as cell migra-
tion (/GFBP5) and nonepithelial functions such as immune re-
sponse (IFIT2) (SI Appendix, Fig. S4D and Dataset S5). We
subsequently chose several deregulated typical epidermal and
nonepidermal genes and validated their expression in control
PSCs, EEC-iPSCs, and the isogenic iso-R304W PSCs by qRT-
PCR analyses. Our analyses confirmed that epidermal genes
KRT14, COLA17A1, and ITGB4 were consistently down-regulated
in EEC-iPSCs and in isogenic iso-R304W PSCs, whereas non-
epithelial genes VIM and MSXI were up-regulated, as compared
to control PSCs (Fig. 3D). The up-regulation of VIM in EEC-
iPSCs was also confirmed at the protein level (Fig. 3E). These
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Fig. 3. Deregulated epithelial gene expression in PSCs carrying p63 EEC mutations. (A) Heatmap of 8 clusters of DE genes in PSCs (niPSC1) and EEC-iPSCs
during differentiation and in KCs. The colors in the heatmap indicate high (red) or low (blue) expression across the sample set. (B) Relative gene expression
presented in the log scale of ratios between normal (HET) to KO mouse embryonic epidermis. The genes included in this plot are those in clusters 5 and 7 in A.
(C) Percentage of potential p63 target genes in clusters 5 and 7 in A. The potential p63 targets were mapped using dynamic p63 enhancers. (D) qRT-PCR
analysis of epithelial KRT14, COL17A1, and ITGB4 and known nonepidermal genes VIM and MSX1 in control niPSC1, EEC-iPSCs, and isoR304W-PSCs on dif-
ferentiating day 15. Gene expression is expressed as the ratio over GUSB and niPSC1 for each gene (n = 2 per group). (E) Immunfluorescence of VIM in control

ESC-H9 and EEC-iPSCs on day 15. (Scale bars, 100 pm.)
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data agree with the previous study showing differentiation defects
of EEC-iPSCs and up-regulation of mesodermal genes during
epithelial commitment (14), suggesting that the acquisition of
the epithelial fate is impaired in EEC-iPSCs.

Cell State Heterogeneity during Differentiation Identified by Single-
Cell RNA-Seq. As differentiating PSCs are heterogeneous, to
identify cell states associated with EEC-iPSCs that failed to
commit to the epithelial fate, we performed single-cell RNA-seq
using a modified single-cell tagged reverse-transcription se-
quencing (STRT-seq) protocol (24). In total, we analyzed the
transcriptome of 1,250 single cells from control PSCs and EEC-
iPSCs at different differentiation stages, as well as from primary
KCs of a control and of the same EEC patients carrying R204W
and R304W. After filtering based on the data quality (SI Ap-
pendix, Fig. S5), we obtained the transcriptome of 964 single
cells. Following normalizations to get rid of batch effects (25), we
detected 500 DE genes and performed PCA analysis (Fig. 44).
Upon differentiation, DE gene expression of all PSCs showed a
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triangle-shape transition in PCA. Genes associated with PC1
(14.5%) showed an enrichment for functions in epidermal and
epithelial development, whereas genes associated with PC2
(11.4%) were more enriched for migration, defense, and extra-
cellular matrix functions (Fig. 4B and Dataset S6). On day 15,
DE genes reached the highest level along PC2, with those of
EEC-iPSCs higher than those of control PSCs. DE genes of day-
30 iKCs moved down along PC2 toward primary KCs. The PCA
analysis suggests that control PSCs went through an inter-
mediated phase before committing to iKCs, and EEC-iPSCs did
not switch to the route toward the epidermal fate. Furthermore,
t-distributed stochastic neighbor embedding (t-SNE) analysis
showed that control PSCs and EEC-iPSCs before differentiation
clustered together, and upon differentiation induction when
p63 expression became detectable, differentiating control PSCs
and EEC-iPSCs clustered into distinct groups (SI Appendix, Fig.
S6B). These findings are consistent with differentiation defects
observed in differentiating EEC-iPSCs and with the data from
the bulk RNA-seq analyses, suggesting that expression of mutant
p63 gave rise to distinct cell states.

