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Preface

Since the development of the first set of conditions supportive of epidermal cell culture by
Howard Green’s lab more than three decades ago, the field of epidermal biology has
advanced tremendously. This latest edition of epidermal cell protocols underscores these
advances in our understanding of epidermal biology. I have gathered updated and new
protocols that complement and extend the earlier edition. The inclusion of protocols
useful for both in vitro and in vivo studies reflects many useful developments in the field.
I am grateful to and sincerely thank all the contributors for their willingness to share and
provide details for protocols that will continue to accelerate work in the field.

I also thank Dr. John Walker, the Editor in Chief of the MIMB series, for his vision and
support for these volumes.

I am also grateful to Patrick Martin, Editor of Springer’s Protocols series, for his
support and encouragement in putting together this volume.

A special thank-you goes to David Casey for always being there to answer my and
contributors’ questions; this helped tremendously with the timely completion of this
volume.

Ottawa, ON, Canada Kursad Turksen
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11 MMP-2, -9 and TIMP-1, -2 Assays in Keratinocyte Cultures. . . . . . . . . . . . . . . . 145
Takashi Kobayashi

12 Reactive Oxygen Species (ROS) Protection via Cysteine Oxidation
in the Epidermal Cornified Cell Envelope. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157
Wilbert P. Vermeij and Claude Backendorf

13 Modified Methods for Growing 3-D Skin Equivalents: An Update. . . . . . . . . . . 171
Rebecca Lamb and Carrie A. Ambler

vii



14 A Novel Three-Dimensional Cell Culture Method to Analyze
Epidermal Cell Differentiation In Vitro. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
Yoji Okugawa and Yohei Hirai

15 Reconstruction of Normal and Pathological Human Epidermis
on Polycarbonate Filter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
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Differentiation of Human Induced Pluripotent Stem
Cells into a Keratinocyte Lineage

Igor Kogut, Dennis R. Roop, and Ganna Bilousova

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 differ-
entiated iPSCs on collagen type I- and collagen type IV-coated dishes to enrich for iPSC-derived
keratinocytes.

Keywords: Induced pluripotent stem cells, iPSCs, Differentiation, Keratinocytes, Retinoic acid,
Bone-morphogenetic protein-4

Abbreviations

ColI Type I collagen
ColIV Type IV collagen
ESC Embryonic stem cell
iPSC Induced pluripotent stem cell
Krt14 Keratin 14
RA Retinoic acid
BMP4 Bone-morphogenetic protein-4

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
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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 imple-
mented into the clinic, 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 differ-
entiation 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
immunodeficient 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 ker-
atinocyte 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 keratino-
cyte 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)
promotes more efficient expansion of human keratinocytes seeded
onto ColI-coated dishes. The growth of differentiated iPSC-
derived cultures under keratinocyte cell culture conditions follow-
ing the rapid attachment to ColI/ColIV-coated plates allows for
the efficient enrichment for Krt14-positive keratinocytes up to
80–90 % (13, 15).

2 Igor Kogut et al.



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.

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�) (Life
Technologies), B27 supplement (50�) (Life Technologies),
50 μg/mL ascorbic acid, 0.05 % bovine serum albumin (BSA),
50U/mLpenicillin–streptomycin, 100 ng/mLbasic FGF (Life
Technologies), and 10 μg/mL Y27632 (Sigma-Aldrich).

2. Dispase (BD).

2.3 Differentiation

of iPSCs with RA

and BMP4

1. 1 mM stock solution of all-trans RA (Sigma-Aldrich) reconsti-
tuted in dimethyl sulfoxide (DMSO).

2. 25 μg/μL 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. 1� PBS.

5. CnT-07 epidermal keratinocyte medium (CELLnTEC) con-
taining 50 U/mL penicillin–streptomycin. CnT-07 is sold as a
kit containing CnT basal medium and supplements A, B, andC.

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 Section 2.3).

6. Accutase (Gibco).

7. 1� 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.

4. Centrifuge (room temperature).

Derivation of Keratinocytes from Human iPSCs 3



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 soli-
difies rapidly at room temperature (RT). Therefore; it is recom-
mended 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 Gel-
trex. 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 Geltrex with ColI.
Add 4mL 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 60mm tissue culture dish of feeder-free iPSCs grown to
~70 % of confluency (seeNote 2). Examine cells under a microscope
to confirm the absence of contamination and 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
(seeNote 3).
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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�PBS, swirl the plate towash 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 incubation 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 three 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
15mL conical tube, and add 6mL of complete N2B27 to 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 (seeNote 6). Incubate the cells overnight in the
37 �C tissue culture incubator.

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/μL BMP4 to
achieve 25 ng/mL final working concentration, and mix well.
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3. Aspirate off N2B27 medium from the dish with plated iPSCs,
wash once with 4 mL of 1� PBS, and add 4 mL of DKSFM
containing 1 μMRA and 25 ng/μL 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/μL 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 differentia-
tion), 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 and
prewarm the medium. By this day, the majority of the cells in
the outgrown iPSC colony start exhibiting an epithelial-like
phenotype (see Fig. 2b).

D
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ColI/ColIV
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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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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 pheno-
type (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 needs to
be passaged. To enrich for iPSC-derived 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

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 10� objectives
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perform the rapid attachment procedure from one 60 mm dish
containing 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 hours 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 hours.

3. Resuspend ColIV stock solution in the appropriate volume
(5 mL 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, and rinse the dishes
once with 5 mL of sterile 1� 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 �C 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� PBS, add 2 mL of Accutase, and incu-
bate 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 � g for 5 min, and aspirate the
supernatant. Resuspend the pellet in 10 mL of complete Cnt-
07 medium, repeat the spin at 260 � g for 5 min, and aspirate
the supernatant.

4. Resuspend the pellet in 4 mL of complete CnT-07 and pipet up
and down to break cell clumps into single cells.
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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 15–30min
(see Note 10).

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 the standard immunofluorescence
analyses for Krt14 expression and by the ability to reconstitute
a normal stratified epidermis in organotypic cultures.

4 Notes

1. We 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.

2. The 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 Geltrex matrix in
N2B27 medium (23) under low O2 conditions (5 %). While
iPSCs are maintained under low-oxygen conditions, the differ-
entiation 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 undifferenti-
ated 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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3. While we recommend a 1:4 or a 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 differentiat-
ing 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.

4. If iPSC colonies peel off while being incubated with Dispase,
collect Dispase with detached iPSC colonies into a 15 mL coni-
cal tube, add plain DMEM/F12 into the dish, gently scrape the
remaining colonies off, and 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 � g for 10 min, and aspirate the
supernatant. Gently resuspend the iPSC pellet in plain
DMEM/F12, spin the cells down at 75 � g for 10 min, and
repeat the wash two times. Proceed with step 9 of Section 3.2.

5. While we regularly use N2B27 medium for the maintenance of
human iPSCs, other media can also be used.

6. Do not swirl the dish since the cells tend to cluster in the middle
when the dish is being swirled.

7. If the colonies start to differentiate spontaneously, discard the
dish and repeat the replating of iPSCs using a fresh iPSC
culture.

8. We 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.

9. We do not recommend using trypsin at this stage of the
protocol.

10. If only a few cells attach, incubate the plate for up to an hour in
the 37 �C tissue culture incubator. Alternatively, skip the rapid
attachment during the first passage. Instead, split the entire
plate of differentiated iPSCs onto four fresh ColI-coated dishes
in complete CnT-07. Let the cells reach 60–70 % confluency,
and then perform the rapid attachment plating as described in
Section 3.4.

11. It may take up to 2 weeks to expand the culture of iPSC-
derived keratinocytes post rapid attachment plating. Do not
allow the cells to overgrow, since this will induce premature
differentiation. Ideally, the cells should be subcultured onto
a fresh ColI-coated dish once they reach 60 % confluency.
We recommend using Accutase instead of trypsin for keratino-
cyte passaging.
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Differentiation of Epidermal Keratinocytes from Human
Embryonic Stem Cells

Fahad K. Kidwai, Tong Cao, and Kai Lu

Abstract

For many years, cell therapies have been hampered by limited availability and inter-batch variability of
primary cells. Human embryonic stem cell (hESC) can give rise to specialized cells like keratinocytes and
recently emerged as a virtually unlimited source of potential therapeutic cells. However, xenogeneic
components in differentiation cocktails have been limiting the clinical potential of hESC-derived keratino-
cytes (hESCs-Kert). Here, we demonstrated efficient differentiation of H9 human embryonic stem cells
(H9-hESCs) into keratinocytes (H9-KertACC) in an autogenic co-culture system. We used activin as the
main factor to induce keratinocyte differentiation. H9-KertACC expressed keratinocyte markers at mRNA
and protein levels. Establishment of such animal-free microenvironment for keratinocyte differentiation will
accelerate potential clinical application of hESCs.

Keywords: Activin, Co-culture, Differentiation, Epidermal, Human embryonic stem cell, Keratino-
cyte, Tissue engineering, Xeno-free

1 Introduction

Human embryonic stem cell (hESC)-derived keratinocytes
(hESCs-Kert) hold great clinical, industrial, and research potential.
Currently, our efforts are focused on the application of hESCs-Kert
for regenerative dental medicine and as an in vitro model for
industrial research and development.

To date, strategies for inducing hESCs towards the keratino-
cyte lineage involve the use of xenogeneic components including
feeder cells and/or extracellular matrix (ECM) (1–9). Presence of
these xenogeneic components in culture environment limits the
potential of hESCs due to the risk of transmitting animal pathogens
and viral/bacterial infections (10–13). Furthermore, exposure of
hESCs to animal components in culture system may cause higher
expression of immunogenic agents (e.g.,N-glycolylneuraminic acid
and N-acetylneuraminic acid) in hESCs (14, 15). Eradicating or
minimizing exposure to xenogeneic components during cultivation
and differentiation would enhance hESCs-Kert’s potential for clin-
ical application (16, 17).
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2 Materials

2.1 Cell Culture

and Differentiation

(a) Mouse embryonic fibroblast medium (mEF medium): 900 ml
of Dulbecco’s Modified Eagle medium (DMEM) (Sigma) and
100 ml of fetal bovine serum (FBS, Biowest), supplemented
with 10 ml of non-essential amino acids solution (Sigma) and
10 ml of penicillin–streptomycin 100� solution (GIBCO/
Brl). Stored at 4 �C.

(b) mEF freezing medium: 70 ml of DMEM and 20 ml of FBS.
Stored at 4 �C.

(c) hESC medium: 1:1 DMEM/F-12, supplemented with 20 %
knockout serum replacement, 1 % non-essential amino acid,
1 mM L-glutamine, 4 ng/mL FGF-2, and 0.1 mM β-mercap-
toethanol (Sigma, St Louis, MO). Stored at 4 �C.

(d) Embryoid body medium: 80 % DMEM/F12 and 20 % knock-
out serum replacer (KSR), supplementedwith 1 % nonessential
amino acids, 1 mM L-glutamine, and 0.1 mM β-mercap-
toethanol. Stored at 4 �C.

(e) FAD medium: Mixture of 3:1 of DMEM and Ham’s F12
media supplemented with 50 μg/ml ascorbic acid (Sigma),
2 % FBS, 5 μg/ml insulin, 10 ng/ml recombinant human
epidermal growth factor, and 0.5 μM of retinoic acid (RA).
Stored at 4 �C.

(f) Defined keratinocyte serum free medium and supplement
(DKSF, Invitrogen). Stored at 4 �C.

2.2 Reverse

Transcriptase-

Polymerase Chain

Reaction Analysis

and Real-Time RT-PCR

(a) cDNA reaction mixture: 4 μl of 5� cDNA synthesis buffer,
1 μl of iScript enzyme mixture, 500 ng of mRNA samples, and
RNase-free water.

(b) Real-time reaction mixture: 4 μl of 5� Green GoTaq® Flexi
Buffer (Promega), 0.1 μl of GoTag® Flexi DNA Polymerase
(Promega), 1.2 μl of 25 mM MgCl2 (Promega), 0.4 μl of
forward primer (1st BASE), 0.4 μl of reverse primer
(1st BASE), 0.4 μl of dNTP (Promega), 12.5 μl of cDNA
template 1 μl, distilled and deionized H2O (ddH2O).

(c) Real-time reverse transcriptase-polymerase chain reaction
(RT-PCR) master mix: 10 μl of SYBR Green PCR Master
Mix, 0.4 μl of forward primer (1st BASE), 0.4 μl of reverse
primer (1st BASE), 1 μl of cDNA, 8.2 μl of distilled and
deionized H2O (ddH2O).

(d) Primers used in the experiments are listed in Table 1.

2.3 Immunofluor-

escence Staining

and Flow Cytometry

(a) Fixing solution: 4 % (w/v) paraformaldehyde (Sigma).

(b) Permeabilization solution: 0.4 % (v/v) Triton X-100 in PBS.
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(c) Washing buffer: 1� PBS supplemented with 0.05 % (v/v)
Tween 20.

(d) Staining buffer: 4 % BSA in PBS.

(e) Primary antibodies and secondary antibodies used in the
experiments are listed in Table 2.

(f) Slow fade gold anti-fade reagent DAPI (Invitrogen) (dilution
factor, 1:100).

(g) FACS buffer: MACS® buffer solution (Miltenyi Biotec).

3 Methods

During embryogenesis, keratinocyte differentiation initiates from
the expression of K18+ cells in primitive epithelium. Later on, these
K18+ cells are replaced by p63+ keratinocyte progenitor cells (18).
It has been reported that expression of p63+ results in the induction

Table 1
Oligonucleotide sequences of primers used in RT-PCR and real-time RT-PCR

Gene

GenBank
accession
number Forward primer Reverse primer

Amplicon
size

sox1 NM_005986.2 50-caa tgcggg gag
gagaag tc-30

50-ctc tggaccaaactgtgg cg-30 464

pax 6 NM_000280.3 50-ggc agg tat tac gag
act gg-30

50-cct cat ctgaatcttctc cg-30 427

K18 NM_000224.2 50-ccg
tcttgctgctgatga
ct-30

50-ggc cttttacttcctcttcgt g-30 200

p63 NM_001114978.1 50-gga aaacaatgccc-
agac tc-30

50-gtg gaatacgtc cag gtg gc-30 294

k14 NM_000526.4 50-gac cat tgaggacct
gag ga-30

50-att gat gtcggcttccac ac-30 157

hOCT4 NM_001173531.1 50-cgt gaagctgga-
gaaggagaagct g-30

50-aag ggccgcagcttacacatg ttc-30 246

Nestin NM_006617.1 50-tgaagggcaatcacaa-
cagg-30

50-tgaccccaacatgacctctg-30 136

TERT NM_001193376.1 50-agctatgcccggacc-
tccat-30

50-gcctgcagcaggaggatctt-30 185

β-actin NM_001017992.2 50-avaghgcctcgcctt-
tgcc-30

50-acatgccggagccgttgtc-30 198

β-tubulin iii NM_001197181.1 50-gggcattcca-
acctt-30

50-agctcggcgccctctgtgtag-30 440
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of genes like Ly6/PLAUR domain-containing 3 (LYPD3), integral
membrane 2B, lymphocyte antigen 6 complex (LY6G6C), RAB25
(Ras-related protein Rab-25), nucleoside diphosphate kinase
2 (NME2), insulin-like growth factor-binding protein 3
(IGFBP3), insulin-like growth factor 2 (IGF2), Wnt-related
genes, and fibroblast growth factor receptor 2 (FGFR2). These
cells subsequently give rise to basal keratinocytes (K14+ and integ-
rin alpha 6+) cells in stratified epidermis (18, 19).

3.1 Cell Culture

and Differentiation

(a) The National Institutes of Health-registered H9 hESC line
(Agreement no. 04-W094, WiCell Research Institute, Madi-
son, WI) was used in this study.

(b) H9-hESCs were seeded onto mitotically inactivated mEF
feeder cells in hESC medium as previously reported (20,
Note 1).

(c) Upon confluence, hESC colonies were treated with 1 mg/ml
collagenase IV (GIBCO) for 3 min at 37 �C followed by
manual dissection and centrifugation at 200 � g for 5 min
in a 15 ml falcon tube.

(d) The cell pellets were re-suspended in fresh hESC culture
medium and seeded on inactivated feeder cells at 1:6 splitting
ratio every 5–7 days.

(e) All cells were cultured at 37 �C with 5 % CO2 atm and 95 %
humidity.

Table 2
List of antibodies used in immunofluorescence and flow cytometry

Antibody Source Catalog # and company References

Primary
antibody

Mouse anti-human K18 sc-6259 (DC-10) Biotechnology, Santa
Cruz, CA, USA

(22)

Primary
antibody

Mouse anti-human K14 sc 58724 (LL002), Biotechnology, Santa
Cruz, CA, USA

(23)

Primary
antibody

Mouse anti-integrin α6 sc-71423 (3H1512), Biotechnology, Santa
Cruz, CA, USA

(24)

Primary
antibody

Mouse anti-human
involucrin

sc-21748 (SY5); Santa Cruz Biotechnology,
CA, USA

(25)

Primary
antibody

Rabbit anti-human filaggrin sc-30229 (H-300); Santa Cruz
Biotechnology, CA, USA

(26)

Secondary
antibody

Alexa Fluor 488 rabbit anti-
mouse IgG

A11037; Invitrogen, CA, USA (21)

Secondary
antibody

Alexa Fluor 594 goat anti-
rabbit IgG

A11037; Invitrogen, CA, USA (21)
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(f) The medium was changed daily. All media and reagents were
obtained from Invitrogen unless otherwise stated.

(g) For the establishment of autogeneic co-culture system (ACC
system), hESCs were differentiated into fibroblast (hESCs-
Fib) by dissociating hESCs into clumps under 1 mg/ml colla-
genase type IV treatment. Cells were then transferred to non-
adherent 6-well culture plates in embryoid body medium.
After 5 days in suspension culture, hESCs were differentiated
into embryoid bodies (EBs, Fig. 1). EBs are three-dimensional
aggregates of hESCs.

(h) hESC-derived EBs were seeded on 0.1 % gelatin-coated
75 cm2 plates in a DMEM–FBS medium for 3 weeks. The
cells at this stage were named as hESCs-Fib passage 0 (Fig. 2).

(i) hESCs-Fib passage 0 were sequentially passaged until homog-
enous morphology was obtained.

(j) hESCs-Fib were grown for ten passages. hESCs-Fib passage
8 were mitotically inactivated and plated onto the gelatin-
coated 6-well plate at approximately 1.4 � 105 cells per well
followed by hESC seeding on the next day.

Fig. 1 Schematic diagram showing the establishment of an autogeneic microenvironment for hESC cultivation
and differentiation. EB embryoid body, hESCs human embryonic stem cells, hESCs-Fib hESC-derived
fibroblast

Fig. 2 Phase-contract images of hESCs-Fib at different stages during derivation. (a) hESCs were kept on
mitotically inactivated mouse feeder cells in undifferentiated state. (b) Seeding of embryoid bodies on gelatin-
coated plates. Differentiation to hESCs-Fib initiated from the periphery of the embryoid body outgrowth.
(c) hESCs-Fib at passage 2 showing fibroblast-like morphology. Scale bar ¼ 100 μm
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(k) The hESCs–hESCs-Fib ACC system was kept in hESC
medium for 2–3 days before the start of differentiation
(Figs. 1 and 2c).

(l) For keratinocyte differentiation in the ACC system, hESC
medium was replaced by FAD medium for 20 days. Addi-
tionally, 25 ng/ml of activin was supplemented between day
9 and 11 (3 days in total). After 20 days, the differentiated
cells were detached and seeded on human collagen type IV-
coated flasks and kept in DSFM without activin and RA.
Cells at this stage were named as hESCs-Kert (Fig. 3a).

(m) hESCs-Kert culture were maintained in DKSF.

(n) A keratinocyte cell line, HaCaT, was taken as control (con-
trol cell line).

3.2 Reverse

Transcriptase-

Polymerase Chain

Reaction Analysis

and Real-Time RT-PCR

hESCs-Kert were characterized at mRNA level (Fig. 3b).

(a) Cells were harvested and spun down at 300 � g for 5 min.

(b) Supernatant was removed, and cells were washed with PBS.

(c) Pelleted hESCs-Fib were subjected to RNA extraction using
RNeasy Mini Kit (Qiagen), following the manufacturer’s
instruction.

(d) RNA concentration was read by Nanodrop ND-1000 spec-
trophotometer (Nanodrop technologies).

(e) For cDNA synthesis, 500 ng of total mRNA per 20 μl reaction
volume of each sample was reverse-transcribed into cDNA
using iScript cDNA synthesis Kit (Bio-Rad).

(f) cDNA synthesis was carried out in athermal cycler (MyCy-
clerTM BioRad) under the following condition: 5 min at
25 �C, 30 min at 42 �C, 5 min at 85 �C, and held at 4 �C.
The obtained cDNA samples were subjected to PCR amplifi-
cation for 35 cycles (denaturing at 95 �C for 30 s; annealing
for 45 s; extension at 72 �C for 60 s, followed by final
extension at 72 �C for 10 min, and held at 4 �C).

(g) β-actin was used as loading control.

(h) Amplified PCR products were loaded onto 2 % agarose gel
and subjected to electrophoresis for 35 min at 65 V.

(i) DNA bands were visualized by ultraviolet (UV) illumination,
and images were captured under a universal hood II (BioRad).

(j) For real-time RT-PCR, reactions were performed using SYBR
Green PCR Master Mix (Applied Biosystems) on a StepOne-
Plus™ real-time RT-PCR system (Applied Biosystems).

(k) β-actin was used as the reference gene for mRNA gene expres-
sion analyses.
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Fig. 3 Differentiation and characterization of hESC-KertACC at mRNA and protein levels. (a) Schematic diagram
showing the supplementation of different growth factors and substrates at different time points during hESC-
KertACC differentiation. (b) Qualitative analysis showing expression kinetics of keratinocyte markers (left
panel ); quantitative analysis showing expression kinetics of keratinocyte, neural, and pluripotency markers
at different time points (right panel ). Error bars ¼ mean +/� SEM (n ¼ 3); * ¼ p < 0.05, versus “D0”
sample. (c) Flow cytometric analyses of hESC-KertACC showing the percentage of K14+ cells at day
0 (undifferentiated hESCs), day 20, and day 30. (d) Flow cytometric analyses showing the percentage of
K14+ cells at different passages of hESCs-KertACC. (e) Immunofluorescence staining of hESCs-KertACC

(passage 5) and HaCaT cell (positive control) for integrin α6 (3H1512), K14 (LL002), and K18 (DC-10) (primary
antibody dilution factor, 1:100; secondary antibody dilution factor, 1:100). (f) Immunofluorescence staining of
hESCs-KertACC (passage 5) and HaCaT cell (positive control) for involucrin and filaggrin. Abbreviations: β-Act,
β-actin; D, day; hESC-KertACC, hESC-derived keratinocytes in autogeneic co-culture system. HaCaT is an
immortalized human keratinocyte cell line and is used as positive control for the above cell characterization
experiments
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(l) Expression level of each target genes was then calculated as
2ΔΔCt:

Relative gene expression ¼ 2½ΔCTGene�ΔCTß�actin�:

(m) A melting curve was used to verify the PCR products
(Table 1).

3.3 Immunofluor-

escence Staining

and Flow Cytometry

hESCs-Kert were also characterized at protein level (Fig. 3c–e).

For immunofluorescence staining

(a) hESCs-KertACC were cultured in a 24-well plate and washed
with PBS for 5 min.

(b) Fixed for 15 min in 4 % paraformaldehyde at room tempera-
ture (RT).

(c) Permeabilized with 0.4 % Triton X-100/PBS for 10 min.

(d) Blocked with PBS containing 4 % BSA (Sigma) for 1 h at RT.

(e) Incubated with primary antibody (1:100 dilution, see the list
of antibodies in Table 2) overnight at 4 �C.

(f) Washed twice with washing buffer supplemented with Tween
20 for 5 min (Note 2).

(g) Incubated with secondary antibody (1:100 dilution, see the
list of antibodies in Table 2) for 1 h at RT in the dark.

(h) Washed twice with washing buffer for 5 min and then
mounted with slow fade gold anti-fade reagent containing
DAPI (Invitrogen) to localize the nucleus.

(i) All stained samples were examined under an Olympus IX70
fluorescence microscope.

For flow cytometry

(j) For quantitative analysis of hESCs-Kert, flow cytometry was
performed as previously reported (21).

(k) hESCs-Kert were scrapped off after collagenase IV treatment.
Cells were dissociated into single cells, fixed with fixing solu-
tion for 1 h at 4 �C, and permeabilized with permeabilizing
solution for 15 min at 37 �C.

(l) Permeabilization was followed by washing with washing
buffer.

(m) After washing, cell pellet was suspended in 100 μl staining
buffer containing primary antibody (1:200 dilution, see the
list of antibodies in Table 2).

(n) The cells were incubated at 4 �C for 2 h.

(o) After incubation, 1 ml of staining buffer was added and the
cell suspension centrifuged (300 � g for 5 min at 4 �C).
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(p) Supernatant was discarded and the wash repeated for another
time.

(q) Cell pellets were then re-suspended in 100 μl staining buffer
containing secondary antibody (1:100 dilution, see the list of
antibodies in Table 2) for 15 min at 4 �C in the dark.

(r) The cells were washed twice and re-suspended in 1 ml of
MACS® buffer solution.

(s) The percentage of cells positively expressing each marker was
analyzed by a Dako Cytomation Cyan LX flow cytometry
machine.

4 Notes

1. The function of hESCmediumwas to keep proliferating hESCs
in an undifferentiated state. FBS is conventionally used as a
nutritive supplementation. However, FBS also contains factors
that induce hESC differentiation. Therefore FBS was replaced
by defined, serum-free knockout serum (Gibco®) as reported
previously (20).

2. Tween-20 was used as a nonionic polyoxyethylene surfactant
detergent for washing to get quality results.
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Protocol for Serial Cultivation of Epithelial Cells
Without Enzymes or Chemical Compounds

Dongxia Ye and Antonio Peramo

Abstract

Deriving keratinocytes from epidermis or oral mucosa is a critical first step in the construction of cell-based
tissue engineering and regenerative medicine applications. It would be advantageous to develop a method-
ology to grow adult somatic cells with maximum plasticity in a rapid fashion and in large numbers with
minimal manipulation. With routine methods, keratinocytes are cultured in standard amount of medium
and passaged with enzymes, and the confluence of the monolayer induces differentiation and eventual cell
death. A protocol to expand keratinocytes in culture by growing keratinocyte in large numbers using a
technique in which keratinocytes are released into the overlaying medium, effectively “popping-up” into
suspension from the cell monolayer, is described in this chapter. This technique does not require the use of
enzymes or chemical compounds for serial cultivation. The cells possess the ability of active cell proliferation
at 100 % confluence over 1–2 months’ time. Based on previous characterization reports, these are
untransformed, normal keratinocytes that appear to be highly suitable for clinical applications.

Keywords: Keratinocyte, Pop-up, Monolayer/suspension, Serial cultivation, Enzyme

1 Introduction

Keratinocytes derived from epidermis, oral mucosa, and urothe-
lium are used in the construction of cell-based tissue engineering
and regenerative medicine applications. Several methods (1–5) are
being developed to obtain cells for several clinical applications,
including construction of artificial tissues for transplantation, to
“correct” specific systemic diseases, and as a source for cell-
mediated wound healing therapies. Methods to grow epithelial
cells in large number are always of interest for rapid implementation
in clinical applications, and these methods can be of particular
interest if they minimize cell manipulation or exposure to biological
or chemical agents and also circumvent some currently debated,
ethical and scientific problems associated with the use of embryonic
derived stem cells or induced pluripotent stem cells (6).

In this protocol we describe a technique to expand human
epithelial keratinocytes in primary culture to produce large num-
bers of cells in a combined monolayer/suspension culture, without
the use of enzymes for passaging. Preliminary characterization of
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these cells has been reported previously (7, 8). In this technique,
when a monolayer of cells is formed in the culture flasks, the cells in
the monolayer continue to proliferate and move into suspension in
large numbers. The cells are fed once a day, with 2–3 times the
amount of medium (Epilife®, serum and fatty acid free, low cal-
cium). The cells maintain active cell proliferation at and after con-
fluence so that the progeny cells are pushed or “popped” into the
overlying medium. The spent medium (containing the cells in
suspension) is then poured into a new flask (Fig. 1), where the
cells reattach, forming a new monolayer. When the newly produced
flask becomes confluent, the monolayer continues to produce cells
in suspension, forming a new monolayer upon transfer to another
flask, expanding the cell strain over time.

The novel characteristic of this technique is that the original
producing cell monolayer is never trypsinized and is used exclu-
sively to produce cells in suspension in the way described. Combin-
ing this technique with the methodologies described recently by
Dragunova et al. (9) to obtain primary keratinocytes directly from
skin explants would provide a methodology in which enzymatic
treatments are completely avoided. This protocol enumerates the

Fig. 1 Protocol of serial culture of pop-up cells in suspension by simple decantation without enzymatic
treatment. Primary flask (P0) will generate P1, P2, P3, etc., and these will in turn generate P1S1, P1S2, etc.
flasks
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simple steps to expand these epithelial cultures and to identify key
aspects of their phenotypic changes, since all cell strains will follow
the same pattern of morphological changes over time. As an exam-
ple of the possible usefulness of the technique, judging simply by
the total cell number produced, Duncan et al. (10) reported that
the number of cells used in aerosols of keratinocytes to cover
wounds in patients was just 5 � 105 to cover a 25 cm2 area.
Following our protocol, this number of cells can be produced in a
single day by a single T75 flask with 35 mL of medium.

2 Materials

Cells are grown in Epilife® medium supplemented with defined
growth factors (EDGS) and 0.06 mM Ca2+ (Invitrogen, Carlsbad,
CA) and at 37 �C, 5 % CO2 gassing and atmospheric oxygen.

2.1 Primary

Keratinocyte Culture

Sterile scalpel, forceps (w/teeth), scissors.

Tissue culture dishes (35, 60, 100, 150, 200 mm).

Serological pipettes (5, 10, 25 mL).

Tissue culture flasks (T-25, T-75, T-150).

Centrifuge tubes (15, 50 mL).

Micropipette tips.

Pasteur pipette.

Nylon net filter (11, 20, 30, 40 μm) (Millipore).

95 % Ethanol.

Staple, stapler.

DPBS w/o Ca2+, Mg2+.

0.125 % Trypsin solution.

Fetal calf or newborn calf serum (Gibco, Life Technologies).

Trypan Blue (Sigma-Aldrich).

Gentamicin (Gibco, Life Technologies).

Fungizone (Gibco, Life Technologies).

Epilife® keratinocyte culture medium (Life Technologies).

Defined growth factors (EDGS) (Life Technologies).

0.06 mM Ca2+ (Invitrogen, Carlsbad, CA).

Centrifuge.

Hemocytometer.

Countess® Automated Cell Counter (Invitrogen).

Inverted microscope.
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2.2 Serial

Keratinocyte

Cultivation

Serological pipettes (5, 10, 25 mL).

Tissue culture flasks (T-25, T-75, T-150).

Gentamicin (Gibco, Life Technologies).

Fungizone (Gibco, Life Technologies).

Epilife® keratinocyte culture medium (Life Technologies).

Defined growth factors (EDGS) (Life Technologies).

0.06 mM Ca2+ (Invitrogen, Carlsbad, CA).

Hemocytometer.

Countess® Automated Cell Counter (Invitrogen).

Inverted microscope.

Incubator.

CO2 tank.

3 Methods

Tissue procurement: Either primary strains or reconstituted
epithelial cells isolated from human tissues (adult epidermis,
urothelium, or neonatal foreskin) or oral mucosa had been used
previously (8). We will include here the standard methodology we
regularly use, but since this has been described extensively, the
particular methodology to obtain the primary or the reconstituted
cells is open to the preference of the researchers.

The culture volumes in flasks are 60 mL/T150, 30 mL/T-75,
and 15 mL/T-25 flasks, changed every 24 h.

3.1 Primary

Keratinocyte Culture

Primary human keratinocytes can be obtained with standard tech-
niques using discarded skin tissues from surgeries, as described
next.

1. Seek approval from the Institutional Review Board prior to
human tissue procurement. Sign the consent form by all indi-
viduals. Skin or oral mucosa sample(s) will be harvested with-
out causing any morbidity.

2. Prepare 0.125 % trypsin by diluting 0.25 % trypsin solution
with DPBS w/o Ca2+ and Mg2+ at 1:1. For primary oral
mucosa keratinocyte culture, please refer Note 1. Prepare Epi-
life® keratinocyte culture medium supplemented with defined
growth factors (EDGS) and 0.06 mM Ca2+, complete medium
plus 2 % fetal calf or newborn calf serum. Keep them at 4 �C
before use. Prepare DPBS w/o Ca2+ and Mg2+ containing
25 μg/mL gentamycin and 0.375 μg/mL fungizone.

3. Prepare a funnel-shaped nylon net filter (30 and 20 μm mesh
size filters) by folding the round-shaped filter twice and then
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stapling at the edge of the overlapped portion. Soak several
filters in 95 % ethanol overnight for disinfection.

4. Obtain specimen from surgery and place it in a 20 cm tissue
culture dish. If the specimen is not going to be used immedi-
ately, it can be put on ice or alternatively left at 4 �C and
submersed in DPBS.

5. Hold the sample with the forceps with teeth, and scrape the
sample with scalpel to remove excess fat and blood residue.

6. Add 50 mL of room-temperature DPBS containing antibioti-
c–antimycotic, for a specimen of approximately the size of a
small hand palm (8 cm � 6 cm) (see Note 1).

7. Submerse, rinse, and transfer to refrigerator at 4 �C for 30 min.
Repeat two times, and leave in refrigerator until the moment
for trypsin addition. If rinsing solution comes out too red,
repeat cleaning in order to eliminate blood cells.

8. Take the dish from refrigerator, and eliminate DPBS.

9. Slice full-thickness epithelium into 1/8 in. (2–3 mm) wide strip
with scalpels. The thinner the strips the better the trypsiniza-
tion will be.

10. Add 50 mL of 0.125 % trypsin, and leave the tissue culture dish
in the laminar flow hood for 15 h at room temperature.

11. After 15 h, add 5 mL pure fetal calf or newborn calf serum to
stop trypsinization.

12. Split and remove the epidermis from dermis with forceps, and
shake to release attached cells. Gently scrape dermis to remove
attached cells.

13. Take the filters from ethanol and thoroughly rinse in DPBS and
complete culture medium.

14. Place funnel-shaped filter over the opening of the 50 mL cen-
trifuge tube.

15. Using a 10 mL pipette, dispense the cell suspension into the
strainer.

16. Using the same pipette, rinse the tissue culture dish surface
with 10 mL complete medium, and pipette the rinse solution
into the same strainer.

17. Repeat the previous step with another 10 mL of complete
medium.

18. Secure cap on the 50 mL tube, place in centrifuge, and balance
contents.

19. Set the centrifuge, and spin cells (200 � g, 5 min, at room
temperature) (see Note 2).

20. Remove the supernatant above the cell pellet with a Pasteur
pipette, and be sure not to disturb the cell pellet.
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21. Resuspend pellet in newly made complete medium with 2 %
serum (or made previous day).

22. Aspirate a 15 μL cell suspension, mix with 15 μL trypan blue,
and load 10 μL of the suspended cells into each of the two
chambers of the hemocytometer. Count viable cells with a cell
counter (hemocytometer or other), and calculate the total
number of cells harvested.

23. Plate cells into T-75 tissue culture flask approximately in a
range of 25–40 million cells in 30 mL complete medium with
2 % serum (see Note 3).

24. Transfer flasks into incubator with 37 �C, 5 % CO2 gassing and
atmospheric oxygen.

3.2 Initial Creation

of Cell Monolayers

1. Keep cultures for at least 24 h in medium with 2 % serum but
no more than 30 h.

2. Remove the medium containing 2 % serum with a Pasteur
pipette.

3. Feed the cells with complete medium every single day. Volume
of medium is 35 mL for T-75 and 15 mL for T-25 from first
change.

4. Take a look at the flasks under the inverted microscope every
day to examine if cells are growing to form a confluent mono-
layer (see Note 4).

3.3 Reconstituted

Keratinocyte Culture

Reconstitute previously frozen keratinocytes using routine meth-
ods for thawing and plate them at the desired density using the
same culture volumes as in primary cells (seeNote 5). Medium used
in reconstituted keratinocytes is complete medium serum free.

3.4 Serial Cultivation

and Passaging

This part is the same for either primary or reconstituted keratino-
cytes. At confluence, the monolayers (referred always as passage P0)
will continue to proliferate, pushing keratinocytes into the over-
lying medium. The cells in suspension, named epithelial pop-up
keratinocytes, can be passaged using serial cultivation (see Note 6).

1. At confluence, take the flasks from the incubator, put them in
vertical position, and loosen the cap.

2. Pour the spent medium with the cells in suspension to a new
flask (referred as P1).

3. Secure caps, and gently rock the flask to evenly distribute the
cellular suspension.

4. Add same volume of complete medium as before to confluent
flask (referred before as P0).

5. Feed the cells (P0 and P1) every day, with medium volumes of
35 mL for a T-75 or 15 mL for a T-25. The cells in new flask
(P1) will form new cultures, as depicted in Fig. 1.
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6. This process must be repeated every day if serial cultivation is
desired, since medium must be changed every day and the
culture will again contain new cells in suspension.

7. If the P1 flask grows into a monolayer, repeat the above men-
tioned steps and refer to it as P1S1, P1S2, etc. The same can be
done for the serial cultivation and labeling for passages from
P0, P2, P3, can be achieved.

8. The flask with monolayers should be monitored to determine
exhaustion of its capabilities to push cells into suspension
(see Note 7). Two techniques to evaluate the monolayers,
briefly described next, are recommended: (A) morphological
evaluation of the cell monolayer and (B) counting the cells in
suspension in the medium.

9. (A) Morphological evaluation: From confluence and over a
period of 10–15 days, the morphology will change from highly
packed small cells with polygonal arrangements to “old” or
“senescent” cell morphology where cells become much bigger
and elongated and lose cell–cell contact. An example of this
process is shown in Fig. 2 (see alsoNote 8). It is helpful to take
pictures to check cell morphology.

10. (B) Cell counting evaluation: The purpose is to count the
number of cells produced by the monolayer, which are in

Fig. 2 Example of evolution of the monolayer of polygonal or “cobblestone” keratinocytes over time. (a) and (b)
are primary human epidermal cells at 3 and 14 days, respectively; (c) and (d) show reconstituted human
breast keratinocytes in a monolayer at 5 and 16 days in culture
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suspension. After confluence, aspirate a 15 μL cell suspension
from spent medium, mix with 15 μL trypan blue, and load
10 μL of the suspended cells into each of the two chambers of
the hemocytometer. Count cells, and calculate the total num-
ber of cells in spent medium. An example of the number of cells
produced in suspension (per day/mL of culture medium, in
thousands) is shown in Fig. 3 (see Note 9).

4 Notes

1. For primary oral mucosa keratinocyte culture, prepare 0.04 %
trypsin solution by mixing 0.25 % trypsin solution with DPBS.
Varied tissue culture dishes, such as 100, 150, or 200 mm in
diameter, may be required depending on the tissue size
obtained.

2. If cell pellet is too loose or there is no cell pellet after centrifu-
gation, spin down again at 290 � g for 5 min.

3. This may need to be adjusted, but because the number of other
cell types is unknown, this should give a good plating density.
It has been observed that if the total number of cells in the cell
suspension is too high, the culture may reach confluence later
than with a moderate cell seeding and the pop-up population
will be lower. If the cell density of keratinocytes at initial seed-
ing is too low the culture will take much longer to reach
confluence. Keratinocytes plated at low density may lack para-
crine signals and may not grow well. At least 10–20 % seeding
density is recommended.

