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Abstract

Direct reprogramming of somatic cells into induced pluripotent stem cells (iPSCs) provides an

opportunity to develop novel personalized treatment options for numerous diseases and to advance

current approaches for cell-based drug discoveries and disease modeling. The ability to

differentiate iPSCs into relevant cell types is an important prerequisite for the successful

development of iPSC-based treatment and modeling strategies. Here, we describe a protocol for

the efficient differentiation of human iPSCs into functional keratinocytes. The protocol employs

treating iPSCs with retinoic acid and bone-morphogenetic protein-4 to induce differentiation

toward a keratinocyte lineage, which is then followed by the growth of differentiated iPSCs on

collagen type I- and collagen type IV-coated dishes to enrich for iPSC-derived keratinocytes.
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1. Introduction

The discovery that the ectopic expression of selected transcription factors can reprogram

somatic cells into embryonic stem cell (ESC)-like cells, termed induced pluripotent stem

cells (iPSCs), has opened up a new era in research and therapy (1–5). The iPSC technology

addresses many obstacles associated with the use of ESCs, including ethical concerns, and

allows for the generation of patient-specific pluripotent stem cells, which can be genetically

corrected, differentiated into adult lineages, and returned to the same patient as an autograft

(6–9). In addition to genetic disorders, the iPSC technology can be applicable to tissue

regeneration, basic science research of human development, and disease modeling.

However, before iPSC-based approaches are successfully implemented into the clinic,
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efficient protocols for the differentiation of iPSCs into relevant cell types need to be

developed.

In this chapter, we describe a protocol for the efficient differentiation of human iPSCs into

keratinocytes, which may potentially be applicable for cell transplantation in the clinic and

for modeling inherited skin diseases, such as the epidermolysis bullosa (EB) subtypes and

congenital ichthyoses (10–12). The protocol has been adapted from our previously published

work (13) on the differentiation of mouse iPSCs into keratinocytes as well as studies

published by other groups on the differentiation of human ESCs and iPSCs into epithelial

and keratinocyte lineages (14, 15) with modifications. The resulting iPSC-derived

keratinocyte-like cells express the markers specific to authentic basal layer keratinocytes,

such as keratin 14 (Krt14) and keratin 5 (Krt5), and are able to reconstitute a normal

stratified epidermis when grafted onto an immuno-deficient mouse. The protocol requires

the seeding of iPSCs onto Geltrex (Gibco) and collagen type I (ColI) - coated dishes

followed by the combined treatment with retinoic acid (RA) to induce iPSC differentiation

into an ectodermal fate (16) and with bone morphogenetic protein-4 (BMP4) to block the

commitment toward a neural fate (17). In addition, we discovered that growth on collagen

type IV (ColIV) - and ColI - coated dishes, which mimics the environment of the basal layer

of the skin, improves the efficiency of differentiation to a keratinocyte fate. To enrich for

keratinocyte stem cells that are positive for Krt14, a keratin marker confirming commitment

of the ectoderm to a keratinocyte fate, we exploit the ability of Krt14 positive cells to rapidly

attach to ColI/ColIV-coated surfaces (18).

The methodology for iPSC differentiation toward a keratinocyte lineage relies primarily on

the ability to maintain long-term human keratinocyte cultures. Therefore, before initiating

this iPSC differentiation protocol, we recommend establishing the growth conditions for

culturing normal human keratinocytes that allow for their maintenance in culture for at least

6–10 passages. We found that commercially available CnT-07 medium or EpiLife medium

supplemented with EpiLife Defined Growth Supplement (EDGS) promote more efficient

expansion of human keratinocytes seeded onto ColI-coated dishes. The growth of

differentiated iPSC-derived cultures under keratinocyte cell culture conditions following the

rapid attachment to ColI/ColIV-coated plates allows for the efficient enrichment for Krt14

positive keratinocytes up to 80–90% (13, 15).

2. Materials

2.1 Coating Tissue Culture Dishes with Geltrex and ColI

1. Collagen, type I: 3 mg/mL solution (Advanced BioMatrix).

2. Geltrex hESC-qualified Reduced Growth Factor Basement Membrane Matrix

(Gibco).

3. Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12) (Gibco).

4. 60 mm tissue culture (TC) dishes.
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2.2 Plating iPSCs for Differentiation

1 N2B27 Medium : combine DMEM/F12 and Neurobasal medium (Gibco) in a

1:1 ratio and supplement with 0.1 mM nonessential amino acids, 1 mM

glutamine, 55 μM 2-mercaptoethanol (2-ME), N2 supplement (100 x) (Life

Technologies), B27 supplement (50 x) (Life Technologies), 50 μg/mL ascorbic

acid, 0.05% bovine serum albumin (BSA), 50 U/mL penicillin-streptomycin,

100 ng/mL basic FGF (Life Technologies), 10 μM Y27632 (Sigma-Aldrich).

3 Dispase (BD).

2.3 Differentiation of iPSCs with RA and BMP4

1. 1 mM stock solution of all-trans RA (Sigma-Aldrich) reconstituted in dimethyl

sulfoxide (DMSO).

2. 25 μg/mL stock solution of human BMP4 (R&D Systems) reconstituted in sterile 4

mM HCL containing 0.1% BSA.

3. Defined keratinocyte serum-free medium (DKSFM) (Gibco) supplemented with 50

U/mL penicillin-streptomycin. DKSFM is sold as a kit containing DKSFM Basal

Medium and DKSFM growth supplement.

4. 1xPBS.

5. CnT-07 epidermal keratinocyte medium (CELLnTEC) containing 50 U/mL

penicillin-streptomycin. CnT-07 is sold as a kit containing CnT Basal Medium and

supplements A, B and C.

2.4 Rapid Attachment and Culturing of iPSC-Derived Keratinocytes

1. 100 mm tissue culture dish.

2. Collagen, type IV, powder (Sigma-Aldrich).

3. 0.25% Glacial acetic acid.

4. Collagen, type I, 3 mg/ml solution (Advanced BioMatrix).

5. CnT-07 (see 2.3).

6. Accutase (Gibco).

7. 1 x PBS without Ca2+ and Mg2+.

2.5 Equipment

1 Biological safety cabinet.

2 37 °C water bath.

3 37 °C/5% CO2 humidified tissue culture incubator.

7 Centrifuge (room temperature).
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3. Methods

3.1 Coating Tissue Culture Dishes with Geltrex and ColI

The procedure is to be performed in a biological safety cabinet using aseptic techniques.

Similar to Matrigel, Geltrex matrix solidifies rapidly at room temperature (RT). Therefore; it

is recommended to aliquot each new batch of the matrix upon arrival and use pre-chilled

pipet tips, racks and tubes while working with the reagent. We recommend making 50, 100

and 200 μL aliquots and to store them at −80 °C. Use Geltrex at 1:100 dilutions. While the

maintenance of feeder-free iPSC cultures requires only Geltrex as a surface coating agent,

for iPSC differentiation, the combination of Geltrex and ColI is more efficient to induce the

commitment toward a keratinocyte lineage (see Note 1). The coating procedure below is

described for a 60 mm tissue culture dish. If a larger dish is to be used, adjust the volume of

the coating solution accordingly.

1. Remove a 50 μL aliquot of Geltrex from the −80 °C freezer, and place it on ice in

the biological safety cabinet.

2. Add 5 mL of cold sterile DMEM/F12 to a 15 mL conical tube.

3. Use a 1 mL glass pipet, take 1 mL cold DMEM/F12 from the 15 mL conical tube

prepared in step 2, and add to the frozen Geltrex. Gently pipet up and down to thaw

and dissolve Geltrex. Transfer the dissolved Geltrex to the rest of DMEM/F12 in

the 15 mL conical tube prepared in step 2. Pipet to mix diluted Geltrex.

4. Add 50 μL of 3 mg/mL ColI stock solution into diluted Geltrex from step 3. Pipet

to mix diluted geletrex with ColI. Add 4 mL of coating solution into 60 mm dish.

Tap or swirl the plate to ensure that the entire surface is coated.

5. Incubate the dish with Geltrex/ColI coating solution at 37°C in the tissue culture

incubator for at least 1 h.