For identifying cell fates, we deconvoluted bulk RNA-seq data
of cells derived from different embryonic origins (the ENCODE
data and GEO: GSE101661) (26) using our single-cell tran-
scriptome. As expected, the starting PSCs showed high correla-
tions with ESC-H9 bulk RNA-seq data, and the correlations
decreased when PSCs were induced for differentiation (SI Ap-
pendix, Fig. S6C). In addition, primary control KCs, EEC-KCs,
and day-30 control iKCs showed high correlations with the
2 types of epithelial cells, normal human epidermal keratinocytes
(NHEKs) and human mammary epithelial cells (HMECs) (S
Appendix, Fig. S6C). These high correlations were also consistent
with the high expression level of KRT5 in these cell types (S
Appendix, Fig. ST A and B). Furthermore, it is noticeable that
differentiating control PSCs on day 15 showed the highest cor-
relation with embryonic cells (SI Appendix, Fig. S6C). These data
indicate that a multipotent cell state is established at early stages
during normal PSC differentiation, before the switch toward
epidermal fate. When interrogating the cell state of differenti-
ating EEC-iPSCs on day 15, the most striking observation was
the high correlation of EEC-iPSCs with nonepithelial cells, hu-
man skeletal muscle myoblasts (HSMMs), normal human lung
fibroblasts (NHLFs), human umbilical vein endothelial cells
(HUVEGs), and ESC-derived other cell types (SI Appendix, Fig.
S6C). The correlations were consistent with higher expression of
nonepithelial genes such as VIM, MMP, and IFIT genes in EEC-
iPSCs, especially in R304W-iPSCs (SI Appendix, Fig. S7 A and B).
These findings indicate that EEC-iPSCs exhibited an enhanced
nonepithelial cell state, arguing that they retained the multipotent
cell state and that differentiation defects caused by p63 EEC mu-
tations occurred during the switch to the epidermal fate.

In summary, the single-cell transcriptome data demonstrated
the cell state heterogeneity during in vitro PSC epidermal com-
mitment. Collectively, our temporal transcriptome analyses in-
dicate that the normal epidermal commitment process consists
of several connected yet distinct phases. Furthermore, differen-
tiated PSCs carrying EEC p63 mutations retained nonepithelial
cell identity, suggesting that these mutations disturbed the switch
from the multipotent state to the basal stratified epithelial fate,
and p63 expression is not sufficient for epidermal maturation.

