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Abstract

Background Pluripotent stem cells (PSCs) produced by somatic cell reprogramming self-renew in culture and can differ-
entiate into any cell type, representing a powerful tool for disease modeling, drug screening, regenerative medicine, and the
discovery of personalized therapies to treat tissue-specific pathologies. We previously reported the directed differentiation of
human PSCs into epidermal stem and progenitor cells (ESPCs) and 3D epidermis to model the inherited syndrome Fanconi
anemia (FA), wherein epidermal cell-junctional defects discovered using this system were validated in patient populations.
Here, we describe in detail the corresponding protocol for generating PSC-derived keratinocytes using a distinct, normal
PSC line (209.2 PSC).

Methods and results Our approach modifies previous protocols to minimize spontaneous cell death and terminal differen-
tiation, eliminate cell stress-inducing keratinocyte selection steps, and reduce total protocol duration and cost. Independent
donor-derived PSC lines were converted into ESPCs through the addition of relevant morphogens and a ROCK inhibitor.
Results for the 209.2 PSC line highlight consistencies in 2D and also variable features in 3D epidermis compared to the pre-
viously published FA-PSC lines. 209.2 PSC-derived ESPCs exhibited a basal cell phenotype while maintaining the capacity
to form epidermal organotypic rafts with morphology consistent with fetal epidermis. Transcriptional analyses demonstrated
209.2 ESPCs express epidermis-selective markers and not early endoderm markers, thus supporting an immature stage of
p63+ epidermal development.

Conclusions This protocol provides an accelerated path for the generation of human ESPCs and 3D epidermal models to study
normal epidermal development and homeostasis, elucidate mechanisms of epidermal disease pathogenesis, and provides a
platform for developing personalized therapies.
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against excessive water loss, and as a key barrier against
physical, chemical, environmental, and infectious insults
[1, 2]. The epidermis is capable of continued regeneration
throughout the life of the organism and this is driven by epi-
dermal stem and progenitor cells (ESPCs) in the basal cell
layer. This basal compartment harbors keratinocytes with
unique self-renewal and proliferative capacity to regenerate
the entire stratified squamous epithelium [3]. Due to substan-
tial differences in tissue structure between mouse and human
skin [4-6], isolation of stem and progenitor keratinocytes
directly from human donors has been critical to advance the
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field of human skin engineering and therapeutic transplan-
tation, and to take advantage of technological advances in
gene editing and genetic profiling to elucidate molecular,
cellular, and structural mechanisms underlying dermato-
logic diseases [7-9]. However, relevant methodologies can
be hampered by donor-specific variability and a limited
capacity to culture keratinocytes from patients with select
diseases [4, 10, 11]. Existing methodologies also do not
recapitulate the stepwise progression of embryonic devel-
opment to gain insights into the pathogenesis of inherited
diseases [4, 10]. A suitable alternative approach to generate
an unlimited source of donor-specific ESPCs is provided
by reprogramming somatic cells into induced pluripotent
stem cells (PSCs) via expression of four transcription fac-
tors: OCT3/4 (POUSF1), SOX2, KLF4, and c-MYC [12].
These embryonic stem cell (ESC)-like cells possess unlim-
ited self-renewal capacity and the ability to differentiate into
cell types derived from all three germ layers of the human
embryo: ectoderm, endoderm, and mesoderm. After gastru-
lation, these layers undergo patterning and differentiation to
generate distinct functional organs. The endoderm gives rise
to the digestive and respiratory systems and internal organs.
The mesoderm gives rise to skeletal, muscle, and connective
tissues, whereas the ectoderm gives rise to the nervous sys-
tem and epidermis. With regard to the skin, several groups
have focused their efforts on developing protocols for the
directed differentiation of PSCs into keratinocyte lineages
[4, 13—15] by activating relevant signaling pathways that
drive epidermal development and morphogenesis [14, 16,
17].