6. Once the coating is complete, leave the coating solution in the dish and proceed

with the plating of iPSCs as described in the next subsection (see Section 3.2).

Alternatively, aspirate the coating solution and add 2 mL of fresh DMEM/F12 into

the coated dish to prevent it from drying before plating the cells.

3.2 Plating iPSCs for Differentiation

Prepare one 60 mm tissue culture dish of feeder-free iPSCs grown to ~ 70% of confluency

(see Note 2). Examine cells under a microscope to confirm the absence of contamination and

1We initially used growth factor reduced BD Matrigel to plate iPSCs for differentiation. However, the combination of Geltrex and
ColI gives a higher yield of keratinocytes upon iPSC differentiation.
2The provided protocol is optimized for iPSCs generated with an integration-free modified mRNA-based reprogramming approach
(21, 22). We maintain iPSCs on either mitomycin C inactivated human neonatal fibroblasts or on Geltrex matrix in N2B27 medium
(23) under low O2 conditions (5%). While iPSCs are maintained under low oxygen conditions, the differentiation toward a
keratinocyte lineage is performed under atmospheric O2 (~20%) in the regular tissue culture incubator. To avoid spontaneous
differentiation, the iPSC culture should only be grown to a subconfluent state. Healthy undifferentiated human iPSCs usually form
round tight colonies with clear margins (Fig. 2a). Avoid using partially differentiated iPSCs for keratinocyte derivation. Although the
provided protocol has been shown to produce functional keratinocytes from human iPSCs generated by an integrating lentivirus
approach, there is always a possibility that the partial reactivation of exogenous factors, especially c-Myc and Klf4, may influence the
differentiation of these lentivirally-derived iPSCs into keratinocytes, and the protocol may require optimizations for this type of
iPSCs.
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the maintenance of their undifferentiated phenotype. If the cells are stressed or dying, they

start to differentiate, presenting themselves as “cobblestone” areas with larger polymorphic

cells, and should not be used for the differentiation toward keratinocytes. For iPSC

differentiation toward keratinocytes, we recommend a 1:8 split ratio of iPSCs (see Note 3).

1. Prewarm N2B27 medium and Dispase in the 37°C water bath.

2. Using the microscope, confirm that the colonies are ready for passaging. Gently

aspirate medium from the dish. Add 2 mL of 1 x PBS, swirl the plate to wash the

cells, and gently aspirate PBS.

3. Add 1 mL of Dispase and return the plate to the 37°C tissue culture incubator for

3–5 min.

4. While the cells are being incubated with Dispase, gently aspirate the Geltrex/ColI

coating solution (or DMEM/F12) from step 6 in the Geltrex/ColI coating procedure

(see Section 3.1) and add 4 mL of complete N2B27 medium into the coated dish.

5. After 3–5 min incubating with Dispase, confirm that the cells are ready to be

picked by looking for rolled or folded edges around the colonies.

6. Transfer the plate to the biological safety cabinet and carefully aspirate Dispase.

After the treatment with Dispase, the colonies are very loosely attached to the

surface of the dish and may peel off if too much force is used (see Note 4).

7. Gently add 2 mL of plain DMEM/F12. Aspirate off the medium and repeat the

wash 3 times.

8. Add 2 mL of complete N2B27 into the dish and gently scrape the colonies off the

plate. Transfer the cells from the dish into a 15 mL conical tube and add 6 mL of

complete N2B27 bring the total volume of cell suspension to 8 mL.

9. Gently mix the cell suspension to break large clumps of cells. Transfer 1 mL of the

cell suspension to the coated dish prepared in step 3 of the current subsection.

Discard or replate the leftover cells using the conditions established for a given

laboratory (see Note 5).

10. Transfer the newly plated cells to the incubator and gently shake the plate back and

forth and side to side to distribute the cells evenly (see Note 6). Incubate the cells

overnight in the 37 °C tissue culture incubator.