4. Any break in the protocol will result in reduced cell number and
viability of the cells in suspension, lower plating efficiency,
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Fig. 3 Number of cells in suspension produced by a culture of neonatal cells over
time. The first day of counting represents confluency of the culture. The Y-axis
shows the number of cells per mL of spent medium
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increased time to confluence, and increased cell size of the cell
in the monolayer.

5. A possible observable effect of cryogenic treatment is that seri-
ally cultivated flasks will produce fewer cells into suspension.
When reconstituted cells are used, the cells are mostly produced
into the early days after monolayer confluence, and there may
be a substantial decrease in cell production after 4–5 days. In
addition, serially cultivated flasks (P1S1, P1S2, etc.) may not
reach confluence and may lack production of cells into suspen-
sion. In general, this culture technique may be better suited for
the initial passages of primary cell culture, i.e., P0 and P1.

6. When the bottom of the flask is covered by a monolayer of cells
near confluency (>80 % or 90 %), the cells in the monolayer
proliferate by pushing the keratinocytes upward into the over-
lying medium and into suspension. We recommend to wait 1 or
2 days after this threshold confluence (>80 % or 90 %) to start
the serial cultivation.

7. A phenomenon may appear in which giant cells (assumed to be
differentiated cells) will be more common in culture, as seen in
Fig. 4. These giant cells are less common when the monolayer
is formed quickly. If these “big” cells are present at the begin-
ning of the culture, they will occupy a larger area of the surface
and then reduce the number of small cells in suspension. To
maintain a longer and more successful culture, it is suggested
to seed at high density (more than 30 million total viable cells
per T75 flask when initiating a primary culture or 7.5 � 105 to
1 � 106 cells when using reconstituted cells). When the origi-
nal flask stops producing cells into suspension, the monolayer
is seen to consist of large, apparently “aged” cells.

Fig. 4 While giant cells do not prevent keratinocytes to move into suspension, they nonetheless limit the
surface area available for growth (a). These cells appear in higher number (b), when the initial cell seeding is
low or when using reconstituted cells after freezing, compared to primary cell cultures. They also appear in
higher number over time when using serial cultivation, as shown in picture (b)
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8. The cells in suspension in Fig. 2a or c can be used for serial
cultivation, but the ones in Fig. 2b or d have poor quality,
including lack of attachment when passaged and reduced pro-
liferative capacity. Monitoring the morphology of the mono-
layer and counting the number of cells in suspension are the
two methods to ensure the collection of the cells during the
best time window, as described in the protocol.

9. Before reaching complete confluence, the monolayers would
already show cells popping into the medium. Broadly (Fig. 3),
the number of cells increases, reaches a maximum, and then
steadily declines. This helps determine the length of time the
culture should be maintained as actively producing cells in
suspension. The total number of days for cell counting can be
determined by a cutoff number of produced pop-up cells which
we suggest is 10,000 cells/mL or less. If the number of cells
counted is below this threshold, the culture should be consid-
ered finalized.
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Growth and Differentiation of HaCaT Keratinocytes

Van G. Wilson

Abstract

HaCaT cells are a spontaneously immortalized, human keratinocyte line that has been widely used for
studies of skin biology and differentiation. Under typical culture conditions HaCaT cells have a partially to
fully differentiated phenotype due to the high calcium content of both standard media and fetal bovine
serum. This chapter describes low-calcium culture conditions for reverting HaCaT cells to the fully basal
state followed by subsequent controlled differentiation using calcium induction.

Keywords: HaCaT differentiation, Calcium induction, Basal keratinocytes

1 Introduction

The epidermis has been intensely studied both as a convenient
model of tissue differentiation (1, 2) and for its medical importance
in wounds (3), oncogenesis (4), congenital and acquired skin dys-
functions (5), and infections (6). As a differentiation model system,
human keratinocytes are attractive because primary, immortalized,
or transformed cells are all readily available for comparison.
Furthermore, keratinocytes are easily induced to differentiate in
culture so that state-specific differences can be explored at the
biochemical and molecular level (7). One widely utilized human
keratinocyte line, known as HaCaTs, is derived from spontaneously
immortalized, human keratinocytes (8). While clearly not entirely
“normal,” HaCaT cells exhibit basal cell properties and still
respond to different inducers of differentiation such as Ca2+

(9, 10) and high cell density (11). Furthermore, these cells form a
nearly normal epithelial structure when transplanted onto athymic
mice (12) or grown in organotypic cultures (13). Lastly, HaCaT
cells can be readily infected with adenoviruses (10) or transfected at
moderate levels (14, 15) for introduction of transgenes. Given the
relatively authentic phenotypes of this line, the extensive published
information about its properties, and its consistent growth in cul-
ture we believe HaCaT cells to be an excellent model system to
conduct analysis of keratinocyte differentiation. This chapter
describes the basic methods for growth and maintenance of
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HaCaT cells in the basal, undifferentiated phenotype, followed by
calcium induction to produce cells exhibiting a differentiated state.

2 Materials

All cell culture components must be kept sterile, so proper aseptic
technique should be used and operations should be performed in a
Class II Biosafety Cabinet.

2.1 Cell Culture

Components

1. 3.0 mM calcium chloride (100� stock): Weigh 333 mg of
calcium chloride (Sigma-Aldrich; 99.99 % anhydrous powder)
and mix into 1 l of cell culture-grade water. Stir until dissolved,
and then filter sterilize directly into a sterile 1,000 ml bottle
using the Stericap™ Plus Universal Bottle-Top Filter Device
(Millipore; 0.22 μm pore). Store at 4 �C.

2. 280 mM calcium chloride (100� stock): Weigh 31.07 g of
calcium chloride (Sigma-Aldrich; 99.99 % anhydrous powder)
and mix into 1 l of cell culture-grade water. Stir until dissolved,
and then filter sterilize directly into a sterile 1,000 ml bottle
using the Stericap™ Plus Universal Bottle-Top Filter Device
(Millipore; 0.22 μm pore). Store at 4 �C.

3. Low-calcium fetal bovine serum (FBS): To remove endoge-
nous calcium in the FBS (BenchMark™ Fetal Bovine Serum;
Gemini Bio Products) it must be treated with Chelex 100 resin
(BioRad; catalog number 142-2832). Distribute 50 ml ali-
quots of FBS into sterile, 50 ml conical tubes, and add 0.38 g
of Chelex to each tube. Incubate tubes for 1 h at 4 �C on a tube
rotator and then use immediately for the low-calcium and
high-calcium media (see Note 1).

4. Low-calcium (0.03 mM) growth medium: To 870 ml of
DMEM add 20 ml of 200 mM L-glutamine, 10 ml of
3.0 mM calcium chloride solution, and 100 ml of the low-
calcium FBS. Swirl briefly to mix components, and then filter
directly into a sterile 1,000 ml bottle using the Stericap™ Plus
Universal Bottle-Top Filter Device (Millipore; 0.22 μm pore).
This removes the Chelex resin and ensures sterility of the
combined solution. Store at 4 �C.

5. High-calcium (2.8 mM) growth medium: To 780 ml of
DMEM add 20 ml of 200 mM L-glutamine, 10 ml of
280 mM calcium chloride solution, and 100 ml of the low-
calcium FBS. Swirl briefly to mix components, and then filter
directly into a sterile 1,000 ml bottle using the Stericap™ Plus
Universal Bottle-Top Filter Device (Millipore; 0.22 μm pore).
This removes the Chelex resin and ensures sterility of the
combined solution. Store at 4 �C.

6. 0.25 % Trypsin, 1 g/l EDTA (Hyclone).
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7. Phosphate-Buffered Saline (PBS), pH 7.4 (Life Technologies).

8. DMEM (High Glucose, no Glutamine, no Calcium; Life
Technologies).

9. 200 mM L-glutamine (Atlanta Biologicals).

2.2 Phenotype

Verification

Components

1. 4� SDS sample buffer (100mMTris pH 6.8, 20 % glycerol, 8 %
SDS, 0.02 % bromophenol blue, and 4 % β-mercaptoethanol):
To 60 ml of H2O add 20 ml of glycerol, 8 g SDS, 4 ml of β-
mercaptoethanol, 20 mg of bromophenol blue, and 1.21 g of
Trizma base. Stir thoroughly, and adjust pH to 6.8. Bring
volume to 100 ml, and store at 4 �C.

2. Immobilon-P membrane (EMD Millipore).

3. BenchMark™ Pre-Stained Protein Ladder (Life Technologies).

4. TTBS (50 mM Tris, pH 7.4, 150 mM NaCl, 0.005 % Tween
20): To 960 ml of H2O add 6.06 g of Trizma base, 8.77 g
NaCl, and 50 μl of Tween 20. Stir thoroughly, and adjust pH to
7.4. Bring volume to 1 l, autoclave, and store at 4 �C.

5. Blocking solution (5 % nonfat dried milk): To 90 ml of TTBS
add 5 g of nonfat dried milk powder. Mix thoroughly, and
bring final volume to 100 ml with TTBS. Store the blocking
solution at 4 �C (see Note 2).

6. Anti-Keratin 1 (rabbit polyclonal; Covance PRB-149P).

7. Anti-Involucrin (mouse monoclonal; LabVision MS 126PO).

8. Anti-Alpha Tubulin (mouse monoclonal; Santa Cruz Biotech-
nology s-5286).

9. Horseradish Peroxidase-conjugated chicken anti-rabbit (Santa
Cruz Biotechnology sc-2955).

10. Horseradish Peroxidase-conjugated chicken anti-mouse (Santa
Cruz Biotechnology sc-2954).

11. Western Lightning Enhanced Chemiluminescence kit
(PerkinElmer).

12. BioMax Light X-ray film (Carestream Kodak).

13. Stripping buffer (62.5 mM Tris–HCl, pH 6.8, 2 % SDS,
100 mM 2-mercaptoethanol): To 90 ml of H2O add 0.76 g
of Trizma base, 2 g of SDS, and 704 μl β-mercaptoethanol. Mix
thoroughly, adjust pH to 6.8, and bring final volume to
100 ml. Store at 4 �C.

3 Methods

3.1 Growth and

Propagation Under

Low-Calcium

Conditions

HaCaT cells are commonly maintained in normal DMEM supple-
mented with 10 % FBS, both of which contain sufficient calcium to
induce differentiation. Dedifferentiation to the basal phenotype
requires prolonged growth in low-calcium medium.
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1. Aspirate medium from a T-75 flask of 80 % confluent HaCaT
cells grown in DMEM–10 % FBS. Add 10 ml PBS, and rock
gently to rinse cells. Aspirate the PBS, and repeat the rinse with
another 10 ml of PBS (seeNote 3). Aspirate second PBS rinse.

2. Add 1 ml of trypsin, and rock to cover cells thoroughly. Incu-
bate for 15–20 min at 37 �C in a 5 % CO2 incubator.

3. Add 5 ml of low-calcium growth medium, and pipet medium
up and down 5–10 times to dislodge and resuspend cells.

4. Place 1 ml of the cell suspension into a new T-75 flask along
with 14 ml of low-calcium growth medium per flask, and
discard the remaining cells.

5. Incubate at 37 �C in a 5 % CO2 incubator.

6. Split cells whenever the cultures reach 75–80 % confluency and
keep in low-calcium growth medium (see Note 4).

3.2 Induction

of Differentiation

Induction can be done to establish parallel cultures of basal versus
differentiated HaCaT cells or can be done to examine dynamic
changes during the differentiation process which typically takes
5–7 days to complete. To establish permanent differentiated cul-
tures of HaCaT cells simply replace the low-calcium medium with
high-calcium medium and maintain the cells in high-calcium
medium subsequently (see Note 5). Below is the procedure to
produce individual plates of HaCaT cells that can be harvested at
different times post induction to examine the events occurring
during the differentiation process.

1. Aspirate the medium from a T-75 flask of basal HaCaT cells in
low-calcium medium at 75–80 % confluency (see Note 6).

2. Wash twice with room-temperature PBS, and trypsinize as in
steps 1 and 2 in the previous section.

3. After the trypsin incubation, add 12ml of low-calciummedium
and resuspend the cells by pipetting up and down 5–10 times.

4. Add 1 ml of cell suspension to 12 � 60 mm tissue culture
plates containing 9 ml of low-calcium medium. Swirl gently
to distribute the cells (Fig. 1).

5. Incubate the plates overnight at 37 �C in the 5 % CO2 incuba-
tor to allow reattachment of the cells.

6. The following day aspirate the media, and add 10 ml of high-
calcium medium to each plate to initiate differentiation. For
zero time samples immediately aspirate the high-calcium
medium and harvest the cells for the desired analysis. Place
the remaining plates back into the CO2 incubator.

7. Typically samples are harvested at 24-h intervals to follow
changes occurring during differentiation, but any schedule
can be developed as needed for the experimental regimen (see
Note 7).
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3.3 Verification

of Basal and

Differentiated

Phenotypes

Basal HaCaT cells should be spindle shaped and loosely packed
(Fig. 2a), while differentiated cells (Fig. 2b) should be more cuboi-
dal with tight packing (10). In addition to morphologic differences,
basal and differentiated states should always be confirmed bio-
chemically by immunoblotting for known differentiation markers
such as keratin 1 and involucrin. Both of these markers should be
absent or only barely detectable in basal HaCaT cells and should
start to appear between 48 and 72 h after calcium induction of
differentiation (Fig. 3; see Note 8). Alpha-tubulin is a
housekeeping marker that is present in both basal and differen-
tiated keratinocytes and can be used for normalization of overall
protein levels between different samples.

1. Aspirate the medium from a 60 mm plate, add 5 ml of 4 �C
PBS, and swirl gently over the cells. Aspirate the PBS, repeat
the rinse with another 5 ml of 4 �C PBS, and aspirate
thoroughly.

Fig. 2 Phase contrast microscopy of basal, low-calcium maintained (a) and
differentiated high-calcium maintained (b) HaCaT cells

Fig. 1 A diagram of the procedure for preparing individual plates of basal HaCaT cells for differentiation time
course studies. Basal cells are all seeded on day 0 into plates containing high-calcium medium to induce
differentiation, and cells will be harvested on the indicated day post plating. Decreasing numbers of cells are
seeded for plates to be harvested on subsequent days to compensate for continued cell proliferation occurring
during the differentiation process
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2. Add 500 μl of boiling 4� sample buffer. Swirl sample buffer
quickly over the plate surface to detach and lyse cells, and then
pass the solution ten times through a 27-gauge needle on a
2 ml syringe. Individual samples can be stored at �20 �C until
all samples for an experiment are prepared.

3. Load 20 μl of each sample on a standard 10 % SDS-
polyacrylamide gel. One lane should be used to run the Bench-
Mark™ Pre-Stained Protein Ladder (mix 10 μl of the Ladder
with 10 μl of 4� SDS sample, and load all 20 μl on the gel).
After electrophoresis, the gel contents are transferred to a
0.2 μm Immobilon-P membrane using any standard immuno-
blot transfer device. Monitor successful migration of the sam-
ples by transfer of the BenchMark™ Pre-Stained Protein
Ladder from the gel to the membrane.

4. Block the membrane by incubating in 25 ml of 5 % nonfat dried
milk solution (NFDMS) for 30 min with gentle rocking at
room temperature.

5. Remove the blocking solution and replace with 25 ml of 5 %
NFDMS containing one of the primary antibodies at the appro-
priate dilution: 1:1,000 for anti-keratin 1; 1:1,000 for anti-
involucrin; or 1:15,000 for anti-alpha tubulin. Incubate with
primary antibody for 1 h at room temperature with gentle
rocking. Alternatively, incubation can be carried out overnight
at 4 �C if more convenient.

6. Remove the primary antibody solution, and add 10 ml of 5 %
NFDMS containing a 1:5,000 dilution of the appropriate
horseradish peroxidase-conjugated secondary antibody. Rock
the membrane gently for 1 h at room temperature.

7. Remove the secondary antibody solution, add 10 ml of TTBS,
and rock for 5 min at room temperature. Remove the TTBS,
and repeat with another 10 ml of TTBS. The membrane can be
used immediately or stored overnight at 4 �C in this buffer with
gentle rocking.

8. Prepare the Western Lightning Enhanced Chemiluminescence
Reagent working solution by mixing equal volumes of the
Enhanced Luminol Reagent with the Oxidizing Reagent. It will
take 0.1 ml of working solution for every cm2 of the membrane.

Fig. 3 Immunoblots of basal (B) and differentiated (D) HaCaT cell extracts
showing the expression of keratin 1, involucrin, and tubulin as indicated
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9. Remove the TTBS, and add the Enhanced Chemiluminescence
working solution to the membrane. Incubate for 5 min at room
temperature with gentle agitation.

10. Remove the working solution, and place the membrane in a
plastic sheet protector.

11. Expose the membrane to BioMax Light X-ray film for 30 s, and
then develop the film. The membrane can be re-exposed to the
film for shorter or longer exposures as necessary (see Note 9).

12. To strip the membrane for reuse with another primary anti-
body, rinse the membrane four times with 10 ml of TBBS. For
each rinse, gently rock in the TBBS for 5 min at room
temperature.

13. Incubate the membrane for 30 min at 50 �C in stripping buffer.

14. Rinse the membrane six times with 10 aliquots of TBBS. Each
rinse is for 5 min at room temperature.

15. Remove the final rinse, and return to step 4 to block the
membrane.

16. Repeat steps 5–11 with a new primary antibody (seeNote 10).

4 Notes

1. Since the Chelex 100 resin is not sterile, the Chelex-treated FBS
may not be sterile and should not be stored. Instead, the Chelex-
treated FBS is mixed immediately with the DMEM and then
filtered to remove the Chelex particles and sterilize the medium.

2. To avoid microbial growth in the blocking solution it is best to
only make enough stock to last a few days.

3. All volumes are given for a T-75 flask but can be adjusted
proportionally for smaller tissue culture plates or larger flasks.

4. Dedifferentiation to the basal phenotype requires 3–4 weeks of
maintenance in the low-calcium medium. HaCaT cells are also
very sensitive to cell density, so they should never be allowed to
go beyond 75–80 % confluency in low-calcium medium as they
may start to differentiate at higher cell density. Verification of
reversion to the basal phenotype should be performed as
described in Section 3.3. Once a verified stock of basal HaCaT
cells is derived it can be passaged and maintained in low-calcium
medium indefinitely. Also note that HaCaTcells are temperature
sensitive and temperatures over 37 �Cmay induce differentiation,
so basal cells should be kept at or slightly below this temperature.

5. Unlike differentiated primary keratinocytes which stop divid-
ing, differentiated HaCaT cells retain their proliferative capac-
ity, so their cultures can be split, expanded, and propagated
indefinitely in high-calcium medium.
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6. One T-75 flask at 75–80 % confluency has enough cells to
produce twelve 60 mm plates. Scale up the number of T-75
flasks if more plates are needed.

7. Note that plates harvested at subsequent daily intervals will
have increasing number of cells compared to the 0-day sample
since cell growth and division continue during differentiation
for HaCaT cells. When comparing samples harvested at differ-
ent days this difference in cell number must be accounted for by
normalizing the samples to cell number or total protein. Alter-
natively, fewer cells can be seeded initially on plates for
subsequent time points so that by the day of harvest these plates
will have similar cell numbers to the 0 time plate. Since HaCaT
cells double at roughly 24-h intervals, the volume of cell sus-
pension to seed for any day of harvest is X/2n where X is ml of
cell suspension plated for day 0 and n is the intended day of
harvest (i.e., n ¼ 1, 2, 3, 4, etc.).

8. Even in the basal cells there may be slight expression of K1
and/or involucrin, but it should be much less than for the
differentiated cells.

9. As an alternative to X-ray film, the chemiluminescence signal
can also be detected with any appropriate imaging system, for
example the ChemiDoc™ XRS + System by Bio-Rad.

10. In addition to the keratin 1 and involucrin markers specified in
this section, numerous other markers for both basal and differ-
entiated states have been described and can be used to assess
the differentiation status of HaCaT cultures. Regardless of the
markers chosen, it is critical to evaluate a housekeeping marker,
such as alpha tubulin, in all experiments to control for differ-
ences in total protein quantity between samples.
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Transgene Delivery to Cultured Keratinocytes
via Replication-Deficient Adenovirus Vectors

Vincent P. Ramirez and Brian J. Aneskievich

Abstract

Transient transgene expression can facilitate investigation of that gene-product function or effect on
keratinocyte biology. Several chemical and biologic delivery systems are available, and among them
adenoviruses offer particular advantages in efficiency and transgene capacity. Here we describe the advan-
tages of bicistronic adenovirus and inclusion of the polycation hexadimethrine bromide to aid in the
detection of positively transduced cells and enhance transduction efficiency.

Keywords: Adenovirus, Transduction, Keratinocyte, Reporter gene, Polycation

1 Introduction

Efficient and easily demonstrable gene delivery to keratinocytes
represents a significant challenge to studying those genes’ products
in a keratinocyte environment as well as their consequences to
keratinocyte cell biology. Various coprecipitate, liposome, charged
polymer, and viral (DNA and RNA) methodologies have been
advanced, each with its advantages and disadvantages. Of these,
adenoviruses have garnered particular attention because of their
transgene size capacity, infection of dividing and nondividing
cells, potential to bridge preclinical to clinical gene delivery, and
bicistronic expression cassettes for identification of positively
infected cells via expression of easily assayable reporters, e.g.,
green fluorescent protein (GFP).

Adenovirus (Ad) broad infectivity is mediated by the coxsackie
and adenovirus receptor (CAR) (1, 2). Its normal physiological role
contributes to tight junction assembly. CAR has widespread but
variable expression; its germ-line loss results in embryonic lethality
(3). CAR contacting the Ad fiber protein initiates cell–virus inter-
action. Fiber is one of the three major Ad capsid proteins that along
with hexon and penton form the virion’s icosahedral shell. Viral
penton association with a cell’s alpha v partner of an integrin dimer
then promotes internalization. This virus–cell association,
mediated by the arginine–glycine–aspartic acid (RGD) sequence
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within penton protein, mimics that of certain extracellular matrix
proteins, the physiologic ligands for integrin receptors (4).

Though all details of viral entry have yet to be identified (5),
identification of viral capsid–cell receptor interactions guided recom-
binant modifications of both Ad vectors and target cells to optimize
infectivity (6). For instance, the RGD motif has been added to the
fiber-encoding gene generating a CAR-independent vector (7) by
emphasizing penton–integrin-mediated infection. Separately, cells
have been engineered to over-express CAR (8) to increase Ad adsorp-
tion (9).However, further recombinant vector work delays investiga-
tions when existing viral constructs are available and selection
required for enrichment of CAR-overexpressing cells may not be
practical for primary cultures. A more immediately applicable
approach to improve infection rates includes the use of delivery-
enhancing reagents such as calcium chloride, poly-cations, commer-
cial lipid transfection reagents, andHIV peptides (1, 10, 11) aimed at
reducing possible repulsion effects of negatively charged cell surface
and viral capsid proteins. Here we describe the use of poly-cationic
hexadimethrine bromide (Polybrene®) versus culture medium for
convenient, efficient, cost-effective Ad vector delivery relevant to
keratinocyte cultures.

2 Materials

2.1 Viral Vectors Bicistronic adenoviral vector: Expression cassettes typically feature
constitutive promoter driving transcription of gene of interest
followed by internal ribosome entry site (IRES) such as that derived
from encephalomyocarditis virus (EMCV) to allow for mRNA cap-
independent translation of downstream reporter protein, e.g.,
humanized GFP or β-galactosidase.

2.2 Reagents 1. 1� PBS: 4.31 mM Na2HPO4, 1.47 mM KH2PO4, 2.68 mM
KCl, 137 mM NaCl. Prepare with pyrogen-free water, aliquot,
and autoclave on liquid cycle for 25 min.

2. Hexadimethrine bromide (Polybrene®, PB): 10 mg/mL in
sterile water.

3. HaCaT keratinocyte medium, serum supplemented (see Note
1): Dulbecco’s modified Eagle’s medium (high glucose, with
L-glutamine, with pyroxidine HCl, without sodium pyruvate,
without sodium bicarbonate), Ham’s F12 (with L-glutamine,
without sodium bicarbonate), prepared with 3.07 g sodium
bicarbonate per liter, adjusted to pH 7.1, and filter sterilized
(see Note 2). Add penicillin and streptomycin (100 U/mL,
100 μg/mL, respectively) and fetal bovine serum (10 % for
growth or 2 % for infections).
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4. Trypsin: 0.1 % trypsin, 0.1 % glucose, 0.02 % EDTA
with 100 U/mL penicillin and 100 μg/mL streptomycin in
1� PBS.

5. β-galactosidase (β-gal) 2-nitrophenyl β-D-galactopyranoside
(ONPG) assay solutions lysis buffer: 50 mM Tris, pH 7.8,
150 mM NaCl, 1 % Nonidet P-40. Z-buffer: 60 mM
Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4,
final solution pH 7.0. Supplement an assay’s required volume
with β-mercaptoethanol to 50 nM on the day of the assay
(2.7 μL per milliliter of buffer). ONPG: 4 mg/mL ONPG
dissolved in Z-buffer. Aliquot and store at �20 �C. Stop solu-
tion: 1 M Na2CO3.

6. 4 % Paraformaldehyde in PBS: Handle carefully following insti-
tutional safety standards for compounds such as paraformalde-
hyde. Wear laboratory gloves and goggles, and prepare the
solution in a fume hood. For 100 mL, pre-warm 70 mL H2O
to 60 �C on a heater/stir plate. Slowly add 4 g paraformalde-
hyde while slowly stirring; the powder will not dissolve
completely but should be evenly suspended. Maintain temper-
ature at ~60 �C, and stir for 3 min. Add one or two drops of
2 N NaOH, and stir for another ~2 min. The solution should
get fairly clear; if not add more NaOH by individual drops
waiting at least 2 min after each drop. Do not let the solution
temperature exceed 65 �C. Remove from heater plate, and stir
for another 5 min at RT. Add 10 mL of 10� PBS, and continue
stirring until the solution has reached RT. Adjust the RT
solution to pH 7.2 with a few drops of 1 N HCl. Store at
4 �C for 1 week, or aliquot and store at �20 �C.

3 Methods

3.1 Cell Seeding

and Infection

1. For HaCaT cells seed 70,000 cells/cm2 in standard growth
medium for cultures to be infected the next day (see Note 3).
Seeding densities of 10,000 cells/cm2 for primary keratino-
cytes in serum-free, low-calcium medium are suitable for
infecting 2 days post plating (see Note 4). Chamber slides can
be seeded in parallel for convenient visualization, fixing, and
subsequent immunofluorescent processing for transgene
expression detection.

2. Seed replica plates or chambers to trypsinize, and count the day
of the infection to determine the number of cells present for
MOI calculation.

3. Prepare dilutions of virus stock. Using minimal volumes of the
2 % FBS medium (see Note 1), add PB stock to a final concen-
tration of 4 μg/mL (see Note 5) and evenly mix into the
medium. Virus MOI typically ranges (12) from 20 to 500
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infectious units (IU) per cell (see Note 6). Volumes 20 % of
standard vessel culture volume are sufficient for infection per-
iods of several hours. Alternatively, we have used 50 % of
culture maintenance volumes (e.g., 5 mL for a 10 cm diameter
plate) for overnight infection periods. PB–Ad–media mixes can
be added without additional complex formation incubation
(13) times as might be used with liposome or other transduc-
tion enhancers.

4. Aspirate off growth medium and add virus–media mixtures.
Cultures with significantly reduced volumes should be rocked
periodically (once every ~30 min) to reduce meniscus effects
and maximize contact of viral particles with cells. At the con-
clusion of the infection period, aspirate off the PB–Ad–medium
mixture and replace with growth medium (see Note 7).

3.2 Reporter Gene

Expression Detection

1. The sensitivity of assays used for transgene (e.g., GFP or β-gal)
reporter detection may influence the apparent transduction
efficiency. Fluorescence-activated cell sorting for GFP detec-
tion may be required to recognize expression from early expres-
sion time points or low MOI (<24 h, <20 IU/cell).

2. Individual cell infection can be monitored in live cultures with
FITC-compatible objectives for visual detection of GFP. Rela-
tive infection rates from different MOI may be assessed from
parallel cultures set on chamber slides. Aspirate medium, rinse
three times in PBS, and fix cells in a 4 % paraformaldehyde/PBS
solution for 15 min at room temperature. Remove fixative,
rinse three times in PBS (see Note 8), and permeabilize cells
for 5 min at room temperature in 0.2 % Triton-X 100. Rinse
twice with PBS, and coverslip with a DAPI-containing mount-
ing medium. Relative infection rates can be estimated from
the numbers of GFP-positive cells versus nuclei counts from
several fields.

3. Overall culture infection can be assayed from reporter genes
such as β-gal. Deposit Z buffer into microtiter well; volume is
based on 160 μL minus cell lysate volume. Cell extract volume
may be up to 80 μL although lysates fromMOI > 100 IU/cell
at 48 h post infection will likely require no more than 10–20 μg
protein. Prepare a spectrophotometer blank with extract buffer
and Z-buffer. To each well, including blank, add 40 μLONPG,
seal with adhesive cover, and shake on vortexmixer at the lowest
speed for 5 min at RT. Incubate at 37 �C incubator, and record
start time. Check color development in about 5–10 min for
MOI > 100 IU/cell. Plates may be read during color develop-
ment targeting 0.1–1.0 OD at 420 nm. Add 50 μL of 1 M
Na2CO3, and record stop time. Use automix function of plate
reader, or shake on vortex mixer at the lowest speed for 1 min.
Plates are read at 420 nm. β-gal-specific activity can be calcu-
lated as [(A420/0.0045)/min]/mg protein.
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4 Notes

1. Infection can be conducted in mediumwithout added serum or
with reduced serum concentrations. Components of “serum-
free” medium should be reviewed to assure that preparations
with negatively charged polymers (13) added for other culture
purposes (nutrients, attachment factors) are not used.

2. For live microscopic observation of GFP signals, either use
phenol red-free medium or transfer samples to PBS as phenol
red may contribute to background fluorescence.

3. The overall protocol is similar for transgene delivery to cultures
of malignant keratinocytes such as derived from squamous cell
carcinomas (14) although one can expect lower levels of CAR
expression than primary keratinocytes. In the absence of west-
ern blot detection of CAR from uncharacterized keratinocyte
lines relative to known infection-compatible cells, expression
might at least be confirmed by CAR RT-qPCR with primers
forward: 50-CTG TGC TTC GTG CTC CTG TG-30, reverse:
50-GGT CTT CGG GAC TAA GCG TAA AT-30, and cycling
conditions for Fast SYBR green systems of 95 �C, 20 s; 95 �C,
3 s; and 40�, 57 �C, 30 s (anneal and elongate). CAR expres-
sion levels, by RT-qPCR or immunoblotting, are generally
indicative of Ad degree of infection (15).

4. Protocol steps here are transferable to primary keratinocytes.
We typically allow 2 days post switch to high-calcium medium
before infection for expression under differentiation-inducing
conditions.

5. Increasing final PB concentrations (1–8 μg/mL) can increase
transgene expression (11, 16) although this does negatively
affect proliferation (17) for both primary KC and HaCaT cells.

6. Infectious units (IU) are equivalent to plaque-forming units. In
agreement with prior reports (18), we found frequencies of
positively infected cells as well as expression levels of transgenes
increase with increasing MOI although not by the same fold as
the MOI. For instance, a fivefold MOI increase from 20 to
100 IU/cell led to an approximately eightfold increase in β-gal
activity. Transgene expression increases more closely parallel to
MOI increases at higher IU/cell such as a twofold β-gal activity
increase over a MOI increase of 100–250 IU/cell. Similar
differential increases were observed for infection done in plain
medium or medium with PB.

7. Some protocols call for PBS rinsing following the infection
period. We have not found this necessary although it might be
beneficial when using PB concentrations greater than 4 μg/mL.

8. Following this PBS rinse, slides may be kept in additional PBS
for several days at 4 �C before permeabilizing and mounting.
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Analyzing the Global Chromatin Structure
of Keratinocytes by MNase-Seq

Jason M. Rizzo and Satrajit Sinha

Abstract

Eukaryotic DNA is wrapped around histone octamers, known as nucleosomes, in an orderly fashion that
provides the primary structure of chromatin organization. The compaction of DNA into nucleosomal
repeats not only allows the tight packaging of the large eukaryotic genomes into the nucleus, it also dictates
the accessibility of genetic information. Thus, in order to understand how nucleosomes can affect the
dynamics of DNA–protein interactions, such as those associated with transcriptional regulatory mechan-
isms, it is important to define nucleosomal positioning and occupancy along genomic DNA. Here we
describe a method that relies on the enzymatic activity of micrococcal nuclease (MNase) to determine
nucleosomal footprints and boundaries. By pairing this technique with next generation sequencing tech-
niques (i.e., MNase-seq), it is possible to generate a genome-wide detailed map of chromatin architecture.

Keywords: MNase-seq, Keratinocytes, Chromatin, Formaldehyde, Nucleosomes

1 Introduction

Chromatin is organized into a distinct structure to facilitate the
compaction of genomic DNA (1). Chromatin structure is highly
conserved across eukaryotic species and consists of 147 bp stretches
of DNA coiled around histone proteins arranged in octamers
known as nucleosomes (Fig. 1). DNA–histone interactions are the
first-order of chromatin structure and both the strength and loca-
tions of these interactions yield a significant influence on the acces-
sibility and regulation of genetic information in vivo (2). MNase is a
bacterial endo-exo nuclease that preferentially digests naked DNA
and the DNA located in linkers between nucleosomes (3). Charac-
terization of the DNA protected from MNase digestion provides
information on average nucleosome positions and occupancies
within cell populations and can be paired with genome-wide assays
of DNA (4, 5). Indeed, such genome-wide views of chromatin
structure have radically expanded our understanding of the princi-
ples controlling chromatin structure by revealing important global
organizational principles that could not have been possible by
single gene studies (Fig. 2).
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To determine genome-wide chromatin organization, nucleoso-
mal DNA is first collected byMNase treatment of chromatin extracts
and then interrogated using high-throughput DNA sequencing
(MNase-seq; Fig. 1). Genome-wide approaches tomapping chroma-
tin structure were first applied to lower organisms such as yeast, but
have since been extended to human cells (6, 7). Characterization of
nucleosomal (i.e., MNase-protected) genomic DNA populations by
MNase-seqmethods provides both qualitative and quantitative infor-
mation on the positioning and occupancies of all nucleosomes for a
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Fig. 1 Schematic of MNase-seq protocol
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cell population being assayed (Fig. 2). This high-resolution global
view of chromatin architecture enables researchers to compare the
accessibility of all genomic DNA sequences for targeting by regu-
latory factors and other DNA-binding proteins. For example, inte-
gration of MNase-seq data with genome-wide Transcription Factor
(TF) binding data collected using similar ChIP-seq techniques has
shown that the majority of TF binding sites that are occupied
(bound) in vivo are located at genomic regions that are highly sensi-
tive to MNase digestion and thus nucleosome depleted (8). This
preference for TFs to bind nucleosome-depleted regions in vivo is
consistent with the general notion that nucleosomes can regulate
transcription by blocking TF binding.
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Fig. 2 Example of MNase-seq data output. (a) Sample plot of processed MNase-seq signal (i.e., fold-
enrichment over genome average of MNase protection) at a well-annotated genomic locus in S. cerevisiae.
The amplitude of this signal is proportional to nucleosome occupancy on genomic DNA for a given cell
population. Similarly, the standard deviation of this signal within a 147 bp window is representative of the
positioning of nucleosomes (i.e., low deviation represents strongly conserved positioning). Gray ovals
represent predicted locations for strongly conserved nucleosome positions based on the illustrated data
distribution. (b) An example of raw aligned (preprocessed) MNase-seq data. Bottom panel: short-end
50–100 bp sequence reads are aligned to the reference genome in a direction-specific manner and totaled
(forward in black, reverse in gray). Short reads represent the ends of sequenced mononucleosomal DNA
fragments. Top panel: Short-reads are extended to a total length of 120 bp to more accurately reflect
nucleosomal DNA protection patterns. Alternatively, a paired-end or longer read-length sequencing reaction
provides a similar signal without the need for the aforementioned processing steps. (c) An example of the
average MNase protection pattern for all genes in S. cerevisiae. A conserved promoter chromatin organization
exists across all eukaryotic species whereby a well-defined nucleosome depleted region lies upstream of all
transcription start sites (TSS) and is flanked by well-positioned nucleosomes directly up and downstream.
Gray ovals represent predicted locations for strongly conserved nucleosome positions based on the illustrated
data distribution
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Like ChIP-seq, MNase-seq provides an in vivo snapshot of
intracellular protein–DNA interactions via heat-reversible fixation
with formaldehyde treatment. Unlike ChIP-seq, however, MNase-
seq does not rely on an immunoprecipitation (IP) step and thus
avoids the potential biases commonly associated with antibody
selection and utilization. The indirect relationship between
MNase protection and chromatin structure can, however, be
strengthened through introduction of IP steps (see Note 6) to
improve specificity and examine the role of specific histone proteins
(e.g., MNase-ChIP-seq) (9). MNase-seq experiments also differ
from most ChIP based experiments in that the footprint of histone
protection covers the vast majority of genomic sequence—this
requires different analytic considerations. Despite these apparent
advantages, the use of nuclease protection as a read-out for chro-
matin structure data is limited by the kinetics of MNase digestion.
It is important to note that differences in the extent of MNase
digestion alone can confound downstream nucleosome occupancy
comparisons between MNase-seq experiments by virtue of a size-
selection DNA sampling bias (10).

Undoubtedly, an ability to accurately profile and compare chro-
matin states between distinct cell populations provides a powerful
tool for molecular biologists interested in dissecting gene regulatory
mechanisms. Chromatin is a highly dynamic structure, which enables
the same genetic sequence to respond in a distinct and physiologically
appropriate manner to differing environmental insults. Thus,
condition-specific comparisons between distinct chromatin states by
MNase-seq can yield significant insights into key genome–environ-
ment interactions regulating developmental processes such as kerati-
nocyte differentiation. Thankfully, preparation and analysis of
MNase-seq experiments is quick, cost-effective, and relatively
straightforward thus affording novice genomics researchers access
to this evolving methodology. Several well-curated online databases
are available to assist with analysis of the genomic data (11). More-
over, ongoing large-scale genomic data initiatives are collecting data
that can be readily integrated with information from MNase-seq to
provide a multiscale view of gene regulatory networks (12). Here, we
provide a protocol for MNase-seq for keratinocytes grown in culture
and outline appropriate experimental design considerations that can
be applied for such studies.

2 Materials

2.1 Cross-Linking

Keratinocytes

1. 37 % Formaldehyde (Fisher; Cat. no: F79-1).

2. 2.5 M Glycine (Sigma; Cat. no: G8790).

3. 10 � Phosphate buffered saline (PBS) (Invitrogen; Cat.
no:14200–075).
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4. 95 % ethanol (Aaper; Cat. No:111000190).

5. Dry-ice.

2.2 Chromatin

Extraction (Mechanical

Lysis of Cell and

Nucleus)

1. Nuclease Digestion Buffer (DB): 10 mM Tris–HCl, pH 8.0,
2 mM CaCl2.

1 M Tris–HCl pH 7.5 and 8.0 (Cat. no.: BP1757 & BP1758).

Calcium chloride dehydrate (CaCl2) (Fisher; Cat. No.: BP510).

2. 1.0–2.5 mm glass beads (Biospec; Cat. No: 11079110).