Overall, successful differentiation of PSCs into keratino-
cytes consists of four main steps: initiation, selection/speci-
fication, enrichment, and expansion. Initiation of ectodermal
differentiation with concomitant inhibition of neural fate is
induced by culturing cells in the presence of retinoic acid
(RA) and bone morphogenic protein-4 (BMP4) [4, 13, 14,
16]. Selection/specification of cells with an epidermal cell
fate is achieved by incubating cells in defined keratinocyte
culture media [4, 13] or by plating cells on an extracellular
matrix that mimics the basement membrane environment
[14]. Enrichment for stem cell populations is carried out by
selective attachment to collagen type IV and/or type I (Col
IV and/or Col I)-coated surfaces, followed by a 1-2 week
culture period for cells to reach sufficient confluency [13,
14]. Expansion of the stem cell population occurs in serum-
free epidermal keratinocyte media using Col IV, Col I, or
fibronectin-coated plates. Upon application of various pro-
tocols for the generation of ESPCs, we noted spontaneous
cell death and differentiation after Day 10 of the differen-
tiation process as a limiting factor. Therefore, we built on
previously published strategies [4, 13, 14] and exploited
reported roles for the Rho-associated protein kinase (ROCK)
inhibitor Y-27632 [18-21] to develop a simplified, efficient,
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and cost-effective protocol for the directed differentiation
of PSCs into ESPCs that eliminates the need for feeder
cells and stress-prone selection steps as well as minimizes
spontaneous cell death resulting in a renewable source of
ESPCs with shortened generation time. While ROCK gen-
erally functions as a critical regulator of actin cytoskeleton
organization, cell adhesion, migration, and motility in many
cell types [19, 20, 22, 23], we took advantage of unique
functions of ROCK1 and ROCK2 isoforms in keratinocytes
to support PSC directed differentiation. ROCK1 and ROCK?2
have opposing roles in keratinocytes [18, 20]; ROCK1 inhib-
its whereas ROCK2 promotes keratinocyte terminal differen-
tiation as has been demonstrated by genetic loss-of-function
studies [20]. While Y-27632 inhibits both ROCK isoforms
[20, 24], the net effect of keratinocyte treatment with this
drug is inhibition of terminal differentiation with enhanced
cell proliferation, growth, and stemness [18-20], possibly
due to the more prominent functional role of ROCK2 in
keratinocytes as compared to ROCK1 [18]. We also hypoth-
esized that Y-27632 treatment would enhance keratinocyte
cell survival since it has been reported to protect ESCs from
apoptotic cell death while, importantly, not affecting their
differentiation potential [19, 21].

Itoh et al. [4] were the first to report the generation of
functional keratinocytes from normal and epidermolysis
bullosa patient-derived PSCs within 30 days. Therein,
PSCs were maintained on mitomycin C-treated mouse
embryonic fibroblast (MEF) feeder layers and seeded at
low density on matrigel-coated plates in the absence of
feeders prior to keratinocyte differentiation. The PSCs
were then cultured in MEF-conditioned ESC media
for 1 day, followed by an initiation step where Defined
Keratinocyte Serum-Free Media (DKSFM) supplemented
with RA (1 pM) and BMP4 (10 ng/mL) was added for
4 days. Cells were then cultured in DKSFM media until
Day 30 for the selection of epidermal-like cells, and flow
sorted for integrin a6""/p4MieM cells to enrich the Kera-
tin 14-positive (K14+) population followed by plating
on fibronectin and collagen-coated dishes for expansion.
Another study from Kogut et al. [13] reported efficient
differentiation of feeder-free PSCs into K14/K5-positive
keratinocytes capable of generating epidermis when trans-
planted into immunodeficient mice. In the corresponding
24 day-protocol, low density PSCs were seeded on Gel-
trex and Col I-coated dishes and cultured in N2B27 media
for 1 day at low oxygen conditions (5%). Cells were then
switched to atmospheric oxygen (20%) at the initiation
step, which was performed as in the previous study but
using higher concentrations of BMP4. Epidermal-like cells
were then selected by culturing the cells first in DKSFM
media and then in CnTO7 media. On day 24, K14+ cells
were enriched by selective attachment to Col IV/Col
I-coated plates followed by expansion on Col I-coated
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plates after 2 weeks in CnT07 media. Another sophisti-
cated approach to differentiate PSCs into a keratinocyte-
lineage was reported by Petrova et al. [14]. In this 24 day-
protocol, PSCs were cultured on matrigel-coated dishes
and allowed to grow for 3 days at low oxygen conditions
(5%). Dense, undifferentiated cells were then switched to
atmospheric oxygen (20%) at the initiation step, which
differed from the previous studies as it required incubation
in mTeSR1 media for 7 days. The selection step was per-
formed by plating cells on a 3D decellularized human der-
mal fibroblast extracellular matrix for 7 days with extended
addition of RA and BMP4. The resulting cells were then
enriched by rapid adherence to Col IV-coated plates as in

the previous study but were cultured in DKSFM media
supplemented with RA for 7 days, followed by expansion
in Epi Life media.