Deviated Commitment Route with Enhanced Nonepithelial Cell Fates
in EEC-iPSC Differentiation. To identify the timing of affected cell
states and the potential alternative differentiation route of EEC-
iPSCs, we examined differentiation trajectories of PSCs toward
KCs using pseudotime analysis Monocle (15). When cells were
ordered according to gene expression pseudotime, control PSCs
exhibited a switch at day 7 and day 15, and then progressed on
the path toward primary KCs, even though most day-30 control
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Fig. 5. Deviated commitment route with enhanced nonepithelial cell fates in EEC-iPSC differentiation. (4) Differentiation gene expression trajectories of
control niPSC1 and EEC-iPSCs during differentiation and that of primary KCs using pseudotime (Monocle) analysis. Differentiation days are indicated by colors.
(B) Differentiation gene expression trajectories of control niPSC1 (pink) and EEC-iPSCs, R204W-iPSCs (blue), and R304-iPSCs (green) during differentiation
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pseudotime analysis based on their Z-scores (indicated by the color). (D) GO analysis showing biological process terms enriched for DE genes in each cluster.
The gene ratio is indicated by the dot size and the significance by the color of the dot (red, low P value; blue, high P value). (E) Correlation of the single-cell
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PSCs did not reach the primary KC state (Fig. 54). In contrast,
differentiated EEC-iPSCs were more heterogeneous and diver-
ted toward other directions. Although both EEC-iPSC lines had
a small number of cells moving in the pseudotime path toward
primary KCs, R304W-iPSCs showed more subbranches and
more cells at subbranches than that of R204W-iPSCs, suggesting
more severe differentiation defects (Fig. 54). When primary KC
profiles were excluded in the analysis, the bifurcation that oc-
curred on day 7 and day 15 between control PSCs and EEC-
iPSCs became more apparent (Fig. 5B). The pseudotime path
of differentiated R304W-iPSCs and the majority of R204W-
iPSCs took an alternative direction (branch 2 in Fig. 5B) other
than the path of control PSCs. According to the pseudotime
ordering, differentially regulated genes were clustered into
6 clusters, and cluster 1 and 2 genes corresponded to the bi-
furcation branches 1 and 2, respectively (Fig. 5C). GO analyses
of cluster 1 genes showed that these genes were associated with
epidermal development and keratinocyte differentiation,
whereas that of cluster 2 genes showed an enrichment of genes
involved in immune response (Fig. 5D and Dataset S7). In
agreement, correlation analyses to bulk RNA-seq data showed
that genes enriched for branch 1 cells had a higher correlation to
gene signatures of epithelial NHEK and HMEC cells, and genes
enriched for branch 2 cells correlated better to HSMM and other
nonepithelial cells (Fig. SE and SI Appendix, Fig. S6C). Genes in
other clusters were expressed earlier during differentiation (Fig.
5 B and C). These data demonstrated that the differentiation
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route of EEC-iPSCs largely deviated from the normal commit-
ment route toward the epithelial fate. The deviation occurred at
the multipotent state on differentiation days 7 and 15 when
p63 expression was detectable, prior to epidermal maturation.

Epidermal Differentiation Enhanced by Inhibitors of Mesodermal
Induction. As differentiated EEC-iPSCs had higher expression
of immune response genes and a higher correlation with HSMM,
we reasoned that these differentiated EEC-iPSCs exhibited an
enhanced mesodermal identity, as both the immune system and
skeletal muscles derive from the mesoderm. To directly assess
whether the mesodermal activation is associated with the com-
mitment defects of EEC-iPSCs and whether repressing meso-
dermal activation can enhance epidermal differentiation of
EEC-iPSCs, we tested 3 inhibitors that can repress mesoder-
mal induction, heparin, valproic acid (VA), and suramin (27-29).
Given that PSCs entered a multipotent state on differentiation
day 7, and p63 started to be highly expressed and exerted its role
to activate epidermal genes for epidermal commitment (Fig. 1 B,
E, and G), we decided to include these inhibitors in the differ-
entiation medium from day 7 onwards (Fig. 64). For these ex-
periments, we chose to use the R304W mutant, as R304W-iPSCs
gave the most severe defects during differentiation and addi-
tional is0-R304W PSC lines were available to be tested in par-
allel. Without treatment, differentiating R304W-iPSCs and iso-
R304W PSCs suffered from severe cell death in the normal dif-
ferentiation medium on day 15 (Figs. 24 and 6B). Upon treatment,
cells survived beyond day 15, especially in the suramin-containing
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Fig. 6. Epidermal differentiation enhanced by compounds repressing mesodermal fate. (A) Scheme of supplementation of inhibitors, heparin, VA, or sur-
= amin, during epidermal differentiation. (B) Bright field images of R304W-iPSCs without Keratinocyte serum-free medium (KSFM) and with inhibitor treatment
| (heparin, VA, suramin) on day 15. (C) PCA plot of RNA-seq analyses of R304W-PSCs without (filled) and with (open) suramin treatment. (D) Gene expression of

R304W-PSCs without (filled) and with (open) suramin treatment mapped onto the PCA plot generated initially with all control and EEC-i PSCs (SI Appendix,
Fig. S4B), using gene expression of control iPSCs on days 7 and 15 as the start and end coordinates. (E) GO annotation of top genes associated with PC1 and
PC2. (F) Expression of genes either down-regulated or up-regulated in EEC-i PSCs on differentiation day 15 and their expression with suramin treatment. (G)
Percentage of potential p63 target genes among rescued genes. The potential p63 targets were mapped using dynamic p63 enhancers. (H) Fold change
difference of gene expression between niPSC1 and R304W on day 15, detected by bulk RNA-seq. (/) qRT-PCR analysis of rescued genes in R204W and R304W-
PSCs treated with inhibitors on day 15. Gene expression is expressed as the ratio over GUSB and day-15 PSCs without treatment (n = 2 per group).

medium, and differentiated PSCs had a cobblestone morphology that
was similar to primary KCs on day 15 (Fig. 6B).