3. Mini-beadbeater-8 (Biospec Cat. No: 693).

4. 18 G, ½ in. needle.

5. Coomassie Plus (Bradford) Protein Assay (Thermo Scientific;
Cat. no.: 1856210).

6. Dry-ice.

7. 95 % ethanol.

2.3 Micrococcal

Nuclease (MNase)

Digestion

1. Micrococcal Nuclease (MNase) (Worthington Biochemical
Corp; Cat. no: LS004797).

2. MNase Storage Buffer: 10 mM Tris–HCl, pH 7.4, 50 mM
NaCl, 1 mM EDTA, 50 % Glycerol.

1 M Tris–HCl pH 7.5 and 8.0 (Cat. no: BP1757 and BP1758).

Sodium Chloride (NaCl) (Fisher; Cat. no: S671).

EDTA (Fisher; Cat. no: BP2927).

Glycerol (Fisher; Cat. no: G31).

3. Stop Solution: 8.6 % SDS, 0.07 M EDTA, pH 8.0.

Sodium Dodecyl Sulfate (SDS) (Fisher; Cat. No: BP166).

EDTA (Fisher; Cat. no: BP2927).

2.4 Proteinase/

RNase Treatment

and DNA Precipitation

1. 20 mg/ml Proteinase K solution (Invitrogen; Cat. no:
25530–049).

2. 3 M Sodium acetate, pH 5.2 (Sigma; Cat. no: S-7899).

3. Phenol:chloroform; premixed with isoamyl alcohol (Amresco;
Cat. no: 0883).

4. 1� TE Buffer, pH 8.0 (Amresco; Cat. no: E112).

5. 10 mg/ml RNAse A (Sigma; Cat. no: R6513).

2.5 Mononucl-

eosomal DNA

Collection and

High-Throughput

Sequencing

1. Agarose (Multipurpose) (Fisher; Cat. No.: BP160).

2. 10� DNA Loading Buffer (without Bromphenol Blue): 20 %
Ficoll, 0.1 M EDTA, 1 % SDS, 0.25 % Xylene Cyanol.

Ficoll (Acros organics; Cat. No.: AC61186-0050).
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EDTA (Fisher; Cat. no.: BP2927).

Xylene Cyanol (Fisher; Cat. No.: O6116).

3. MiniElute DNA purification kit (Qiagen; Cat. No. 28004).

3 Methods

3.1 Cross-Linking

Keratinocytes

1. Add formaldehyde to a final concentration of 1 % directly to the
medium in which keratinocytes are growing (0.5–1 � 107 cells
~80 % confluent) and incubate at room temperature for
15 min. Methods to grow keratinocytes have been well
described in relevant chapters of this book (seeNotes 1 and 2).

2. Stop the cross-linking reaction by addition of Glycine to the
medium to a final concentration of 125 mM (from a 2.5 M
stock). Incubate for 5 min at room temperature (quenches the
crosslinking reaction).

3. Pellet the cells in 50 ml conical tubes at 250 � g for 5 min at
4 �C. Wash pellet twice with 50 ml of 1� PBS buffer. Vortex
and centrifuge at 250 � g for 5 min after each wash and then
quick freeze the pellet with either liquid nitrogen or dry-ice and
Ethanol. This cross-linked cell pellet can be stored at �80 �C
until ready for the next step.

3.2 Chromatin

Extraction (Mechanical

Lysis of Cell

and Nucleus)

1. Thaw sample on ice and resuspend the pellet with 1 ml of DB
buffer and transfer to 1.5 ml tube. Pellet cells at 100 � g for
5 min at 4 �C and aspirate all the liquid carefully without
disturbing the pellet. It is important to remove all liquid so
that the pelleted cells can be weighed accurately. Keep pellets
and future lysates on ice.

2. Weigh cells, ensuring that you blank with empty tube.

3. Resuspend pellets weighing less than 0.2 mg with 400 μl of DB
buffer. If the cell pellet weighs more than 0.2 mg then split into
two (or more) 400 μl samples with less than 0.2 mg of cells.
Make sure the cells are completely resuspended before
continuing.

4. Transfer suspension to 1.5 ml tubes containing ~1 ml of
0.5 mm glass beads.

5. Lyse cells in a mini-beadbeater-8 (Biospec) with four 1 min
sessions at the highest setting. Place tubes on ice for 2 min
between each session.

6. Recover the extract by punching a small bore hole in the
bottom of the tube with a 18 G, ½ in. needle. Spin the liquid
through to another tube with a one-pulse-spin (<500 � g) for
30 s. Repeat 2–3� to clear lysate from tube.

54 Jason M. Rizzo and Satrajit Sinha



7. Combine all samples and determine the protein concentration
by a Bradford assay (OD595) (see Note 3). Ensure consistent
yields between chromatin preparations you intend on
comparing.

8. Quick-freeze the samples with liquid nitrogen or a (dry-ice +
95 % ethanol) bath. Lysates may be stored frozen at �80 �C
indefinitely. Samples should be stored in aliquots to limit freeze
thawing (typically 5.5 mg per aliquot allows 5 MNase diges-
tions). Even if you plan to continue with digestions on the same
day, all samples should still be frozen so that if you need to
return to the other aliquots results will be reproducible.

3.3 Micrococcal

Nuclease (MNase)

Digestion

1. MNase digestions should be performed on 1 mg of total pro-
tein in 200 μl DB for 1 h at 37 �C.

(a) Initial digest titration: Three to five test digestions should
be setup with a broad range of total units added (e.g., 50,
25, 10, 5, and 1 U total added) for a single sample type.
This titration helps to identify the amount of MNase
needed to achieve the desired extent of digestion. This
result will be specific to each chromatin preparation and
MNase stock used (see Notes 3–5).

(b) Repeat digest titrations: For future/additional samples,
conduct more focused titrations (3–5 digests) using
MNase concentrations both at and surrounding the previ-
ous replicate’s ideal extent of digestion (as identified in
Section 3.5). This ensures collection of multiple samples
for comparison and selection of matched mononucleoso-
mal DNA populations.

2. Stop digestion reactions with 29 μl stop solution; make this
fresh. Vortex samples upon stop solution addition. For 110 μl
add 95 μl 10 % SDS + 15 μl 0.5 M EDTA, pH 8. Final concen-
tration in 229 μl: 1 % SDS and 8.86 mM EDTA (see Note 6).

3.4 Proteinase/

RNase Treatment

and DNA Precipitation

1. Add 2 μl Proteinase K (20 mg/ml) to reverse cross-links.
Incubate 30 min at room temperate and then at 65 �C for 6 h
to overnight.

2. Add 300 μl of Phenol:Chloroform:Isoamyl (PCI) alcohol in
each tube. Vortex and spin for 4 min at 15,000 � g at 4 �C.
Transfer aqueous (top) layer to a new tube. Add additional
100 μl DB buffer to PCI, vortex and spin and transfer aqueous
combining with previous samples.

3. Repeat the extraction again with 300 μl of Phenol:Chloroform:
Isoamyl alcohol, vortex, spin, and transfer aqueous layer to new
tube.

4. Add 30 μl of 3 M Na Acetate (pH 5.2) to the aqueous phase
and mix.
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5. Ethanol precipitate with 1.3 ml 95 % EtOH, mix. Spin down at
4 �C for 20 min, at 15,000 � g and discard the ethanol. DNA
precipitates may be stored in 95 % EtOH at �80 �C
indefinitely.

6. Rinse pellet with 70 % ethanol. Spin down for 10 min, at
15,000 � g and decant again out the ethanol. Try to remove
as much ethanol as possible to allow easy drying. Be careful not
to disturb the pellet.

7. Dry pellet by placing open tube upside down in the hood for
10–20 min. Avoid using a heated vacuum to minimize
degradation.

8. Resuspend in 50 μl TE + 2 μl RNase (10 mg/ml) and incubate
at 37 �C for 30 min.

DNA may be stored at �20 �C for 3–6 months following
RNAse treatment. Optional: Cleanup sample using a MinElute
spin column into 10 μl (Qiagen). This is the portion of the
genomic DNA covered by nucleosomes.

3.5 Mononucl-

eosomal DNA

Collection and High-

Throughput

Sequencing

1. To assess the extent of digestion of your samples, run 5–10 μl of
the elution with 1� loading buffer (without Bromophenol
Blue dye) on a 2 % agarose gel. Select the sample preparation
that has a smear at 120–150 bps and is completely digested or,
alternatively, digested to the desired extent (see Notes 7–9).
You may need to perform repeat MNase titration as described
in Section 3.3, step 1(b) to ensure that the samples are ade-
quately digested for downstream comparisons and applications.

2. To select matched MNase digestions run all of the chromatin
DNA samples you wish to compare (i.e., similar digests) on the
same 2 % gel (10 μl of each sample + 1 μl 10 � loading buffer/
gel lane) to identify matched digests using gel image analysis
(see Note 10).

3. Column purify matched samples of interest with MinElute spin
column (Qiagen) and elute DNA in 10 μl.

4. Quantify nucleosomal DNA population with picogreen assay
and use as input for Illumina’s TruSeq DNA PCR-Free Sample
Preparation Kit for low-throughput sequencing protocol) (see
Notes 11 and 12).

5. Data analysis: Short sequence reads of ~50–100 bp are output
from Illumina’s analysis pipeline and aligned to the reference
genome of interest (e.g., mm10 for mouse genome). Only
reads with two or fewer sequence mismatches are retained.
These reads are then extended to a total length of 120 basepair
(bp). Overlapping reads are then summed for each bp and then
divided by the genome average, and transformed into Log2
space to calculate relative MNase protection ratios (Fig. 2b).
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4 Notes

1. Protocol can be scaled up proportionately as needed.

2. The protocol described here can also be performed with mouse
skin epidermis. For this, skin samples are isolated and treated
with Dispase II (Roche Catalogue #04942078001) overnight
at 4 �C. The epidermis is then separated, washed five times with
PBS, and finely chopped. Next, the epidermis is cross-linked
with 1 % formaldehyde in PBS at room temperature for 15 min
and the subsequent steps for MNase-seq procedures are
followed.

3. Alternatively, both chromatin extraction yields and standar-
dized MNase digestions inputs can be calculated based on
DNA-based absorption methods such as Hoescht assay or
pico-green quantitation assay (13).

4. Additional digests across a broader range of MNase may be
necessary to achieve desired extent of digestion. Always store
MNase in MNase storage buffer at �80 �C in 10–15 μl ali-
quots. For consistency/reproducibility thaw each aliquot once
only; discard any unused samples. When setting up MNase
digests, first mix all thawed aliquots needed together, then
prepare a diluted MNase stock for lower concentration digests
(e.g., dil stock ¼ 5 μl stock + 45 μl DB; use 5 μl diluted stock
for 5U/200 μl reaction;). Never pipette less than 1 μl MNase.

5. “Desired extent of MNase digestion”: Both in vivo and in silico
analysis has shown that differences in extent of MNase diges-
tion between samples can confound downstream comparisons
between MNase-seq experiments by virtue of a size-selection
DNA sampling bias (10). To control for this bias, we recom-
mend comparing only MNase digestions that are closely
matched in their extent of digestion (% of Mononucleosomes).
Moreover, we suggest the use of complete-digested chromatin
preparations (100 % mononucleosomal DNA) since this pro-
vides the most consistent chromatin collection and sampling
and anMNase-seq signal closest to true nucleosome occupancy
(10). Alternatively, multiple or different (i.e., incomplete)
digestion titrations can be collected, but only “matched” sam-
ples should be compared for the aforementioned reasons (14).
The extent of digestion can be gauged as described in
Section 3.5.

6. Specific amino acid residues of each histone protein also
undergo an assortment of covalent modifications, including
methylation, ubiquitination, and acetylation, which further
diversifies the chromatin landscape (12). Therefore, researchers
may wish to incorporate an additional IP step to enrich for
specific nucleosome populations. Consult ChIP literature for
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appropriate IP conditions. Experimental options include
histone-specific antibodies, histone-variant antibodies, or TF
antibodies to probe for TF–nucleosome interactions (15).

7. Use a DNA loading buffer that does not include Bromophenol
Blue dye, which runs around 300 bp and may interfere with
downstream image analysis (see Note 10).

8. Alternatively, extent of MNase digestion can be assessed using
an Agilent Bioanalyzer. The type of assay used will depend on
the initial concentration of the samples (e.g., High Sensitivity
dsDNA Bioanalyzer assay for low amounts).

9. MNase digestions should reveal a laddering of nucleosomal
DNA populations (see Fig. 1). Often, compacted higher-order
chromatin structuresmay prove recalcitrant toMNase digestion
and produce a smearing on imaging instead of clean laddering.
In this situation, an additional sonication step can be added to
sample preparation prior to digestion to facilitate de-
compaction. For this purpose, you can use a Bioruptor sonicator
(Diagenode) for 5 min on High using 30 s pulses and 30 s rest.

10. The size distribution of protected nucleosomal DNA popula-
tions can be estimated relative to a known standard using gel
image analysis software or alternatively using an Agilent Bioa-
nalyzer tracer. Correlations between standardized post-digest
size distributions can then be utilized to identify and select
matched digestion profiles.

11. Many downstream protocols, such as high-throughput DNA
sequencing, are extremely quantity-sensitive. Therefore, final
concentrations of prepared mononucleosomal DNA are best
determined using ultra-sensitive fluorescent nucleic acid stain-
ing techniques (i.e., PicoGreen dye), since this measure has a
larger dynamic range and is specific for double-stranded DNA.
Use of fluorescent quantification will also ensure that you have
sufficient dsDNA for downstream applications (13).

12. Illumina’s low-throughput protocol enables multiplexing up to
24 samples, however,MNase-seq experiments require an average
coverageof at least 10�. Therefore,we recommendmultiplexing
conservatively. For mouse samples, for, e.g., one would require a
minimum of ~ 2 � 108 reads for each experiment (~2.7 Gb/
genome/147 bp/nucleosomes � 10 reads/nucleosome).
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Analysis and Meta-analysis of Transcriptional Profiling
in Human Epidermis

Claudia Mimoso, Ding-Dar Lee, Jiri Zavadil, Marjana Tomic-Canic,
and Miroslav Blumenberg

Abstract

Because of its accessibility, skin has been among the first organs analyzed using DNA microarrays; psoriasis,
melanomas, carcinomas, chronic wounds, and responses of epidermal keratinocytes in culture have been
intensely investigated. Skin has everything: stem cells, differentiation, signaling, inflammation, hereditary
diseases, etc. Here we provide step-by-step instructions for bioinformatics analysis of transcriptional
profiling of skin. We also present methods for meta-analysis of transcription profiles from multiple con-
tributors, available in public data repositories. Specifically, we describe the use of GCOS and RMAExpress
programs for initial normalization and selection of differentially expressed genes and RankProd for meta-
analysis of multiple related studies. We also describe DAVID and Lists2Networks programs for annotation
of genes, and for statistically relevant identification of over- and underrepresented functional and biological
categories in identified gene sets, as well as oPOSSUM for analysis of transcription factor binding sites in the
promoter regions of gene sets. This work can serve as a primer for researchers embarking on skinomics, the
comprehensive analysis of transcriptional changes in skin.

Keywords: Affymetrix, Annotation, Clustering, Epidermal differentiation, Gene sets, Nonparamet-
ric, Ontological categories, Skinomics, Transcriptome

1 Introduction

This contribution is a follow-upon the article titled: “Comprehensive
transcriptional profilingof humanepidermis, reconstituted epidermal
equivalents and cultured keratinocytes, usingDNAmicroarray chips”
(1). In the revision we edited and slightly modified several sections,
specifically those dealingwith the bench-top isolation andhandlingof
RNA from epidermal sources. We deleted several sections dealing
with algorithms that were out-of-date and outdone by more
advanced approaches. Most important, we include here a novel
primer for meta-analysis of data available in public repositories. The
past years witnessed a tremendous increase in transcriptional profiling
research; most journals nowadays require that such data be made
publicly available as a condition for publication. This has provided a
treasure trove for meta-analyses, allowing researchers to integrate
their own data into the common fund of knowledge and thereby
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make new discoveries, define new biological relationships and
advance scientific understanding. Thus, the methods described
allow for “big data” analyses approaches, which has been one of the
major initiatives launched by NIH (https://commonfund.nih.gov/
bd2k/index.aspx).

The advent of genomics made possible comprehensive and
efficient analysis of gene expression. DNA microarrays are an ideal
approach for such systematic comparisons because they can simul-
taneously measure the expression of, potentially, the entire genome
(2). DNA microarray is an ordered arrangement of nucleic acid
sequences from thousands of different genes arrayed at fixed loca-
tions on supports, usually silicon chips or glass microscope slides.
DNA chips come in two varieties: printed cDNA and synthetic
oligonucleotide. The first, originated by P. Brown at Stanford (3),
are often homemade, inexpensive, and two-color, i.e., a treated
sample and the control samples can be hybridized and compared
on the same chip. They are easy to customize for a specific applica-
tion. Synthetic oligonucleotide microarrays are commercially avail-
able, at a price, but because each gene is probed with multiple
oligonucleotides, they tend to be more reliable and require less
redundancy. They are one-color, i.e., they probe only one sample
per array, but the newer ones contain all the known human genes
and are able to identify the splicing variants as well (4). To address
the differences in technique, data quality, etc., the microarray com-
munity has promulgated a set of guidelines known as “MIAMI”
rules (minimal information about microarrays), which must be
complied with if a manuscript is to be accepted in a growing list
of journals.

Bioinformatics is a very fast-moving field and new and improved
approaches, types of chips, hardware, software, and data repositories
are constantly being developed. To keep up with the field, we find
very useful the special “Database issue,” http://nar.oxfordjournals.
org/content/vol36/suppl_1/index.dtl published by The Nucleic
Acids Research every January. This edition describes the function
and role of all molecular biology data repositories, including those
that collect microarray data. Another invaluable resource is the
growing set of algorithms assembled in Bioconductor http://
www.bioconductor.org/. Particularly important for the work pre-
sented here are the Automated Affymetrix Array Analysis Umbrella
Package http://www.bioconductor.org/packages/release/bioc/
html/a4.html and the RankProd algorithm http://www.bio
conductor.org/packages/release/bioc/html/RankProd.html.
Bioconductor packages are freely available, usually well described
and annotated, and we find that the developers of the programs are
ready to help with trouble-shooting and hand-holding.

The epidermis presents the most accessible target and conse-
quently skin was among earliest targets of DNA microarray studies
(5). The RNA from the skin surface can even be recovered using an
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easy, noninvasive procedure named “tape stripping” (6). The large
volume of bioinformatics data relevant to skin led to the coinage of
the term Skinomics (7). Skinomics DNA microarray studies
focused on epidermal differentiation, skin cancers, inflammatory
diseases, wound healing, ageing, stem cells, etc. (8). Specific for
skin has been a series of studies on the effects of UV light (9–13).
Melanomas and basal and squamous cell carcinomas have been
intensely investigated using DNA microarrays and so was psoriasis,
one of the most common human inflammatory diseases (14, 15). In
addition, genomics analyses of chronic, nonhealing wounds,
yielded critical information about pathogenesis that are revising
clinical approaches to treatment (16–19). The presence of many
different cell types in skin, unfortunately, creates difficulties. Poten-
tially very informative, skin samples taken directly from patients
differ in proportions of various cell types, sample age and body
sites, history of sun exposure, etc. (8).

The transcriptional profiling in skin is rapidly expanding.
Unavoidably, some of the recommendations in this manuscript
will be outdated even by the time it reaches print. Virtually every
analysis tool mentioned is associated with a dedicated team of
developers and programmers devoted to making them better,
more versatile, and user friendly. Therefore, dear readers, if you
see an innovation or a new useful approach, please contact us at
Miroslav.Blumenberg@nyumc.org and we will keep an updated
running manual of the described procedures. Conversely, if you
embark on transcriptional profiling in skin and would like to find
out about new developments, or just need some hand-holding, do
not hesitate to get in touch.

2 Materials

2.1 Growth

and Isolation

of Keratinocytes

1. Normal epidermal keratinocytes or skin samples from surgery.
Human skin samples are obtained from patients undergoing
elective breast reduction surgery, usually within 2–6 h after
surgery.

2. Serum-free keratinocyte growth medium supplemented with
0.05 mg/ml bovine pituitary extract, 5 ng/ml epidermal
growth factor, and 1 % penicillin/streptomycin (KGM from
Gibco-BRL).

3. Trypsin, adjusted to 0.025 % (Gibco-BRL).

4. Trypsin inhibitor, 0.5 mg/ml in PBS (Sigma).

5. Reconstituted Human Epidermis (SkinEthic Laboratory, Nice,
France).

6. Dispase (2.4 U/ml, Roche).

7. RNAse inhibitor (4 U/ml Roche).

8. RNAlater (Ambion).
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2.2 Separation

of Epidermal Layers

and Isolation of Basal

Layer Keratinocytes

1. PBS, phosphate-buffered saline.

2. Solution of 0.05 % trypsin, 0.02 % EDTA (GibcoBRL).

3. Solution of 0.5 mg/ml trypsin inhibitor (Sigma).

4. Cell Strainer tissue filters (Falcon).

5. Magnetic beads, M-450 Rat anti-Mouse-IgG1, prepared as
suggested by the manufacturer (Dynal).

6. Antibody 3E1, which binds integrin β4 from (GibcoBRL).

2.3 Isolation of Total

RNA, Preparation

of Labeled Probes,

and Hybridization

1. Qiashredders and on-columnRNAses-freeDNAse Set (Qiagen).

2. RNeasy kits (Qiagen).

3. Trizol (Invitrogen).

4. RNAlater (Ambion).

5. Affymetrix microarrays.

2.4 URL Sites Listed 1. http://rmaexpress.bmbolstad.com/

2. http://david.abcc.ncifcrf.gov/

3. http://rana.stanford.edu/software/

4. http://www.tm4.org/

5. http://www.pangloss.com/seidel/Protocols/venn.cgi

6. http://www.cisreg.ca/cgi-bin/oPOSSUM/opossum/

7. http://nar.oxfordjournals.org/content/vol36/suppl_1/index.dtl

8. http://www.bioconductor.org/

9. http://www.bioconductor.org/packages/release/bioc/html/
a4.html/

10. http://www.bioconductor.org/packages/release/bioc/html/
RankProd.html

11. http://www.skinethic.com/

12. http://www.mattek.com/

13. http://www.ncbi.nlm.nih.gov/pubmed/

14. http://www.ebi.ac.uk/arrayexpress/

15. http://amp.pharm.mssm.edu/lachmann/upload/register.php/

16. http://www.add-ins.com/

17. http://www.affymetrix.com/support/technical/
libraryfilesmain.affx/

18. http://www.lgtc.nl/MaRe/

19. http://www.biomart.org/biomart/martview/39658a1f84f2
d1822db6e184a5cc356e

20. http://sourceforge.net/projects/arrayexpress/files/

21. https://commonfund.nih.gov/bd2k/index.aspx/
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3 Methods

3.1 Provenance and

Maintenance of

Samples

1. Normal epidermal keratinocytes from human foreskin were
initiated using 3T3 feeder layers as described (20, 21) and
then frozen in liquid N2 until used. Once thawed, the kerati-
nocytes are grown without feeder cells in defined serum-free
keratinocyte growth medium supplemented with 0.05 mg/ml
bovine pituitary extract, 5 ng/ml epidermal growth factor, and
1 % penicillin/streptomycin (KGM fromGibco-BRL) at 37 �C,
in 5 % CO2. The medium is replaced every 2 days (Note 1).

2. The reconstituted human epidermis consists of a three-
dimensional multilayered keratinocyte structure grown on
air–liquid interface, without any other cell type. These are
available from SkinEthic http://www.skinethic.com/ or Mat-
Tek http://www.mattek.com/ (Note 2). The media for cell
culture are usually prepared without antibiotics and antimyco-
tic agents (22, 23).

3. Human skin samples are obtained from patients undergoing
elective breast reduction surgery, usually within 2–6 h after
surgery (Note 3). The fat layer and most of the dermis are
removed using surgical scissors and by gentle scrapping with a
scalpel, leaving the epidermis as the predominant cellular struc-
ture (~0.2 mm deep). Samples are then cut into strips of
approximately 0.5 � 3 cm and stored in RNAlater (Ambion)
overnight at 4 �C.

3.2 Isolation of β4+
and β4- Keratinocytes
from Skin

1. Skin, discarded after reduction mammoplasty, as described
above, is first washed six times with PBS and excess liquid
drained. Using scissors and a scalpel, fat and dermis is removed
as much as possible. The tissue is cut into 3 mm wide strips and
incubated with dispase (2.4 U/ml, Roche) and RNAse inhibi-
tor (4 U/ml Roche) at 4� overnight.

2. Next day, the epidermis is gently separated from the dermis
using forceps, and incubated in 0.05 % trypsin, 0.02 % EDTA
(GibcoBRL) at 37�. After 10 min, two volumes of 0.5 mg/ml
trypsin inhibitor (Sigma) is added and the tissue filtered
through Cell Strainer (Falcon). The trypsinization of the tissue
is repeated twice more. The cells are collected by centrifuga-
tion, examined using trypan-blue, counted and, if appropriate,
the isolates combined. This represented the unfractionated,
total epidermal cell population.

3. Magnetic beads, M-450 Rat anti-Mouse-IgG1, are prepared as
suggested by the manufacturer (Dynal). The cells are incubated
with the beads in the following ratio: 100 μl beads: 10–20 μg
β4 antibody: 4 � 106 cells (exactly!) in 1� PBS, 0.1 % BSA, at
4� for 1–2 h. We used M-450 Rat anti-MouseIgG1 beads and
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the 3E1 clone β4 antibody fromGibcoBRL (24). The beads are
separated on a magnetic separator for 2–3 min, washed 3–4
times with PBS, collecting and combining the nonadherent,
β4- cells, which represents the suprabasal cell population. The
beads bound to the β4+ basal cells are used in RNA isolation
without removing the cells from the beads.

3.3 Isolation of Total

RNA from Human

Epidermis

To obtain RNA of appropriate quality for chip analysis from in vivo
epidermis, we have tested several purification methods. After exten-
sive experimentation, we settled on the following approach:

1. First, the epidermal cells are disrupted and the RNA is isolated
using Trizol (Gibco).

2. This is followed by the use of Qiashredders to homogenize cell
extracts with centrifugation at 1,800 � g for 2 min.

3. DNA is removed with on-column DNAse digestion using
RNAses-free DNAse Set (Qiagen). RNeasy kits from Qiagen
are used to prepare the RNA according to the manufacturer’s
protocols (Note 4). If the sample is not immediately processed
for RNA isolation, it is cut into 3 mm-wide strips and stored in
RNAlater overnight at 4 �C, then at �20 �C. With this proce-
dure, we routinely prepare RNA of high quality (Note 5).

4. From the reconstituted epidermis and cultured keratinocytes,
total RNA is isolated using Qiashredders to homogenize cell
extracts, and RNeasy kits procedure. The RNA samples are
stored in water at �80 �C until hybridization.

5. To ensure good RNA quality, 28S and 18S ribosomal bands are
visualized on a nondenaturing agarose gel and OD260/280

spectrophotometric ratio of at least 1.8 is ascertained. Five
micrograms of total RNA is reverse transcribed, amplified,
and labeled as described (25).

6. Approximately 5–8 μg of total RNA is reverse transcribed,
amplified, and labeled as described (9, 26). Labeled cRNA is
hybridized to the arrays (Affymetrix), which are washed,
stained with anti-biotin streptavidin-phycoerythrin-labeled
antibody using Affymetrix fluidics station and then washed
again according to the Affymetrix protocol.

7. Arrays are scanned using the Agilent GeneArray Scanner system
(Hewlett-Packard) and GeneChip 3.0 software to determine
the expression of each gene. A representative picture of a
hybridized Affymetrix microarray is shown in Fig. 1.

RT-PCR, Northern and Western blot analyses that confirm
microarray data will not be described here; any standard molecular
biology protocol compilation can be consulted for this purpose.
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3.4 Searching

for and Finding

Relevant Studies

in Public Repositories

for Meta-analysis

Microarray data usually are deposited into annotated and curated
databases. Probably the largest is The National Center for Biotech-
nology Information (NCBI) Gene Expression Omnibus, GEO
(http://ncbi.nlm.nih.gov/geo) (27), which contains close to
1,000,000 gene expression profiles and grows by 150 % annually.
Sloughing through such an enormous database to find all relevant
studies is somewhat difficult and more of an art than science.

The two main data repositories that collect and annotate tran-
scription profiling using microarrays and other high throughput
methods (e.g., SAGE and next generation sequencing, NGS), are
NIH-GEO, reached at http://www.ncbi.nlm.nih.gov/pubmed,
and ArrayExpress at http://www.ebi.ac.uk/arrayexpress/ (Fig. 2).
The two resources overlap to a large extent, but there are also
significant differences, i.e., microarray studies present in one but
not the other collection. This may be partly due in part to different
data sets in each database, and partly to differences in search
engines and handling of the search terms. While there may be
additional datasets in proprietary databases, e.g., classified
industry-generated data, or published but not yet submitted, the
two repositories are reasonably comprehensive and abundant; we
find searching for the additional data is usually frustrating, time-
consuming, and unproductive.

ArrayExpress allows specifying human studies only. Those
ArrayExpress experiments that are also found in GEO have desig-
nations E-GEOD, e.g., E-GEOD-10121. ArrayExpress also allows

Fig. 1 Affymetrix microarray chip. The left side shows the entire chip; on the right zoom-in shows details of
pairs of perfect match and mismatch hybridization, top, and actual pixels, bottom. The picture on the bottom
right shows the grid, thin white lines separating the chip features. Note that the rim pixels are discarded and
only the 4 � 5 array of pixels in the middle is averaged to determine the level of hybridization
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Fig. 2 Screen shots of GEO (a) and ArrayExpress sites (b) searches for relevant transcription profiling
experiments. The search terms are highlighted in yellow in the ArrayExpress screen



specifying only experiments that do not overlap those in GEO,
which have different designations e.g., E-MATB-482; we find this
somewhat risky, differences in search protocols may catch some of
the GEO experiments not flagged by the GEO search engine, and
sorting through redundant GSE- and E-GEOD- experiments is an
easy task.

The flagged experiments have to be parsed individually because
they include many that are not directly appropriate for the study at
hand (e.g., “MicroRNA profiling by array of NCI-60 human cancer
cell-lines” or arrays containing only cell lines, arrays dealing with
peripheral blood cell samples, and tumor-associated fibroblasts).
We also remove studies that do not contain mRNA expression
profiling (i.e., those analyzing DNA methylation, SNPs, gene
copy number, exon, and miRNA arrays); also left out are studies
that use small proprietary microarrays, such as those with less than
10 K genes probed, and, currently, studies using RNA sequencing.
Usually, approximately half of the studies use Affymetrix platforms,
the remainder use Agilent or, Illumina; less common are Hitachi,
Sentrix, GE Healthcare, or proprietary arrays.

We will illustrate the search using three examples, EGFR inhi-
bitors, psoriasis, and retinoic acid.

1. To identify transcriptional studies in which EGFR inhibitor was
used, two repositories were searched: PubMed GEO and
EMBI-EBI ArrayExpress. Several combinations of search
terms were used: “EGFR & inhibitor,” “EGFR & (Lapatinib |
Gefitinib | Erlotinib | Cetuximab | Panitumumab | Zalutumu-
mab | Nimotuzumab | Matuzumab | AG1478 | inhibitor),” the
following terms were not found in GEO DataSets: Panitumu-
mab, Zalutumumab, Matuzumab. We limited the search to
human samples, i.e., studies that used humanmicroarrays. Ulti-
mately, in GEO, the search terms “EGFR & inhibit*” flagged
191 items, including 61 series. Setting the limits in the search to
“expression profiling by array,” “genome tiling” or “sequenc-
ing” yielded 50 sets, while eliminating the SNP, promoter
arrays, and ChIP studies. Searching Array Express with
“EGFR and Inhibit*” yielded 44 sets; with a few exceptions
these had equivalents in the GEO Datasets. The GEO and
ArrayExpress searches combined identified 67 different data
sets, which were individually screened for comparing directly
EGFR inhibitor treated vs. untreated samples. Of the 67 sets 22
compared directly EGFR inhibitor treated with untreated sam-
ples; 14 sets compared EGFR inhibitor-resistant vs. sensitive
cell lines; in six studies we found both inhibitor-treated vs.
untreated comparisons and inhibitor-resistant vs. sensitive cell
lines. In several studiesmultiple cell lines or tissues were treated,
these should be analyzed independently, i.e., each cell line ana-
lyzed separately. One data set, GSE6128, compared long term
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(48 h) inhibitor-treated cells with the same cells after removal of
the inhibitor, i.e., the inverse of EGFR inhibitor treated vs.
untreated samples. Two sets, GSE41860 and GSE17498,
used HGU95v2 platform, which has significantly fewer gene
targets than other platforms. The majority of datasets used
Affymetrix microarray platforms (11 studies), particularly the
HG_U133_Plus_2 version (9 studies). Illumina and Agilent
microarrays were used in six and three studies, respectively.
The larger the number of studies included in the analysis,
the longer the list of genes found to be regulated at significant
p-value (Fig. 3).

2. In the case of psoriasis, through a PubMed GEO Datasets data
mining search using terms such as “psoriasis” and “psoriatic”
we found a total of 654 hits divided into four categories: Data-
Sets (6), Platforms (2), Samples (599) and Series (47). From the
47 series, we found a total of nine experiments that met our
criterion, i.e., contained samples from psoriatic lesions and
healthy nonlesional controls. For each of the nine experiments,
data and study information were collected into an Excel spread-
sheet labeling study ID number (accession), number of partici-
pates, title, number of chips, file type (CEL, or TXT), platform,
description of subjects (psoriasis lesional (PP), psoriasis nonle-
sional (PN) or healthy volunteers (NN)), the type or form of
psoriasis used (only three of the nine studies specified the type of
psoriasis used, two plaque psoriasis, one plaque-like psoriasis)

0
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3000

4000

Selected genes p<0.001

Up
Down

Fig. 3 Numbers of differentially expressed genes provided by RankProd analysis.
Studies of EGFR inhibitors are presented. The entire collection (All), was sub-
divided by the microarray platforms and by types of cell targeted (M.B., in
preparation). Up stands for induced, Down for suppressed genes. The
“12 + 12” (asterisk) represents the largest single study, containing 12 treated
and 12 control samples
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and description of experiment performed. The nine studies
comprised seven Affymetrix-based (571 genechips) and two
non-Affymetrix (Sentrix and Illumina) based studies (74 gene-
chips) for a total of 645 genechips.Within the Affymetrix-based
studies, 263 psoriasis lesional (PP), 198 psoriasis nonlesional,
and 110 healthy (NN) genechips for a total of 401 CEL gene-
chips were found.

3. To select microarray studies that compare retinoic acid-treated
and untreated cells we used MaRe (http://www.lgtc.nl/
MaRe/) (28). Focusing only on the human cells, we used as
keyword retinoi*, the asterisk serving to include all suffixes,
such as –ds, and -c acid, and Homo sapiens as the species. This
resulted in 101 different GSE experiments from GEO (http://
www.ncbi.nlm.nih.gov/gds) and 35 experiments from
ArrayExpress (http://sourceforge.net/projects/arrayexpress/
files/). We manually curated these 136 entries, to remove
SAGE results, and small microarrays (those with <5,000
genes), the miRNA microarrays and those that did not use
RA as a reagent, but were flagged by the retinoi* keyword
somewhere in the description. This resulted in 22 studies
with 329 arrays; of these, 17 studies used Affymetrix micro-
arrays, 3 Agilent, and one each Sentrix and NKI-CMF.

3.5 Downloading

Data Files

Different microarray platforms used for transcriptional profiling
yield different, characteristic data files, which have to be worked
up separately and then harmonized. These files are large and com-
pressed, use proprietary gene IDs and represent expression values in
various formats. It is, therefore, not trivial to match data from
multiple studies for meta-analysis.

1. For the data deposited in studies using the Affymetrix arrays the
simplest approach is to click on the ‘download’ button next to
the CEL or TXT field. The downloaded CEL files are first un-
zipped and then processed using free to downloadRMAExpress
software (http://rmaexpress.bmbolstad.com/). RMAExpress
is a program that uses the Robust Multichip Average protocol
(29) to calculate gene expression summary values for every gene
on an Affymetrix genechip and at the same time provide quality
control for each microarray. The Chip Description Files, CDFs,
for the individual Affymetrix microarray platforms can be
downloaded from the Affymetrix site (http://www.affymetrix.
com/support/technical/libraryfilesmain.affx). First, the corr-
esponding CDF is loaded into RMAExpress, and then the CEL
files for all microarrays are imported into RMAExpress.
IMPORTANT: only one type of CDF file can be uploaded at a
time – RMAExpress can only compare and analyze data from
the same microarray platform. RMAExpress results are calcu-
lated with following parameters: background adjustment,
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quantile normalization, and PLM summarizationmethod. The
results are saved as log2 transformed TXT files and later con-
verted into Excel spreadsheets.

2. Once you have downloaded and installed RMAExpress and the
CDF file, invoke the program (Fig. 4). Click on “File” ! “
Read unprocessed file.” There comes a dialog box, “Please
select your CDF file,” select the data file corresponding to the
type of chip you are using, e.g. HG-U133A_2.cdf. Then
another dialog box appears, “Please select your CEL file,”
select the files you want to analyze. Then you may use the
menu bar “File”—“Add new CEL files” to add additional
CEL files for the current analysis. After it shows “Done reading
in datafiles,” you may select from the “File” menu—“Compute
RMA measure.” A dialog box “Select preprocessing steps”
appears; for “Background Adjust” chose “Yes,” for Normaliza-
tion, “Quantile” (sic), and check the box of “Store Residuals.”

3. After it is done, select from the menu bar Show-Residual
Images. Now you can check the quality of the chips. For
example, chips that are consistently and evenly pink are very
good, while a chip that shows blue smudges or a red border
probably is not a good chip (Fig. 5).

4. Save the results as text file: “File”—“Write results to file (log
scale),” which converts the expression values into their log2

Fig. 4 Screen shot of RMA express
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derivative. Also save the results with the “Write results to file
(natural scale),” which may be useful for some downstream
uses, algorithms that require untransformed expression values.
You will later open these with Excel.

5. It is important, at this point, to perform quality control on the
microarrays. The quality control graphs can be viewed in the
QC Statistic Visualizer. Before viewing diagrams graph, it
helps to add IQR limits and Control Limits, and then use
RLENUSEMultiPlot (Fig. 6a). NUSE, RLE, and RLENU-
SET2 diagrams can be saved into their appropriate folders for
future reference. We find Normalized Unscaled Standard
Error, NUSE, the easiest and most robust quality control
measure. Those genechips that have NUSE medians 5 % or
more different from other chips are considered “bad” chips
and are to be omitted. Then the RMAExpress is rerun with
only the “good” chips. An example is provided in Fig. 6b.
This procedure provides a measure of relative chip quality
derived from the residuals from the RMA model (for details
see (29)). In one large representative case, using RMAExpress,

Fig. 5 RMAExpress “residuals.” Two near-perfect microarrays are shown on the left. The others show uneven
hybridization and a smudge. Note the characteristic coarse-grained appearance of a chip with poor-quality
RNA sample
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only a total of 15 out of 645 genechips, 2.3 %, were discarded
as “bad” chips.

The “bad” chips usually result from degraded or poor
quality RNA input. The residual values for these have a charac-
teristic coarse-grained appearance (Fig. 5e, compare with d).
Occasionally, poor and uneven hybridization, a faulty chip or
grime in the sample can also cause problems (Fig. 5b, c). Note
that a few spots and marks do not disqualify a chip (e.g.,
Fig. 5a); each gene is probed multiple times, at dispersed sites
on a chip and statistical analysis can eliminate a limited number
of outlier measurements.