Our protocol is described in detail below. Briefly,
feeder-free PSCs were cultured in mTeSR1 media and then
switched to a defined keratinocyte media containing RA
(1 pM) and BMP4 (25 ng/mL) to induce ectodermal dif-
ferentiation. Cells were then cultured in the progenitor cell
promoting media CnTO7 that was later supplemented with
Y-27632 for the remainder of the differentiation process to
prevent terminal differentiation and stimulate cell growth
and survival [18-21]. At day 20, ESPCs were expanded
on Col I'V-coated plates, in the absence of any additional
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Fig.1 Directed differentiation of PSCs into ESPCs. A Schematic
overview of the differentiation strategy used for the differentiation of
PSCs into ESPCs. Media and reagents added at each stage are indi-
cated. Y-27632 is added on Day 10 and provided continuously from
this point forward. At Day 20, cells are grown on Col IV-coated
plates in the absence of the rapid cell attachment step. B Bright-field
image of PSCs at day -1 before passaging (70-80% confluency). C
Bright-field image of confluent PSC-derived ESPCs at passage 1
showing the formation of cohesive sheets of cells. At this point, cells
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can be passaged to new Col IV-coated plates. D and E After the first
passage (not shown), 4x10° cells per well were seeded in 6-well
plates, harvested after 4 days, counted, and re-seeded at 4 X 10° cells

per well. Population doubling time (D) defined as
PDT = % and number of generations (E) defined as
tog( P

n= % were calculated for PSC-derived ESPCs during the final four
passages [33, 34]. n=3 technical replicates. Error bars represent
standard deviation. Total number of passages=5
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enrichment by rapid cell attachment (Fig. 1). Our protocol
includes important modifications to previously published
approaches. We used RA and high concentrations of BMP4
only during the initiation step [13, 14], eliminating the need
for continuous addition of these morphogens in subsequent
phases [14], thus reducing cost and enhancing protocol ease.
We avoided successive changes in PSC culture conditions
and the use of feeder cells entirely, thus increasing transla-
tional applicability. Plating small PSC colonies at low den-
sity prevented the risk of spontaneous differentiation. We
eliminated cell stress-inducing conditions such as hyperoxia,
frequent sequential passaging, and ESPC flow sorting, thus
maximizing cell viability. The use of CnT07 media for sus-
taining keratinocyte fate, later supplemented with Y-27632
to maximize stemness [18-21], replaced DKSFM media
entirely and resulted in greater ESPC yields by decreasing
cell death. Finally, our protocol does not require the addi-
tional steps to enrich for the K144 population, thus decreas-
ing the overall protocol time 20%—33% as compared to other
published protocols resulting in the generation of differenti-
ated keratinocytes in 20 days.

This simplified protocol has been successfully used to
culture keratinocytes from five distinct PSC lines derived
from five independent donors, including two PSC lines
previously published [10]. Therein we provided evidence
that this approach can be used as a robust and simplified
model to study normal skin development and donor-specific
disease pathogenesis with relevance to human skin, as well
as a personalized platform for testing candidate treatments.
209.2 PSC-derived ESPCs generated with this protocol
maintained the capacity to be cultured for a minimum of
four passages using serum-free conditions (Fig. 1C, D) while
retaining a basal cell phenotype as determined by expression
of the basal cell markers p63, integrin a6 (INTw6), integrin
4 (INTp4), and Collagen type XVII alpha 1 (COL17A1)
as well as lacking expression of the pluripotency markers
SOX2 and OCT4 (Fig. 2A, B). A previous report wherein
p63+ cells were derived from human ESCs did not conclu-
sively identify these as keratinocytes or even as ectodermal
cells, suggesting that the cells may represent an incomplete
or immature form of p63+ epithelial lineage development
[25]. We thus performed additional studies demonstrating
that the p63+ ESPCs derived with the current protocol con-
tained features of the epidermal lineage not shared by other
epithelial tissues, namely the expression of skin-enriched
genes CIORF68 and LCE2B [26, 27]. We also show that
ESPCs express TGM1 and TGM2, proteins involved in
the formation of the cornified cell envelope that are not
expressed in endodermally-derived oral mucosal epithelia
[28]. Finally, we show that the ESPCs lack expression of
GATAG, which is expressed in primitive endoderm but not
ectodermally-derived epidermal cells [29, 30] (Fig. 2C). The
ESPCs generated using the currently described protocol,
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were capable of forming PSC-derived epidermal organotypic
rafts (PSC-EORs) when subjected to organotypic epithelial
raft culture [31]. Interestingly, in contrast to the terminal dif-
ferentiation into cornified epidermal cells observed with the
PSC lines used for the FA studies [10], 209.2 PSC-derived
EORs showed immature morphology consistent with fetal
epidermis (Fig. 2D, E), thus representing an immature stage
of epidermal keratinocyte development which will be valu-
able for determining critical factors that induce (or inhibit)
terminal keratinocyte differentiation [32].