To identify the global gene expression change and pathways
associated with suramin treatment, RNA-seq analyses were
performed. PCA analysis (Fig. 6C and Dataset S8) showed sig-
nificant changes in the transcriptome for iso-R304W PSCs (both
PC1 and PC2) and less significant changes for R304W-iPSCs
(PC2). GO analysis of genes associated with PC1 showed en-
richment of genes associated with immune and defense response,
whereas genes associated with PC2 that were rescued in all
R304W cells were enriched for genes important for epidermal
development, such as KRT5 and EDAR?2 (Fig. 6E and SI Ap-
pendix, Fig. S8). To better examine whether suramin-treated
R304W PSCs were indeed more similar to controls cells, we
mapped the transcriptome of suramin-treated PSCs into the
differentiation trajectory of niPSC1 between differentiation days
7 and 15 (Fig. 6D), using initial PCA of all PSCs (SI Appendix,
Fig. S4B). This analysis showed that, at the global level, the gene
expression of untreated EEC PSCs including EEC-iPSCs and
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is0-R304W PSCs was between niPSC1 on day 7 and day 15,
consistent with our previous bulk RNA-seq experiment (SI Ap-
pendix, Fig. S4B). The suramin treatment indeed pushed EEC
PSCs closer to niPSC1 on day 15, with more significant effect on
is0-R304W PSCs. Among 241 down-regulated genes in both
EEC-iPSCs on differentiation day 15 (SI Appendix, Fig. S4C),
114 genes were rescued by suramin (Fig. 6F). Many of these
genes play roles in epidermal development (e.g., KRT5) and in
adhesion and extracellular matrix (e.g., DSG3) (Dataset S8).
Among 296 up-regulated genes in EEC-iPSCs (SI Appendix, Fig.
S3F), only 68 genes were rescued (Fig. 6F), and many are known
in neural and vascular endothelial function (Dataset S8). Fur-
thermore, potential p63 direct targets mapped by dynamic
p63 enhancers were highly enriched among rescued 114 genes
that were down-regulated in EEC-iPSCs (P value = 2.2e-16), but
not among 68 genes that were up-regulated in EEC-iPSCs (Fig.
6G). We subsequently validated several typical epidermal and
mesodermal genes by qRT-PCR analysis. Indeed, epidermal
genes that are down-regulated in R304W iPSCs such as KRTS5
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and LAMA3 were rescued by suramin treatment, as well as
up-regulated mesodermal genes in R304W iPSCs such as VIM and
MSXI (Fig. 6]), consistent with our RNA-seq analyses (Fig. 6H and
SI Appendix, Fig. S8). Some of these genes were also partially
rescued by heparin and VA, but to a lesser extent (Fig. 6I).

Discussion

The role of p63 in controlling the integrity of stratified epithelial
tissues, especially how p63 mutations associated with developmental
disorders affect these tissues, remains largely unexplored. In this
study, we characterized molecular signatures of cell fate transitions
using epidermal commitment as the model, and dissected how this
process is affected in EEC syndrome. Using bulk and single-cell
transcriptome analyses, we showed that PSCs commitment toward
the epidermal fate includes several connected yet distinguishable
phases: 1) PSC commitment toward the multipotent simple epi-
thelial fate; 2) the switch from the simple epithelium to the basal
stratified epithelial fate; and 3) maturation of the epidermal fate.
Single-cell analyses identified the timing and the alternative route of
differentiation defects associated with p63 EEC mutations that oc-
curred during the switch from the multipotent to the epidermal fate,
prior to epidermal maturation. As the differentiation route of EEC
PSCs exhibited enhanced mesodermal signatures, we tested inhibi-
tors that repress mesodermal induction and showed that these in-
hibitors could enhance epidermal commitment.