6. For studies that use identical platform, e.g., Affymetrix_133_
Plus_2, the RMAExpress-derived spreadsheets are combined
by sorting each by the Probeset IDs and then using the copy
and paste commands in Excel. This creates a large spreadsheet
with as many columns as there are samples, and 54,677 rows,
i.e., gene probes. Importantly, when combining studies that
use identical platform, it is important within each study to
group the control and the treated samples (e.g., 12 + 12, see
Fig. 3) so that they can be assigned correctly in the subsequent
steps. This large combination Excel file should be also saved in
the tab-delimited text format for subsequent use in RankProd
analysis.

Fig. 6 Quality control features of RMAExpress. (a) Multiplot. (b) RMAExpress NUSE before and after removing
a “bad” chip



7. In the case of non-Affymetrix studies, downloading the uncom-
pressed _RAW.tar files often yields several TXT.gz files; these
also have to be uncompressed (performing uncompressing
twice!) to give .txt files that excel can import. The simplest
way to download TXT data files from the PubMed GEO site,
http://www.ncbi.nlm.nih.gov/pubmed. First click to choose
GEO DataSets, and then insert one of the relevant data sets
into the search field, e.g., GSE10121. The search yields the
GSE10121 data set series, as well as any related series, in this
case GSE31056. Next, clicking on the GSE10121 record
brings up the details of the data set “Accession display.”
Near the bottom of the page one finds “Series Matrix File
(s)”; clicking on this opens a new window with the URL, in
our case ftp://ftp.ncbi.nih.gov/pub/geo/DATA/SeriesMa
trix/GSE10121/, which allows downloading the data file
GSE10121_series_matrix.txt.gz. This is a 10 MB zipped,
compressed file. The simplest way to download another
data file is to replace the digits in the URL (e.g., in our
case 10121 with 31056, which leads to a 7 MB download).
We find it convenient to download all compressed files into a
same directory; this allows batch uncompressing of the
downloaded files. Uncompressing the TXT.gz files yields .
TXT files, which can be imported into Excel, saved as spread-
sheets and then manipulated further. For example, the
10 MB compressed file is uncompressed into a 22 MB TXT
file. Right-clicking on this file usually gives a menu option
“open with”; choosing excel gives a spreadsheet which can be
saved as an 18 MB .xls file.

For Agilent platform, we download the txt files with the data.
For example, using GEO DataSet we downloaded the ~130 MB
TXT file GSE32333_RAW.tar. This file was unzipped, extracted
into a folder with the same name, which comprised fourteen *.txt.
gz files; these were unzipped again into 14 separate *.txt text files,
~26 MB each. The text files can be opened with Excel and saved as
spreadsheets. A simpler and easier alternative is to click on the
GSE32333 record then scroll to the bottom and click and download
the SeriesMatrix File. This 1.5MB file can be unzipped into a 5MB
txt file, opened with Excel and saved as a spreadsheet. The spread-
sheet needs a little editing, mostly deleting the information at the
top, above the expression values. The spreadsheet clearly designates
each of the samples as control, treated, etc. However, this spread-
sheet does not identify the features on the microarray, except by the
internal coding of Agilent (e.g., GT_44k_23_P100001). To anno-
tate the features, we return to the original search results, and click on
the second record, GPL13252. This record contains the data per-
taining to the microarray platform itself. Near the bottom of the
next page, which describes the microarray platform, is a box marked
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“View full table. . .” Clicking on this box opens a new tab with the
details of the microarray. It may take a minute or two for this file to
fully load, but then it can be downloaded by clicking on “File,”
“Save as. . .” and specifying “Save as type. . . Text File (*.txt).” The
saved file can be opened in Excel and saved as a spreadsheet with a
same name. To combine the annotations with the data file we use
AddIns DataLoader http://www.add-ins.com/. Alternatively, both
the data and the annotations can be sorted by the Agilent IDs and,
after making sure the ID columns are congruent, using copy-and-
paste function of Excel.

Similar approaches can be used for uncommon and proprietary
microarray platforms. For example, GSE6473 series uses GPL3054
platform, which contains 18,861 60-mer oligonucleotides repre-
senting 17,260 unique genes (designed by Compugen, San Jose,
CA, USA), printed in-house at Microarray Core Facility of the Vrije
Universiteit Amsterdam, The Netherlands. Downloading the
1.6 MB GSE6473 Series Matrix file, when uncompressed and
saved, yields a 3.9 MB spreadsheet. The annotations of the
GPL3054 are in a 6.5 MB file, which, when uncompressed, con-
tains the GeneBank accession and Unigene ID numbers (along
with expression data from a number of chips; these should be
ignored, only the top ~20,000 rows are relevant for us). The
GeneBank and Unigene IDs can be loaded from GPL3054 into
GSE6473 spreadsheet using either copy/paste function of excel or,
preferably, using the DataLoader AddIn.

3.6 Integrating the

Results of GCOS and

RMAExpress

Therese two programs different approaches to initial data proces-
sing, as illustrated in Fig. 7.

1. Use Excel to open two .txt result tables, the RMAExpress table
with log scale, and the GCOS results table. Merge the two files
by using copy and paste functions (alternatively, use the Data-
Loader function of the add-ins suite of programs, http://www.
add-ins.com, which we find to be inexpensive and very useful).
Make sure the order of the genes of GCOS, RMA, and annotation
table are the same before you copy and paste! This is easily accom-
plished by sorting the two files by their Affymetrix Ids in the first
column. Also copy and paste part of the functional annotation
table, e.g. HG-U133A_2_annot, into the above merged table,
including at least the columns of gene title, gene symbol, func-
tion, and Entrez Gene id. Now you have a table showing results
of GCOS, RMAExpress, and functional annotation together.
Make sure to save this original version of the data, youmay have
to return to it if you make a mistake later.

2. First, filter out all those genes that are not expressed in any of
your samples. Use the results of GCOS to select those genes
marked as “present” (P) at least once in all the experiments
analyzed. Select the first row of the table and from the menu
bar click on “Data” “Filter” and select “Autofilter.” Now each

76 Claudia Mimoso et al.

http://www.add-ins.com/
http://www.add-ins.com/
http://www.add-ins.com/


cell in the first row has a downward arrowhead. For ALL those
columns showing the results of Detection from GCOS (i.e.,
columns with P, A, or M), click the arrowheads, choose “cus-
tom,” then “does not equal to,” then type “p.” Delete all the
rows that remain. Now from the menu bar click on “Data”
“Filter” and select “Show All”. What remains are only those
genes that are present at least once. Sort the spreadsheet again
to remove the empty rows. Save as a new file with a new name,
e.g. “Present.” Since we have finished using GCOS data at this
time, you might want to delete the columns derived from the
GCOS file, while retaining the RMA data, to make the table
smaller and easier to manipulate. (Alternatively, you may want
to keep the “Signal Log Ratio” and “Change” columns, to
compare the GCOS and RMA results.)

M.M. can add higher variability to the data. 

P.M.   M.M.

I

I

GCOS RMA

I

RMA uses better normalization and background subtraction methods,
but it does not remove the unexpressed genes.

Fig. 7 Differences between the GCOS and RMA approaches. The mismatch, MM,
values can add to the data variability, top. RMAExpress uses perfect match
values only, and normalizes the expression values in quintiles, across all the
chips, bottom. For reference, see Fig. 1, right panels, which show perfect match
and mismatch hybridizations
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3. Next, select those genes that are regulated at least once in all
the samples compared. First, subtract the expression level of the
control/background chip from the level on the experimental
chip to obtain the fold change of expression in experimental
compared with the control samples. Insert a new blank column;
this will be the fold change column. Find the two columns of
RMA expression level (note the data are in log2 scale) for both
the experimental and the control in the table, say column B and
column C (Fig. 8). In the uppermost cell corresponding to the
first gene of the blank column, type “¼B2-C2”, then enter.
You get the difference between the values in B2 and C2 cells.
Since it’s in log 2 scale, “1” represents a twofold upregulation
and “�1” a twofold downregulation. You’ll notice there is a
small “+” on the right lower corner of that cell. Just hold the
mouse and drag all the way down to the last cell corresponding
to the last gene of that blank column. In the same way, you can
obtain the differences between any two pairs of chips you want
to compare. Save this spreadsheet.

4. You may use the same method as above to exclude those genes
not regulated even once. For example, if you set twofold as the
threshold of regulation, from the downward arrowheads of
those columns you just obtained, choose “custom,” then
choose “is less than” and type “1” in the right box, click
“and,” on the lower box, choose “is greater than,” type “�1”
in the right box. After you have done so for all the columns of
results of subtraction between the experiment and the control,
delete all the rows that remain in the table. This will delete all
rows where expression levels differences are less than twofold.
From the menu use “Data,””Filter,””Show All,” re-sort. Save
as a new file, which contains all the genes regulated at least
once. Sort this table by Gene Symbol, eliminate those redun-
dant, duplicated rows to make all genes with the same gene
symbol appear only once in this table. Save this file. Use this file
as a basic work-horse table to select those genes you want to
analyze with the following programs (Note 6).

Fig. 8 Spreadsheet of RMAExpress analysis results. The data are already log2 transformed; to get fold
regulation, the values are simply subtracted
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3.7 Cross-

Referencing and

Merging Different

Platforms for Meta-

analysis

One of the significant stumbling blocks in meta-analysis is the need
to merge data from different microarray platforms. The problem
stems from different number of genes on different platforms,
redundancies in probing genes and incongruity among different
ways to identify genes.

Studies using identical platforms are combined by sorting each
by the Probeset IDs and then using a copy and paste commands in
Excel. It is important when combining, within each study to group
the control and the treated samples (e.g., 12 + 12, Fig. 3), so that
they can be assigned correctly in the subsequent steps. Certain data
sets may use multiple target cell types; for each cell type it is
important to compare separately the treated vs. control samples,
which results in many individual pair-wise comparisons. Occasion-
ally, the same controls are present twice, when separately compared
to multiple treatments (e.g., in GSE17948).

To download a set of cross-referencing ID for various platforms
we use BioMart (http://www.biomart.org/biomart/martview/
39658a1f84f2d1822db6e184a5cc356e). At the “Choose Data-
base” menu we choose “ENSEMBL GENES 68 (SANGER
UK)”; at CHOOSE DATASET menu “Homo sapiens genes (the
current version).” In the “Filters” we chose “Limit to genes” with
our microarray, e.g., “with Affymetrix Microarray hg u133 plus
2 probeset IDs,” or leave it blank. In the “Attributes,” in
“GENE” we keep the twomarked ENSEMBL ID choices. Expand-
ing the “EXTERNAL,” we mark three external references, always
“HGNC symbol” and two more; we found “EntrezGene ID” and
“RefSeq mRNA” the most useful. In the field “Microarray probes/
probesets” we usually choose our microarray, to ensure that we are
retrieving the correct IDs, and another microarray, either Agilent or
Illumina, for cross-referencing. Note that this retrieval from Bio-
Mart can be done several times, with different choices. Clicking on
the “Count” near the top, left, gives the number of genes in the
selected data set, out of the total (i.e., the number of genes that
passed the filters out of the total number of genes in the database.
The resulting spreadsheet can be previewed by clicking on
“Results” in this frame. More useful is to choose TSV, the format
for the downloaded file. Viewing more than 10 records, say 100,
often presents data in some of the columns that originally appear
empty. Clicking “Go” with the green check mark starts the down-
load of the file in a .txt format. We do not find it necessary to ask for
alert by e-mail, but we give each download a different name to be
able to identify them later. Right-clicking on the downloaded files
allows them to be opened with Excel and then saved as
spreadsheets.

To combine disparate types of microarrays we use AddIns Data-
Loader (http://www.add-ins.com/). For example, we downloaded
the Affymetrix GPL570 data file, converted it to excel spreadsheet
and then, usingDataLoader and using as cross-referencing IDs both
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gene symbols (e.g., DDR1) and separately GeneBank accession
numbers (e.g., NM_005505), loaded the Illumina IDs from
GPL6884, GPL10558 and GPL5104. Next, we used DataLoader
to import the data columns from the Illumina subsets. This creates a
large spreadsheet of Illumina data, with 48,803 data rows. Finally,
we use AddIns to load the data from all Illumina experiments into
the large spreadsheet with the Affymetrix columns. Using equiva-
lent steps,mutatis mutandis, we combine the Affymetrix/Illumina
spreadsheet with the data from the studies using the Agilent plat-
forms. This creates a large spreadsheet of Illumina data with as many
columns as there are samples and 50,239 rows of gene features.
Within each study we took care to group the control and the treated
samples so that we can assign them correctly in the subsequent steps.

3.8 Dealing with

Empty Cells

and Negative Numbers

and Selecting Data

Subsets

Where the smaller Affymetrix, the Illumina and the Agilent arrays
did not have a value corresponding to the largest Affymetrix micro-
array IDs (i.e., into empty cells) we simply added 1. Specifically, we
used find/replace function of excel to replace all empty data cells
with “1,” thus allowing the program to include “empty” cells
where some of the platforms are missing some of the genes. Noting
that this should not affect the subsequent nonparametric step of
analysis, i.e., should not affect the relative ranks of the gene fea-
tures, we tested this notion with the Affymetrix arrays alone, large
plus small, with added 1 s or with just the 22,200 rows present in
all arrays and found that the added 1 s did not affect the outcome
(M.B. unpublished).

Certain experiments present suppressed values as negative
numbers (e.g., GSE38302); we converted these by adding the
same large value, 20, to each cell in the set. Note that these altera-
tions do not change the relative ranking of the cells, important for
the next step in analysis.

From the large spreadsheet it is easy to cull several subsets, e.g.,
including all studies that use the same treatment or target cell type.
For illustration purposes, in meta-analysis of EGFR inhibitors, we
selected the subset of studies using Affymetrix arrays and one
matching subset of 12 treated and 12 untreated samples from the
same study, GSE11729, the largest such congruent pairing (Fig. 3).
It is important to note, however, that the larger the overall number
of microarrays analyzed, the larger number of differentially regu-
lated genes will be detected (Fig. 9). This rule of thumb is mitigated
to a degree, because studies using the same or related microarray
platforms, e.g., the Affymetrix chips, tend to be more congruent.

Save the resulting files. Use this file as a basic work-horse
table to select those genes you want to analyze with the following
programs (Note 6).
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3.9 Selecting

Differentially

Expressed Genes for

Meta-analysis Using

RankProd

Because different platforms use different labeling techniques, data
acquisition, etc., meta-analysis must use a nonparametric approach
to comparing datasets. RankProd is such a nonparametric method
for identifying differentially expressed genes, both up- or down-
regulated, based on the estimated percentage of false predictions
(30). Themethod combines data sets fromdifferent studies inmeta-
analysis, which increases the number of identified differentially
regulated genes. To comply with the requirements of data structure
for RankProd, the next step in analysis, it is important to delete all
extraneous rows and columns, leaving only column A, containing
the Affymetrix feature IDs, and the top row containing the sample
IDs. Note: the top row must not have any spaces, periods, etc.,
which would be interpreted as additional column headings; we
found it simplest to number the columns consecutively. The final
combined spreadsheet is saved, in addition to in a spreadsheet
format, as a tab-delimited text file for use in RankProd (Note 6).

Here we present a simulated RankProd commands list for a
hypothetical analysis of three datasets with 12 + 12, 6 + 11 and
24 + 2 microarrays (treated + controls):

memory.size(max ¼ FALSE)1

memory.limit(size ¼ 24,000)
library (RankProd)
data (Your_txt_file)
n1 < - 12
n2 < - 12

Fig. 9 Graph plotting the results of RankProd analysis. Open bars show the number of genes differentially
expressed with a p-value better than 10�4

1 Increases you computer’s memory dedicated for this task.

Analysis and Meta-analysis of Transcriptional Profiling in Human Epidermis 81



n3 < - 6
n4 < - 11
n5 < - 24
n6 < - 2
cl < - rep(c(0,1,0,1,0,1), c(n1,n2,n3,n4,n5,n6))2

cl
rownames(Your_txt_file) ¼ Your_txt_file [,1]3

Your_txt_file ¼ Your_txt_file [,-1]
origin < - c(rep(1, 24), rep(2, 17), rep(3, 26))4

origin
RP.adv.out < - RPadvance(Your_txt_file, cl, ori-

gin, rand ¼ 100)5

plotRP(RP.adv.out, cutoff ¼ 0.01)6

topGene(RP.adv.out, cutoff ¼ 0.01)
write.table(topGene(RP.adv.out, num.gene ¼ 1,000),

row.names ¼ TRUE, col.names ¼ NA, file ¼ " Your_txt_
file.txt")7.

Important note: RankProd will not recognize the quotation
marks “and” from word; you must use the generic quotation
marks "(!)

The outputs of RankProd analysis do not have gene IDs; these
must be imported from the input txt file. Usually we select those
induced and suppressed genes that were differentially expressed
with a p-value of 10�4 or better. These lists are uploaded into
DAVID set of programs for further analysis (see the next section).

3.10 Annotation of

Gene Lists

The lists of IDs of regulated genes, obtained from GCOS/
RMAExpress or from RankProd analyses need to be annotated so
that biological meanings can be assigned to them. Importantly,
even when the lists of individual genes from different experimenters
do not overlap extensively, the overrepresented ontological cate-
gories do. For example, if a certain treatment induces proliferation
in multiple cell types, the differentially expressed cell cycle genes
may vary from cell type to cell type, and even from experiment to
experiment in the same cell type. However, the ontological cate-
gories “cell_cycle” and “cell_proliferation” will be statistically over-
represented in all gene lists.

1. For annotation we find the DAVID program (Database for
Annotation Visualization and Integrated Discovery) extremely

2 Indicates to the program that chips 1–12; 25–30 and 42–66 belong to class 1, while 13–24, 31–41, and 67–68
belong to class 2 (controls) and that there are six sets of replicate chips.
3Marks the leftmost column as containing the IDs of the genes.
4 Indicates to the program that there are three experiments with 24, 17, and 26 chips respecitvely.
5 Starts the program running (with 100 random permutations to derive p-values).
6 Plots a graph of regulated genes as shown in Fig. 9.
7 Exports the results of the analysis into a txt file with top 1,000 up- and downregulated genes
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useful and convenient (http://david.abcc.ncifcrf.gov) (31, 32).
Transcription factor binding sites can also be evaluated using
DAVID, in a separate analysis. We use lists of Affymetrix IDs of
regulated genes and upload them to DAVID (31). DAVID
provides “tables” containing functional and ontological details
of the genes in the uploaded list, “charts” containing ontolog-
ical categories, pathways, etc., overrepresented in the gene lists,
“clusters” of such ontological categories (which consolidates
redundancies and overlaps), transcription factors overrepre-
sented in the promoters of the genes, as well as sub-lists of
genes specific for each ontological category.

From the DAVID program URL, http://david.abcc.
ncifcrf.gov/, (Fig. 10), choose “Start Analysis” in the upper
bar. In the left blue box, choose “Upload” and under Enter
Gene List field Paste a list of the genes you want to analyze
from work-horse Excel file. This is done most conveniently by
sorting the spreadsheet by descending fold change values,
selecting the Ids from the first column for all values >1 (i.e.,
twofold upregulated) and pasting directly into the DAVID
field. Select Identifier: AFFYMETRIX_3PRIME_IVT_ID;
choose List Type: Gene List and click Submit List.

Fig. 10 Screenshot of the DAVID analysis portal. The list of regulated genes, as Affymetrix IDs, can simply be
pasted in the field A
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2. After a few seconds appears the “Gene List Manager” in the left
blue box. In “Select to limit annotations by one or more
species” choose “HOMO SAPIENS” if you want to analyze
only human genes (of course, not if you work with murine
samples). For “Background,” usually you don’t have to do
anything. Now you have “successfully submitted gene list,”
Step 1. To Analyze above gene list with one of DAVID tools,
choose “Functional Annotation Tool.” Now appears the
“Annotation Summary Results” screen.

3. Choosing “Functional Annotation Tool,” we include several
categories, such as disease associations, gene ontology cate-
gories, pathways, tissue expression, and cytoband and official
symbol. We download for each list of genes a “table” contain-
ing functional and ontological details of the regulated genes
(Fig. 11a), a “chart” containing ontological categories, path-
ways, etc., overrepresented in the gene lists (Fig. 11b), and a
“cluster” of such ontological categories, which identifies and
clusters redundancies and overlaps (Fig. 1c). This approach
allows us to identify specific functional commonalities in vari-
ous lists of genes, providing the meta-analysis results. We sepa-
rately identify the transcription factors with binding sites
overrepresented in the promoters of the genes (Fig. 11d);
including the transcription factors in the chart analysis tends
to overwhelm all other categories.

In the sets of DAVID categories we find the following most
useful (Fig. 10):

In “Disease” we select: GENETIC_ASSOCIATION_DB_
DISEASE and OMIM_DISEASE (see Fig. 10).

In “Functional_Categories”: none.

In “Gene Ontology”: GOTERM_BP_ALL, GOTERM_
CC_ALL and GOTERM_MF_ALL, and somewhat redun-
dant PANTHER_BP_ALL and PANTHER_MF_ALL.

In “General annotations”: CYTOBAND andGENE_SYMBOL.

In “Literature”: none.

In “Main Accessions”: ENTREZ_GENE_ID, and
ENSEMBL_GENE_ID.

In “Pathways”: BIOCARTA and KEGG_PATHWAY.

In “Protein Domains: PANTHER_FAMILY.

And in “Tissue Expression”: UP_TISSUE.

4. You should experiment with these, and see which ones are
useful to you, which are not. You may want more detailed
descriptions, or you may not be interested in chromosomal
location, etc. However, it is important to choose a consistent
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Fig. 11 Outputs from DAVID programs. (a) Table of genes in the submitted list. Note that redundant features
from the microarray, i.e., probe sets targeting the same gene, are consolidated. For each gene, the
Table compiles all data requested (see Fig. 10). (b) Chart of categories. Numbers of genes in each category
are given, as well as the p-values for the category being overrepresented in the submitted list of genes. (c)
Clusters of categories. Note that largely redundant categories are “clustered” in congruent sets. (d)
Transcription factors with sites overrepresented in the promoters of the genes in the list. These are identified
by the DAVID Chart program. The figure shows both the DAVID screen shots and the resulting data files as
imported into Excel
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Fig. 11 (continued)

86 Claudia Mimoso et al.



Fig. 11 (continued)
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Fig. 11 (continued)
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set of annotations and use the same set in future analyses, which
will make all the spreadsheets have a consistent, structure.

5. First choose “Functional Annotation Table.” Here come the
results. Choose “download file” near the right upper corner
and save it as text file. Click once (not twice) the file, use the
right button of mouse to choose “open with” and select
“Microsoft Office Excel”. In the Excel file, you get many
annotation columns; save this file as “Microsoft Office Excel
Worksheet” file type. This is a very important file because it
contains all the annotations and identifiers for all the genes.
Note, however, that it does not have the results of your micro-
arrays: the chip data are not in it. If you want, you can insert
them using the DataLoader function of the Add-ins (see
above).

6. Return to DAVID and click “Functional Annotation Chart.”
Here come the results. Choose “download file” near the right
upper corner and save it as text file. As described above, use the
right button of mouse to choose “open with” and select
“Microsoft Office Excel.” In the Excel file, the ontological
categories are sorted by their p-values. In general, the p-values
better than 10�5 are highly significant! This, however, strongly
depends on the number of genes in the list uploaded to
DAVID. These ontological categories are statistically overrep-
resented in the set of genes you submitted. Save this file as
“Microsoft Office Excel Worksheet” file type. Back in David,
you can click on “Term” to have it described, “RT” for related
terms and “Genes” to get the sub-list of those genes that
specifically belong to this ontological term. You can play with
the options; we sometimes find it useful to restrict the cate-
gories to those with four or more genes.

In analyses of regulated genes, one finds many redundant
or overly general ontological categories, which has to be parsed
in order to detect the specific and important ontological cate-
gories regulated in parallel. For example, we find often very
general categories, such as “biological process,” “metabolic
process” or “cell communication” and redundant categories
“nuclear lumen,” “intracellular organelle lumen,” “membrane-
enclosed lumen,” “organelle lumen” et sim. (Fig. 11b).

7. Return to DAVID and click “Functional Annotation Cluster.”
Here come the results. Choose “download file” near the right
upper corner and save it as text file. Click the file once, use the
right button of mouse to choose “open with” and select
“Microsoft Office Excel.” Save as “Microsoft Office Excel
Worksheet” file type. Back in DAVID, you can click on
“Term” to have it described, “RT” for related terms and the
horizontal bar to get the list of genes that belong to this cluster
of ontological terms. You can play with the options; we did not
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find this useful. The important value in this view is “Enrich-
ment Score.” While the significance cut-off depends on the
number of genes submitted, for 300–400 genes, scores >4
are very significant.

3.11 Comparing

Lists of Regulated

Genes: The

Lists2Networks

Algorithm

Lists2Networks is a web-based system that provides integrated
analysis of lists of mammalian genes or proteins. Lists2Networks
can analyze networks of protein–protein interactions, as well as
compare gene lists with several preexisting gene list libraries, such
as signaling, metabolic pathways, kinase-substrate, microRNA tar-
gets, and protein–protein interactions. The analyses can be applied
simultaneously to multiple gene lists. We find Lists2Networks to be
very user friendly and will “remember” your lists so that it can be
revisited many times with adding new data.

From DAVID Tables (see Fig. 11a), lists of official symbols of
regulated genes can be collected and submitted to the Lists2Net-
works analysis program http://amp.pharm.mssm.edu/lachmann/
upload/login.php (33). The program compares lists for mutual
overlaps within specific categories, e.g., ontological biological pro-
cesses, GenMAPP and KEGG pathways, KEA kinase targets, pre-
dicted promoter sites, and OMIM disease-associated genes,
returning statistical evaluation of the overlaps. This allows us to
identify specific functional commonalities in various lists of genes,
providing the meta-analysis results and insights. While we usually
analyze many different relevant categories, we find “Gene Ontol-
ogy Biological Process” to be the most informative, probably
because it is the best-annotated and most complete. The Lists2Net-
works analysis provides both a matrix of p-values for overlapping of
related gene lists (Fig. 12a), as well as spreadsheets of p-values of
individual biological processes, Bonferoni-corrected for multiple
comparisons (Fig. 12b). We also use the Lists2Networks program
for prediction of transcription factor binding sites in the promoters
of regulated genes. For example, we see E2F and NFY binding sites
overrepresented in the promoters of genes suppressed by Ephrin B2
in keratinocytes (Fig. 12c) (data from reference (34)). Lists2Net-
works can also be used to identify the kinases whose target proteins
are overrepresented in the products of regulated genes (33). Using
the KEA kinase targets analysis, we found the targets of MAPKs
overrepresented in the protein products of genes suppressed by
Ephrin B2 (Fig. 12d).

3.12 Clustering and

Comparison of Lists

There are several additional tools available for comparisons and
clustering of lists. Commonly, microarray studies include hierarchi-
cal trees of genes, self-organizing maps, and principal component
analyses.

1. The data set containing the expression patterns of the regulated
genes can also be clustered and visualized using Cluster and
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Tree View software available at http://rana.stanford.edu/soft
ware (35). First, the data are imported into the Cluster and
Tree View software in a tab-delimited format. A data set con-
taining the expression patterns of the regulated genes can be
clustered based on the similarity of gene expression and based
on the similarity between different samples (i.e., clustering
genes or clustering chips, respectively). The clusters are
observed using the TreeView program (35).

Fig. 12 Outputs from Lists2Networks programs. (a) Lists2Networks matrix. Comparison of the identical lists is
shown in black cells. The closely related upregulated and downregulated lists are marked in gray. All data are
from (34). (b) Bonferoni-corrected gene ontology values for biological functions. The data are sorted by the
minimum value in any of the columns. (c) Transcription factors with sites overrepresented in the promoters of
the genes in the lists. These are as identified by the Lists2Networks program. (d) KEA, Kinase substrate
proteins overrepresented in the submitted lists
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2. A large set of clustering programs is available from e.g., http://
www.tm4.org/; these are very easy to implement and apply.
They could be useful, in theory. However, in practice, we
generally did not find these very informative. They will cluster
genes into induced and suppressed, highly induced, early
induced or similar. Individual clusters can, then, be analyzed
using DAVID or L2L. In studies using many chips with many
patient samples, clustering of the samples (as opposed to genes)
can be extremely interesting, e.g., pointing out to a specific
subset of patients. We had no opportunity to use clustering
programs this way.

3. Simple Venn diagrams can also be very useful. They can be
obtained from site http://www.pangloss.com/seidel/
Protocols/venn.cgi. You upload three or four lists of genes,
Affymetrix or any other identifying symbol, and it will generate
the diagram as well as provide the lists of all intersect and
unique genes, as in Fig. 13.

3.13 Promoter

Analysis

We find the oPOSSUM set of programs for promoter analysis,
http://www.cisreg.ca/cgi-bin/oPOSSUM/opossum, very sophis-
ticated, comprehensive, convenient and easy to use (36, 37). For
“Human Single Site Analysis,” we prefer to use “Custom Analysis,”
button near top right, which allows better-tailored analyses
(Fig. 14a).

1. Choose species (human), gene ID type (usually we use Entrez
gene, or RefSeq provided by DAVID in the Table download;
oPOSSUM does not accept the Affymetrix IDs) and enter a list
of co-expressed genes; it is easiest to copy and paste gene IDs.
The submitted list will be compared to a list of 15,000 random
genes.

2. Select transcription factor binding site matrices; we usually
select by taxonomic supergroup, choosing “vertebrate.”

Fig. 13 Venn diagrams. The overlaps among three or four lists of genes can be
easily visualized
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3. Select parameters. You can calibrate the following parameters
to obtain the optimal statistical p-value. (a) Level of conserva-
tion: Top 10, 20 or 30 % of conserved regions; this depends on
the % homology between the human and murine promoter
sequences that will be analyzed. We use 30 %, the least
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Fig. 14 oPOSSUM analysis. (a) Screenshot of the oPOSSUM analysis result. Remember to click on the custom
analysis button, which will give you more options for analysis. (b) Results of an oPOSSUM analysis. The
binding sites for different transcription factors can aggregate close upstream from the transcription start site,
or be found at significant lengths, upstream or downstream. Data from (37). (c) Results of an oPOSSUM
analysis in a spreadsheet form. Additional information can be obtained by clicking on the blue values
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restrictive cut-off. (b) Matrix match threshold: 75, 80 or 85 %;
this is the % match between the “optimal” canonical transcrip-
tion factor binding site and the similar site in the promoter
DNA. We use 80 %, which gave us the best p-value for the
NFkB-dependent genes (see (38)). (c) Amount of upstream/
downstream sequence. We usually start with the promoter-
proximal sequences, e.g. 250/0 and repeat in 250–500 bp
increments (Fig. 14b). Once you have decided the parameters
to be used, you have to decide “Number of results to display,”
choose “OR only results with Z-score >¼10 and Fisher score
<¼0.001.” Finally, “sort results by Fisher score.” Then
submit.

4. The next screen will mirror the parameters you chose, on top,
which is followed by the lists of included and excluded genes.
The included ones are those for which human/murine
sequences were found and are among the, say, top 30 % of all
comparisons; the excluded genes did not make this cut.

5. Below this is the data file (Fig. 14c). The first three columns
give the transcription factors, their classes and their informa-
tion contents, “IC”; This last value is related to the size of the
binding site: small IC values, 8–10, are usually for short, 4–5 bp
binding sites, which occur very frequently in all sequences;
large IC values, >14, are for larger and rarer sites. “Target
gene hits” are different from “Target TFBS hits,” because

Fig. 11 (continued)
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some genes have multiple transcription factor binding sites,
TFBSs. The most important columns are the “Z-score” and
“Fisher score,” which are calculated from the target TFBS hits
and the target gene hits, respectively. Fisher score better than
10�5 is usually highly significant.

6. The analysis result can be downloaded as text file and then be
opened with Excel to edit.

3.14 Conclusion The methodology described here can be used for transcriptional
profiling of human skin cells in culture or in vivo. The methodology
allows analysis of Affymetrix and other commercial and proprietary
microarrays. Moreover, we describe a method for meta-analysis of
multiple datasets from public repositories, their identification,
downloading, fusion, and nonparametric identification of differen-
tially expressed genes. Themethodology can serve as a paradigm for
analysis and meta-analysis of a wide range of skinomics data and can
be applied to tissues other than skin.

4 Notes

1. The cells are expanded through three passages for the experi-
ments, trypsinized with 0.025 % trypsin, which was neutralized
with 0.5 mg/ml of trypsin inhibitor. We avoid using serum to
neutralize the trypsin because serum can promote certain
aspects of keratinocyte differentiation. For most of our experi-
ments, we use third-passage keratinocytes 1 day after reaching
confluence.

2. The reconstructed epidermis samples are available from the two
companies in many formats and sizes. They can be ordered with
or without antimicrobials. Furthermore, complex samples,
e.g., containing melanocytes, are available. If one wants to
follow the process of epidermal differentiation, immature,
undifferentiated versions of reconstituted epidermis are also
available. Samples from different epithelia, e.g., cornea, oral,
and vaginal, are available in addition to the epidermal ones.

3. The advantages of these samples include the relatively homog-
enous age group, 20–35 olds, sun-protected area and rather
large specimens.

4. Trizol gives good yields and effectively disrupts the epidermis,
but the purity of the RNA is inadequate for the subsequent
steps; the RNA isolation kit gives adequate purity, but ineffi-
ciently disrupts the tissue, which is why the two are used in
series.

5. All solutions contain RNAse inhibitors. Skin is particularly rich
in RNAses, necessitating their inhibition.
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6. It is important to save spreadsheets often to avoid losing data.
More to the point, different algorithms require different for-
mats of the data. Generally tab-delimited text files are used, but
the formats of columns and rows within these are usually
rigorously prescribed.
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Compound Screening and Transcriptional Profiling
in Human Primary Keratinocytes: A Brief Guideline

Raphaela Rid, Harald Hundsberger, and Kamil Önder

Abstract

Cultured human primary keratinocytes constitute suitable targets for in-depth evaluation of the proliferative
or differentiative potential of compounds. There is, however, a double-edged and intrinsically insepa-
rable transition from biological activity to cytotoxicity for any agent under investigation. For that reason,
we here first of all present an established protocol for the isolation, cultivation, and analysis of primary
foreskin-derived keratinocytes. Taking calcitriol as example, we then reveal how a straightforward photo-
metric cell culture assay can be exploited to assess overall cell viability in response to increasing compound
doses. With predetermined cellular cytotoxicity at hand, physiologically meaningful (sub-toxic) compound
concentrations for subsequent stimulation of cells can be readily selected, and, in doing so, differentially
expressed genes with biological significance can be reliably identified.

Keywords: Primary keratinocyte culturing, Compound screening, Cytotoxicity, Calcitriol

1 Introduction

Calcitriol (1α,25-dihydroxyvitamin D3), naturally acknowledged for
its role in maintaining Ca++ homeostasis crucial for maintaining bone
integrity, constitutes a keymodulator of numerous skin cell functions.
Calcitriol, as reviewed elsewhere (1–8), for instance affects epidermal
differentiation marker expression (4, 9–11), permeability barrier for-
mation (12), apoptotic susceptibility (13, 14), or innate immune
defense responsiveness (15, 16). Both importance and breadth of
this activity—especially its ascribed antiproliferative and prodifferen-
tiating characteristics—endow it with considerable therapeutic
potential, for instance in the management of hyperproliferative skin
diseases like psoriasis vulgaris. Hypercalcemia is, however, the most
severe restriction of long-term administration of the natural hor-
mone. Irrespective of whether a completely novel compound is
extracted as primary hit from a high-content screening library (17)
or a synthetic analogue with hopefully improved therapeutic proper-
ties is deduced from an already active molecule (18, 19), the early
monitoring or rather exclusion of a substance’s general cytotoxicity in
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both cases denotes an essential prerequisite in the drug development
and characterization pipeline. At this juncture, we here implement a
two-stage compound screening strategy (Fig. 1) that, by combining
methods, provides instant information on a test compound’s cyto-
toxicity onhumanprimary keratinocytes and sodirectly guides down-
stream analyses. Preliminary step is hereby the evaluation of overall
cell survival in the presence of increasing compound doses. In the
so-called MTT (3-[4,5-dimethylthiazol-2-yl]2,5-diphenyl tetrazo-
lium bromide) assay performed to this end, respective substrate is
taken up by treated cells and—depending on mitochondrial integ-
rity/activity as overall measure of cell viability—reduced to an imper-
meable and therefore intracellularly accumulating purple formazan
product (20, 21). Enforced lysis of cells, finally, causes a liberation of
the respective dye which can be quantified via regular colorimetric
procedures,making this technique a relatively simple, rapid, sensitive,
and inexpensive cell culture test. Nonlinear regression obtained from
dose–response curves finally permits to deduce EC50 values necessary

Fig. 1 Workflow of cytotoxicity evaluation and compound screening in keratinocytes. Given the seamless
transition from biological activity to cellular toxicity, it is important to assess cell survival in response to
compound stimulation. In doing so, physiologically relevant, sub-toxic concentrations for use in differential
gene expression profiling can be reliably selected
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to select—under applied experimental conditions—physiologically
relevant, nontoxic compound concentrations for uncovering, e.g.,
gene expression differences within respectively stimulated keratino-
cytes. Such a strategy appears especially useful when dealing with
novel compounds for which to date only limited information is
available.

One scenario where this strategy has recently been successfully
applied was in the unraveling of several novel calcitriol response
genes in human skin cells (22). From our initially performed MTT
assay (Fig. 2a), we could estimate that 74.83 % of seeded cells were
metabolically active (and hence proliferating) at a 50 nM calcitriol
concentration after a 72-h exposure, 62.91 % at the 200 nM calci-
triol dose, 48.86 % at 1 μM, and 29.212 % at 5 μM (half maximal
effective concentration EC50: 908.8 nM). In contrast, glucose
included as negative control did not show any significant effects.
These results seem plausible since calcitriol is known to inhibit cell
proliferation in concentration-dependent manner. Reasonable
calcitriol concentrations of 1 and 200 nM—values analogously
reported in other comparable studies—were subsequently applied
for definitive stimulation of primary keratinocytes.Whole-transcrip-
tome microarray examination from total RNA prepared thereof
identified 86 probe sets as differentially expressed (67 up- and 19
downregulated genes with fold changes of 1.8 or greater) under
200 nM/16-h calcitriol induction compared to reference condi-
tions (mock control). 55 explicit hits (48 up- and 7 downregulated)
selected from the 78 most promising candidates could be indepen-
dently confirmed and statistically assessed in a subsequent quan-
titative real-time (RTq) approach—with comparable tendencies
(albeit smaller fold changes) and directions (apart from one

Fig. 2 Identification of novel calcitriol response genes in primary keratinocytes according to our proposed
procedure. (a) Dose–response curve (MTT assay) showing the effect of increasing calcitriol concentrations in
cells after 72-h induction. Data denote % of cell viability. (b) Short graphical overview of our recently published
novel calcitriol response genes (22)
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exception) to the 1 nM/8-h condition. Resultant hit list of calcitriol
response genes within human primary foreskin-derived keratino-
cytes includes 33 candidates which have previously been related to
calcitriol in diverse (tumor-derived) cell lines, 9 (16.36 %) genes
(NET1, G0S2, IL1RL1, CD14, KLK6, KLK13, SERPINB1,
SEMA3B, DUSP10) previously known as calcitriol-regulated
genes in human primary keratinocytes, and 13 nominees (BNC2,
CALB2, IGFL3, CYP4F3, FETUB, DHRS9, HCAR3, KRT19,
OLFML3, TMEM91, CRABP2, CYP4B1, TMEM63C) which
have not previously been identified as being regulated by calcitriol
(Fig. 2b) (22). Although some apparent restrictions of the present
study have to be taken into account, namely, its absolute in vitro
nature and its probably limited representativeness of biological data,
it nevertheless underscores the usefulness of our experimental pri-
mary keratinocyte screening pipeline.