3While we recommend a 1:4 or 1:5 split ratio for the maintenance of iPSCs; for their differentiation, iPSCs need to be seeded as small
clumps at very low density to allow for enough surface area for the sufficient expansion of differentiating cells. The colonies should
be evenly dispersed in the dish. To achieve this, gently shake the dish from side to side and front to back during passaging.
4If iPSC colonies peel off while being incubated with Dispase, collect Dispase with detached iPSC colonies into a 15 mL conical tube,
add plain DMEM/F12 into the dish and gently scrape the remaining colonies off, transfer the colonies from the dish into the 15 mL
conical tube with Dispase and the rest of iPSCs. Spin the cells down at 75 x g for 10 min, aspirate the supernatant. Gently resuspend
the iPSC pellet in plain DMEM/F12, spin the cells down at 75 x g for 10 min, repeat the wash 2 times. Proceed with step 9 of Section
3.2.
5While we regularly use N2B27 medium for the maintenance of human iPSCs, other media can also be used.
6Do not swirl the dish since the cells tend to cluster in the middle when the dish is being swirled.
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3.3 Differentiation of iPSCs with RA and BMP4

The differentiation and subculturing of iPSC-derived keratinocytes are to be performed in a

biological safety cabinet using aseptic techniques. The protocol schematic is outlined in Fig.

1. Examine the new plate the day after passaging to confirm the successful attachment of

iPSCs. If iPSCs start forming colonies (Fig. 2a), proceed with the differentiation protocol

below (see Note 7).

1. Prewarm complete DKSFM (with antibiotics and DKSFM supplement) in the 37°C

water bath.

2. Add 5 mL of prewarmed DKSFM from the previous step to a 15 mL conical tube,

add 5 μL of 1 mM RA to achieve 1 μM final working concentration and 5 μL of 25

μg/mL BMP4 to achieve 25 ng/mL final working concentration, mix well.

3. Aspirate off N2B27 medium from the dish with plated iPSCs, wash once with 4 mL

of 1 x PBS, and add 4 mL of DKSFM containing 1 μM RA and 25 ng/mL BMP4

from the step above. This is day 1 of differentiation procedure.

4. Transfer the cells to the incubator and incubate for 48 h.

5. Replace the medium with fresh DKSFM containing 1 μM RA and 25 ng/mL BMP4

after 48 h of incubation. Transfer the cell to the incubator for another 48 h.

6. After the second round of 48 h induction (day 4 of differentiation), replace the

medium with complete DKSFM without RA and BMP4. Incubate cells in the

incubator for 10 days in complete DKSFM, changing medium every other day.

7. On day 14 of differentiation, prepare complete CnT-07 medium by adding

antibiotics and provided supplements, pre-warm the medium. By this day, the

majority of the cells in the outgrown iPSC colony start exhibiting an epithelial-like

phenotype (see Fig. 2b).

8. Aspirate off DKSFM from differentiated cells, and replace with 4 mL of complete

CnT-07. Incubate the cells in the tissue culture incubator for another 10 days,

changing complete CnT-07 every other day.

3.4 Rapid Attachment and Culturing of iPSC-Derived Keratinocytes

On day 24 of differentiation, many cells that migrate away from the outgrown iPSC colony

will exhibit a keratinocyte-like phenotype (Fig. 2c), and start expressing p63, a master

regulator required for the commitment of the ectoderm to a keratinocyte fate (19, 20), and

Krt14 (see Note 8). By this day, the 60 mm dish used for iPSC differentiation is fully

confluent and need to be passaged. To enrich for iPSC-derive keratinocytes during

passaging, we perform the rapid attachment of the differentiated iPSC culture to ColI/ColIV-

coated plates. We recommend using up to four 100 mm ColI/ColIV-coated tissue culture

dishes to perform the rapid attachment procedure from one 60 mm dish containing

7If the colonies start to differentiate spontaneously, discard the dish and repeat the replating of iPSCs using a fresh iPSC culture.
8We are able to obtain a maximum of 25–30% of K14 positive cells in the entire culture before the rapid attachment step. The
efficiency of differentiation usually varies from 5% to 30% among experiments and among iPSC lines.
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differentiated iPSCs. If only one 100 mm dish is to be used, plate one fourth of the

differentiated iPSC culture for the rapid attachment procedure.

3.4.1 Coating Plates with ColI and ColIV—The procedure is to be performed in the

biological safety cabinet using aseptic techniques.