Materials
Equipment
1. 37 °C beads bath
2. 37°C, 5% CO, incubator
3. Biological safety hood
4. Cell culture centrifuge (room temperature)
5. Laminar flow hood
6. Dissection microscope
7. Inverted microscope
8. Nutating mixer
9. Cell lifter (Corning, Cat#3008)
10. 6-well plates (Falcon, Cat#353046)
11. 60 mm tissue culture treated plates (Corning,
Cat#430166)
Reagents

1. The human 209.2 PSC line was generated by and
obtained from the Cincinnati Children’s Hospital
Medical Center Pluripotent Stem Cell Facility

2. DMEM/F12 (Thermo Fisher Scientific, Cat#11330-
302)

3. hESC-qualified Matrigel (BD Biosciences,
Cat#354277)

4. mTeSR1 media (Stem Cell Technologies, Cat#5850)

5. Dispase (Thermo Fisher Scientific, Cat#17105-041)

6. Dulbecco’s phosphate-buffered saline (PBS) (Thermo
Fisher Scientific, Cat#14200-075)

7. 1xDefined Keratinocyte-SFM media (DKSFM)
(Thermo Fisher Scientific, Cat#10744-019)

8. Retinoic acid (RA) (Sigma-Aldrich, Cat#R2625)

9. Human recombinant bone morphogenetic protein-4
(BMP4) (StemGent, Cat#03-0007)

10. PCT Epidermal Keratinocyte Medium, Defined
(CnT07) (CELLnTEC, Cat#CnT-07)

11. Y-27632 Dihydrochloride (Enzo Life Sciences,
Cat#ALX-270-333-M005)

12. Glacial acetic acid (Fisher Scientific, Cat#A38-500)
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Fig.2 Basal characteristics of PSC-derived ESPCS. A Relative
expression of the pluripotency markers OCT4 and SOX2 in ESPCs
normalized to the expression in PSCs and relative expression of the
basal cell markers ANp63, INTa6, and INTB4 in ESPCs normalized
to the expression in near-diploid immortalized keratinocytes that
form skin (NIKS) [35]. n=2-3 biological replicates. Error bars rep-
resent standard error of mean. *P<0.05; **P<0.01; ***P<0.001;
##%%P <(0.0001 using one-way ANOVA with Tukey’s test. B Confo-
cal analysis confirming the proliferating basal cell identity of PSC-
derived ESPCs at passage 2 by the expression of Ki67, COL17Al,
and p63. E-cadherin (epithelial marker) was expressed whereas
Vimentin (mesenchymal marker) and Filaggrin (suprabasal marker)
expression were absent. Scale bar, 50 pm. C Relative expression of
skin-enriched genes CIORF68, LCE2B, TGM1, and TGM2 normal-

ized to the expression in NIKS and relative expression of the primi-
tive endoderm marker GATA6 normalized to the expression in nor-
mal oral keratinocytes (NOKS) [26-30]. Since distinct geographies of
the mouth derive from ectoderm or endoderm [36], NOKS isolated
from gingival tissue [37] were used as positive control for endoderm.
ND =not detected. n=1-3 biological replicates. Error bars repre-
sent standard error of mean. *P<0.05; **P<0.01; ***P<0.001;
*##%%P <(0.0001 using one-way ANOVA with Tukey’s test. D His-
tological section of 3D engineered epidermis generated using PSC-
derived ESPCs. Scale bar, 100 pm. E 3D stratified architecture and
cellular organization of distinct keratinocyte cell types comprising the
PSC-EORs confirmed by staining for the basal cell marker COL17A1
and the suprabasal cell differentiation marker, K10. Scale bar, 50 pm
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13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