Stratified epithelia are multilayered structures found in many
organs as the outer surface such as the epidermis or lining of in-
ternal organs such as the bladder. Although they may be different
from their biological functions and from their embryonic origins,
stratified epithelia share similarities in their transcriptional pro-
grams (4, 5). For example, high expression of KRT5 and KRT14 is
found in the basal cells of these epithelia. In our experiments, al-
though PSCs started to change morphology to a cobblestone shape
that was similar to primary KCs already on differentiation day 4, the
molecular signature represented a simple epithelial signature. The
day-30 iKCs showed several molecular hallmarks of epidermal cells,
with up-regulated KRTS5 and KRT74 and down-regulate KRTS and
KRTI8 (Fig. 1 A-D), and could even be further induced toward
terminal stratification (SI Appendix, Fig. S2 A and B). However, our
transcriptome analyses showed that the day-30 iKCs did not have
the same molecular signature as the primary KCs, thus not the
same cell state (Fig. 1E). This indicates that day-30 iKCs may retain
some embryonic properties. Retaining embryonic signatures seems
to be a common phenomenon for iPSC-derived cell types (30).
Alternatively, they may represent a mixture of basal epithelial cells
that can stratify, as KRTS and KRTIS are expressed in some
stratified epithelial cells such as those in mammary glands (31).
Therefore, simply relying on cell and tissue morphology and ex-
pression of a limited number of marker genes to study cell com-
mitment is probably not sufficient for distinguishing similar yet
distinct cell states. In our pseudotime analysis of the single-cell
RNA-seq data, we observed heterogeneous cell populations in
differentiated EEC-iPSCs. Although the majority of cells deviated
from the route toward epidermal cells, showing the importance of
p63 controlling the epidermal commitment, a small percentage of
R204W and R304W iPSCs were still on the path toward the epi-
dermal fate, even though their cell states were distinct from the
mature epidermal fate (Fig. 54). This intriguing observation is
reminiscent of the heated debate on the role of p63 either in epi-
dermal commitment or in stem cell maintenance, partially due to
using different mouse models (2-5, 12-14). Our findings highlight
the importance of using comprehensive (single cell) transcriptome
analysis to identify molecular signatures and proper cell states. This
approach may assist in scrutinizing the p63 function in epidermal
development where different roles may not be mutually exclusive.

Our study dissected the epidermal commitment and matura-
tion process in detail, showing that connected yet distinct phases
are involved in the process. Proper p63 expression and function
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are required for the switch from the multipotent state to the epi-
dermal fate, and p63 EEC mutations disturbed this switch. The
detrimental function of p63 during the switch, probably before the
maturation of epidermal cells, is consistent with defects in all
stratified epithelia observed in p63-deficient mouse models (2, 3)
and in human diseases associated with p63 mutations (6). In line
with previous observations of up-regulated mesodermal gene ex-
pression in p63-deficient models (14), we showed that the meso-
dermal cell identity was enhanced in PSCs carrying p63 EEC
mutations. However, rather than simply being blocked between the
ectodermal and fully committed epidermal stage, suggested by p63-
deficient mouse studies (14), our single-cell transcriptome and
pseudotime analyses showed that the majority of differentiated EEC
PSCs deviated from the normal route of epidermal commitment to
a more mesodermal cell identity (Fig. 5). Between the 2 EEC mu-
tants, R304W mutation seemed to more severely affect the normal
differentiation route than R204W, which is consistent with the
reported difference of these 2 mutants (18, 32). A role of p63 in
repressing epithelial mesenchymal transition (EMT) has previously
been reported for epithelial-related cancers, such as squamous cell
carcinoma and breast cancer (33). The observed mesodermal acti-
vation in EEC PSCs resembles EMT in cancers and may represent
an embryonic EMT that is repressed by p63 during development.
This interpretation is consistent with a recent report on p63 using
mouse embryonic epidermis (21). To address the question whether
p63 represses mesodermal genes directly or the repression is an
indirect effect, we showed that the percentage of p63 direct targets
among these mesodermal genes was significantly lower than epi-
thelial and epidermal genes that are normally activated by p63, and
even lower than the random expectation (Fig. 3C). This indicates
that the predominant role of p63 is to activate epithelial and epi-
dermal genes, and repressing mesodermal induction is probably
indirect. However, a small number of mesodermal genes activated in
EEC PSCs (cluster 5) or in mouse p63 KO cells did contain a dy-
namic p63 binding site nearby (Fig. 3C and Dataset S5), suggesting
that they might be p63 direct targets. The observed mesodermal
activation could also be partially due to expansion of nonepithelial
cells in the heterogeneous differentiated iPSC population.