2 Materials

Most commonly applied chemicals and reagents are, unless other-
wise stated, supplied by Sigma-Aldrich Inc. (Taufkirchen,Germany),
life technologiesTM (Grand Island, NY, USA), BioRad Laboratories
(Hercules, CA, USA), or TPP (Trasadingen, Switzerland). The
composition of buffer A (adjust pH to 7.4 with NaOH) is 30 mM
HEPES, 10 mM glucose, 3 mM KCl, 130 mM NaCl, 1 mM
Na2HPO4, and 1x phenol red. Defined SFM medium (GIBCO®

brand, life technologiesTM) is a ready-to-use serum-free formulation
containing L-glutamine, EGF (5 μg/l), bovine pituitary extract
(50 mg/l), as well as 0.09 mM CaCl2. Calcitriol (1α,25-dihydrox-
yvitamin D3) is dissolved in 100 % ethanol and stored at �20 �C.

3 Methods

3.1 Cultivation

of Human Primary

Keratinocytes

1. Uninflamed, sunlight-protected foreskin tissue obtained from
healthy individuals in the course of routine surgery is incubated
for 2 min in 100 % ethanol to eradicate any bacterial contami-
nation. It is then excessively rinsed with CaCl2-free Dulbecco’s
phosphate-buffered saline (PBS), transferred to an uncoated
petri dish of 100 mm in diameter, dissected therein (consis-
tently kept moist with some PBS) into small stripes of 3–4 mm
width (basically preserving the horizontal orientation) using a
pair of forceps and a scalpel, and finally aseptically submerged in
5–6 ml of Dispase solution (2.24 units, GIBCO® brand)
diluted 1:1 in buffer A at 4 �C for 12–16 h (overnight) (22).
This step disaggregates the whitish, semitransparent foreskin
epidermis from the underlying dermis (see Note 1).

102 Raphaela Rid et al.



2. Next day, primary keratinocytes are harvested from the slowly
peeled off epidermis via incubation for 15 min—interrupted by
repeated shaking (every 2–3 min) to assist in cell dissociation—
in 2 ml of trypsin–EDTA diluted 1:10 in buffer A at 37 �C
(7, 23).

3. Resultant turbid cell suspension is neutralized with an identical
volume (2 ml) of 10 % fetal bovine serum (FBS) and centri-
fuged for 5 min at 200 � g at room temperature. The cell
pellet is resuspended in 5 ml defined serum-free, low-calcium,
keratinocyte-specific SFMmedium and lastly filtered through a
40 μm cell strainer (BD Biosciences, Heidelberg, Germany)
into a new Falcon tube. Residual undigested tissue fragments
are in doing so entirely removed.

4. Cells in suspension are seeded in uncoated 75 cm2 flasks
pre-filled with 12 ml pre-warmed SFM medium (see Note 2)
and incubated at 37 �C under a standard 5 % CO2 atmosphere.
Spent medium should optimally be replaced every 2–3 days.
For compound screening purpose, cells are cultivated until
passage 3 (duration approximately 3 weeks) (24).

3.2 Primary

Keratinocyte Splitting,

Passaging,

and Eventual

Cryopreservation

1. Keratinocytes with their typical morphology get decidedly
proliferative within about 7 days after seeding single cells.
Once a confluence of 70–85 % is reached, the SFM medium is
aspirated and cells are carefully rinsed with CaCl2-free PBS
(10 ml per 75 cm2 flask).

2. Subsequent trypsinization is performed according to standard
procedures. To this end, 2.5–5 ml of trypsin–EDTA diluted
1:10 in buffer A is pipetted directly onto the washed cells
and the flask returned to the 37 �C incubator. A check under
the light microscope shows that the keratinocytes round up and
start to detach—assisted by occasionally tapping the flask—
from the bottom surface within 5–10 min.

3. Keratinocytes are instantly neutralized by addition of an identi-
cal volume (2.5–5 ml) of 10 % FCS diluted in buffer A and the
culture vessel rinsed 2–3 more times to remove as much cells as
possible. Resultant suspension is transferred to a sterile 15 ml
tube, centrifuged at 200 � g for 5 min at room temperature,
the supernatant completely aspirated, and the cell pellet resus-
pended in 5 ml SFM medium. At this stage, one can either
freeze-down cells in 10 % DMSO in liquid nitrogen for long-
term storage or alternatively continue with subsequent pas-
sages (with a splitting ratio of 1:4–1:8).
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3.3 Viability Profiling

of Compound-Treated

Keratinocytes for

Cytotoxicity

Assessment: MTT

Assay

1. Operatively, 100 μl of primary keratinocyte suspension in
defined serum-free SFM medium is seeded at a density of
2 � 104 cells per well in sterile black (clear-bottomed) polysty-
reneCorning®CellBind® 96-wellmicrotiter plates (seeNote 3).
Cell number is calculated from trypsinized samples in a
classical Neubauer improved hemocytometer.

2. After a 24-h recovery period, the medium is removed by
aspiration and immediately replaced by 100 μl of SFM supple-
mented in advance with increasing concentrations of the
desired compound under study. Each experiment must also
include a vehicle reference plus further internal positive as
well as negative controls (see Note 4). In the case of calcitriol,
a 240 μM stock solution in 100 % ethanol is for instance
prepared; diluted to 0 nM (100 % ethanol only), 50 nM,
100 nM, 200 nM, 500 nM, 1 μM, 5 μM, and 10 μM in culture
medium; and administered for 24–72 h. Cells are examined for
any apparent morphological abnormalities of the maximal
compound dose compared to the unstimulated status under a
light microscope.

3. Next, 10 μl of yellowish MTT solution (prepared as 5 mg/ml
stock in PBS, filter-sterilized, aliquoted, and stored at �20 �C)
is directly added to the culture medium with a repetitive dis-
pensing pipette. Plates are incubated for further 2 h at 37 �C.

4. Lastly, the medium–MTTmixture is entirely removed, replaced
by 100 μl 100 % dimethyl sulfoxide (DMSO), and placed for
10 min on a microtiter plate minishaker to readily dissolve the
formazan crystals through constant agitation. Absorbance is
read at 570 nm on a compatible multimode reader (Promega
Corporation, Madison, WI, USA). Output values are expressed
as percent cell viability compared to vehicle control and EC50

values calculated from resultant dose–response curves via non-
linear regression (Graphpad Prism Software Inc., La Jolla, CA,
USA). Data are used to determine “safe” doses for subsequent
compound screening (see Note 5).

3.4 Stimulation

of Proliferating

Keratinocytes with

Decidedly Sub-toxic

Compound Doses

1. Proliferating keratinocytes are seeded in 25 cm2 flasks (three
culture vessels per treatment condition yield three parallel
technical replicates) and the next day stimulated with the com-
pound concentration chosen from the MTT assay for 24–48 h.
Mock controls (for instance ethanol vehicle in the case of
calcitriol studies) are analogously handled (see Note 6).

3.5 RNA Isolation

from Compound-

Treated Primary

Keratinocytes

1. Total RNA is extracted from confluent cells with a standard
RNA preparation kit (for instance RNeasy Mini Kit, Qiagen
GmbH, Hilden, Germany) according to the manufacturer’s
instructions, resuspended in nuclease-free water, and
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quantified spectrophotometrically (Ultraspec 2000, Amersham
Pharmacia, Uppsala, Sweden) at 260 nm (25).

2. Total RNA samples (see Note 7) can be stored for long term
at �80 �C for subsequent use in microarray experiments or
RTq-PCR assays.

3.6 Whole-

Transcriptome

Microarray

Assessment

1. Biological and/or technical triplicate aliquots of total RNA per
treatment condition are forwarded to a commercial supplier for
use in probing a high-precision, whole-transcript microarray
(Affymetrix, Santa Clara, CA, USA). The entire experimental
pipeline from sense target labeling to hybridization, washing,
array scanning, and final raw data capture is hereby performed
as part of a comprehensive solution leaning on standard proto-
cols, reagents, and instrumentation.

2. Returned raw data are inspected for quality, background-
adjusted, quantile-normalized, and statistically analyzed. To
this purpose, normalized log2 intensity values are rank-ordered;
fold changes in gene expression calculated; p-values—a statisti-
cal measure of consistency between paired groups—determined
using Student’s t-test; and differentially expressed genes func-
tionally clustered into biological categories. For this latter
purpose, the freely available bioinformatics resource DAVID
version 6.7 can, e.g., be applied to thoroughly annotate candi-
dates according to their involvement in diverse cellular pro-
cesses, pathways, or components by controlled vocabulary GO
(gene ontology) assignment (26, 27).

3.7 Confirmatory

Quantitative

Real-Time PCR

1. RTq-PCR analysis permits identification of induction or
repression of differentially regulated genes as relative fold
changes in transcript levels. To this end, RefSeq accession IDs
of candidate genes are subjected to Batch Entrez (http://www.
ncbi.nlm.nih.gov/sites/batchentrez) for exposing mRNA
sequences. These are forwarded to the WIBR UTR extractor
(http://jura.wi.mit.edu/bioc/tools/utrs) that excerpts coding
regions and pasted into the Primer 3 program (http://frodo.
wi.mit.edu/primer) to automatically design oligonucleotides
(see Note 8).

2. Meanwhile, total human RNA preparations obtained from pri-
mary keratinocytes are digested with DNase I (Deoxyribonu-
clease kit, Sigma-Aldrich, Taufkirchen, Germany) at room
temperature for 20 min. 1.5 μg pure RNA is reverse transcribed
into cDNA utilizing an iScriptTM cDNA synthesis kit (BioRad
Laboratories, Hercules, CA, USA) according to the supplier’s
instructions.

3. Resultant cDNA serves as template for subsequent RTq-PCR
in plate (array) format using a GoTaq® qPCR Master Mix
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(Promega Corporation, Madison, WI, USA) and a CFX96TM

apparatus (BioRad). All reactions are carried out in a final
volume of 25 μl.

4. Each run profiles the expression of differentially expressed
genes in relation to seven unregulated housekeeping transcripts
(B2M, HPRT1, RPL13A, GAPDH, ACTB, ANXA1, TUBB).
These internal references are important for data normalization,
determination of experimental variance, and optimal fold
change cutoff estimation (28–30). Also, two built-in intron-
specific probes for KRT14 intron 1 and BEST1 intron 2 are
used for assessing any contamination with genomic DNA.

5. Product quality is checked by post-PCR melting curve analysis.
Fold inductions are calculated according to a mathematical
model described by Pfaffl et al. (31) using the formula
2-(ΔΔCt) (where ΔΔCt is ΔCtcalcitriol minus ΔCtethanol, ΔCt
designates Ctsample minus Cthousekeeping-pool, and Ct denotes
the cycle at which the threshold is crossed).

4 Notes

1. Foreskin samples should, according to our experience, be
processed fairly promptly owing to a steady time-dependent
reduction of yield and recovery (i.e., poor attachment of cells).

2. Contrary to classical feeder-dependent methodologies as
formerly established by Rheinwald and Green (32), we here
rather follow a more recent policy (33) using an optimized
defined, serum-free formulation to which we principally add
neither antibiotics nor antimycotics. Culturing primary kerati-
nocytes herein has the benefit of rapidly removing possibly
contaminating cells such as fibroblasts as they do not readily
proliferate under respective growth conditions. Importantly,
the medium contains only a low (sub-physiological, 0.09 mM)
CaCl2 concentration in order to prevent keratinocyte differen-
tiation. Nevertheless, primary keratinocytes cultivated under
described conditions appear more susceptible to (extreme) fluc-
tuations of temperature, pH, and mechanical forces and only
undergo a restricted number of passages.

3. Listed cell numbers per well, recovery periods, and induction/
equilibration times that altogether may affect metabolic activity
and hence tetrazolium dye reduction are the result of our in-
house performed optimization procedure for primary kerati-
nocytes, immortalized HaCaT keratinocytes, as well as HepRG
hepatocytes (M. Reitsamer, personal communication). Experi-
ments are always performed in technical triplicates each to
account for experimental variance. Applying seven different
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compound concentrations plus a mock (solvent) control per
substance, four different molecules can hence be straightfor-
wardly analyzed per single 96-well microtiter plate.

4. As internal assay controls, we as per definition apply a glucose
concentration gradient with apparently no effect on cell viabil-
ity as well as a Triclosan (prepared as 860 mM stock) and
Carbaryl (580 mM stock; both dissolved in DMSO) dilution
series—two decidedly cytotoxic agents selected from literature
with reproducible EC50 values in the middle μM range. Since
excessive DMSO per se has detrimental effects on cell viability,
we recommend to prepare 100� concentrated stock solutions
per individual dose (meaning that transfer of 1 μl thereof to the
100 μl culture volume results in the desired compound con-
centration). Regarding the concentration range of completely
novel compounds under study, we usually apply a two-step
strategy, analyzing first of all a relatively wide-ranging concen-
tration interval and then refining the definite area of interest.

5. A more precise yet fairly laborious, cost-intensive strategy to in-
depth assess cytotoxicity of a compound on molecular level
would be to subject cDNA prepared from compound-treated
keratinocytes to RTq arrays focusing on different pathways
activated in response to toxic drugs. Our primer panel in-
house assembled from a literature selection contains gene
families involved in apoptosis, necrosis, DNA damage, oxida-
tive stress response, metabolism, etc. Respective setups have
not been explicitly applied to calcitriol but for instance used to
study potential gene expression differences of therapeutic
antibody-treated keratinocytes (in MTT predetermined con-
centrations) that might eventually be responsible for some of
the known adverse side effects.

6. A general rule states to seed cells at 50 % density and start
induction when 80 % have been reached. In our experience,
this strategy does not always yield reproducible results
(M. Reitsamer, personal communication). We therefore rather
seed exactly 600,000 cells per small (25 cm2) flask as deter-
mined in a Neubauer improved hemocytometer. This guaran-
tees that primary keratinocytes are still in exponential phase at
the end of stimulation.

7. RNA preparations are appraised as being suitable for down-
stream assays only if samples are of sufficient yield (typically
in the 100–300 ng/μl range), exhibit integer bands
corresponding to the 18S and 28S ribosomal RNA subunits as
determined by agarose gel electrophoresis in formaldehyde-
supplemented 1� MOPS running buffer, and simultaneously
display no spurious peaks or RNA degradation artifacts on aUV
absorption spectrum.
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8. This bioinformatics-assisted primer design workflow prevents
having to meticulously search coding sequence of assumed
targets on a manual one-by-one basis and thereby speeds up
downstream research. Also, this fully automated device guar-
antees high success rate because primers with similar properties
(uniform GC content/melting temperature, optimal length,
comparable amplicon size) are depicted. By the way, we
purchase forward and reverse primer stocks (100 pmol/μl) in
96-well format from life technologiesTM, Karlsruhe, Germany.
This arrangement offers the advantage that primer mixes can be
easily transferred with either plastic pin replicators or a manual
pipetting device. Any pipetting errors are hereby minimized.
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Preparation of Primary Cultures of Mouse Epidermal
Keratinocytes and the Measurement of Phospholipase
D Activity

Lakiea J. Bailey, Vivek Choudhary, Purnima Merai, and Wendy B. Bollag

Abstract

In this chapter information is provided about the outer layer of the skin, the epidermis, and the predominant
cells comprising this epithelium, the keratinocytes. The evidence supporting a possible role for the lipid-
metabolizing enzyme phospholipase D in regulating keratinocyte differentiation is also discussed. A detailed
protocol for the preparation of primary cultures of epidermal keratinocytes from neonatal mice is described,
to allow other investigators to obtain data concerning these important cells involved in forming and
maintaining the mechanical and water permeability of the skin. Finally, a complete protocol for monitoring
phospholipase D activity in intact cells is supplied in the hope that additional research will result in a better
understanding of the role of phospholipase D in controlling keratinocyte proliferation and differentiation.

Keywords: Epidermis, Keratinocytes,Mouse, Phosphatidic acid, Phosphatidylalcohol, PhospholipaseD,
Skin

1 Introduction

1.1 The Epidermis The body’s largest organ, and arguably one of the most important,
is the skin. It functions as the foremost barrier against ultraviolet
radiation, trauma, and infection and is essential for existence (1).
Skin is composed of the epidermal, dermal, and subcutaneous
layers. The innermost layer, the subcutis (or subcutaneous fat
layer), upon which the epidermis and dermis rest, is composed
primarily of adipose and connective tissue. The middle layer, the
dermis, is a complex structure comprised of the papillary dermis
and the reticular dermis, the primary function of which is to sup-
port and maintain the epidermis (1). The epidermis, a stratified
squamous epithelium consisting primarily of keratinocytes, holds
the distinction of performing the most important function of
skin—providing the essential physical and water permeability
barrier. This barrier is established and maintained by a careful
balance between keratinocyte proliferation and differentiation (2),
resulting in a multilayered structure composed of the stratum
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germinativum or basale (basal layer), stratum spinosum (spinous
layer), stratum granulosum (granular layer), and stratum corneum
(cornified layer).

The deepest layer of the epidermis is the basal layer adjacent to
the basement membrane and is composed primarily of epidermal
keratinocytes. This single layer of cells possesses the ability to prolif-
erate and continuously replenish the keratinocytes of the epidermis.
The early stages of keratinocyte differentiation occur in the layer
immediately above this, the spinous layer. The cells in this layer no
longer proliferate, exhibiting growth arrest and early markers of
differentiation; as the cells migrate up through this layer, they
continue to differentiate outward through the granular layer of
late stage differentiation and terminating in the outer cornified
layer of the epidermis. Keratinocytes within this outermost cornified
layer have terminally differentiated and enucleated (3). This dis-
tinctly defined multilayered skin is present at birth and is in a
constant state of dynamic flux as the keratinocytes proliferate and
differentiate outward from the basement membrane to the most
superficial layer of squames (Fig. 1). Several human skin diseases,
including psoriasis, a common hyperproliferative disorder of the
epidermis, and the non-melanoma skin cancers (basal and squamous

Fig. 1 The epidermis. Shown is a schematic of the epidermis, with the deepest
basal layer dividing continuously, as illustrated in the serial panels, to replace
cells lost to the environment. One daughter cell remains in the basal layer to
continue proliferating while the other moves up into the spinous layer and begins
the differentiation process. Differentiation continues in the granular layer, where
keratinocytes undergo a programmed cell death to form the cornified layer, from
which the cells are eventually sloughed to the surroundings
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cell carcinoma), are characterized by excessive growth and aberrant
differentiation of epidermal keratinocytes resulting from dysregula-
tion of this carefully controlled pathway (4). The National Psoriasis
Foundation and the American Academy ofDermatology report that
approximately 7.5 million Americans and as much as 3 % of the total
world population live with psoriasis (5, 6). The American Academy
of Dermatology also lists basal and squamous cell carcinomas as the
two most common cancers in the world with more than 2 million
new diagnoses each year in theUnited States alone (5). The ultimate
goal to decrease human suffering must be first prefaced by a better
understanding of the molecular processes regulating keratinocyte
proliferation and differentiation under physiological and pathologi-
cal conditions.

Model systems used for the study of epidermal keratinocytes
include, among others, various keratinocyte cell lines, normal
human keratinocytes and primary cultures of mouse keratinocytes,
as well as three-dimensional culture systems utilizing these cells.
Our laboratory has used the primary mouse keratinocyte culture
system extensively, accumulating a wealth of data to document and
characterize its value. This system offers some advantages over cell
lines or human keratinocyte cultures, including high proliferative
potential (7), differentiative capacity versus cell lines (which often
do not differentiate entirely normally (8–10)), enhanced sensitivity
to differentiating agents versus human cultures (11–13), and most
importantly, the extension to studies of keratinocytes from trans-
genic animals and/or in vivo experimentation on an appropriate
mouse model (14–18). Nevertheless, we routinely confirm impor-
tant results in normal human keratinocytes and/or reconstituted
human epidermis (e.g., (19, 20)), to verify the translational value of
our results. Below we describe the protocol for isolating keratino-
cytes from neonatal mouse skin or the tail skin of adult mice.

1.2 Phospholipase

D1 and Phospholipase

D2 in Keratinocyte

Differentiation

1.2.1 Phospholipase D

Although the precise mechanisms regulating the induction and
regulation of keratinocyte differentiation remain unknown, our
laboratory has proposed the idea that phospholipase D isoforms
may play an important role in this process. PLD belongs to a
superfamily of phospholipases defined by the amino acid motif
HXK(X)4D. This lipolytic enzyme catalyzes the hydrolysis of phos-
pholipids, in particular phosphatidylcholine, to generate lipid
molecules that are reported to be involved in keratinocyte signaling
(reviewed in (21, 22)). In the presence of water, PLD hydrolyzes
phosphatidylcholine to phosphatidic acid (PA) and choline. Lipid
phosphate phosphatases, located on the outer surface of the plasma
membrane or the luminal surface of internal membranes (23),
dephosphorylate PA to yield diacylglycerol (DAG) (24). Thus,
the enzymatic action of PLD provides a second mechanism, in
addition to phospholipase C, to generate DAG, which can then
induce the activation of protein kinase C isoforms involved in
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epidermal keratinocyte function (reviewed in (21, 25)). In several
systems PLD underlies a portion of sustained DAG production,
although DAG generated in this way may differ from phospholi-
pase C-derived DAG due to its different origin (phosphatidylcho-
line rather than phosphatidylinositol 4,5-bisphosphate or PIP2)
(26), and these separate mechanisms for DAG generation may, in
fact, result in activation of different protein kinase C isoforms
(reviewed in (21, 25)). In the presence of a primary alcohol PLD
also functions to catalyze a transphosphatidylation reaction to gen-
erate phosphatidylalcohols. Our laboratory has demonstrated an
ability of PLD (in particular PLD2; see below) to use the physio-
logical alcohol glycerol to generate phosphatidylglycerol in vitro
(27) and has proposed a potential signaling pathway involving
PLD2, the water and glycerol channel aquaporin-3, and the lipid
messenger phosphatidylglycerol (reviewed in (28)).

To date, two mammalian isoforms of PLD have been identified
(PLD1 and PLD2), both of which require phosphatidylcholine as a
substrate and PIP2 as a cofactor. These isoforms share about 50 %
amino acid similarity, with the main structural differences occurring
at the N- and C-termini, leading to differential expression and
activation (29). PLD1 associates primarily with intercellular mem-
branes and is thought to play a role in secretory pathways (30–32).
PLD2, on the other hand, localizes at the plasma membrane and is
involved with cytoskeletal rearrangements and membrane ruffling
(30–32). These isoforms also show somewhat different mechan-
isms of activation, with PLD1 activated by the small GTPases,
RhoA and ADP-ribosylating factor (ARF), and protein kinase C,
whereas PLD2 shows constitutive activity, at least under in vitro
conditions (reviewed in (33, 34)). However, in intact cells PLD2
appears to also be regulated by ARF and protein kinase C (35–39)
as well as other interacting proteins (reviewed in (40, 41)).

1.2.2 Phospholipase D

in Keratinocytes

Both PLD1 and PLD2 are expressed in keratinocytes (42, 43), and
a correlation has been uncovered between sustained PLD activation
and the induction of keratinocyte differentiation (44). PLD1 is
highly conserved across species (92 % identity, 97 % similarity)
and is upregulated in response to 1,25-dihydroxyvitamin D3 (42).
This enhanced PLD1 expression was found to precede the
1,25-dihydroxyvitamin D3-mediated increase in transglutaminase
activity, but not the inhibition of DNA synthesis or induction of the
expression of keratin 1 (a marker of early differentiation), suggest-
ing a role for PLD1 in late keratinocyte differentiation (42). Subse-
quently, the PLD1 promoter was found to possess a vitamin
D response element mediating its expression in response to
1,25-dihydroxyvitamin D3 in the HaCaT human keratinocyte
cell line (45). PLD2 has also been linked to keratinocyte differenti-
ation. Bollag and colleagues found that PLD is activated to gener-
ate phosphatidylglycerol in response to elevated calcium
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concentration-induced stimulation of keratinocyte differentiation
(27). This process may be facilitated by the colocalization in mem-
brane microdomains of PLD2 and the water/glycerol channel,
aquaporin-3 (27), which is thought to deliver glycerol to PLD2
for use in the transphosphatidylation reaction to generate phospha-
tidylglycerol (reviewed in (28)). Subsequent studies have shown
that manipulation of this PLD2/aquaporin-3 signaling module
promotes keratinocyte differentiation (46). Because of the likely
role of PLD isoforms in regulating keratinocyte differentiation, it is
important to be able to measure the activity of this enzyme in
keratinocytes, and we describe appropriate protocols below.

2 Materials

2.1 Materials

for Mouse

Keratinocyte

Preparation

Laminar-flow hood or biosafety cabinet to maintain sterility of
procedure

Tissue culture incubator (37 �C with 5 % CO2)

Refrigerator and freezer

Centrifuge

100 mL beakers (2)

Dissecting scissors

Dissecting forceps (2)

Hemocytometer and cover glass

100 mm untreated plastic Petri dishes (e.g., Fisherbrand catalog
#0875713)

Ethanol (100 %) diluted to 70 % with distilled water, at 4 �C

Sterile tissue culture disposable plasticware including 15 and 50mL
conical tubes, 10 mL pipets, filters (0.2 μm), microfuge tubes,
storage bottles, tissue culture-treated 6-well plates (e.g., Fisher
Scientific catalog 07-200-83) or dishes, etc.

Hank’s buffered saline solution (e.g., Fisher Scientific catalog
#MT21021CV)

Penicillin-streptomycin-antimycotic solution (e.g., Gibco catalog
#15240)

Trypsin (10� or 2.5 %) (e.g., Gibco catalog #15090-046)

RPMI-1640 containing glutamine and HEPES (e.g., Fisher
Scientific catalog #22400-105)

Fetal bovine serum

Calcium-free MEMα (Biologos, Inc. catalog #L1028J3)

Glutamine (100�, Gibco catalog #35050)

Dialyzed fetal bovine serum (Atlanta Biologicals catalog # S12650)
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Insulin-transferrin-seleniumwith linoleic acid (ITS+; BDBiosciences
catalog #354352)

Epidermal growth factor (EGF; Invitrogen catalog #53003-018;
solubilized in deionized water at a concentration of 50 μg/mL
EGF)

CaCl2 solution (1 M in tissue culture-quality water; filter sterilized)

Bovine serum albumin (BSA; e.g., Gemini Bio-Products catalog
#700-108P; solubilized in MEMα containing 1 % PSA) and
bovine pituitary extract (BPE; Invitrogen catalog #13028-014)
OR serum-free medium (Invitrogen catalog #3701022; the
supplements supplied, EGF and BPE, as well as 1 % PSA and
50 μM CaCl2, should be added as per the manufacturer’s
instructions)

2.2 Materials

for Phospholipase

D Activity Assay

Chemical fume hood

Laminar-flow hood or biosafety cabinet

Oven (110 �C for heat activation of thin-layer chromatography
plates)

Film developer

[3H]Oleic acid (Perkin Elmer catalog #NET289001MC) or [14C]
glycerol (Perkin Elmer catalog #NEC441X050UC)

Ethanol (100 %) or 1-butanol

SDS

EDTA

Chloroform

Methanol

Glacial acetic acid

Ethyl acetate

Isooctane

Borosilicate glass test tubes (16 � 100 mm)

Pasteur pipets and bulbs

Parafilm

Glass pipets (25 mL) and graduated cylinders

Nitrogen manifold for evaporation of organic solvents (e.g., the
Evap-O-Rac system, catalog #RZ-01610-35, from Cole Par-
mer or the evaporation manifold, catalog #VP176, from V&P
Scientific)

20 � 20 cm aluminum-backed, silica gel 60-coated TLC plates
with concentrating zone (Merck Millipore, catalog #105582)

Thin-layer chromatographic tanks (2, for example from Kimble
Chase Kontes, catalog # 416180-0000)
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Kimble microcapillary pipettes (e.g., 10 μL, Fisher Scientific, cata-
log #13-678-18A)

Phosphatidic acid (e.g., Avanti Polar Lipids catalog #840101)

Phosphatidylethanol (e.g., Avanti Polar Lipids catalog #840513) or
phosphatidylbutanol (e.g., Avanti Polar Lipids catalog
#860203C) or phosphatidylglycerol (e.g, Avanti Polar Lipids
catalog #841138)

Iodine crystals (e.g., Sigma catalog #207772)

En3Hance spray (Perkin Elmer catalog # 6NE970C)

Kodak X-OMAT AR X-ray film (VWR catalog #IB1651496)

Film developer

3 Methods

3.1 Primary Mouse

Keratinocyte

Preparation

We have used the following protocol to prepare primary cultures of
mouse keratinocytes from both wild-type outbred neonatal mice
and transgenic newborn animals. (Please note that all steps should
be performed in a tissue culture hood using aseptic technique.)

3.1.1 Day 1 of the

Protocol

1. One- to three-day-old neonatal mice are placed in a 100 mm
untreated Petri dish, with a maximum of five per dish, on ice for
5–15 min to precool the skin (in order to maintain keratinocyte
viability). At this age the poorly insulated hairless pups are
quickly rendered hypothermic and enter a state of torpor. The
neonatal mice are then quickly euthanized by decapitation with
a sharp dissecting scissors; however, see Note 1. Also note that
data indicate that newborn mice subjected to brief periods of
hypothermia exhibit no apparent cognitive impairment in
adulthood (47).

2. The decapitated pups are washed with cold 70 % ethanol to kill
microorganisms and the Petri dish containing the pups
returned to the ice.

3. Two 100 mL beakers are half-filled with 70 % ethanol for skin
harvest: one is for sterilizing the forceps and scissors and the
other is for rinsing the skin prior to placing the tissue in the
trypsin solution (see below).

4. Trypsin (2.5 % or 10�) is diluted in Hank’s buffered saline
solution (HBSS) [1 mL of 10� trypsin per 9 mL of HBSS
containing 1 % penicillin-streptomycin-antimycotic solution].
This solution (10 mL) is added to each Petri dish (maximum 5
skins/plate).

5. One pup is taken from the dish using sterilized forceps and the
legs and tail are removed with scissors; the pup is placed belly
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side down on the Petri dish and the skin cut dorsally from the
tail to the head. Using two forceps the skin is peeled from each
side and the belly of the pup.

6. Using forceps the skin is dipped in the beaker containing 70 %
ethanol. As much ethanol as possible is removed by gently
shaking or squeezing the skin. The skin is then floated on the
HBSS solution with the outer, epidermal side exposed to the
air. It should be noted that the dermal side has a darker red
color and appears shinier than the epidermis.

7. For each pup/skin the above steps #5 and 6 are repeated,
allowing the decapitated neonatal mice to remain on ice until
harvest of the skin.

8. The floating skins are incubated overnight in the refrigerator to
allow trypsin to diffuse along the dermal–epidermal junction
(and see Note 2).

3.1.2 Day 2 of the

Protocol

1. The Petri dish containing the skins is removed from the refrig-
erator and incubated at 37 �C in a CO2 incubator for 5–30 min
to allow trypsin to act (this time may vary greatly depending on
the trypsin and must be determined empirically for each lot of
trypsin as in step #3 below).

2. A 100 mL beaker should be half-filled with 70 % ethanol and
two pairs of forceps placed into the ethanol to sterilize. The
beaker and forceps are placed in the tissue culture hood.

3. In the tissue culture hood the sterilized forceps are used to
attempt to separate the epidermis and dermis. The epidermis
and dermis should peel apart with reasonable ease; if not, the
Petri dish and skins should be returned to the CO2 incubator
for another few minutes and tested again. The exact time of
incubation must be determined empirically for each new lot of
trypsin.

4. “Air Medium” (10 mL) is added to an untreated Petri dish. Air
Medium is composed of 500 mL RPMI-1640 containing glu-
tamine and HEPES, 55 mL fetal bovine serum, and 5.5 mL
100� penicillin-streptomycin-antimycotic; the medium should
be filtered and stored at 4 �C.

5. Each skin should be transferred from the HBSS containing
trypsin to the Petri dish containing Air Medium, taking care
to maintain the proper orientation and layout.

6. The dermis is separated from the epidermis using the forceps,
by peeling and reflecting the top epidermal layer as if opening a
book. Ideally, the epidermis will remain slightly attached to the
dermis to allow easy orientation. The underside of the epider-
mis should be gently scraped with one forceps while the epider-
mis is held with the other forceps. The epidermis should not be
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scraped excessively as the objective is to release the basal kera-
tinocytes at the dermal–epidermal junction but not the differ-
entiating suprabasal cells in the upper layers. After scraping, the
epidermis should be “wrung out” with a twisting motion to
express excess cells and liquid. These steps (#5 and 6) should be
repeated for all skins.

7. Once all the skins have been separated and basal keratinocytes
scraped into theAirMedium, a 10mLpipet is used to transfer the
medium containing the cells into a clean sterile (labeled) 50 mL
conical tube. Only 10 mL pipets should be used for transferring
and aspirating the cells, as this size better disrupts the cell clumps
that may form, particularly following centrifugation.

8. Using a clean 10 mL pipet, the Petri dish is rinsed with an
additional 10 mL of Air Medium and this wash is transferred to
the conical tube as well (for a total volume of 20 mL of Air
Medium containing cells).

9. The conical tube is centrifuged in a refrigerated centrifuge
(at 4 �C) for 5 min at approximately 225 � g.

10. The conical tube is removed from the centrifuge, and the
supernatant aspirated with a clean Pasteur pipet.

11. With a clean 10 mL pipet, 10 mL of Air Medium is added and
repeatedly aspirated and expelled to gently resuspend the cell
pellet. An additional 10 mL of Air Medium is added to yield a
total volume of 20 mL and steps #9 and 10 repeated.

12. After centrifugation and aspiration of the supernatant, 10 mL
of Plating Medium is added with a clean 10 mL pipet, and the
cell pellet is gently resuspended. Plating Medium is composed
of: 1 L calcium-free MEMα, 10 mL 100� penicillin-strepto-
mycin-antimycotic (PSA), 10 mL 100� glutamine, 20 mL
dialyzed fetal bovine serum (dialyzed to remove free calcium),
10 mL insulin-transferrin-selenium with linoleic acid (ITS+),
5 ng/mL (final concentration) epidermal growth factor
(100 μL of 50 μg/mL EGF), and 25 μM final concentration
calcium (25 μL of 1 M CaCl2); the medium is filtered and
stored at 4 �C.

13. With a clean 10 mL pipet, an additional 10 mL of Plating
Medium is added and the conical tube centrifuged again for
5 min at approximately 225 � g. This procedure is repeated
and the cells resuspended in Plating Medium to yield a total
volume of 20 mL; the cell suspension should be mixed well.

14. To a sterile 1.5 mL Eppendorf tube (see Note 3) are added
190 μL of Plating Medium and 10 μL of the well-mixed
suspension of keratinocytes.
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15. The cell suspension is again mixed well and a small aliquot of
the cell suspension transferred to a clean hemocytometer in
order to count the cells.

16. The keratinocytes are counted, making sure to count only
those cells that are perfectly round and demonstrate a high
degree of contrast under a phase-contrast microscope. (After
counting, the hemocytometer is washed and stored.)

17. Remembering to account for the dilution factor, the cells are
plated at a density of 25,000 cells/cm2, with rapid distribution
of the cells to prevent settling of the cells and an inhomoge-
neous cell suspension. It should be noted that the counting
procedure may need to be adjusted empirically to ensure ade-
quate numbers of cells at the desired confluence. In other
words, it must be determined by each individual who prepares
the keratinocytes which cells should be counted as viable cells
that will plate efficiently.

18. After the cells are plated, they should be distributed evenly
throughout the plate by rotating the plates (the cells should
not be swirled as the cells will become concentrated in the
center) and the plates placed in the CO2 incubator overnight.
(The hood is cleaned with 70 % ethanol.)

19. The next day themedium should be aspirated and replaced with
an appropriate growth medium. One such medium is serum-
free keratinocyte medium (SFKM). SFKM is composed of:

1,120 mL calcium-free MEMα containing 11.2 mL 100� PSA,
11.2 mL 100� glutamine, 11.2 mL 50 mg/mL BSA in
MEMα with 1 % PSA, 11.2 mL 100� ITS+, 25 μM calcium
(28 μL 1 M CaCl2), 112 μL 50 μg/mL EGF, and 100 mg
bovine pituitary extract (BPE). However, we have found
that serum-free medium (SFM) from Gibco (the supple-
ments supplied, EGF and BPE, as well as 1 % PSA and
50 μM CaCl2, should be added as per the manufacturer’s
instructions) also supports excellent growth and have
recently switched to this medium for the sake of conve-
nience and consistency. The medium should be replaced
every other day until the desired cell confluence is achieved.

3.2 Primary

Keratinocyte

Preparation

from the Tail

of an Adult Mouse

We have also successfully isolated and cultured keratinocytes from
the tail skin of adult mice, an important extension to adult animals
and in particular epidermal-specific conditional knockout mouse
models.

3.2.1 Day 1 of the

Protocol

1. The mouse should first be sacrificed using an appropriate
euthanasia method. For tail skin removal, a circular cut should
be made using a pair of dissecting scissors at the base of the tail
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using minimal pressure so that only the skin is affected (and not
underlying tissues). The dorsal side of the tail is then slit
downward from the first cut. This second cut should be
1–2 cm long. The skin along the excision is then detached
from the underlying tissues with forceps. This skin flap is then
held tightly and pulled down to detach the entire skin from the
underlying tail structure. The harvested skin should be placed
on ice, in a 15 mL conical tube, until processing in a tissue
culture hood.

2. In the tissue culture hood the tail skin should be rinsed
thoroughly in a 100 mL beaker half-filled with cold 70 %
ethanol to sterilize.

3. The tail skin should be cut into four or five smaller pieces using
scissors and placed in a Petri dish floating on a trypsin solution
(10 mL) prepared from 2.5 % trypsin as described above in the
instructions for preparing keratinocytes from neonatal mouse
skin. Again, care must be taken to ensure that the inner dermal
layer contacts the solution and that the skin is spread to maxi-
mize contact with the trypsin solution.

4. The floating tail skins are incubated overnight in the refrigera-
tor to allow trypsin to diffuse along the dermal–epidermal
junction; however, see Note 4.

3.2.2 Day 2 of the

Protocol

1. The Petri dish containing the tail skins is removed from the
refrigerator and incubated at 37 �C in a CO2 incubator for
5–10 min to allow trypsin to act (again, this time may vary
greatly depending on the trypsin and should be determined
empirically).

2. In the tissue culture hood, and as mentioned in the instructions
for preparing keratinocytes from the newborn mouse skin, an
attempt should be made to separate the epidermis from the
dermal layer using sterilized forceps. The two layers should peel
apart with reasonable ease; if not, then the Petri dish with skins
should be returned to the incubator for another few minutes
and tested again. The exact time of incubation must be deter-
mined empirically for each lot of trypsin.

3. Once it is confirmed that the dermis and epidermis are separat-
ing with relative ease, the tail skin is transferred to a Petri dish
(untreated) containing “Air Medium” (10 mL).