Collagen Type IV (Col IV) (Sigma-Aldrich,
Cat#C5533-5MG)

0.25% Trypsin—EDTA (Thermo Fisher Scientific,
Cat#25200-056)

DMEM (Thermo Fisher Scientific, Cat#11965-092)
Fetal bovine serum (FBS) (GE Healthcare,
Cat#SH30396.03)

Fungizone/Amphotericin B (Omega Scientific,
Cat#FG-70)

Penicillin—Streptomycin, (Thermo Fisher Scientific,
Cat#15140-122)

Dimethyl sulfoxide (DMSO) (Sigma, Cat#D8418-
250ML)

Hydrochloric acid (HCI) (Fisher Scientific, Cat#A144-
500)

Antibodies: Rabbit p63a D2K8X (Cell Signaling,
Cat#13109S); Mouse Keratin 10 (K10) RKSE60
(abcam, Cat#ab9025); Mouse Vimentin V9 (Santa
Cruz, Cati#sc-6260); Goat E-cadherin (R&D Systems,
Cat#AF648); Rabbit Ki67 (abcam, Cat#ab15580);
Rabbit Collagen type XVII alpha 1 (abcam,
Cat#ab184996); Mouse Filaggrin AKHI1 (Santa
Cruz, Cat#sc-66192); AlexaFluor 488 Donkey anti-
rabbit IgG (Jackson Immunoresearch Laboratories,
Cat#711-545-152); AlexaFluor 488 Donkey anti-goat
IgG (Jackson Immunoresearch Laboratories, Cat#705-
545-147); Donkey anti-mouse IgG Rhodamine Red
(Jackson Immunoresearch Laboratories, Cat#715-295-
150); AlexaFluor 647 Donkey anti-goat IgG (Jackson
Immunoresearch Laboratories, Cat#705-605-147);
AlexaFluor 647 Donkey anti-rabbit IgG (Jackson
Immunoresearch Laboratories, Cat#711-605-152);
ProLong Gold antifade/DAPI (Thermo Fisher Scien-
tific, Cat#P36931).

RT-qPCR primers: p-actin Forward 5'-AGAGCTACG
AGCTGCCTGAC-3’ and Reverse 5'-AGCACTGTG
TTGGCGTACAG-3'; ANp63 Forward 5'-ATTGTA
AGGGTCTCGGGGTGGG-3' and Reverse 5'-GAG
TCTGGGCATTGTTTTCCAGGT-3'; Integrin a6
Forward 5'-ATTCGGGAGTACCTTGGTGGAT-3'
and Reverse 5'-TTCTCTTGAAGAAACCACACTTC-
3’; Integrin p4 Forward 5'-GGGTCCAGGAAGATC
CATTT-3' and Reverse 5'-AGTCGCAATACGGGT
ACAGG-3'; POUSF1 (OCT4) Forward 5'-AGTGCC
CGAAACCCACACTGC-3" and Reverse 5'-CGCTGC
TTGATCGCTTGCCC-3"; SOX2 Forward 5'-GCT
TAGCCTCGTCGATGAAC-3' and Reverse 5-AAC
CCCAAGATGCACAACTC-3"; C10RF68 Forward
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5-GAAAGGTTCGGGACTAGGGG-3' and Reverse
5'-GGCCTGTCACACAGACAGTT-3'; LCE2B For-
ward 5'-CTACAGCCTGATGCTTAACCC-3' and
Reverse 5'-TGAGTCTTTGTGGTCGCTGTC-3;
TGMI1 Forward 5'-GAACGACTGCTGGATGAA
GAGG-3' and Reverse 5'-CTTGATGGACTCCAC
AGAGCAG-3"; TGM2 Forward 5-TGTGGCACC
AAGTACCTGCTCA-3' and Reverse 5'-GCACCTTGA
TGAGGTTGGACTC-3"; GATA6 Forward 5'-CCC
CCACAACACAACCTACA-3' and Reverse 5'-GTA
GAGCCCATCTTGACCCG-3'.