All 3 inhibitors of mesodermal induction tested in this study,
heparin, VA and suramin, are known to repress the mesodermal
lineage or interfere with EMT (27, 29). Suramin seemed to be more
efficient in rescuing differentiation defects of EEC PSCs than
heparin and VA. These differences may result from different
working mechanisms of these compounds. Heparin can bind to fi-
broblast growth factors (FGFs) and modulate their signaling path-
ways (34). VA is a histone deacetylase inhibitor that can up-regulate
H3 acetylation and repress EMT (28). Although sumarin is well
known for its antiviral and antiparasite effects (35), it was shown to
inhibit mesodermal induction and formation in early Xenopus and
sea urchin embryos (29, 36). It is a potent inhibitor for several
growth factors, including the vascular endothelial growth factor
(VEGF) (37) and FGFs (38) to inhibit angiogenesis. In addition,
suramin has also been shown to enhance epithelial cell proliferation,
probably through epithelial growth factor (EGF)-related pathways
(39). It is plausible that sensitization of EGF signaling by suramin in
epithelial cells contributes to the improvement of epidermal com-
mitment of EEC-PSCs, as several genes involved EGF signaling
such as STATSA and PTGE (40, 41) as well as many epithelial
genes such as S100A9 and GJB5 were up-regulated with suramin
treatment (SI Appendix, Fig. S8). It seems unlikely that repression of
mesodermal activation is through a p63-dependent pathway, as the
number of p63 potential target genes in this category is low, similar
to random expectation (Fig. 6G). In contrast, the suramin-induced
epithelial and epidermal genes have a significantly higher number of
p63 target genes (Fig. 6G). However, whether activation of these
genes is via reactivating mutant p63, similar to other previously
reported small molecule compounds (18, 32) or through an in-
dependent route would be of importance to further investigate.
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Nevertheless, our rationalized compound testing provides
promising future directions for therapeutic development of dis-
eases associated with p63 mutations, not only for the epidermal
phenotype but also for other stratified epithelia.

It should be noted that differentiation defects observed in our in
vitro human PSC epidermal differentiation model was more severe
than in EEC patient skin, as the skin phenotype of EEC patients is
rather mild (6). This is probably due to the in vivo heterogeneous cell
and tissue environment where other signals and pathways may com-
pensate, e.g., those from the dermis that are probably independent on
p63 (42). Nevertheless, our simplified in vitro differentiation assay
sheds lights on the direct function of p63 and its regulatory gene
network that is relevant to cell states and function. In summary, our
study provides insights into the master regulatory function of p63 in
early epidermal commitment and mechanisms underlying defects of
stratified epithelia in disorders associated with p63 mutations. It also
underscores the importance of single-cell transcriptomics in un-
derstanding the complex gene regulation in development and disease.

Materials and Methods
Detailed descriptions of methods and materials are presented in S/ Appendix.

Control iPSCs Generation. Dermal fibroblasts of 2 health control individuals
were reprogrammed into iPSCs by lentiviral transduction using the hOKSMco-
idTomFRT plasmid (43). iPSCs carrying TP63 mutations were described and
characterized previously (18).
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