4. The steps (#6 through 19) described above for the preparation
of keratinocytes from neonatal mouse skin should then be
followed to separate, collect, plate (in Plating Medium), and
culture the basal epidermal keratinocytes obtained from the tail
skin. On average, one adult tail skin yields a sufficient number
of keratinocytes to plate two or three 35 mm dishes (or wells of
a 6-well plate). The medium should be replaced after 24 h and
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every other day with SFKM or SFM until the desired conflu-
ence is achieved. It should be noted that these adult keratino-
cytes will grow more slowly than the keratinocytes isolated
from newborn skin.

3.3 Phospholipase

D Activity Assay

The activity of PLD results in the production of several molecules,
including phosphatidic acid (PA) and choline. However, both of
these products can also arise through other metabolic pathways,
making it difficult to distinguish whether PLD has been activated.
On the other hand, the generation of phosphatidylalcohols by PLD
in the presence of a primary alcohol is characteristic of PLD activity
and can be used to monitor PLD activity (reviewed in (22, 48)), as
schematically illustrated in Fig. 2. Below a protocol for measuring
PLD activity is described; it should be noted that the first step
should be performed in a tissue culture hood using aseptic tech-
nique to prevent microbial contamination of the cultures. Addi-
tional tips on using this procedure can be found in reference (48).

3.3.1 Experimental

Procedure and Extraction

of Phospholipids

1. Near-confluent keratinocytes (~75 % confluent) are incubated
for 20–24 h in serum-free medium containing 5 μCi/mL [3H]
oleic acid.

2. The medium is aspirated and replaced with medium containing
the agents of interest as well as a primary alcohol, such as 0.5 %
(by volume) ethanol or 0.3 % (by volume) 1-butanol. The cells
are then incubated in a CO2 incubator at 37

�C for the desired
time period (our default time is 30 min).

Fig. 2 A schematic showing the reactions catalyzed by phospholipase D.
Phosphatidylcholine (PC) is hydrolyzed by phospholipase D (PLD), in the
presence of water, to generate phosphatidic acid (PA). However, in the
presence of a primary alcohol, such as ethanol, 1-butanol, or glycerol, PLD
can catalyze a transphosphatidylation reaction to produce a phosphatidylalcohol
as illustrated
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3. At the end of the treatment period, the medium is aspirated;
reactions are terminated and cells solubilized using 0.2 % SDS
containing 5 mM EDTA (to complex divalent cations and
promote the partitioning of PA into the organic solvent). At
this point an aliquot of the SDS lysate can be saved for mea-
surement of protein amounts and normalization of sample
values. Cells in SDS are transferred to a clean glass test tube
containing ice-cold chloroform, methanol, and glacial acetic
acid. The ratio of the solvents should be 4 parts aqueous SDS
solution to 5 parts chloroform to 10 parts methanol to 0.4
parts acetic acid (added to promote protonation of PA and thus
partitioning of the acidic phospholipid into the organic sol-
vent). For a 35 mm plate or one well of a 6-well plate, we use
0.4 mL SDS containing 5 mM EDTA, 0.5 mL chloroform,
1.0 mL methanol, and 40 μL acetic acid. At this ratio the
solvents should form a single phase with vortexing. (Alterna-
tively, reactions can be terminated using ice-cold methanol and
cells scraped from the plate. If methanol is used to terminate
the reactions, this methanol replaces the methanol in the tube
and instead 5 mM EDTA in deionized water should be added
such that the final ratio of aqueous solution/chloroform/
methanol/glacial acetic acid should always be 4:5:10:0.4
volume:volume:volume:volume; however, see Note 5).

4. After incubation of the single-phase mixture on ice for
approximately 60–120 min to allow extraction of phospholi-
pids into the organic solvent, another 5 parts of chloroform
(0.5 mL for a 35 mm dish) are added, with vortexing,
followed by the addition of 5 parts (0.5 mL) of 0.2 M NaCl
and vortexing.

5. At this point the solvents should separate into two phases. The
test tubes can be briefly centrifuged to accelerate separation of
the phases, although centrifugation is not strictly necessary.

6. The lower chloroform layer containing phospholipids should
be collected and transferred to a clean test tube. Care should be
taken to ensure that the entire chloroform layer is collected
with minimal contamination by the aqueous layer. Our labora-
tory uses Pasteur pipets and silicone (rather than rubber) Pas-
teur pipet bulbs, the greater stiffness of which allows greater
control of fluid transfer.

7. The organic solvent is then evaporated in a chemical fume
hood using an inert gas, such as nitrogen or argon, connected
to a manifold to allow evaporation of multiple samples.
Our glass manifold was custom manufactured but commercial
versions are also available. Samples should remain on ice dur-
ing the evaporation time to minimize lipid oxidation and/or
breakdown.
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8. Once the solvent is completely evaporated, the test tubes can be
sealed with Parafilm (while still exposed to the inert gas) and
stored for up to 3 days at �20 �C. Alternatively, they can be
separated immediately by thin-layer chromatography (TLC) as
described below.

9. All items that contact the samples should be disposed of as
radioactive waste or marked as a radioactive hazard.

3.3.2 Thin-Layer

Chromatography (TLC)

Separation of Lipids

Please note that steps should be performed in a chemical fume
hood to minimize exposure of personnel to organic solvents.

1. Prior to thin-layer chromatographic separation of lipids, the
TLC plate must first be prepared. Our laboratory uses
20 � 20 cm aluminum-backed, silica gel 60-coated TLC plates
with concentrating zone obtained fromMerckMillipore. Lanes
(1.5 or 2 cm wide) are marked in pencil as shown in Fig. 3,
starting at least 0.5 cm from the edge of the plate (the ends of the
plate often do not separate correctly due to aberrant mobile
phase migration at these edges). One or more lanes (which can
be less than1.5 cm inwidth) should be included for separationof
authentic standards. A line should also be drawn in pencil
approximately 1.3 cm from the bottom of the plate (within the

Fig. 3 A thin-layer chromatography plate. A schematic of a TLC plate shows the
lanes and origin, which are marked in pencil, and the scratched line at the top of
the plate to prevent continued mobile phase migration. Each lane, other than that
for the standard (which is 1 cm wide), is 2 cm wide, the scratched top line is
2 cm from the top of the plate and the origin is approximately 1.3 cm from the
bottom of the plate, within the concentrating zone. Alternatively, 12 lanes of
1.5 cm width (along with a 1 cm wide lane for standards) can be marked. In all
cases lanes are marked beginning 0.5 mm from the edge of the plate
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concentrating zone) to mark the origin. Approximately 2 cm
from the top of the plate, a line should be scratched in the silica
gel tomark the distance traveled by themobile phase (see below)
and prevent lipids from migrating off the top of the plate. Prior
to spotting, the TLC plates must also first be pre-activated by
heating to110 �C for 30min (to drive off anymoisture absorbed
by the hygroscopic silica). The plates should be used immedi-
ately after pre-activation or stored briefly in a desiccating cham-
ber to maintain activation.

2. Also prior to spotting, the thin-layer chromatographic tank
should be readied. The mobile phase for one tank is prepared
by combining 104 mL ethyl acetate, 16 mL isooctane, 24 mL
glacial acetic acid, and 80 mL deionized water (that is, in a
13:2:3:10 volume:volume:volume:volume ratio) in a glass bottle
with a lid. The bottle should be shaken tomix all ingredients; the
solution will form two phases (with the aqueous phase on the
bottom). After the upper phase has had sufficient time to equili-
brate with the water in the lower phase, the upper organic phase
only (approximately 100 mL) should be transferred to the TLC
chamber using a glass pipet. Use of too great a volume of the
mobile phase can result in immediate elution and loss of the lipid
samples upon placement of the plate in the TLC chamber; too
little volume will lead to poor separation of the sample lipids.

3. For TLC separation of lipids, the samples are then resuspended
in a small volume (e.g., 50 μL) of chloroform/methanol (2:1
volume:volume) containing 20–25 μg each of phosphatidic
acid (PA) and phosphatidylethanol (PEt) standards (which
can be obtained from Avanti Polar Lipids). The unlabeled
phospholipids are included for proper separation of the labeled
lipids; PA and PEt species containing unsaturated fatty acids
(e.g., oleic acid) should be used to facilitate visualization using
iodine vapor (see below). The samples are then “spotted” at the
origin using microcapillary pipets (we use 10 μL volume micro-
capillary pipettes) onto the pre-activated TLC plate within a
marked lane. Care should be taken to ensure minimal “spread-
ing” of the lipid spot to ensure proper separation of the phos-
pholipids, although use of a concentrating zone assists in
minimizing this possibility by concentrating the sample at the
junction between the concentrating zone and the separating
region of the plate upon migration. In our laboratory we spot
two to three samples at a time, a portion at a time, to allow one
sample to dry as the second and/or third is spotted. It should
be noted that because of variation between the background
counts on different TLC plates, each plate should be spotted
with appropriate control samples such that treatment groups
separated on multiple plates can be compared to a control
group from that same plate.
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4. Once the entire sample is spotted, the tubes are rinsed with an
additional small volume (e.g., 20 μL) of chloroform/methanol
(2:1), and this rinse is also spotted onto the TLC plate as above.
Authentic PA and PEt standards are also spotted separately, so
that the radiolabeled lipids can be identified.

5. Upon spotting of all samples, the TLC plate is placed in the
prepared TLC chamber and the mobile phase allowed to
migrate until it reaches the line marked at the top of the plate
(approximately two to two-and-a-half hours). The TLC plates
are then removed and allowed to dry in a chemical fume hood.

6. After the mobile phase has evaporated, the standards and PA
and PEt added to the samples can be visualized by exposure of
the plates to iodine vapor for approximately 15 min. Iodine
stains organic compounds a yellowish brown color; however,
the presence of double bonds in a lipid standard enhances
staining so that smaller amounts of the lipid can be used. An
iodine vapor chamber is created by placing iodine crystals in the
bottom of a second (dry) TLC chamber. To prevent contact of
the iodine crystals with the TLC plate, the plate should be
physically supported above the crystals (we generally place test
tubes in the bottom of the chamber). It should be noted that
excessive exposure to iodine is a health hazard and this chamber
should be set up in a chemical fume hood to minimize
exposure.

7. The plate is removed from the iodine chamber and the yellow-
ish brown spots representing the standards and samples are
marked lightly in pencil. The iodine is then allowed to evapo-
rate from the plate in the chemical fume hood.

8. To visualize the radioactive PA and PEt spots, plates are then
sprayed with En3Hance, a nonradioactive liquid scintillation
fluid in the form of an aerosol spray (and available from Perkin
Elmer), and exposed to X-ray film at �80 �C for several days. It
should be noted that iodine quenches light development by
liquid scintillation fluid, so exposure of the plate to iodine
should be minimized to prevent excessive staining and allow
rapid evaporation and subsequent visualization of the radiola-
beled lipids.

9. After the film is developed, and the En3Hance allowed to
evaporate in the fume hood, the radiolabeled spots are marked
with pencil using the film (and the previous marked standards)
as a guide.

10. The marked PA and PEt spots are then cut from the plate (the
aluminum backing is rather easily cut with sharp scissors) and
placed in scintillation vials containing scintillation fluid (we use
EcoLite from MP Biomedicals, catalog #01882475). The por-
tions of the plate containing the spots should be cut so that the
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pieces lie flat in the vial to minimize interference with liquid
scintillation spectrometry. In addition, the procedure should be
performed over a sheet of weigh paper so that any silica gel that
flakes from the aluminum backing can be collected and added
to the scintillation vial. All waste should be disposed of as
radioactive.

11. The samples are counted and the stimulated values for PA and
PEt are expressed relative to the control values.

3.4 Measurement of

Phosphatidylglycerol

Production

PLD can utilize the physiological primary alcohol, glycerol, in the
transphosphatidylation reaction in vitro to produce phosphatidyl-
glycerol (PG). Thus, in experiments with PLD2 in the presence of
glycerol, phosphatidylglycerol was produced at the expense of PA
(or of PEt in the presence of ethanol) (27). In intact keratinocytes
radiolabeled PG was also generated from [14C]glycerol, and [14C]
PG levels were increased when cells were stimulated to differenti-
ate with a moderately elevated extracellular calcium concentration
(27). The involvement of PLD in the production of this PG was
implied by the ability of ethanol (which competes with glycerol in
the transphosphatidylation reaction) to inhibit stimulated PG pro-
duction but not basal PG levels (27). The ability of PLD to form
PG is consistent with the colocalization of PLD2 and the glycerol
channel, aquaporin-3 (49). Whether or not other aquaglyceropor-
ins are also functionally associated with a PLD isoform is unknown,
but aquaporin-3 is expressed in many epithelia (50), as well as other
cell types (e.g., macrophages (51) and other tissues (52)), where it
could also presumably interact with PLD2 and generate PG. The
production of radiolabeled PG can be measured using a similar
protocol to that used for monitoring PLD activity, as described
below.

3.4.1 Experimental

Procedure and Lipid

Extraction

1. Near-confluent keratinocytes (~75 % confluent) are incubated
in serum-free medium with the desired agents for the desig-
nated time period.

2. [14C]Glycerol is added to a final concentration of 0.5–1 μCi/
mL and the cells incubated for an additional 15–30 min. The
medium is then aspirated and the reactions are terminated and
cells solubilized using 0.2 % SDS.

3. SDS aqueous lysates are placed in test tubes containing 5 parts
chloroform and 10 parts methanol, and the phospholipids are
extracted as described above (starting from step #4 of the first
part of the protocol above).

3.4.2 Thin-Layer

Chromatographic

Separation

1. Phospholipids are separated by TLC, also as described above,
except that no unlabeled PG is added to the samples and a PG
standard, rather than PA and PEt standards, is used.
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2. Standards are visualized with iodine vapor and En3Hance, and
the PG spot (identified by comigration with the authentic
standard) is cut from the plate and quantified by liquid scintil-
lation spectrometry as described above. The stimulated value
for PG is expressed relative to the appropriate control value.

3.5 Summary Keratinocytes are the predominant cells comprising the outer layer
of the skin, the epidermis, and are critical for the epidermis to
perform its key function as a mechanical and water permeability
barrier. Although much is known concerning the processes regulat-
ing keratinocyte proliferation and differentiation to form this func-
tional barrier, additional information about these processes under
physiological and pathophysiological conditions is required. For
this purpose, in vitro cultures of mouse keratinocytes, prepared as
described above, can be used to investigate the mechanisms under-
lying keratinocyte growth and maturation. One signaling pathway
regulating keratinocyte differentiation appears to be phospholipase
D, which metabolizes phosphatidylcholine to yield lipid second
messengers, such as phosphatidic acid (which can be dephosphory-
lated to produce diacylglycerol) and phosphatidylglycerol. Addi-
tional data about these lipid signals are needed to delineate the role
of phospholipase D in modulating keratinocyte and epidermal
function and can be acquired in part using the PLD activity assays
and radiolabeled PG production protocols described above.

4 Notes

1. As an alternative to induction of hypothermia on ice and decap-
itation, anesthesia may be induced by placing the pups in Petri
dishes submerged in ice for 2 h. Note that if pups are not
decapitated, the yield of keratinocytes is somewhat increased,
since the skin of the head of decapitated animals cannot be
harvested and represents a relatively large proportion of the
skin surface in mice of this age. However, some Institutional
Animal Care and Use Committees are uncomfortable with the
use of hypothermia to induce anesthesia. Nevertheless, the
use of injectable anesthesia is difficult due to the small size of
the animals. Since the entire animal is usually placed in a cham-
ber for anesthesia with inhaled anesthetics, these agents are also
not appropriate for anesthesia as they may affect the exposed
keratinocytes. Using this method of anesthesia, following 2 h
on ice the mice in the Petri dish are washed with cold 70 %
ethanol and the dish returned to the ice. One pup is then
removed from the dish using sterilized forceps and the toe
pinched to ensure a proper plane of anesthesia (the pup should
not react). The legs and tail are quickly removed with scissors;
the pup is placed belly side down on the Petri dish and the skin

128 Lakiea J. Bailey et al.



cut dorsally from the tail to the head. Using two forceps the skin
is peeled from each side of the pup and pulled up over the head
(as if removing a sweater) and the animal immediately decapi-
tated. This process is repeated for each pup, allowing the ani-
mals to remain on ice until harvesting of the skin.

2. Animal waste should be disposed of appropriately and beakers,
scissors, and forceps cleaned with detergent. The instruments
are washed thoroughly with water (with a final rinse in distilled
or deionized water), wiped dry, and stored.

3. Although most tissue-culture plasticware can be purchased pre-
sterilized, microfuge tubes can be sterilized by autoclaving in a
closable autoclave-resistant container.

4. As an alternative to incubation overnight, the skin can be
placed on sterilized (autoclaved) blotting paper with the dermis
contacting the paper, and then the paper with the skin is set in a
dish containing trypsin solution. The skin can then be incu-
bated at 37� C for an hour before proceeding with the steps
described for Day 2 of the protocol.

5. It should be noted that most plastics are not compatible with
organic solvents like chloroform. Indeed, if methanol is used to
terminate reactions followed by cell scraping, the plastic plate
will demonstrate some damage. However, we have found that
for this particular assay, the plastic tips for Gilson Pipetman and
repeater pipettes can be used to dispense the organic solvents.
It should also be noted that organic solvents should be drawn
into the pipet tip and expelled once or twice to allow equilibra-
tion of the head space before attempting to transfer the desired
volume of solvent, in order to minimize premature expulsion of
the solvent and inaccurate volume transfer.
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Lipid Rafts and Detergent-Resistant Membranes
in Epithelial Keratinocytes

Kathleen P. McGuinn and Mỹ G. Mahoney

Abstract

Our understanding of the plasma membrane has markedly increased since Singer and Nicolson proposed
the fluid mosaic model in 1972. While their revolutionary theory of the lipid bilayer remains largely valid, it
is now known that lipids and proteins are not randomly dispersed throughout the plasma membrane but
instead may be organized within membrane microdomains, commonly referred to as lipid rafts. Lipid rafts
are highly dynamic, detergent resistant, and enriched with both cholesterol and glycosphingolipids. The
two main types are flotillin-rich planar lipid rafts and caveolin-rich caveolae. It is proposed that flotillin and
caveolin proteins regulate cell communication by compartmentalizing and interacting with signal trans-
duction proteins within their respective lipid microdomains. Consequently, membrane rafts play an impor-
tant role in vital cellular functions including migration, invasion, and signaling; thus, alterations in their
microenvironment can initiate signaling pathways that affect cellular function and behavior. Therefore, the
identification of lipid rafts and their associated proteins is integral to the study of transmembrane signaling.
Here, we review the current standard protocols and biochemical approaches used to isolate and define raft
proteins from epithelial cells and tissues. Furthermore, in Section 3 of this chapter, detailed protocols are
offered for isolating lipid rafts by subjection to detergent and sucrose density centrifugation, as well as
an approach for selectively isolating caveolae. Methods to manipulate rafts with treatments such as
methyl-β-cyclodextrin and flotillin III are also described.

Keywords: Lipid raft, Detergent resistant, Membrane microdomain, Caveolae, Caveolin,
Methyl-β-cyclodextrin

1 Introduction

In 1972, the fluid mosaic model of the cell membrane was pro-
posed by Singer and Nicolson (1). They hypothesized that lipid and
protein molecules are randomly distributed throughout the lipid
bilayer; four decades later, a more dynamic model has evolved,
revealing organized membrane microdomains, referred to as lipid
rafts (2, 3). Lipid rafts contain a high concentration of both choles-
terol and glycosphingolipids and are able to float freely within the
plasma membrane, thus permitting aggregation and formation of
larger, more stable platform domains (4). In addition, protein–protein
and lipid–protein interactions, especially by those involving cyto-
skeletal proteins, increase the stability and regulatory functions of
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membrane rafts (5). There are two types of lipid rafts, planar
and caveolae (Fig. 1). Caveolae are distinguishable as flask-shaped
invaginations (50–100 nm) of the membrane formed by the inte-
gral membrane scaffolding protein, caveolin. In the absence of
caveolins, planar lipid rafts are sustained by the integral membrane
protein flotillin. Lipid rafts are emerging as key players in many
biological functions including protein trafficking, endocytosis, neu-
rotransmission, and cell communication by serving as organization
centers for signaling molecules (6, 7).

Discerning the roles of lipid rafts and their constitutive proteins
has proven to be a challenging task and is not without controversy
with regards to both methods and results. An attractive approach
for tackling this endeavor has been to investigate the effects of

Fig. 1 Planar and caveolae lipid rafts within the plasma membrane. Yellow-highlighted regions represent
areas of high concentration of cholesterol and sphingolipids. Caveolin proteins, essential to caveolae
formation, and flotillin proteins are able to bind and compartmentalize signaling molecules and regulate
their activity. Lipid raft disruption by treatment with MβCD, filipin III, or shear stress results in dispersion of
cholesterol molecules and leveling of caveolae. Subsequently, several signaling molecules are activated
potentiating signal transduction events. Abbreviations: MβCD methyl-β-cyclodextrin, GPCR G-protein-coupled
receptor, ADAM17 a disintegrin and metalloprotease domain 17 or TACE, Pro-EGF pro-epidermal growth
factor, EGFR epidermal growth factor receptor
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disrupting lipid rafts with methyl-β-cyclodextrin (MβCD), a cyclic
oligosaccharide that forms soluble complexes with cholesterol and
depletes them from the membrane. In keratinocytes, raft disruption
results in upregulation of many signal transduction proteins such as
IL8, MMPs, EGFR, ERK, Akt, p38 MAPK, and ERK1/2 (8–11).
Interestingly, an increase in substrates cleaved by tumor necrosis
factor-alpha (TNF-α) converting enzyme (ADAM17 or TACE)
occurs with MβCD treatment, leading investigators to postulate
that lipid rafts also regulate enzymatic activity by limiting substrate
entry into rafts (12). Furthermore, lipid raft disruption by ultravio-
let (UV) irradiation results in a decrease in raft cholesterol levels
and activation of pro-apoptotic pathways by Fas-receptor protein
and ceramide (13). Treatment with sterols, which lessen cholesterol
loss, partly decreased this response (14). In summary, results from
these studies suggest that lipid rafts are integral to homeostatic cell-
to-cell interactions and that their alteration leads to activation of
pathways, which affect vital cellular processes.

A point of fact, alterations in lipid rafts have been found to have
pathological implications. For instance, an inverse relationship
between caveolin expression and severity of the skin disease, psori-
asis has been reported (15). Similarly, atopic dermatitis, an inflam-
matory skin disease, has changes in gene expression that are
comparable to those resulting from lipid raft disruption in kerati-
nocytes (9). In cancer, caveolin-1 has been found to have a dual
role. Studies in keratinocytes showed that caveolins suppress
growth factor signaling pathways (16). This finding is supported
by findings in Cav1 null mice, which lack caveolae, that showed
increased epidermal proliferation and susceptibility to premalignant
lesions in response to the chemical carcinogen DMBA/TPA (17).
Conversely, in anchorage-independent cancer cells, such as mela-
noma, caveolin expression is associated with increased malignancy
and metastasis (18, 19). It is postulated that the association of lipid
raft proteins, such as caveolins, with cytoskeletal proteins and their
role in cell adhesion processes may partially explain the mechanism
for malignant invasion (20). Lipid rafts have been shown to be
associated with a number of adhesion junction proteins (Table 1);
however, more studies are needed to determine the implications of
such interactions. Indeed, the Mahoney lab recently discovered
that caveolin-1 associates with desmoglein-2, a desmosomal adhe-
sion protein that modulates mitogenic signaling suspected to be
involved in oncogenesis (21).

To date, most of our knowledge of lipid rafts is a result of the
hypothesis that the high glycolipoprotein content of the lipid raft
renders it insoluble in nonionic detergents; hence, lipid rafts are
also known as detergent-resistant membrane domains (22). The
method of lipid raft isolation by detergent is controversial in that
results may differ depending on the conditions, including tempera-
ture, detergent concentration, and type of detergent utilized (23).
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Also, biochemical methods are unable to isolate lipid rafts in their
innate structure (24). In fact, for some time there was uncertainty
regarding the existence of lipid rafts at all, as the nanometric size of
lipid rafts is below the diffraction limit of standard confocal laser
scanning microscopy, and, thus, rafts were not detectable in vivo.
Any uncertainty has been disbanded by novel techniques, such
as Forster resonance energy transfer, fluorescence polarization

Table 1
Adhesion proteins and lipid rafts

Protein Junction type Lipid raft association Reference

Nectin-1 Adherens No (45)

Cadherin 13 Adherens Yes (46)

Afadin Adherens Minimal (45)

Filamin Adherens Yes (6)

Eplin Adherens TBD

Alpha-catenin Adherens Yes (47)

Beta-catenin Adherens Yes (37, 48, 49)

Plekha7 Adherens TBD

Nezha Adherens TBD

E-cadherin Adherens Yes (37, 47)

Claudin 1–5 Tight Yes (50)

Claudin 14 Tight Yes (51)

Occludin Tight Yes (52)

Jam-1 Tight No (53)

Zo-1 Tight Yes (54)

Connexin 43, 32, 36, 46 Gap Yes (40, 55)

Connexin 26, 50 Gap No (55)

Desmoglein 2 Desmosome Yes (21, 46, 56)

Desmoglein 3 Desmosome Yes (57)

Desmocollin 2 Desmosome Yes (58)

Plakoglobin Desmosome Yes (46, 56)

Desmoplakin Desmosome Yes (58)

Actin Cytoskeletal Yes (46)

Integrin, beta 1 Focal adhesion Yes (46)

TBD to be determined
Major adhesion junction proteins of epithelial cells and their known association with lipid rafts are listed
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anisotropy, total internal reflection fluorescence microscopy,
and single-molecule spectroscopy (25). These techniques have
provided confirmation of the existence of cholesterol and sphingo-
lipid microdomains. Furthermore, diffusion of cholesterol-
dependent GPI-anchored proteins in the apical plasma membrane
has been observed (25, 26). Although promising, these innovative
methods still have their own individual challenges, which may affect
the intrinsic state of the cell (25).

Similarly, biochemical techniques for lipid raft isolation and pro-
teomic analysis are not without criticism, but they do have the
advantage of being well studied. The detergent Triton X-100
(TX-100) at 4 �C is most commonly used for lipid raft purification,
but other detergents have beenutilizedwith results perhaps reflecting
the nature of the raft domain isolated (27). Other detergents studied
include Brij 58, Brij 96, Brij 98, Lubrol WX, CHAPS, and Triton
X-114 (28). Notably, Brij 98 may be used at physiologic tempera-
ture, 37 �C, thus avoiding any effect temperature may have, as it has
been suggested that lipid rafts aggregate upon treatment at 4 �C,
therefore not allowing identification of proteins in distinct rafts (27).
Ideally, the least amount of detergent that will dissolve the non-raft
membrane proteins, such as transferrin receptor, should be used
(27). The reproducible solubility of these proteins is the advantage
of using TX-100. Inconsistent reports of whether Lubrol WX suffi-
ciently dissolves non-raft membrane proteins have been published,
and while Brij 96 and Brij 98 are efficient at solubilizing the non-raft
membrane when compared to Lubrol WX, the detergent-resistant,
light density fraction still contains non-raft proteins (28). Further-
more, Schuck et al. compared the lipid component of insoluble
fractions from various detergents and found that the lipid compo-
nent ofTX-100 contained a lipid ratio comparable to that expected in
lipid rafts. Conversely, LubrolWX and Brij 98 contained a ratiomore
comparable to the total membrane, suggesting that these detergents
are not as accurate in preferentially isolating lipid rafts. On the other
hand, TX-100 solubilizes some lipid raft proteins including insulin
receptors, which are known to interact with caveolins (29). Manipu-
lation of lipid rafts can be performed biochemically as well. Removal
of cholesterol may be achieved with MβCD, and inhibition of cho-
lesterol synthesis may be accomplished with HMG-CoA reductase
inhibitors (2). Additionally, rafts may be sequestered with antimicro-
bial agents such as nystatin A or filipin III (30). Cholera toxin, which
targets gangliosides, can be used to stain for lipid rafts (31).

In summary, there is no single, ideal method for isolating lipid
rafts, and thus, an integrated approach utilizing biochemical, imag-
ing, and novel techniques needs to be established. As biochemical
techniques for lipid raft isolation are currently the most widely used
and cost-effective methodology available, this chapter focuses on
and provides validated biochemical methods as well as practical
notes for the isolation and analysis of lipid rafts.
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2 Materials

2.1 Major Equipment 1. SW60 swing bucket rotor (Beckman Coulter, Brea, CA, USA);
corresponding ultracentrifuge tubes (Cat# 326819; 5.0 mL
thinwall, polyallomer tubes for SW60 rotor; BeckmanCoulter).

2. SW41Ti swing bucket rotor (Cat# 333790, Beckman Coulter);
corresponding ultracentrifuge tubes (Cat# 331372; 13.2 mL
thinwall, polyallomer tubes for SW41 rotor; BeckmanCoulter).

3. Ultracentrifuge (Beckman Coulter).

2.2 Reagents Unless otherwise stated, most reagents are available from Sigma-
Aldrich (St. Louis, MO). Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), and penicillin–streptomycin
(P/S) (Life Technologies, Grand Island, NY); CnT-57 medium
and supplements (CELLnTEC, Bern, Switzerland); EpiLife
medium supplemented with Human Keratinocyte Growth Supple-
ment (Life Technologies); 5-cholestene-5-β-ol (Steraloids,
Newport, RI); Caveolin-1 competing peptide-a fusion of the
caveolin-1 scaffolding domain peptide (aa 82-101) with the cell
permeable Antennapedia sequence (aa 43-58) (Cat# 219482) and
scrambled caveolin-1 negative control peptide (Cat# 219483)
(Millipore, La Jolla, CA); Trypan Blue Exclusion Assay (Cat#
15250061, Life Technologies).

2.3 Buffers 1. Phosphate-buffered saline (PBS; Cat# BP665-1; Fisher Scien-
tific, Pittsburgh, PA).

2. TNE buffer: 25 mM Tris–HCl (pH 7.5) (Cat# BP1757-500;
Fisher Scientific), 150 mM NaCl, and 5 mM EDTA.

3. Complete cell lysis TNE buffer: 25 mM Tris–HCl (pH 7.5),
150 mM NaCl, 5 mM EDTA, 1 % (v/v) Triton X-100
(TX-100; Cat# BP151-500; Fisher Scientific), 1 mM phenyl-
methanesulfonylfluoride or phenylmethylsulfonyl fluoride
(PMSF; Cat# 93482), complete protease inhibitor cocktail
(Cat# 11697-498-001, Roche Diagnostics, Indianapolis, IN),
and phosphatase inhibitor cocktail 2 (Cat# P8340).

4. 90, 35, or 5 % (w/v) Sucrose (Cat# 84097) in TNE buffer:
Dissolve 90, 35, or 5 g of sucrose with TNE buffer to bring
the volume to 100 mL. Warm with stirring until sucrose is
dissolved.

2.4 Antibodies Antibodies to lipid raft proteins include anti-caveolin-1 (Cat# sc-894;
Santa Cruz Biotechnology, Santa Cruz, CA); anti-caveolin-2 (Cat#
8522; Cell Signaling Technology, Danvers, MA); anti-caveolin-
2 (Cat# ab2912; Abcam, Cambridge, MA); anti-flotillin-1 (Cat#
610820; BD Transduction Labs, Franklin Lakes, NJ); and anti-flo-
tillin-2 (Cat# 610383; BD Transduction Labs).
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2.5 Cells 1. HaCaT, a spontaneously immortalized, nontumorigenic cell
line derived from human keratinocytes (32, 33).

2. A431, an epidermoid carcinoma cell line (Cat# CRL-1555;
ATCC, Bethesda, MD).

3. Alternatively, primary human epidermal keratinocytes can be
used and are available from several commercial sources: PHEK
(CELLnTEC) and HEK (Life Technologies).

3 Methods

3.1 Cell Culture HaCaT and A431 cells are maintained in DMEM supplemented
with 10 % FBS, 2 mM glutamine, and 1 % P/S (33, 34). PHEK and
HEK cultures are grown in complete CnT-57 or EpiLife supple-
mented with human keratinocyte growth supplement, respectively.
All cells are maintained in a humidified incubator with 5 % CO2 at
37 �C. Cells are plated at a density of approximately 2 � 106 in
100 mm culture dishes to obtain approximately 9 � 106 cells at
confluence. If grown in FBS-containing medium, cells are serum-
starved from 1 to 24 h prior to experimentation. Cells should be
approximately 70–80 % confluent when used.

3.2 Lipid Raft

Disruption by

Cholesterol Depletion

To disrupt lipid rafts by depleting or sequestering membrane cho-
lesterol, cultured cells in serum-free medium are treated with
MβCD (10 mM or 1 %) or filipin III (2 μg/mL) for 1 h. Alterna-
tively, cells can be treated with 5-cholestene-5-β-ol (5 μM) for 2 h or
simvastatin (5 mg/mL) for 24 h. Repletion is performed by adding
cholesterol (5 μM or 10 μg/mL) or cholesterol-loaded MβCD
(5 μM or 10 μg/mL) (35–38). Trypan blue exclusion assay can
be used to measure the level of cell death after drug treatment.

3.3 Disruption of

Caveolin Association

by Scaffolding Domain

Peptide

To displace proteins from binding to caveolin-1, treat cells with a
cell-permeable caveolin-1 scaffolding domain peptide (3 μM) for
up to 24 h (16). As negative control, treat cells with a scrambled
peptide (3 μM) of the caveolin-1 scaffolding domain.

3.4 Preparation of

Lipid Raft Fraction

The following ultracentrifugation method relies on two unique
properties of lipid rafts: (1) cold detergent resistance and (2) low
buoyant density.

1. Pre-chill all equipment and solutions on ice.

2. Wash cells three times with ice-cold PBS, and scrape cells in
2 mL complete TNE (seeNote 1) buffer lysis buffer containing
1 % TX-100 (see Notes 2 and 3) using a cell scraper (Cat#
08-771-1A; Fisher Scientific) (21, 39).

3. Disrupt cell by passing through a tight-fitting glass Dounce
Homogenizer (Cat# NC0253759; Fisher Scientific) 20 times
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or by repeated aspiration through a 23-gauge needle (Cat#
305120; BD Biosciences, Waltham, MA) using a 5 mL syringe
(Cat# 309646; BD Biosciences) 20 times.

4. Vortex and transfer 2 mL into a 13-mL ultracentrifuge tube.
Save the remaining sample for total cell lysate.

5. Add 2 mL of 90 % sucrose in TNE to bring the sucrose
concentration to 45 %.

6. Carefully overlay with 4 mL each of 35 and 5 % sucrose in TNE
by gently adding the solutions down the side of the tube (1 mL
at a time; Fig. 2).

7. Centrifuge the gradients at 38,000–40,000 rpm (maximum
force of approximately 273,865 � g) for 16–20 h in an
SW41Ti rotor at 4 �C (see Notes 4 and 5).

8. Collect twelve 1-mL fractions from the top while keeping all
samples on ice (Fig. 2).

9. Boil aliquots (10–40 μL) of each fraction in Laemmli buffer in
preparation for SDS-PAGE and immunoblotting. Store the
remaining samples at �70 �C.

3.5 Characterization

of Lipid Raft-

Associated Proteins

1. Western blotting: Equal amount of each fraction (Section 3.4)
is resolved over SDS-PAGE (12.5 % acrylamide) and electro-
transferred onto a nitrocellulose or a PVDF membrane for
immunoblotting as previously described (21) for caveolin-1,
caveolin-2, flotillin-1, and flotillin-2 (all antibodies at 1:1,000
dilution).

5% sucrose
(4 mL)

Fraction #

247,000g
(SW41Ti rotor)

18 hr

30% sucrose
(4 mL)

Cell lysate in
45% sucrose
(4 mL)

1
2
3
4
5
6
7
8
9

10
11
12

Rafts

Non-rafts

Cav1

Fig. 2 Schematic diagram showing isolation of lipid rafts by discontinuous sucrose gradient centrifugation.
Cell lysate is prepared in a lysis buffer containing 45 % sucrose and transferred to an ultracentrifuge tube.
Two, 4 mL each, of 30 and 5 % sucrose are layered over the sample as shown. The gradient is subjected to
centrifugation for 18 h at approx. 247,000 � g allowing the buoyant lipid rafts to float to the 30 and 5 %
interface. Twelve 1-mL fractions are collected from the top and aliquots prepared for Western blotting showing
the presence of caveolin-1 (Cav1) in the light density fractions (#4 and #5) (21)
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2. Immunoprecipitation: Combine fractions 4 and 5 (Section 3.4)
for immunoprecipitation using anti-caveolin-1 or -caveolin-
2 antibodies as previously described (40).

4 Notes

1. Alternative to TNE, the following buffers can also be used:

(a) MBS buffer: 25 mM 2-(N-morpholino)ethanesulfonic acid
(MES, pH 6.6, Cat# M2933) and 150 mM NaCl.

(b) RIPA buffer: PBS, 1 % Nonidet P-40 (Cat# 98379), and
0.5 % sodium deoxycholate (Cat #30970).

2. Alternative to TX-100, other nonionic detergents can be used
including Lubrol WX (1 %), CHAPS (1 %), Brij 98 (1 %), or
500 mM sodium carbonate (41, 42). Note that cholesterol
resides in both lipid rafts and non-lipid rafts, and this may
alter results from membrane extractions in the presence of
detergents (43).

3. Acute depletion of membrane cholesterol also disrupts other
lipids including PI(4, 5)P2, and thus not all cellular changes
result solely from disruption of lipid rafts (44).

4. Membrane preparations must be subjected to ultracentrifuga-
tion immediately and not frozen.

5. If using an SW60 rotor, mix 0.4 mL cell lysate in complete
TNE with 1 % TX-100 with 0.4 mL of 90 % sucrose in TNE.
Layer with 2.2 mL 30 % sucrose in TNE and then 1.2mL of 5 %
sucrose in TNE. Centrifuge at 49,000 rpm for 18 h, and collect
0.4 mL fractions.
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MMP-2, -9 and TIMP-1, -2 Assays in Keratinocyte Cultures

Takashi Kobayashi

Abstract

To determine the status of tissue metabolism in the epidermis, matrix metalloproteinase (MMP)-2 and -9
and tissue inhibitor of metalloproteinases (TIMP)-1 and -2 can be detected using keratinocytes in culture.
In addition to Western blotting analysis, gelatin zymography for MMP-2 and -9 and the reverse zymo-
graphy for TIMP-1 and -2 are useful methods for evaluating such protein expressions both qualitatively and
quantitatively, because MMP-2 and MMP-9 are known as gelatinase. Moreover, real-time analysis for
zymography can be performed using fluorescein isothiocyanate-labelled gelatin.

Keywords: Gelatinase, MMP-2, MMP-9, TIMP-1, TIMP-2, Keratinocyte, Gelatin, Zymography,
Western blotting

1 Introduction

Keratinocytes comprise the majority of epidermal cells. They are
located at the interface of the whole body and are considered to
play a fundamental role in maintaining the homeostasis of our body.
Matrix metalloproteinases (MMPs) and tissue inhibitors of metal-
loproteinases (TIMPs) are known to play important but contrasting
roles in tissue metabolism (1–3). Among them, gelatinases, known
as MMP-2 and -9, have been reported to be involved in a variety of
pathophysiological conditions in the field of dermatology (3–12).
Therefore, methods to detect MMP-2 and -9 and their inhibitors,
TIMP-1 and -2, in keratinocytes would be useful tools for under-
standing the pathophysiology of skin diseases and could also be
used to monitor models of diseases, including the quest for new
drugs. I describe herein methods of gelatin zymography and reverse
zymography which we used together with Western blotting analysis
to detect MMP-2 and -9 and TIMP-1 and -2 in conditioned
medium from keratinocytes in culture.