Solutions

Matrigel: Prepare 1X, 2X, and 4X aliquots as follows
and store them at— 80 °C. See Step 1.1 for matrigel plat-
ing. (See Note 1).

1. Thaw the matrigel on ice overnight at 4 °C.

2. Swirl the bottle to ensure even mixing.

3. To calculate the volume of matrigel required to
make 1X, 2X, and 4X matrigel aliquots, divide the
“Dilution Factor” listed in the certificate of analy-
sis for the hESC-qualified matrigel by 4, 2, and 1,
respectively. One 1X matrigel aliquot is enough to
cover one 6-well plate.

4. Dispense matrigel into appropriate aliquots using
pre-cooled tubes.

5. Immediately freeze aliquots at—80 °C.

DKSFM complete media: Basal DKSFM media sup-
plemented with 1% penicillin—streptomycin and growth
supplement.

RA: 10 mM stock solution reconstituted in DMSO. Ali-
quot and store at —20 °C.

BMP4: 100 pg/mL stock solution reconstituted in sterile
4 mM HCI. Aliquot and store at— 80 °C.

Col IV: 2 mg/mL stock solution reconstituted in sterile
0.25% glacial acetic acid. Aliquot and store at— 20 °C
(See Note 2).

Y-27632: 10 mM stock solution reconstituted in sterile
1X PBS. Aliquot and store at —20 °C.

CnTO07 complete media: Basal CnTO7 media supple-
mented with 1% penicillin—streptomycin and supple-
ments A, B, and C.

DMEM complete media: Basal DMEM media supple-
mented with 10% FBS, 1% penicillin—streptomycin, and
0.5% Fungizone.
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Methods
1. Day-1:
1. Prepare matrigel-coated plates

10.

1. Remove one 1X aliquot of matrigel from
the — 80 °C freezer. Keep it on ice inside the
hood until ready to be used (See Note 3).

2. Transfer 6.25 mL of cold DMEM/F12 media to
a 15 mL conical tube.

3. Take 1 mL of cold DMEM/F12 media from Step
1.1.2 and add it to the vial with matrigel.

4. Dissolve the matrigel by resuspending it gently
in the media. Mix well.

5. Transfer the matrigel suspension to the 15 mL
conical tube from Step 1.1.2. Mix well by pipet-
ting.

6. Use 1 mL of matrigel solution per well to cover
one 6-well plate. Shake the plate gently side to
side, back and forth to spread the matrigel solu-
tion evenly over the surface.

7. Incubate the plate for at least 1 h at room tem-
perature inside the hood before plating PSCs
(See Note 4).

Warm the dispase, DMEM/F12, and mTeSR1 media
in the beads bath. (See Note 5).

Inspect one well of PSCs (70%-80% confluent)
(Fig. 1B) for spontaneous differentiation (white
centers) using a dissecting microscope. Remove
any white areas using a pulled glass pipette inside
the laminar flow hood (See Note 6).

Remove the media from the well and add 2 mL of
DMEM/F12 media. Swirl the plate to wash the
cells.

Remove the media and add 1 mL of dispase. Incu-
bate in the 37 °C incubator for 4 min.

Following incubation, use an inverted microscope to
confirm that the edges of the colonies are folded
up. This indicates that the cells have started to lift
from the plate and are ready for detachment (See
Note 7).

Gently remove the dispase and add 2 mL of DMEM/
F12 media. Swirl the plate to wash the cells and
gently remove the media (See Note 8).

Repeat the washes two more times. Do not remove
the media from the last wash.

Gently scrape the colonies from the well and transfer
the cell suspension to a 15 mL conical tube.

Centrifuge the cells at 1200 rpm for 4 min.

11.

12.

13.

14.

15.

While waiting for the centrifugation, remove the
matrigel from the 6-well plate coated in Step 1.1
and immediately add 1 mL of mTeSR1 media per
well.

After centrifugation, transfer the tube to the bio-
logical safety hood, remove the wash media, and
gently resuspend the pellet in 10 mL of mTeSR1
(1:10 dilution) to break up any cell clumps (See
Note 9).

Add 1 mL of the cell suspension to each well. Dis-
card or harvest the remaining cells for additional
analyses.

Check the size and density of the cells in the cultures
using a dissecting microscope (See Note 10).
Transfer the plate to the 37 °C incubator and shake
it gently side to side, back and forth to distribute

the cells evenly.