1. Reconstitute ColIV powder to a concentration of 2 mg/mL in sterile 0.25% Glacial

acetic acid. Dissolve for several h at 2–8°C, occasionally swirling. Make aliquots

and store them at −20 °C.

2. Thaw the aliquot of ColIV stock solution (2 mg/mL) very slowly by placing the

vial in an ice bucket and keeping it at 4°C for several h.

3. Resuspend ColIV stock solution in the appropriate volume (5mL per each 100 mm

dish) of sterile 0.25% Glacial acetic acid to a final working concentration of 7

μg/mL. Add an appropriate volume of ColI stock solution to achieve a final

working ColI concentration of 30 μg/mL. Coat the plates by using 5 mL of working

solution to cover a 100 mm dish. Incubate the plates at room temperature in the

biological safety cabinet for 1 h.

4. Aspirate the liquid from the coated plates, rinse the dishes once with 5 mL of sterile

1 x PBS and once with 5 mL of ddH2O.

5. Air-dry the washed dishes in the biological safety cabinet. Use plates directly or

seal them with Parafilm and store at 4° for up to 6 months. To use a previously

stored ColIV-coated plate, allow the plate to warm up at room temperature in the

biological safety cabinet for at least 1 h prior to plating cells.

3.4.2 Rapid attachment of iPSC-derived keratinocytes

1. On day 24 of differentiation, prewarm complete CnT-07, Accutase, and ColI/

ColIV-coated dish(es).

2. Wash the cells with 1 x PBS, add 2 mL of Accutase and incubate in the tissue

culture incubator for 5 min (see Note 9). Confirm under the microscope that cells

start detaching.

3. Add 3 mL of complete Cnt-07, pipet up and down to dislodge the cells and collect

the cell suspension into a 15 mL conical tube. Spin the cells down at 260 x g for 5

min and aspirate the supernatant. Resuspend the pellet in 10 mL of complete

Cnt-07 medium, repeat the spin at 260 x g for 5 min, and aspirate the supernatant.

4. Resuspend the pellet in 4 mL of complete CnT-07, pipet up and down to break cell

clumps into single cells.

5. Add 9 mL of complete CnT-07 medium into each ColI/ColIV-coated dish and

transfer 1 mL of cell suspension from step 4 above into each ColI/ColIV-coated

dish. Allow the cells to attach to the coated dish at room temperature for 15–30 min

(see Note 10).

9We do not recommend using trypsin at this stage of the protocol.
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6. Carefully aspirate the medium with the floating cells (these are undifferentiated or

partially differentiated iPSCs). Do not disturb the attached cells (these are iPSC-

derived Krt14 positive cells). Add 10 mL of fresh complete CnT-07 medium into

the plate with the attached cells. Let the cells expand in the 37°C tissue culture

incubator, changing the medium every other day. Passage cells as needed (see Note

11) with Accutase in CnT-07 or EpiLife (with EDGS supplement) on ColI-coated

dishes. After passage 2 or 3 and following the rapid attachment step, the culture

should consist of ~90% of Krt14 positive cells exhibiting a keratinocyte-like

phenotype (see Fig. 2d). The keratinocyte-like phenotype of the obtained culture

can be verified by standard immunflorescence analyses for Krt14 expression and by

the ability to reconstitute a normal stratified epidermis in organotypic cultures.
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Fig. 1.
Schematic representation of the protocol for the differentiation of human iPSCs into a

keratinocyte lineage.
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Fig. 2. The stages of iPSC differentiation during keratinocyte derivation
Human iPSCs generated with a modified mRNA-based approach from human neonatal

fibroblasts were differentiated into keratinocytes using RA and BMP4. (a) Human iPSCs

seeded at low density for differentiation on day 1 of differentiation. (b) An iPSC colony

outgrown on a Geltrex/ColI-coated plate after the combined treatment with RA and BMP4

on day 14 of differentiation. (c) An iPSC colony outgrown on a Geltrex/ColI-coated plate on

day 24 of differentiation before rapid attachment plating. (d) iPSC-derived keratinocytes at

passage 1 post-rapid attachment plating (day 29 of differentiation, day 5 post-rapid

attachment). All images were taken with 10x objectives.
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