By the nature of MMP-2 and MMP-9 as gelatinase (1–3, 13,
14), the gelatin zymography method has been used to detect these
enzymes not only qualitatively but also quantitatively (15–20). In
contrast, reverse zymography has been developed to identify
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TIMP-1 and TIMP-2 (20, 21). These are methods which assess
their enzymatic properties together with inhibitory activities. In
addition, Western blotting analysis is a useful tool to detect anti-
genic specificity for each molecule.

2 Materials

All solutions used for gelatin zymography and reverse zymography
are made with double-distilled or Milli-Q purified water, except for
the destaining solution of 30 % methanol/10 % acetic acid.

2.1 Gelatin

Zymography

1. 5 % Gelatin (w/v) (see Note 1).

2. Conditioned medium (serum free) from keratinocytes in cul-
ture (see Notes 2 and 3).

3. Running gel buffer (1�): 1.5 M Tris–HCl, pH 8.8.

4. Stacking gel buffer (1�): 0.5 M Tris–HCl, pH 6.8.

5. 30 % Acrylamide (w/v)–1 % N0, N0-methylene-bis-acrylamide
(w/v) in water (see Note 4).

6. 10 % Sodium dodecyl sulfate (SDS).

7. N,N,N0,N0-methylenebisacrylamide (TEMED).

8. 10 % Ammonium persulfate (w/v).

9. Sample loading buffer (5�): 0.25 M Tris–HCl, pH 7.4/
25 mM CaCl2/5 % SDS/0.02 % bromophenol blue/30 %
glycerol.

10. Electrophoresis equipment; Minislab apparatus and power sup-
ply (see Note 5).

11. Electrophoresis electrode buffer: 15 mM Tris/0.192 M gly-
cine/0.1 % SDS (14.35 g glycine, 1.75 g Tris, and 1 g SDS in
1 L of water).

12. 2.5 % Triton X-100 (polyethylene glycol mono-p-isooctylphenyl
ether).

13. Enzymatic reaction buffer: 0.05 M Tris–HCl, pH 7.4/20 mM
NaCl/5 mM CaCl2/0.02 % sodium azide.

14. 0.1 % Amido Black 10B.

15. 30 % Methanol/10 % acetic acid.

2.2 Reverse

Zymography

All materials from 1. to 15. in Section 2.1 are required.
In addition, human recombinant MMP-9 (Daiichi Fine Che-

micals, Toyama, Japan) is required (see Note 6).

2.3 Western Blotting

Analysis

All materials from 2. to 10. listed for Section 2.1 are required for
electrophoresis. Additional materials as described below are also
required.
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1. Polyvinylidene difluoride (PVDF) membranes.

2. Methanol.

3. Blotting buffer: 0.025 M Tris/0.192 M glycine/20 % metha-
nol (to make this, mix 14.4 g glycine, 3 g Tris, and 200 mL
ethanol in 1 L water).

4. Electroblotting apparatus (for example, Trans-Blot Cell and
Systems, Bio-Rad, Hercules, CA).

5. Parafilm (American National Can, Menasha, WI).

6. Blocking buffer: 4 % bovine serum albumin (BSA)/0.05 %
Tween-20 in phosphate-buffered saline (PBS).

7. Primary antibodies: Monoclonal antibodies raised against
MMP-9 or TIMP-1 (purified IgG fraction after protein A
Sepharose column, Bio-Rad) (5, 22) or monoclonal anti-
TIMP-2 antibody (Daiichi Fine Chemical).

8. Wash buffer: 0.05 % Tween-20 in PBS.

9. Secondary antibody: Horse-radish peroxidase linked anti-
mouse Ig antibody (Amersham Biosciences, Little Chalfont
Buckinghamshire, UK).

10. Detection reagents and equipment: ECL plus Western blotting
detection reagents (Amersham Biosciences) and X-ray film with
cassette.

3 Methods

3.1 Gelatin

Zymography

The gelatin zymography procedure is made up of three stages: (1)
electrophoresis, (2) enzymatic reaction, and (3) staining and
destaining of gels.

1. Prepare a running gel, 7.5 % acrylamide–bis-acrylamide gel
containing 0.5 % gelatin. Mix 2.5 mL of running gel buffer,
2.5 mL 30 % acrylamide, 2 mL 2.5 % gelatin, 2.7 mL water,
100 μL 10 % SDS, 10 μL TEMED, and 190 μL 10 % ammo-
nium persulfate. Aspirate the mixture, for example, using a
20 mL syringe (see Notes 7, 8, and 9). Gently pour the gel
between the glass plates. Then, gently overlay acrylamide solu-
tion with water and allow it to polymerize.

2. Prepare a stacking gel, 3 % acrylamide–bis-acrylamide gel. Mix
1 mL of stacking gel buffer, 400 μL 30 % acrylamide, 2.4 mL
water, 40 μL 10 % SDS, 4 μL TEMED, and 156 μL 10 %
ammonium persulfate. Mix gently and pour over the polymer-
ized running gel after removing the overlaid water, add a
suitable comb, and allow to be polymerized.
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3. Dilute the conditioned culture medium from keratinocytes
with the sample loading buffer (1/4 volume of the conditioned
medium) and mix (see Note 10). Do not boil.

4. Run the gel in electrophoresis electrode buffer at 80 V (con-
stant voltage) (see Note 11).

5. After running the gel, remove the stacking gel, separate the
plates, and mark the gel (i.e., trim a corner, I use the lower
right) to maintain the orientation. Incubate the gel in the 2.5 %
Triton X-100 for 60 min with shaking (see Notes 9 and 12).

6. Transfer the gel into the enzymatic reaction buffer and incu-
bate it at 35 �C (see Notes 13, 14, and 15).

7. Stain the gel with 0.1 % Amido Black 10B with shaking (see
Note 16).

8. Destain the gel with 30 % methanol/10 % acetic acid with
shaking (see Note 17).

9. Observe the region of gelatin degradation as clear bands
against a background of stained gelatin (Figs. 1a and 2a;
see Notes 9. 18, and 19).

3.2 Reverse

Zymography

Reverse zymography is based on the same principle as gelatin
zymography and is made up of three stages: (1) electrophoresis,
(2) enzymatic reaction, and (3) staining and destaining of gels.

Fig. 1 Gelatin zymography (7.5 % acrylamide gel) (panel a) and reverse zymography (12 % acrylamide gel)
(panel b). (a) 1.5 ng (lane 1 ), 500 pg (lane 2 ), or 170 pg (lane 3 ) of human recombinant MMP-9, and aliquots
of conditioned culture media of keratinocytes stimulated with high Ca2+ concentration (lane 5 ), by the
addition of transforming growth factor (TGF)-β 1 (lane 6 ), or without stimulation (lane 4 ). High Ca2+-induced
MMP-9 secretion selectively, whereas TGF-β 1-stimulated MMP-9 and MMP-2 secretion. The arrow and
arrowhead show the bands of MMP-9 and MMP-2, respectively. (b) 13 ng (lane 1 ) or 4.3 ng (lane 2 ) of human
recombinant TIMP-1 (Daiichi Fine Chemical), 13 ng (lane 3 ) or 4.3 ng (lane 4 ) of human recombinant TIMP-2
(Daiichi Fine Chemical), or the conditioned medium (lane 5 ) from human keratinocytes in culture. The bands
showing gelatinolytic activities of MMP-9 and MMP-2 are also observed. The arrow and arrowhead show the
bands of TIMP-1 and TIMP-2, respectively
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1. Prepare a running gel, 12 % acrylamide–bis-acrylamide gel
containing 0.25 % gelatin. Mix 2.5 mL of running gel buffer,
4 mL 30 % acrylamide, 1 mL 2.5 % gelatin, 2.2 mL water,
100 μL 10 % SDS, 20 μL 10 μg/mL human recombinant
MMP-9, 10 μL TEMED, and 170 μL of 10 % ammonium
persulfate (see Notes 7, 8, 9, and 20). The following steps for
electrophoresis are the same as in 2–4 in Section 3.1.

2. After running the gel, incubate it three times in 2.5 % Triton
X-100 for 30 min each time with shaking (90 min in total)
(see Note 12).

3. Transfer the gel into the enzymatic reaction buffer and incu-
bate it at 35 �C with shaking (see Note 21).

4. Stain anddestain thegelwith0.1%AmidoBlack10Bandwith30%
methanol/10 % acetic acid, respectively (seeNotes 16 and 17).

5. Observe the region of non-degraded bands against a clear
background of gelatin degradation (Figs. 1b and 2b; seeNotes 9
and 18).

3.3 Western Blotting

Analysis

Western blotting analysis is made up of four stages: (1) electropho-
resis, (2) electroblotting, (3) antibody–antigen binding reaction,
and (4) detection of signals (see Note 22).

1. Prepare a 7.5 % acrylamide–bis-acrylamide running gel, which is
made using 4.7 mL of water instead of 2 mL of 2.5 % gelatin/
2.7 mL water as described above for gelatin zymography to
detect MMP-9 or a15 % acrylamide–bis-acrylamide gel, which
is made up of 5mL 30 % acrylamide and 2.2mL of water instead

Fig. 2 Real-time zymography (panel a) and reverse zymography (panel b) analyses. Each conditioned culture
medium from keratinocytes was applied in the gel containing FITC-labelled gelatin. In a successive period of
time (lanes 10 and 24 h in (a), and lanes 18 and 48 h in (b)) after the incubation in the enzymatic reaction
buffer, the gel was set in the ultraviolet transilluminator and observed for each gelatinolytic band (panel a) and
non-degrading one (panel b), respectively, just followed by staining using Amido Black 10B and destaining
(lane (AB) in each panel). The arrow and arrowhead show the bands of MMP-9 and MMP-2 in (a) and those of
TIMP-1 and TIMP-2 in (b), respectively
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of 2.5 mL of 30 % acrylamide, 2 mL 2.5 % gelatin, and 2.7 mL
water as described in Section 3.1 (seeNotes 2, 4, 7, and 8).

2. Perform electrophoresis as detailed in steps 2–4 in Section 3.1.

3. Soak a PVDF membrane in methanol for 60 s.

4. Pre-wet the PVDFmembrane, filter paper, and foam in blotting
buffer at 4 �C.

5. After electrophoresis, carefully assemble the gel and the PVDF
membrane as a blotting sandwich in the apparatus, as shown in
Fig. 3, with the gel to the anode side (black side in the Bio-Rad
apparatus) and the PVDF membrane to the cathode side
(clear/white side in the Bio-Rad apparatus) (see Note 23).

6. Transfer proteins to the PVDF membrane in the transfer appa-
ratus at 80 V for 1 h. Use an ice block to keep cold or transfer at
4 �C. Stir during the transfer.

7. Set the Parafilm attached to the dish.

8. After transfer, cut the membrane to the exact size of the gel and
set it (protein side up) on the Parafilm.

9. Soak the membrane in blocking buffer by mounting approxi-
mately 1 mL of blocking buffer per 10 cm2 membrane using
surface tension for 30 min at 4 �C (see Note 24).

10. Replace the blocking buffer with the first antibody solution
(5 μg/mL) diluted in blocking buffer and incubate it overnight
at 4 �C (see Note 24).

11. Wash the membrane with washing buffer for 10 min with
shaking, and repeat this three times (four times total).

12. Set the new Parafilm attached to the dish.

13. Soak the membrane in the second antibody solution diluted in
washing buffer (�10,000 for the Amersham second antibody)
and incubate it for 3 h at 4 �C (see Note 24).

14. Wash the membrane with washing buffer for 10 min with
shaking, and repeat this three times (four times total).

15. Detect the peroxidase reaction by ECL plus reagent using X-ray
film with cassette (Fig. 4).

Fig. 3 Schematic representation of the blotting sandwich assembled for Western
blotting analysis. + and � indicate cathode and anode, respectively
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4 Notes

1. Gelatin (I use EIA Grade Reagent, Bio-Rad) is hard to dissolve
in water at room temperature. It will more easily dissolve in a
water bath at approximately 40 �C.

2. It is important to use serum-free medium, because serum itself
contains MMP-2 and MMP-9 (23). In the case of HaCat cells
or murine keratinocytes, which can be cultured in medium with
serum, change them into medium without serum to collect
conditioned culture medium for identifying gelatinase from
those cells.

3. In my experience, fresh conditioned culture medium is rela-
tively stable at 4 �C for up to 48 h for the assays described
above. Please avoid storing it at 4 �C for more than 2 days or at
temperatures higher than 4 �C. Frozen samples are often more
stable. Repeated freeze and thaw cycles, however, can cause
degradation of proteins together with their aggregation.

4. Because the acrylamide monomer is a neurotoxin, handle with
care. For example, wear a mask and wear gloves when handling
acrylamide powder and its solutions.

Fig. 4 Western blotting analysis patterns for detecting MMP-9 (7.5 % acrylamide gel) (panel a) and TIMP-1
(15 % acrylamide gel) (panel b). (a) Aliquots of conditioned culture media from keratinocytes stimulated with
high Ca2+ concentrations (lanes 2 and 5 ), with addition of transforming growth factor (TGF)-β 1 (lanes 3
and 6 ), or without stimulation (lanes 1 and 4 ). Samples were applied and analyzed using monoclonal
antibodies raised against human MMP-9, one of which is not cross-reactive to MMP-2 (lanes 1, 2, and 3 )
while the other is cross-reactive to MMP-2 (lanes 4, 5, and 6) (22). The MMP-2 band induced by TGF-β 1 was
apparently detected by the cross-reactivity. The arrow and arrowhead show the bands of MMP-9 and MMP-2,
respectively. (b) Aliquots of the conditioned media were applied and analyzed using two types of monoclonal
antibodies, one of which is raised against human TIMP-1 (lane 1) (5) and the other is an anti-TIMP-2 antibody
(Fuji Fine Chemical) (lane 2) without cross-reactivity to TIMP-1. The arrow and arrowhead show the bands of
TIMP-1 and TIMP-2, respectively
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5. A running gel of 10 mL and a stacking gel of 4 mL in total are
used for two sets of minislab plates (8.5 cm � 6 cm and 1 mm
thickness).

6. Instead of human recombinant MMP-9, conditioned culture
medium from TPA-induced human HT-1080 cells or MMP-9
purified using a gelatin-Sepharose column can be used (20, 24).

7. It is important to aspirate the air from the running gel solution
just before pouring it to avoid the formation of bubbles in the
polymerized gel, which can cause distortion during electropho-
resis. I usually use a 20 mL syringe for 10 mL running gel
solution and remove bubbles by closing the opening with
Parafilm and applying a negative pressure with the syringe of
about 5–10 mL until the air bubbles caused by the low pressure
in the syringe disappear.

8. The time required for the gel to polymerize will differ depend-
ing on the temperature and will take longer at cold tempera-
ture. If the amount of ammonium persulfate is increased, the
time required will be shorter. Conversely, reduce the amount of
ammonium persulfate to slow down polymerization in a hot
environment.

9. Using one part of fluorescein isothiocyanate (FITC)-labelled
gelatin in ten parts of the whole gelatin (20), real-time detec-
tion of gelatinolytic band and non-gelatinolytic one can be
observed in zymography and reverse one, respectively
(Fig. 2). For such analyses, the gel container should be in
light-shielded condition to avoid decreasing the fluorescence
intensity during incubation. Each band in the gel will be
detected on the ultraviolet transilluminator (such as UVP Co.
M-20, 302 nm) after an appropriate period of incubation. In
photographing for such cases, a sharp cut filter to cut off a light
under 520 nm (such as Fuji Film Co. SC52) should be used.
When each band is detected, the gel could undergo staining
and destaining.

10. After diluting the sample with sample buffer, the enzyme will
be gradually inactivated by SDS. To avoid this, use of fresh
sample after the addition of sample buffer is recommended for
gelatin zymography. The addition of dithiothreitol or 2-
mercaptoethanol leads to the inactivation of enzymes and
should be avoided.

11. High voltage can cause heating of gels, which can inactivate the
enzymatic reaction. To avoid this, less than 100 V is desirable. I
recommend performing the electrophoresis at 4 �C in an
extremely hot environment.

12. To remove the SDS in the gel, incubation in Triton X-100 is
important. Please use more than 100mL of 2.5 % Triton X-100
per gel (approximately 5 mL of running gel) for each wash.
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13. The reaction time for conditioned culture medium will differ
depending on the concentration of the enzyme. For example,
10–15 μL in 100 μL of conditioned culture medium collected
from subconfluent keratinocytes for 24 h in 1 well of a 48-well
plate will be enough to observe an MMP-9 band in an over-
night reaction.

14. Gelatin zymography is known to be very sensitive, and more
enzymatic reaction is expected as the incubation time is longer.
However, I have often experienced a limitation in the sensitivity
after 5 days of incubation. It is considered that an extremely long
incubation time can allow diffusion of enzymes from the gel.

15. The gelatin zymography method is useful not only for detect-
ing metalloproteinases but also sometimes for identifying other
species of enzymes such as serine proteases. To do this or to
confirm the gelatinolytic activity by MMPs, 10 mM EDTA
should be added to the reaction buffer and to the Triton
X-100 wash to inhibit the metalloproteinases.

16. Amido Black 10B can be reused several times. The average
staining time for the first-time use will be 10 min or so, but it
will take longer as the solution is reused. Instead of Amido
Black 10B, Coomassie brilliant blue R-250 can also be used.

17. A moderate destaining time will be more than overnight.

18. The gel will shrink in the destaining solution. After destaining,
gels can be stored in tap water with 0.02 % sodium azide for
several days, and the resolution will be relatively improved after
storage in this way. I usually scan the image of each gel using a
scanner attached to a personal computer. After scanning, quan-
titative analysis for the intensity of the band can be performed
using NIH image software (16, 18, 19).

19. As the passage of human keratinocytes in culture is repeated
several times, MMP-2 secretion into the conditioned medium
will decrease (17).

20. The gel containing MMP-9 will be gradually inactivated by
SDS. Therefore, electrophoresis should be started within a
couple of hours after the gel is ready for use.

21. The reaction time for conditioned culture medium takes much
longer in reverse zymography than in the gelatin zymography
described above. For example, application of 10–15 μL in a
240 μL sample, which is concentrated by filter (Ultrafree,
Millipore, Boston, MA) from 1.2 mL of conditioned culture
medium obtained from subconfluent keratinocytes grown for
24 h in 1 well of a 6-well plate, facilitates observation of a
TIMP-1 band after 2 days of reaction. In addition, incubation
with shaking (60–80 rpm) is important to detect the inhibitory
activity of TIMPs against MMP-9.
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22. During the whole procedure of Western blotting analysis, wear
gloves to avoid contamination with fingerprints. In addition,
avoid drying the PVDF membrane during the procedure after
soaking in the methanol.

23. To assemble the blotting sandwich, be careful to remove air
bubbles between the layers and move as quickly as possible to
avoid band diffusion and resolution loss.

24. Moist papers can be used in the area uncovered by Parafilm on
the dish with closure of the lid to avoid evaporation during
soaking.
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Reactive Oxygen Species (ROS) Protection via Cysteine
Oxidation in the Epidermal Cornified Cell Envelope

Wilbert P. Vermeij and Claude Backendorf

Abstract

The outermost layer of our skin functions as a barrier to protect us from physical, chemical, and biological
environmental insults. This protective function is mediated by the epidermal cornified cell envelope (CE)
which serves both as a mechanical and permeability barrier. Recently we have discovered that the CE
constitutes also a first-line antioxidant shield which relies greatly on cysteine residues in CE precursor proteins.
Here we describemethods and protocols to study the cysteine-mediated antioxidant function of the CE at the
level of the whole organ (the skin), individual cells (keratinocytes), or isolated proteins (SPRR family).

Keywords: SPRR proteins, Cornified cell envelope (CE), Oxidative stress, ROS regulated function,
Cysteine modifications, Redox imaging

1 Introduction

Reactive oxygen species (ROS) are highly reactive molecules that
are continuously generated by aerobic metabolism (1). They are
one of the major endogenous threats to the integrity and stability of
our DNA (2) and are therefore classified as one of the hallmarks of
aging (3, 4). Not surprisingly, many age-related diseases appear to
bemediated, at least in part, by oxidative stress. For example defects
in genes involved in the generation of ROS (mitochondrial com-
plex 1), clearance of ROS (SOD1), and clearance of oxidative DNA
damage (OGG1) have been associated with Parkinson’s disease,
amyotrophic lateral sclerosis, and Alzheimer’s disease, respectively
(5, 6). To counter oxidative stress, several mechanisms exist that
can detoxify ROS and repair cellular damage. These include numer-
ous enzymes and low-molecular-weight antioxidants that are
expressed in great amount and maintain the highly reducing envi-
ronment of the cellular cytoplasm (7).

Due to their reactive and transient nature, ROS can be selectivity
regulated in a spatial and temporal manner. As such, they can act as
inter- and intracellular signalingmolecules and canmediate processes
that include, but are not limited to, cell migration, circadian rhythm,
stem cell proliferation, and neurogenesis (1). These signaling
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processes are often triggered by oxidative modifications of an amino
acid side chain. Because of their unique chemical properties, thiol
groups of cysteine residues are ideally suited to convert local changes
in ROS levels into global cellular signals via alterations in protein
structure, enzymatic activity, or binding characteristics (8–10).

Small proline-rich (SPRR) proteins were recently shown to
protect keratinocytes from deleterious ROS levels (11, 12).
Together with other cornified envelope precursor proteins, such as
loricrin, involucrin, and the late cornified envelope (LCE) proteins,
members of the SPRR protein family are cross-linked in the upper
layers of the skin by transglutaminases and form a highly insoluble
structure termed the cornified cell envelope (CE) (13, 14). The high
amount of ROS-accessible cysteine residues in SPRR proteins,
either soluble or cross-linked within the CE, adds a protective
antioxidant shield to the physical and permeability barrier properties
of the skin. As the SPRR proteins are, amongst others, transcrip-
tionally regulated by Nrf2, one of the key players in the antioxidant
defense system, adaptation in SPRR protein dosage seems to be
central for providing optimal barrier function to diverse external
insults (15–17). Also in non-cornifying tissues, cysteine residues of
SPRR proteins can be modified by oxidation, allowing regulation in
spatial distribution, interaction kinetics, and protein functioning
(11, 18). This chapter provides the protocols that have allowed us
to study these modifications.

2 Materials

Prepare all solutions using ultrapure MilliQ water (prepared by
purifying deionized water to attain a sensitivity of 18 MΩ cm at
25 �C) and analytical grade reagents. Prepare and store all reagents
at room temperature (unless indicated otherwise).

2.1 Redox Imaging 1. SuperFrost plus glass slides (Menzel-Glaser, Braunschweig,
Germany).

2. Phosphate-buffered saline (PBS) pH 7.0 (see Note 1).

3. N-Ethylmaleimide (NEM; Sigma-Aldrich, Saint Louis, MO);
dissolve in PBS pH 7.0 to a final concentration of 100 mM;
freshly prepare and store shortly at 4 �C (see Note 2).

4. Paraformaldehyde (16 %; Thermo Fisher Scientific, Waltham,
MA).

5. Tris(2-carboxyethyl)phosphine hydrochloride (TCEP, 0.5 M,
pH 7.0; Sigma-Aldrich).

6. Alexa Fluor 488 Maleimide (Molecular Probes, Life Technol-
ogies, Grand Island, NY); store at�20 �C protected from light.

7. Alexa Fluor 555 Maleimide (Molecular Probes, Life Technol-
ogies); store at �20 �C protected from light.
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8. Reduced thiol labeling solution: 4 % paraformaldehyde, 1 mM
NEM, 5 μM Alexa Fluor 555 Maleimide, in PBS pH 7.0;
freshly prepare and temporarily store at 4 �C protected from
light.

9. Oxidized thiol labeling solution: 1 mM NEM, 2 μM Alexa
Fluor 488 Maleimide, in PBS pH 7.0; freshly prepare and
temporarily store at 4 �C protected from light.

10. VectaShield mounting medium (Vector Laboratories, Inc.,
Burlingame, CA).

2.2 SPRR Protein

Production and

Purification

pET16SK-vector containing various SPRR genes can be obtained
on request from Dr. C. Backendorf (Leiden University).

1. E. coli BL21-CodonPlus(DE3)-RP competent cells (Agilent
Technologies, Santa Clara, CA).

2. Chloramphenicol (Cam) stock: 25 mg/ml in 96 % ethanol.

3. Kanamycin (Km) stock: 125 mg/ml in H2O.

4. IPTG stock 0.5 M in H2O.

5. Sodium citrate buffer pH 3.6 (¼loading buffer for purifica-
tion): 25 ml 0.5 M Sodium citrate pH 3.6, 1 ml 0.5 M
EDTA, 77 mg DTT (has to be added fresh each time), MilliQ
water to a total volume of 500 ml.

6. Elution buffer: 1 M NaCl in loading buffer.

7. Liquid nitrogen.

8. Resource S column (GE Healthcare, Pittsburgh, PA).

9. Dialysis membrane, MWCO 6–8,000; boil dialysis membrane
in 0.1 mM EDTA for 30 min. Store in 70 % ethanol at 4 �C.
Wash carefully with MilliQ water before use.

10. 10 mM Sodium phosphate buffer pH 7.0. To prepare 3 l of
10 mM sodium phosphate buffer pH 7.0 mix 34.62 ml 0.5 M
Na2HPO4and25.38ml0.5MNaH2PO4andfill upwithMilliQ.

2.3 Labeling of

Oxidation-Sensitive

Cysteine Residues

1. H2O2 (35 %; Sigma-Aldrich).

2. Rose Bengal (10 mM in H2O; Sigma-Aldrich). 500-W tung-
sten halogen lamp.

3. NEM (Sigma-Aldrich) (see Section 2.1 and Note 2).

4. 10 mM Sodium phosphate buffer pH 7.0 (see Section 2.2 and
Note 1).

5. Dithiothreitol (DTT; Sigma-Aldrich).

6. Iodoacetamide (Sigma-Aldrich) (see Note 3).

2.4 Tryptic Digestion 1. Trichloroacetic acid (TCA) (Sigma-Aldrich).

2. Acetone (Sigma-Aldrich).
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3. 8 M urea, 0.4 M ammonium bicarbonate.

4. DTT (Sigma-Aldrich).

5. Iodoacetamide (Sigma-Aldrich) (see Note 3).

6. Trypsin MS grade (Roche, Mannheim, Germany).

2.5 Redox-Sensitive

Protein Interaction

Analysis

1. OKF6/TERT-2 immortalized keratinocytes were a kind gift
from Dr. Jim Rheinwald (Boston) (19).

2. Keratinocyte-SFM (KSFM; Gibco, Life Technologies, Grand
Island, NY) with the following adaptation: Use half the amount
of supplied growth factors, and add 0.3 mM CaCl2 from a
1,000� concentrated stock.

3. PBS (Gibco, Life Technologies) (see Note 4).

4. PBS containing 0.1 mM EDTA (PBS–EDTA).

5. 0.25 % Trypsin solution (Gibco, Life Technologies) in a 1:1
mixture of PBS and PBS–EDTA.

6. PBS containing 10 % Bovine calf serum (BCS; Hyclone,
Thermo Fisher Scientific, Waltham, MA).

7. NFB1 buffer: 140 mM Na2HPO4/NaH2PO4 pH 7.2, 5 mM
KCl, 10 mM MgCl2.

8. Lysis buffer: 50 mMTris–HCl (pH 7.5), 5 mMEDTA, 250 mM
NaCl, 0.1%TritonX-100, 7mMCaCl2 supplementedwith5mM
NaF, 100 mM Na3VO4, 20 mM β-glycerophosphate, and 1
protease inhibitor cocktail tablet (Roche, Basel, Switzerland) per
10 mL of buffer, all freshly added before use; store at 4 �C.

9. 0.2 ml Strep-Tactin column (IBA, Göttingen, Germany).

10. Wash buffer: 100 mM Tris–HCl (pH 8.0), 150 mM NaCl,
1 mM EDTA supplemented with 3 mM CaCl2; store at 4

�C.

11. Redox-elution buffer: 100 mM Tris–HCl (pH 8.0), 150 mM
NaCl, 1 mM EDTA supplemented with 3 mM CaCl2 and
50 mM DTT; prepare fresh and store at 4 �C.

12. Biotin elution buffer: 100 mM Tris–HCl (pH 8.0), 150 mM
NaCl, 1 mM EDTA supplemented with 3 mM CaCl2 and
2 mM biotin; store at 4 �C.

3 Methods

3.1 Redox In Situ

Imaging of Skin

Specimens

The procedure described here is based on themethod first described
by Mastroberardino and co-workers (20) and is ideally suited to
assess global oxidation states of disulfide bonds (and their variation)
in proteins at the level of a whole organ (mouse skin in this case). To
obtain more detailed information about specific cysteine residues
involved, redox labeling (on purified proteins/structures) should be
combined with mass spectrometry, as discussed later in this chapter.
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1. Cut sagittal skin cryosections with a thickness of 10–15 μm, and
put each section straight on a Menzel SuperFrost plus glass slide.

2. Fix every slide directly by covering the tissue in freshly prepared
“reduced thiol labeling solution” (see Section 2.1) and incu-
bate at room temperature for 30 min. With this step the free
thiol groups will be labeled in red.

3. Wash the slides three times for at least 10 min in PBS pH 7.0.

4. Post-fixate for 30 min in 100 mM NEM.

5. Wash three times for 10 min in PBS pH 7.0.

6. Incubate for 20 min in 5 mM TCEP.

7. Wash three times for 5 min in PBS pH 7.0.

8. Incubate for 20 min in “oxidized thiol labeling solution” (see
Section 2.1). With this step the thiols previously engaged in
disulfide bonds will be labeled in green.

9. Wash three times for 5 min in PBS pH 7.0.

10. The tissue can be blocked in serum and processed further for
immunohistochemistry or directly mounted for imaging using
VectaShield (see Fig. 1).

Fig. 1 In situ imaging of the redox state. (a) Schematic overview of the cysteine labeling strategy. Cysteine
residues in the reduced form are labeled with a first maleimide-conjugated dye (shown in red). Subsequently,
cysteine residues engaged in disulfide bonds are reduced and labeled with a second maleimide-conjugated
dye (shown in green). (b–d) Representative images of murine skin specimens labeled for reduced (b) and
oxidized (c) cysteine residues. The merge is shown in (d). Cysteine residues in the outer layers of the
epidermis, in the fat layer, and in the hair follicles are more in an oxidized state. In the cornified layer high
amounts of both reduced and oxidized cysteines are present (shown by the yellow overlap)
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3.2 SPRR Protein

Production

1. Clone the cDNA sequence of the gene of interest behind the
T7 polymerase sequence of a pET16SK-vector and transform
to E. coli strain BL21-CodonPlus(DE3)-RP (see Note 5).

2. Grow an overnight culture at 30 �C in 50 ml LC medium
containing 50 μg/ml kanamycin (Km) and 25 μg/ml chloram-
phenicol (Cam).

3. Dilute in 2 l LCmedium containing 50 μg/mlKmand25 μg/ml
Cam, and mix well.

4. Regularly measure the OD600 of the bacterial culture.

5. Grow the bacteria at 37 �C until an OD600 between 0.4 and
0.55 is reached.

6. Add IPTG to a final concentration of 0.4 mM, and continue
growth of the culture for another 3–4 h (see Note 6).

7. Centrifuge the bacteria at 32,000 � g for 15 min at 4 �C.

8. Discard the supernatant, and resuspend the pellet in 40 ml
sodium citrate buffer pH 3.6.

9. Freeze in liquid nitrogen.

10. Thaw in a water bath of 37 �C, and repeat this procedure
another two times.

11. Centrifuge at 3,500 � g for 20 min at 4 �C.

12. Ultracentrifuge the supernatant at 92,000 � g for 30 min at
4 �C with a Ti60 Beckman rotor.

13. Store the supernatant at �80 �C, in portions of 10 ml, for
further purification.

3.3 SPRR Protein

Purification

1. Wash a 6 ml Resource S column with 20 ml MilliQ water using
an AKTA FPLC station (GE Healthcare Life Sciences) and a
flow rate of 2 ml/min.

2. Wash the system with 20 ml ice-cold loading buffer (see
Section 2.2).

3. Load 10 ml of the SPRR protein solution on the Resource
S column.

4. Wash the system with 20 ml ice-cold loading buffer.

5. Apply a 40 ml salt gradient to a final concentration of 1MNaCl
(see Section 2.2), collect all elution fractions, and store on ice
immediately. The purity of the elution fractions can be deter-
mined by analyzing aliquots on PAGE.

6. Pool the SPRR protein containing pure fractions and apply to a
dialysis membrane.

7. Dialyze overnight at 4 �C in 10 mM sodium phosphate buffer
pH 7.0.
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8. Determine the protein concentration by diluting andmeasuring
the A230 and A260. The concentration could be calculated
with the following formula: [(187 � A260) � (81.7 �
A230)] � dilution/1,000 ¼ concentration in μg/μl (21).

9. Store SPRR protein samples at �80 �C in small vials.

3.4 Labeling of

Oxidation-Sensitive

Cysteine Residues in

Purified Proteins

SPRR proteins are eager to multimerize via the formation of
intramolecular disulfide bonds. However, upon oxidation also
intermolecular disulfide bonds will be formed. The following tech-
nique was used to determine which cysteine residues of SPRR
proteins are involved in the formation of intra- and intermolecular
disulfide bonds.

1. Apply a gradient of H2O2 (ranging from 0 to 100 mM), or
any other type of oxidant, to 12 pmol of SPRR protein (see
Note 7).

2. Incubate all samples on ice for 10 min during this oxidation
step.

3. Singlet oxygen was produced by irradiating 12 pmol of SPRR
protein in a 10 mM solution of Rose Bengal for 2 min with a
500-W tungsten halogen lamp.

4. Load the diversely oxidized samples on PAGE, using loading
buffer without β-mercaptoethanol, and visualize the different
protein bands with Coomassie Brilliant Blue G/R 250 staining
(see Note 8 and Fig. 2).

Fig. 2 Multimerization of purified SPRR proteins is mediated via cysteine oxidation. (a) SPRR1B protein
production, before (lane 1) and 3 h after (lane 2) IPTG induction. The subsequently purified fraction is shown in
lane 3. (b) Multimerization of SPRR1B (lanes 1–3), SPRR2A (lanes 4–6), SPRR3 (lanes 7–9), and SPRR4 (lanes
10–12). Equal amount of protein untreated (lanes 1, 4, 7, and 10), treated with Rose Bengal without light
(lanes 2, 5, 8, and 11), and treated with Rose Bengal with white light irradiation to induce oxidation by the
generation of singlet oxygen (lanes 3, 6, 9, and 12). (c) SPRR4 protein without (1) and with increasing
concentration of H2O2 (lane 2: 2.4 mM, lane 3: 4.7 mM, lane 4: 9.0 mM, lane 5: 17.5 mM). (d) Multimerization
of SPRR4 by 20 mM H2O2 (lanes 2 and 4) is mediated via disulfide bond formation of cysteine residues and
cannot be formed after NEM modification (lanes 3 and 4). All samples were loaded on gel using sample buffer
without β-mercaptoethanol due to the reversible nature of disulfide bonds
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5. Excise the bands of interest from gel, and cut each band
separately into small pieces.

6. Incubate the gel pieces for 30 min in 20 mM NEM.

7. Wash three times in 10 mM sodium phosphate buffer pH 7.0.

8. Incubate for 30 min in 45 mM DTT.

9. Wash three times in 10 mM sodium phosphate buffer pH 7.0.

10. Incubate for 20 min in 100 mM iodoacetamide in the dark. In
this way, free thiols can be recognized by NEM labeling and
cysteine residues originally engaged in disulfide bonds by IAA
labeling (see Note 9).

11. Extract the labeled SPRR peptides after in-gel tryptic digestion
as described in detail by Shevchenko and co-workers (22), and
identify the peptide masses and sequences by Orbitrap tandem
mass spectrometry (23). Cysteine modifications of SPRR4 pep-
tides were manually identified in Xcalibur (Thermo Fisher Sci-
entific, Waltham, MA) by using the SPRR4 protein sequence
(NCBI accession no. AF335109) and the calculated peptide
masses (18).

3.5 Labeling of

Oxidation-Sensitive

Cysteine Residues

in Isolated CEs

3.5.1 CE Preparation (24)

CEs can be easily purified from sunburned peeled skin, by boiling
the skin pieces in 100 mM Tris–Cl (pH 7.5), 2 % SDS, 1 mM
EDTA, and 10 mM DTT in a polypropylene tube (use a 50-fold
vol/vol excess of buffer) (see Note 10).

1. Boil with frequent mixing for 5–10 min until most of the small
skin pieces have disappeared and a homogenous suspension of
CEs is obtained.

2. Transfer to polystyrene tube (see Note 11).

3. Pellet for5minat3,5000 � g inSigmacentrifuge (10ml tubes).

4. Wash 2� in boiling buffer at RT.

5. Wash 1� in PBS. CEs can be stored indefinitely at 4 �C as a
damp pellet.

3.5.2 Oxidation-Selective

Cysteine Labeling

6. Take up the CEs in PBS, and generate smaller CE fragments by
sonication in a Sonics Vibra-Cell VCX 750 sonicator by using a
tapered 3 mm microtip for 60 s at a 30 % amplitude.

7. Incubate the CE fragments on ice for 10 min in 10 mMH2O2.

8. Centrifuge at maximum speed using an Eppendorf centrifuge,
and wash in 10 mM sodium phosphate buffer pH 7.0.

9. Incubate for 30 min in 20 mM NEM.

10. Centrifuge at maximum speed, and wash in 10 mM sodium
phosphate buffer pH 7.0.

11. Incubate for 30 min in 45 mM DTT.
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12. Centrifuge at maximum speed, and wash in 10 mM sodium
phosphate buffer pH 7.0.

13. Incubate for 20 min in 100 mM iodoacetamide in the dark.

By following this approach non-oxidizable cysteine residues
will be labeled by NEM, whereas cysteines involved in disulfide
bonds can be recognized via IAA labeling.

3.6 In-Solution

Tryptic Digestion

for MS Analysis

1. Precipitate protein and/or CE samples by addition of TCA to a
final concentration of 10 % and incubate at 4 �C for 1 h.

2. Centrifuge for 30 min at maximum speed at 4 �C using an
Eppendorf centrifuge.

3. Resuspend the pellet in 200 μl ice-cold 100 % acetone by
vortexing.

4. Incubate the sample for 20 min at �20 �C.

5. Centrifuge for 20 min at maximum speed at 4 �C. Remove the
supernatant, and repeat steps 3–5 two more times.

6. Dry the pellet at room temperature. This should take approxi-
mately 20 min.

7. Resuspend the pellet in 25 μl 8 M urea and 0.4 M ammonium
bicarbonate, and confirm the pH by pipetting 1–2 μl sample on
pH paper. The pH should be between 7.5 and 8.5.

8. For samples containing none labeled cysteine residues (such as
obtained from Section 3.7) add 5 μl of 45 mM DTT and
incubate for 30 min at 37 �C. Let the samples cool down to
room temperature, add 5 μl of 100 mM iodoacetamide, and
incubate for 20 min in the dark.

9. Adjust the total volume to 95 μl with ultrapure MilliQ water.

10. Add a 1:25 enzyme to protein weight-to-weight ratio of trypsin
in a volume of 5 μl.

11. Incubate at 37 �C for 16–24 h.

12. Stop the reaction by freezing, StageTip purification (25), or
injecting the peptides directly onto the reverse-phase HPLC
column of the LTQ-Orbitrap (Thermo Fisher Scientific) tan-
dem mass spectrometer (23). Database searching against all
human entries in Swiss-Prot was performed using Mascot
(26) (Matrix Science, Boston, MA) (see Note 12).