2. Day 0:

1.

2.

4.

Confirm that healthy, undifferentiated PSCs have
attached to the plate.
Prepare the Initiation Media

1. Warm DKSFM complete in the 37 °C beads
bath.

2. Supplement DKSFM complete with 1 pM RA
(stock 10 mM) and 25 ng/mL. BMP4 (stock
100 pg/mL).

Remove the media from the wells and add 2 mL of
Initiation Media to each well.
Incubate the cells at 37 °C for 48 h.

3. Day 2: repeat steps 2.2-2.4 (See Note 11).
4. Day 4-Day 8:

1.

Warm the CnT07 complete media in the 37 °C beads
bath.

Remove the media from the wells and add 2 mL of
CnTO07 complete media to each well.

Incubate the cells at 37 °C.

Add fresh media every other day (Steps 4.1-4.3)

5. Day 10-Day 16:

1.

[O8]

Warm the CnTO7 complete media in the 37 °C beads
bath and keep a Y-27362 aliquot (stock 10 mM) on
ice.

Remove the media from the wells and add 2 mL of
CnTO07 complete media supplemented with 10 pM
Y-27632 (stock 10 mM) to each well (See Note 12).
Incubate the cells at 37 °C.

Add fresh media every other day (Steps 5.1-5.3)

@ Springer



6220

Molecular Biology Reports (2021) 48:6213-6222

6. Day 18:

1. Monitor the confluency of the cells under an
inverted microscope (10 X magnification). If the
cells are > 80% confluent, proceed to Step 7 (See
Note 13).

2. Otherwise, repeat Steps 5.1-5.3 and passage the
cells to Col I'V-coated plates at day 20 following the
instructions in Steps 7 and 8.

7. Prepare the Col IV-coated plates (See Note 14 and Note

15).

1. Thaw the Col IV aliquot(s) (stock 2 mg/mL) on ice
for 2-3 h at4 °C.

2. Dilute Col IV (stock 2 mg/mL) to a final concentra-
tion of 15 pg/mL in sterile 0.25% glacial acetic acid
in PBS.

3. Add 1 mL of the Col IV solution to each 60 mm
plate and shake the plates to distribute the solution
evenly (See Note 16).

4. Incubate for 1 h at room temperature inside the bio-
logical safety hood. Keep the plates uncovered.

5. After the incubation, remove the solution and wash
the plates with sterile 1X PBS.

6. Remove the PBS and wash the plates with sterile
ddH,O0.

7. Remove the ddH,O and air-dry the plates inside the
biological safety hood. Keep the plates uncovered.

8. Once dried, use the plates immediately for passag-
ing cells following Step 8 or seal the plates with
parafilm, return them to their original packaging,
and store at —20 °C for up to 6 months.

Passaging cells to Col IV-coated plates

1. Warm the CnTO7 complete media, DMEM com-
plete media, and 0.25% Trypsin—EDTA in the
37 °C beads bath. Keep a Y-27362 aliquot (stock
10 mM) on ice and the Col I'V-coated plates from
Step 7 at room temperature (See Note 17).

2. Remove the media from the wells and add 2 mL of
sterile 1X PBS to each well. Gently shake the
plate to wash the cells.

3. Remove the 1X PBS and add 0.75 mL of 0.25%
Trypsin—-EDTA to each well. Gently shake the
plate to distribute it evenly.

4. Incubate the plate in the 37 °C incubator for 8 min.
Tap the plate and confirm that the cells are
detaching from the plate using an inverted micro-
scope.

5. Collect and resuspend the cells from 6 wells in 8 mL
of DMEM complete media and transfer the cell
suspension to a 15 mL conical tube.
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6. Centrifuge cells at 1500 rpm for 5 min.

7. Remove supernatant and wash the cells by adding
2 mL of CnT07 complete media to the pellet.

8. Gently resuspend the cells up and down with a
p1000 micropipette to obtain a single cell sus-
pension.

9. Centrifuge cells at 1500 rpm for 5 min.

10. Prepare the Col IV-coated plates by adding 3 mL
of CnT07 complete media supplemented with
10 pM of Y-27632.

11. After the centrifugation, remove the supernatant and
resuspend the pellet in 3 mL of CnT07 complete
media supplemented with 10 uM of Y-27632
using a p1000 micropipette (1:3 dilution).

12. Add 1 mL of the cell suspension to each 60 mm
plate.

13. Transfer the plates to the 37 °C incubator and shake
them gently side to side, back and forth to distrib-
ute the cells evenly.

14. Change media on the plates every other day.

15. Once the ESPCs are ~85% confluent (Fig. 1C), re-
peat Steps 8.1-8.13 to passage cells to new Col
IV-coated plates using a 1:4 or 1:5 dilution (See
Note 18). Otherwise, PSC-derived ESPCs can
be harvested for additional validation analyses
or engineered into 3D PSC-EORs (Fig. 2) (See
Note 19).

Notes

Note 1: Matrigel polymerizes at room temperature. Keep
matrigel on ice at all times and use pre-cooled materials.
Note 2: This step takes approximately 2-3 h. Seal the top
of the glass vial with parafilm to prevent any contamina-
tion and dissolve the collagen powder by securely placing
the vial in a nutating mixer at 2 °C-8 °C.

Note 3: One 1X matrigel aliquot is used to coat one
6-well plate. For more or bigger plates, adjust the volume
of matrigel solution needed accordingly.

Note 4: Matrigel-coated plates can be prepared for imme-
diate use or sealed with parafilm and stored at 4 °C for up
to a week. If using stored matrigel-coated plates, warm
the plate at room temperature for at least 30 min before
plating the PSCs.

Note 5: A water bath can also be used to warm the rea-
gents. We use beads baths to minimize the risk of con-
tamination.

Note 6: Start the differentiation process with low pas-
sage, healthy, and undifferentiated PSCs. Undifferen-
tiated PSCs grow as compact, flat, and multicellular
colonies (Fig. 1B). These exhibit a high cytoplasmic
to nuclear ratio and prominent nucleoli. With time,



Molecular Biology Reports (2021) 48:6213-6222 6221

the center of the colonies become multilayered, dense,
and differentiate, resulting in a bright appearance under

sues, generation of fully differentiated epidermis can
vary depending on the donor PSC line used.

phase contrast microscopy. These areas appear white
when compared to the edges of the colonies and must
be removed using a pulled glass pipette or a sterile
micropipette tip. To make the pulled glass pipette,
the narrow part of the glass pipette is heated with the

Acknowledgements We thank Dr. James Wells, Dr. Christopher
Mayhew, and Amy Pitstick from the Pluripotent Stem Cell Core for
reagents. This study was supported by NIH RO1 grants CA223790
and CA228113, and by a grant from the Fanconi Anemia Research

flame of a burner and pulled away from the other end, = Foundation.
stretching the glass. Then, the broken end of the glass
is placed in the flame to generate a curve-shaped end  Declarations

that will be used to remove differentiated cells.

Note 7: If the edges are not folded, incubate the plate
for an additional minute in the 37 °C incubator.

Note 8: It is recommended to add the media gently on
the side of the well to prevent any cell detachment.
Note 9: Small colonies/clumps of cells need to be
plated at low density. Cell dilution can vary depending
on the initial confluency of the plate.

Note 10: If large clumps of cells are still visible, tritu-
rate these using a p1000 micropipette.

Note 11: Confirm morphological changes in the col-
onies. Colonies will no longer exhibit PSC features
(rounded, defined edges, and undifferentiated colonies).
Note 12: Y-27632 is added to maintain keratinocyte lin-
eage specification and prevent the substantial cell death
observed in the cultures when using other keratinocyte
differentiation protocols.

Note 13: Cells should not be overconfluent. Use of
overconfluent, unhealthy cultures can result in growth
defects and cell death.

Note 14: This step can be done on the same day as
passaging the cells or days in advance and stored
at—20 °C for up to 6 months.

Note 15: Calculations vary depending on the total vol-
ume of Col IV solution needed. We suggest using 1 mLL
of the Col IV solution to cover a 60 mm plate.

Note 16: Do not discard the original packaging of the
plates if storing them at —20 °C for future use.

Note 17: If Col IV-coated plates were stored for future
use, incubate the plates for at least 1 h at room tem-
perature and apply ultraviolet light for 15 min inside
the biological safety hood. Wash the plates with sterile
1X PBS and air-dry before proceeding to Step 8.2.
Note 18: In our hands, PSC-derived ESPCs (85% con-
fluent) can be cultured for at least 4 passages using this
differentiation protocol.
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