3.7 In Vivo Detection

of Redox-Sensitive

Protein Interactions

1. Use the pEXPR-IBA105-vector (IBA, Göttingen, Germany)
with the full-length SPRR sequence cloned between the BsaI
and HindIII restriction sites of the multiple cloning sequence.
In this way a streptavidin-tag is added to the N-terminus of the
SPRR protein (18). The plasmids are available on request.
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2. Culture immortalized OKF keratinocytes (OKF6/TERT-2) (a
kind gift from Dr. Jim Rheinwald (Boston) in defined
keratinocyte-SFM (KSFM) at 37 �C, 5 % CO2 until subcon-
fluency (19).

3. Wash the cells subsequently with 10 ml of PBS and 10 ml of
PBS–EDTA. Add 1 ml of trypsin solution for a 100 mm culture
dish and incubate at 37 �C for approximately 5–10 min. Check
microscopically whether the cells have detached.

4. Inactivate the trypsin by adding at least ten volumes of PBS
containing 10 % BCS.

5. Take up 2 � 106 cells in NFB1 buffer, add 5 μg of the above-
mentioned plasmid, and mix gently.

6. Transfect the keratinocytes by electroporation using the
Nucleofector™ 2b Device (Lonza AG, Cologne, Germany)
by using program T-007 (see Notes 13 and 14).

7. Seed the cells in a 100 mm culture dish with 10 ml of KSFM
and incubate at 37 �C, 5 % CO2, for approximately 48 h (see
Note 15).

8. Wash the cells twice with cold PBS, completely remove all PBS,
and add 0.5 ml lysis buffer for maximally 109 cells.

9. Scrape the cells with a rubber police man to one side of the dish
and pipet into an Eppendorf tube. Homogenize the samples
with a 0.4 mm syringe, and centrifuge the lysate at 3,500 � g
for 10 min at 4 �C to pellet the cellular debris. Store on ice until
further use.

10. Equilibrate a 0.2 ml Strep-Tactin column with 0.4 ml cold
wash buffer. If possible perform the whole purification proce-
dure in a cold room.

11. Load the soluble cell extract (from step 9) onto the column,
and wait until all of the cell extract has entered the column.

12. Wash the column five times with 0.2 ml wash buffer.

13. Elute all proteins interacting via or stabilized by disulfide bonds
by addition of 0.6 ml redox elution buffer (see Section 2.5).
Collect the eluate in several fractions and store on ice.

14. Add 0.6 ml biotin elution buffer to elute all other interaction
partners or complexes (either covalently linked or not), collect
the eluate in several fractions, and store on ice.

15. Digest proteins as described above (see Section 3.6), and ana-
lyze the peptides by mass spectrometry (see Note 16).

The approach allows the identification of proteins that interact
with the protein of interest (SPRR in this case) via disulfide bridges
(eluted in fraction 1).
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4 Notes

1. A correct pH is very important to avoid aspecific reactions.

2. NEMdissolves inwater (>100mM); however, aqueous solutions
could be unstable. The rate of hydrolysis depends significantly
on the pH.

3. Iodoacetamide can react at low rates with histidine residues.

4. Be careful not to use PBS brands that contain CaCl2, as calcium
can drive terminal differentiation of keratinocytes.

5. For several SPRR and other CE genes such as loricrin and
involucrin full-length cDNA sequences were cloned between
the EcoR1 and Nco1 restriction sites of the multiple cloning
site of the pET16SK-vector.

6. Save samples before and after IPTG induction to visualize
the protein production using PAGE. Protein samples can be
prepared by adding 100 μl Laemmli buffer for every 0.5 OD.

7. For the identification of naturally oxidized cysteine residues the
oxidation step with H2O2 should be omitted.

8. Commassie Brilliant Blue comes in two varieties, G 250 (green-
ish tint) or R 250 (redish tint). G250 differs chemically from
R 250 by the presence of two methyl groups. The R variant is
more sensitive for SPRR protein detection.

9. Thiols, oxidized to sulfenic, sulfinic, or sulfonic acid, are not
affected by NEM or IAA treatments.

10. Note the reducing character of this buffer (10 mM DTT),
which means that CEs will lose all oxidized cysteine residues
during the purification procedure and are as such isolated in
their native form (as composites of transglutaminase cross-
linked proteins and lipids).

11. CEs stick to polypropylene.

12. The following Mascot parameters were used: peptide tolerance
2 ppm, MS/MS tolerance 0.5 Da, variable NEM and IAA
modifications (C), variable oxidation (M), two missed clea-
vages allowed, decoy database option on. The MudPIT scoring
algorithm was used with an ion score cutoff of 20, with
required bold red only.

13. When more cells are required simply use more cuvettes con-
taining 2 � 106 cells 5 μg of plasmid DNA in NFB1 buffer.

14. Include at least an empty vector control, solely expressing the
Strep-tag.

15. Stable cell lines could be generated using neomycin selection.

16. For protein identification on silver-stained PAGE excise bands
not present in mock (untransfected) control lysates for analysis.
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Modified Methods for Growing 3-D Skin Equivalents:
An Update

Rebecca Lamb and Carrie A. Ambler

Abstract

Artificial epidermis can be reconstituted in vitro by seeding primary epidermal cells (keratinocytes) onto a
supportive substrate and then growing the developing skin equivalent at the air–liquid interface. In vitro
skin models are widely used to study skin biology and for industrial drug and cosmetic testing. Here, we
describe updated methods for growing 3-dimensional skin equivalents using de-vitalized, de-epidermalized
dermis (DED) substrates including methods for DED substrate preparation, cell seeding, growth condi-
tions, and fixation procedures.

Keywords: Skin, Keratinocyte, Skin equivalent, DED, Epithelial, Differentiation, Stratification,
Organ culture

1 Introduction

The ability to differentiate cultured primary cells into artificial
tissues or mini-organs has made a tremendous impact in the field
of stem cell research (reviewed in ref. 1, 2). Further, tissue-
engineered, artificial skins generated from human epidermal kerati-
nocytes are vital tools in industrial and commercial research for
product and pharmaceutical testing (3–5). Methods to generate
artificial skin equivalents were first described in the early 1980s
(6–9), and although refinements have been made over the past
three decades, the same basic technique is still in use today—primary
epidermal cells are seeded onto a supportive substrate, and then the
developing epidermis is grown at the air–liquid interface to promote
differentiation and production of barrier proteins and surface lipids
(9). The composition of the supporting substrate can vary and can
be completely artificial or biologically derived (1). Common sub-
strates include engineered dermal equivalents, often collagen gels
embedded with fibroblasts cells, and de-vitalized, de-epidermalized
dermis (DED). One advantage in using DEDs is that they retain the
extracellular matrix proteins and tissue architecture (undulating
rete-ridge patterning) of the vital dermis. Keratinocytes grown on
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DEDs differentiate into a fully stratified epidermis with basal,
spinous, granular, and cornified cell layers (9, 10).

Classic epidermal keratinocyte growth conditions, first devel-
oped in the 1970s by James Rheinwald and Howard Green, require
fibroblast feeder support and serum-containing growthmedia (11).
In the past decade in the effort to reduce potential xenobiotic
contaminants in cell culture, a range of serum-free, feeder-free
growth media have been developed to support growth and clonal
expansion of human keratinocytes. Here, we present updated
methods for reconstituting skin on DEDs including DED substrate
preparation, cell seeding, skin equivalent growth conditions, and
preparing the DED for analysis. We find that primary epidermal
keratinocytes isolated and propagated in either serum-containing
or serum-free media stratify and differentiate into reconstituted
skin tissues when seeded on DEDs and grown in the presence of
10 % serum. By 7 days after seeding, keratinocytes grown on DEDs
have differentiated into a fully stratified epidermis with basal, spi-
nous, granular, and cornified cell layers as detected by histological
and antibody staining. We find that the constituents of the basal
medium can vary, but serum is required for cells to stratify in 3-D
cultures. Further we found that the epidermis was thicker and
organization was improved when serum was heat-inactivated prior
to use (10). Reconstituted skins can be maintained for up to 28
days in vitro. We include methods for cryopreservation and tissue
fixation suitable for a range of tissue analysis protocols.

2 Materials and Equipment

It is recommended that a lab coat and gloves should be worn at all
times while doing these procedures. As primary human cells and
tissues will be used, appropriate personal protective equipment
must be used and procedures carried out according to laboratory
health and safety regulations. Work should be carried out at room
temperature, unless otherwise stated.

2.1 General Lab

Consumables and

Equipment

l Sterile phosphate-buffered saline (PBS) pH 7.2 (1�)
endotoxin-free purchased from an outside source. See Note 1.

l 1� PBS: Dilution of a 10� stock. 10� PBS: Weigh 80 g
sodium chloride, add 2 g potassium chloride, add 14.4 g
sodium phosphate dibasic and 2.4 g potassium phosphate
monobasic, make up to 1 l with distilled H2O. This needs to
be autoclaved and then diluted 1 in 10 with sterile water.

l Xylene.

l Graded alcohol series, 100, 95, and 70 % ethanol (diluted with
distilled water).
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l Distilled H2O (double distilled).

l Plastic beakers and glass bottles.

l Petri dish (9 cm).

l Cryovial (2 ml).

l Sterile centrifuge tube (50 ml).

l Water bath.

l Microbiological safety cabinet.

l 37 �C incubator with 5 % CO2.

l Centrifuge, capable of spinning 50 ml centrifuge tubes.

2.2 Method-Specific

Consumables

and Equipment

2.2.1 DED Preparation

l Human skin. See Note 2.

l 10 % Povidone-iodine solution. See Note 3.

l Sterilized forceps. See Note 4.

l Disposable sterile scalpels.

l Liquid nitrogen.

2.2.2 Primary Epidermal

Keratinocyte Propagation

l Human epidermal keratinocytes. See Note 5.

l KGM-Gold media (basal medium supplemented with bovine
pituitary extract, human epidermal growth factor, bovine insu-
lin, hydrocortisone, gentamicin, amphotericin-B, epinephrine,
and transferrin).

l Alternatively cells can be grown in FAD+ cell culture media:
made from three parts Dulbecco’s modified Eagle’s medium
(DMEM) to one part Ham’s F12 medium (F12) supplemented
with 1.8 � 10�4 M adenine, 100 IU/ml penicillin, 100 μg/ml
streptomycin, 10 % fetal bovine serum, 0.5 μg/ml hydrocorti-
sone, 8.47 ng/ml cholera enterotoxin, epidermal 10 ng/ml
growth factor, and 5 μg/ml insulin. See Note 6.

l Type 1 rat tail collagen (>95 %). Diluted 1 in 100 in endotoxin-
free PBS and then filter sterilized with a 0.2 μm filter.

l T-25 tissue culture flasks.

l Trypsin–EDTA (0.25 %). This is diluted 1 in 3 using
endotoxin-free PBS prior to use.

l Hemocytometer.

l Fetal bovine serum. See Note 7.

l Inverted tissue culture microscope with phase contrast.

2.2.3 Skin Reconstitution

on DEDs

l 6-well plate and 6-well inserts (pore size 3.0 μM). See Note 8.
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2.2.4 Embedding

and Sectioning

l 4 % paraformaldehyde (PFA). PFA is a harmful irritant, so this
procedure needs to be done in a fume hood.Weigh out 4 g PFA
adding 1� sterile PBS to a final volume of 100 ml. pH the
mixture to pH7.6. Place the PFA into a 60–65 �C water bath,
mixing well every 5 min until the liquid is clear. See Note 9.
Aliquot the PFA into falcon tubes and then freeze at �20 �C
until use.

l OCT (cryoprotective embedding medium). See Note 10.

l Isopentane.

l Disposable base moulds 24 mm � 24 mm for tissue
embedding.

l Tissue embedding/processing cassettes.

l Tissue processor, program: alcohol 1 h � 6, xylene 1 h � 3,
wax 1 h 20 min � 3. See Note 11.

l Microtome.

l Microtome blades.

l Charged microscope slides.

2.2.5 Histological

Staining

l Harris hematoxylin solution (7 g/l certified hematoxylin).

l Acid alcohol (1 % hydrochloric acid in 70 % EtOH).

l Eosin y solution (0.5 % (w/v) in water).

l DPX mounting solution.

l Cover slips (25 � 50 mm).

3 Methods

3.1 DED Preparation This procedure should be done in a Category 2 facility in a micro-
biological safety cabinet.

Before starting the procedure:

l Turn water bath on to 56 �C.
l Place 250 ml of sterile PBS into a 500 ml bottle and pre-warm

the PBS to 56 �C.
l Prepare in four 500 ml beakers (volume needs to be sufficient

to completely cover the piece of skin).

(a) 1 % Povidone-iodine (1:10 dilution of stock solution in
sterile water).

(b) 70 % Ethanol.

(c) PBS.

Begin Procedure:

l If required cut the skin into pieces of approximately 80 cm2.
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l Place skin in a 9 cm petri dish with the epidermis side down. It
is important to remove the fat by gently scraping it away using a
disposable scalpel. Alternatively the fat can be cut away by
lifting the dermal side of the tissue with forceps and cutting
away the fat with sterile tissue scissors.

l The skin is then sterilized by transferring skin through a series
of solutions:

– 1 % Povidone-iodine solution for 30 s.

– 70 % ethanol for 10 s.

– 70 % ethanol for 10 s.

– PBS for 30 s.

l The skin is then placed in the pre-warmed PBS, which is then
placed in the 56 �C water bath for 30 min.

l Following incubation the tissue is placed into a new petri dish,
dermal side down. Using forceps, peel away the epidermis from
the dermis. See Note 12. Discard the epidermis.

l Using sterile disposable scalpels cut the tissue into approxi-
mately 1 cm2 pieces and then place each piece into a screw
top cryovial and freeze in liquid nitrogen.

l The samples need to go through 10� freeze/thaw cycles of
liquid nitrogen to room temperature, which do not need to be
done in a flow hood. This step ensures that no viable cells
remain.

Any excess skin needs to be disposed of according to local
regulations pertaining to human tissues.

3.2 Primary

Epidermal

Keratinocyte

Propagation

This procedure should be done in a Category 2 facility using sterile
culturing conditions in a microbiological safety cabinet. Here we
detail procedures using purchased neonatal human epidermal
keratinocytes (NHEKs) grown under serum-free conditions. See
Note 13.

l Collagen-coat T25 tissue culture flasks. 3 ml of the diluted
collagen is used to collagen coat a T25 flask, see Note 14.
When ready to culture the cells, remove the collagen, wash
the flask with 4 ml of purchased PBS, remove PBS, and then
add 5 ml of KGM-Gold media.

l Pre-warm the KGM-Gold and purchased PBS in a 37 �C water
bath.

l Turn on microbiological safety cabinet 15 min prior to using.

l To 9 ml of your KGM-Gold media and add 1 ml (10 %) of FBS
to act as a trypsin inhibitor.

l Remove NHEK cells from�150 �C in a liquid nitrogen storage
vessel and thaw immediately in a 37 �C water bath.
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l When no ice crystals remain, resuspend the cells in the cryovial
and add to an appropriate number of pre-prepared T-25 flasks
according to the manufacturer’s instructions. See Note 15.

l Place the flasks in a 37 �C incubator with 5 % CO2, changing
the media every 2–3 days until the cells are approximately
70–80 % confluent.

l Once 70–80 % confluent, remove the media and wash the cells
with 4 ml of endotoxin-free PBS. Next remove PBS and add
1 ml of the diluted trypsin–EDTA, making sure that the trypsin
covers the entire bottom of the flask. Put the flask back into the
incubator for 1–2 min.

l Gently tap the side of the flask, and check that the cells have
detached using an inverted microscope. If not, put the flask
back into the incubator for an additional minute. It is impor-
tant not to expose the cells to the trypsin for too long as it can
damage the cells.

l Once the cells are detached, the trypsin solution is inactivated
by adding 3 ml of KGM-Gold + 10 % FBS. Pipette this media
gently over the bottom of the flask a few times to ensure that
the cells have been completely removed.

l Pipette up the media containing the detached cells, place into a
sterile centrifuge tube, and centrifuge at 200 � g for 5 min.

l Remove the supernatant, being careful not to disturb the pellet
of cells.

l Add 3ml of KGM-Gold to the cells, and carefully resuspend the
cell pellet by pipetting up and down several times. It is impor-
tant that the cells do not clump together.

l Using a p20 pipette, suck up 20 μl of the resuspended cells. See
Note 16.

l Add 10 μl to a hemocytometer. Count cells and calculate the
number per ml.

l These cells are now ready to be seeded onto the DED, frozen
down (in FBS with 10 % DMSO), or used to maintain the cells
in culture. See Note 17.

3.3 Skin

Reconstitution

on DEDs

1. Defrost a piece of the prepared DED. Using sterile forceps and
a scalpel trim the DED so that there is no fat on the bottom and
it will sit flat on the insert. Dispose of any excess skin according
to local health and safety procedures.

2. Place DED onto a 3.0 μM pore size insert that has been placed
inside a well of a 6-well plate (Fig. 1).

3. Using the cells in suspension from Section 3.2, step 12, remove
and centrifuge 300,000 cells at 200 � g for 5 min.
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4. Gently remove as much of the supernatant as possible by
vacuum suction or using a micro pipette so that approximately
10 μl of media remains covering the cell pellet. Gently loosen
and disassociate the cell pellet in the remaining media using a
p20 pipette.

5. Pipette the cells and media on top of the DED, in the center.
See Note 18.

6. Add 1 ml of FAD+ cell culture media between the insert and
the inside wall of the well, and ensure that the media has gone
underneath the insert. Be careful not to put media on top of the
DED or in the insert.

7. Place the lid on top of the 6-well plate and carefully transfer the
plate into a 37 �C incubator with 5 % CO2.

8. Leave the DED in the incubator for 7–28 days. Change the
growth media every 2–3 days.

3.4 Embedding

and Sectioning

Once the cells have been growing on the DEDs for 7–28 days, the
tissue needs to be fixed for analysis. There are two methods to do
this which either result in frozen sections or paraffin-embedded
sections. It is possible to cut the DED in half and perform both
fixative methods on the same DED (Fig. 2).

3.4.1 Frozen Sections 1. Fill up the well in a disposable base mould with OCT.

2. With sterile forceps, gently pick up the DED and place it into
the OCT as shown in the below diagram. It is important that
the surface of the DED that the cells have been growing on is at
90� to the base of the mould for sectioning.

3. Pour some isopentane into a beaker and lower beaker into a
flask of liquid nitrogen. Care must be taken while handling
liquid nitrogen, so ensure that the correct gloves and safety

Fig. 1 Photograph of a DED on the tissue culture apparatus. Note DED sits on a
6-well plate insert membrane and culture media is added and removed in the
space between the insert and the side of the well
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goggles are worn. Allow isopentane to reach �150 to
�160 �C.

4. Using forceps pick up the base mould and gently place it onto
the surface of the isopentane for a few minutes. This will freeze
the DED inside the OCT.

5. Once completely frozen the DED can be sectioned on a cryo-
stat or kept in a �80 �C freezer until required.

3.4.2 Paraffin-Embedded

Sections

1. Pour 5 ml of 4 % PFA into a glass bottle. See Note 19.

2. Using sterile forceps, pick up the DED and place it into
the PFA.

3. Leave overnight at 4 �C. See Note 20.

4. Remove the PFA and wash the DED twice with sterile PBS
(30 s each wash) and then place the DED in 5 ml of 70 %
ethanol. See Note 21.

5. The DED then needs to go through a series of ethanol and
xylene washes to dehydrate the tissue, which can be done using
a tissue processor or by hand. See Note 10. Take a tissue
embedding cassette, if labeling is required use a pencil.
Place the DED into the cassette and close the lid. Place the
cassette into a beaker of 70 % ethanol, until ready to start the

Fig. 2 Preparation of DEDs for tissue analysis. Bisect the DED across the center
of the tissue using a disposable scalpel (a) making sure to note which side of the
resulting tissues are the cut faces (b). This is important as the epidermis formed
on the DED center should be analyzed. DEDs are next fixed in appropriate fixative
prior to dehydration and embedding in paraffin wax (not shown) or placed
immediately in a disposable base mould and cryoembedded in OCT (c)
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processing. This stage needs to be done as quickly as possible to
ensure that the DED is only out of ethanol for the minimum
amount of time.

6. Once processed, the DED can be taken out of the cassette and
placed into a disposable base mould filled with melted paraffin
wax, with the DED surface (with a distinctive drier and
smoother appearance than the under layer of the DED) 90�

to the base of the mould.

7. When the wax has solidified, the embedded DED can be sec-
tioned on a microtome. Collect tissue on charged microscope
slides.

3.5 Histological

Staining

Once the DED has been sectioned there are a number of protocols
that can be used to visualize the new epidermal layer that has
formed (Fig. 3).

Hematoxylin and Eosin Staining

For paraffin sections

1. Place the slides in a rack and dewax the sections in a series of
washes:

l Xylene 5 min � 2 (use xylene in a fume hood).

l 100 % EtOH 3 min � 2.

l 95 % EtOH 2 min � 2.

Fig. 3 Histological staining of reconstituted skin. Hematoxylin and eosin-stained
section of a DED seeded with keratinocytes and cultured for 7 days. Note well-
stratified epidermis with evident cornified material (pink) at surface
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l 70 % EtOH 2 min � 2.

l Distilled H2O 5 min � 2.

2. Cover the slides with Harris Hematoxylin for 10 min.

3. Leave under a running tap for 1 min.

4. Differentiate in acid alcohol for 10 s.

5. Leave under a running tap for 5 min.

6. Take out of H2O and cover with eosin for 30s.

7. Dehydrate the sections by

l 95 % EtOH 5 min � 2.

l 100 % EtOH 5 min � 2.

l Xylene 15 min � 3.

8. Add a drop of DPX onto the slide and cover with an appropri-
ately sized cover slip.

9. Cover the slides and leave them to dry overnight.

For cryosections, let the sides come to room temperature
(approx 20 min), fix in 4 % PFA for 5 min, rinse in H2O, and
then continue with the above protocol from step 2.

4 Notes

1. For tissue culture it is important to purchase sterile PBS to
ensure that it is endotoxin free.

2. Discarded surgical skin is used to make DEDs, which requires
informed patient consent and for the handler to be fully com-
pliant with appropriate human tissue legislation. The whole
piece of skin can be frozen and kept for several years at
�80 �C until required to make DEDs.

3. Videne antiseptic solution can be purchased from Ecolab,
which is diluted 1:10 for use. It is a viscous liquid, so it is best
to pour these liquids into a measuring container rather than
using a pipette.

4. The forceps need to be double wrapped in foil and then auto-
claved for 20 min at 121 �C. Only unwrap the foil from the
forceps when they are in the safety cabinet.

5. Neonatal or adult human epidermal keratinocytes can be
purchased from a number of companies and can be used in
this 3-D skin model. Each company will provide information
on the best protocol to culture the cells they provide. It is best
to use them at a passage number of 5 or less.
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6. Our FADmedia has a Ca++ concentration of 1.4 mM; however,
media with lower Ca++ levels will support epidermal stratifica-
tion and differentiation on DEDs (10).

7. Fetal bovine serum can be purchased in 500 ml bottles. It is
best to aliquot out this into 50 ml sterile falcon tubes, and these
can be frozen and then thawed when required. Heat inactiva-
tion of the serum in a 56 �C water bath for 10 min prior to
adding to serum-free media has been shown to improve the
stratification of the skin on the DED model (10). Sera can be
treated with Chelex-100 to remove the Ca++ and other divalent
ions and then filter sterilized. Final calcium concentration
should be adjusted using a sterile calcium chloride solution.

8. Pore size of the insert needs to be large enough to allow
efficient media exchange. We use Greiner’s 6-well plate and
thincerts with 3.0 μM pore size.

9. It is important that this does not take longer than 1 h and that
the water bath remains at the correct temperature.

10. We use OCT embedding matrix produced by Raymond Lamb
or Tissue-Tek.

11. DEDs can also be processed by hand. Dehydrate samples
through a methanol series (25 %, 50 %, 75 %, and 100 % � 2)
for 10 min at each step. Equilibrate samples in 100 % ethanol
(2 � 30 min), then in ethanol:xylene (1:1) (2 � 30 min),
xylene for 30 min, xylene:paraffin wax (1:1) for 30 min at
62 �C, and paraffin wax for 1 h at 62 �C, and then overnight
at 62 �C in wax.

12. If the epidermis does not easily pull away, it can be returned
back into the pre-warmed PBS. Do not leave it for longer than
1 h in total in PBS.

13. Keratinocytes grown using classic FAD media with feeders are
also suitable to use with this skin model.

14. This needs to be left for 2 h at room temperature or can be left
for longer to be used when required at 4 �C.

15. The recommended seeding density is 3,500 cells/cm2.

16. It is important to pipette up the cells quickly as the cells will
rapidly sink to the bottom of the tube.

17. If continuing to passage the cells seed 150,000 cells into a
collagen-coated T-25 in 5 ml of KGM-Gold media.

18. It is best to push down gently with the pipette tip in the center
of the DED to create a small well before ejecting the cells.

19. Other tissue fixative reagents could be used instead of PFA.

20. Do not leave for longer than 24 h in the fridge.

21. If possible continue straight to the embedding stage, if not the
DED can be left in ethanol at 4 �C for a maximum of 3 days.
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A Novel Three-Dimensional Cell Culture Method
to Analyze Epidermal Cell Differentiation In Vitro

Yoji Okugawa and Yohei Hirai

Abstract

Studies of the epidermis have been carried out in various models, such as the monolayer culture in vitro
model and three-dimensional (3D) skin models, that are spatially organized to display the architectural
features seen in human skin. These models have furthered our understanding of epidermal cell biology and
provided quite a few lines of evidence on proliferation, cellular metabolism, morphological status, and state
of differentiation. In this chapter, we describe a novel method using epithelial cell aggregates embedded in a
collagen gel, instead of individual cells, for building cell–cell and cell–matrix interactions. Analyzing cell
behaviors during epidermal differentiation would be helpful. Our method would help to analyze a possible
regulatory mechanism underlying epidermal differentiation.

Keywords: Keratinocyte differentiation, Cell aggregate, Three-dimensional culture, Anoikis

1 Introduction

Keratinocytes in the basal layer of the epidermis continuously
deliver daughter cells upward, producing the stratified multicellular
epidermal structure. In skin research, monolayers of both isolated
keratinocytes from human skin and established cell lines have been
utilized to analyze organ-specific reactions (1). The growth of cells
in a monolayer is a useful method to elucidate cell physiology and
biology in the epidermis in vitro; however, the cells reveal only
limited aspects of the differentiated epidermis and behave differ-
ently than they would in the organ as a whole. For example, the
processing of caspase-14, which is associated with terminal epider-
mal differentiation, is not detected in the monolayer culture of
human keratinocytes even after 2 days at confluence in high-
calcium medium (2). Because of this result, information from
epidermal cells cultivated as a monolayer has little relevance in vivo.

To correct this deficit, the first model of 3D skin model that
mimics human skin was developed by Bell et al. (3). Numerous
subsequent 3D skin models were based on these investigations. The
model has a structure in which co-cultures of keratinocytes and
fibroblasts are seeded on a collagen gel and display a “tissue-like”
epithelial differentiation, morphology, and rates of cell division (4).
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Although these models are useful to study the biochemical and
morphological properties of human skin, the time required for
establishing such 3D organotypic cultures is considerably long.

Here we estimate the 3D cell culture method using epithelial
cell aggregates embedded in a collagen gel, which combines the
monolayer methods with 3D organotypic methods. Cell aggregates
are prebuilt small tissue blocks and have traditionally been used as
a powerful tool to understand the principles of cell–cell and
cell–matrix interactions (5, 6). One major advantage of the 3D
cell culture method is the well-defined stereo architecture, which
makes it possible to directly relate structure to function, thereby
enabling realistic analyses. The analyses of 3D cell cultures cannot
completely replace the analyses of biological mechanisms for rele-
vance in vivo. Nevertheless, it is a very convenient method that can
rapidly analyze a possible regulatory mechanism underlying epider-
mal differentiation. The more objective and persuasive conclusions
could be achieved by combining the results obtained by this
method with those from the conventional methods of analysis.

2 Materials

2.1 Cell Aggregate

Preparation

1. HaCaT cells (see Note 1) 3 days after seeding at 3.0 � 104

cells/mL on 10 cm2 culture dish (BD FALCON).

2. PBS (Sigma-Aldrich).

3. 0.25 % Trypsin (Sigma-Aldrich) in PBS.

4. 1,000 U/mL DNase 1 (Sigma-Aldrich) in sterile water.

5. Ultra low attachment 24-well plate (Corning).

6. Dulbecco’s modified Eagle’s medium (DMEM)/Ham’s F12
(Sigma-Aldrich) supplemented with 10 % fetal calf serum
(Hyclone) (DH10).

2.2 Cell Aggregates

Embedded in Collagen

Gel

1. 5 mg/mL Native collagen bovine dermis (KOKEN).

2. Sodium hydrate (Sigma-Aldrich).

3. Sodium bicarbonate (Sigma-Aldrich).

4. HEPES (Sigma-Aldrich).

5. 48-well culture dish (BD Falcon).

6. Tenfold concentrated DMEM (GIBCO).

7. Edgeless large-bore pipette tips (Watson).

2.3 Analysis

2.3.1 Western Blotting

1. Twofold concentrated sample buffer: 126 mM Tris–HCl (pH
6.8), 20 % glycerol, 4 % SDS, 20 % 2-mercaptoethanol, and
0.005 % BPB in water (see Note 2).

2. Electrophoresis gel: 4–15 % polyacrylamide gel (TEFCO).
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3. Running buffer: 2.5 mM Tris base, 192 mM glycine, and 0.1 %
SDS in water.

4. Transfer buffer: 2.5 mM Tris base, 192 mM glycine, and 10 %
methanol in water.

5. Immobilon-P membrane (Millipore).

6. Blocking reagent: For caspase-14 detection, use Blocking One
(Nacalai Tesque). For others’ detection, use a 5 % skim milk
(DIFCO) in PBS.

7. ECL plus Western Blotting Detection System (Amersham
Biosciences).

2.3.2 Antibody 1. Anti-involucrin (1:100) (Santa Cruz Biotechnology).

2. Anti-cytokeratin 1 (K1) (1:1,000) (Covance).

3. Anti-cytokeratin 5 (K5) (1:1,000) (Covance).

4. Anti-caspase-3 (1:200) (Stressgen).

5. Anti-caspase-14 (1:500) (Covance).

6. Anti-Dnase1L2 (1:200) (kindly provided by Dr. Eckhert).

7. Anti-β-actin (1:2,000) (Sigma-Aldrich).

8. HRP-linked anti-mouse IgG (1:1,000) (AmershamBiosciences).

9. HRP-linked anti-rabbit IgG (1:1,000) (Amersham Biosciences).

10. Alexa-fluor488 linked anti-rabbit IgG (1:100) (Invitrogen).

2.3.3 Staining of Cell

Aggregates

1. Fixing solution: 10 % formalin solution (Wako).

2. Propidium iodide solution: 1 % propidium iodide (Sigma-
Aldrich) in water.

3. Mounting solution: VectaShield mounting medium (Vector
Laboratories).

4. Embedding solution: 20 % Sucrose (Sigma-Aldrich), 50 %
Tissue-Tek OCT compound (Miles Laboratories) and 0.5 %
Phenol Red (Sigma-Aldrich) in water.

3 Methods

3.1 Cell Aggregate

Preparation

1. Confluent HaCaT cell cultures grown in DH10 are washed
twice with PBS and then treated for 10 min with 0.25 %
trypsin. The HaCaT cells are trypsinized, and trypsin is inacti-
vated with serum.

2. Depleted cells are centrifuged at 160 � g for 5 min and
counted by a hemocytometer.

3. The resulting pellet is treated with 20 μL of Dnase 1
(1,000 U/mL) to yield a concentration of 1.0 � 107 cells
and subsequently incubated for 10 min at 37 �C.
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4. The cells are resuspended in a fresh medium with the final
density being approximately 3.0 � 106 cells/mL. The cells
are seeded at 1.0 � 106 cells/well (350 μL) into a 24-well
dish (ultralow attachment surface). Then the cells are
incubated on a gyratory shaker at 100 rpm for 24 h at 37 �C.

5. This procedure reproducibly provides smoothly rounded cell
aggregates (Fig. 1).

3.2 Cell Aggregates

Embedded

in Collagen Gel

1. A collagen mixture is achieved by quickly and gently mixing
8 vol. of cold 5 mg/mL native collagen bovine dermis with
1 vol. of tenfold concentrated DMEM and 1 vol. of sterile
reconstitution buffer (50 mM NaOH, 260 mM NaHCO3,
and 200 mM HEPES buffer) in a sterile tube kept on ice to
prevent immediate gelation.

2. The cold collagen mixture is then dispensed into a 48-well
plastic culture dish (0.1 mL/well) and allowed to gel for
30 min at 37 �C (base layer in Fig. 1).

3. The foregoing cell aggregates are placed in a centrifuge
tube and are collected by centrifugation at 160 � g for 30 s
(see Note 3).

4. The cell pellet is resuspended at 2,000–4,000 aggregates/mL
of the collagen mixture on ice under cautious stirring and is
dispersed into 0.1 mL of the mixture per well on the base layer
(cell layer in Fig. 1) (see Note 4).

5. For gelation, the culture plate is quickly incubated for
10–30 min at 37 �C in a humidified incubator. Then the
collagen gels are gently covered with 0.5 mL of DH10 for
1–5 days (culture medium in Fig. 1).

cell aggregateHaCaT cell

o.n.

transfer to 48-well plate

base layer
cell layer

culture medium

Fig. 1 Experimental procedure. The cell aggregates are formed by rotation culture for 24 h and embedded in
collagen gels
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3.3 Analysis The DH10 is discarded, and the collagen with the cell aggregates is
transferred to a centrifuge tube. The collagen is subsequently dis-
solved in hot water for a few minutes, and the cell aggregates are
collected by gravity flow.

3.3.1 Western Blotting 1. The cell aggregates are dissolved in an equal volume of twofold
concentrated sample buffer.

2. Boil the sample at 100 �C for 5 min.

3. Load the sample for electrophoresis: 70–100 V before the
bromophenol blue front has moved into the resolving gel and
160–210 V until the bromophenol blue reaches the bottom of
the gel.

4. Make the gel for transfer in transfer buffer: 20–40 mA for
90 min.

5. Block the filter with blocking buffer for 1 h at room tempera-
ture with gentle agitation on a platform shaker.

6. Discard blocking solution, and immediately incubate mem-
brane with primary antibody for 1 h with gentle agitation on
a platform shaker.

7. Discard primary antibody solution, and wash filter three times
(5 min each time) with PBS.

8. Immediately incubate the filter with secondary antibody for 1 h
with gentle agitation on a platform shaker.

9. Discard secondary antibody solution, and wash with PBS for
three times for 5 min each time.

10. Detect the target proteins using the ECL Western Blotting
Detection System according to the manual.

3.3.2 Histochemical

Analysis

1. Cell aggregates cultured in vitro are embedded into embedding
solution, and 10 μm cryostat sections are fixed with ice-cold
methanol on a glass slide.

2. The following steps are described above (see Section 3.3.1, 5–9).

3. The nuclei are counterstained with propidium iodide.

Epidermal basal cells deprived of extracellular matrix (ECM)
association withdraw from the cell cycle and become committed to
differentiate to irreversibly undergo terminal differentiation. In
HaCaT cell aggregates embedded in collagen gels, the central cell
populations that were distal to the collagen matrix launched the
differentiation/anoikis program. This program involved enucle-
ation and cell death, leading to the formation of large central
lumina within 4 days (Fig. 2). These cell aggregates represent a
spectrum of cell differentiation markers. In particular, caspase-14
and DNase1L2, which are specific to epidermal cornification, were
up-regulated during this culture period, whereas caspases-3 that
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has a central role in classical apoptotic pathways in many cell types
but not in keratinocytes remains unchanged (Fig. 2). Caspase-14
but not caspase-3 is processed during keratinocyte cornification
(7). These results indicate that normal keratinocyte differentia-
tion/anoikis is exhibited in this culture model.

The keratinocyte requires direct binding to ECM substrates to
maintain its undifferentiated states, and deprivation of this interac-
tion triggers the differentiation and cell death program (anoikis)
(8). Most of the nascent HaCaT cells, except for the collagen-
bound subpopulation, underwent anoikis within a few days,
which resulted in the formation of large central space in the aggre-
gates with highly assembled and membrane-proximal cornified
envelopes containing involucrin at the apical surfaces of the
collagen-bound viable cell layer (Fig. 3).

4 Notes

1. Although normal human epithelial cells are more feasible to use
in demanding experimental protocols, such cells still present
issues related to variability in different lots. Therefore, we used
the human immortalized keratinocyte line HaCaT (9, 10).
This particular cell line has been shown to form a complete
epidermis when transplanted onto nude mice (11) and produce

β-actin

K5

K1

pro-caspase 3

active
caspase 3

DNase1L2

pro-caspase 14

active
caspase 14

D1 D4

D4

D1

Fig. 2 Morphological appearance of the cell aggregates and induction of several
differentiation markers including those for the early stage (keratin5),
intermediate stage (keratin1), and the terminal stage (caspase-14, DNase1L2)
in the cultured cell aggregates are investigated at days 1 and 4. Bar: 200 μm
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well-stratified and normally differentiated epithelium (12–14).
HaCaT cells are available from Deutsches Krebsforschungs
Zentrum to only nonprofit organizations for research and
teaching purposes.

2. Prior to using the buffer, 2-mercaptoethanol should be added.

3. The size of cell aggregates is dependent on the amount of
DH10 and the rotation speed. A large amount of DH10 or a
low speed causes large cell aggregates.

4. Edgeless large-bore pipette tips will not damage the cell aggre-
gate when gently pipetting up and down.
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Reconstruction of Normal and Pathological Human
Epidermis on Polycarbonate Filter

Evelyne De Vuyst, Céline Charlier, Séverine Giltaire, Valérie De Glas,
Catherine Lambert de Rouvroit, and Yves Poumay

Abstract

This chapter provides methods suitable for the culture of primary human keratinocytes in serum-free
culture conditions, starting from very small skin biopsies. It also explains procedures required for recon-
struction of a stratified epidermis on polycarbonate filter, starting from keratinocytes cultured in serum-free
conditions. Tissues reconstructed according to this method have been proven suitable for characterization
of epidermal morphogenesis and for in vitro studies of the epidermal barrier. Utilization of the same
method for successful isolation of keratinocytes from a patient suffering from Darier’s disease and the
reconstruction of a pathological epidermis which displays the same histological features as in vivo are also
presented.

Keywords: Human keratinocytes, Primary culture, Epidermis reconstruction, Darier’s disease,
Skin biopsy

1 Introduction

Soon after the successful development of cultures of human
keratinocytes immersed in liquid medium, limitations in the stages
of epidermal differentiation that can be reached under such condi-
tions have led researchers to pursue efforts towards the development
of fully differentiated keratinocyte cultures. Already in the early
1980s, the requirement for an exposure of differentiating keratino-
cytes to the air–liquid interface had been clearly identified in
order to produce stratified cultures covered by a fully differentiated
cornified layer (1). While those initial methods were using serum-
containingmedium, together with de-epidermized dermis or equiv-
alent dermis (produced by the contraction of a collagen lattice
containing cultured fibroblasts) as biological supports for keratino-
cytes, the possibility to reconstruct the epidermis only, directly over
porous substrates and in chemically defined serum-free medium,
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was later demonstrated (2). Availability of standardized, reproduc-
ible models of human epidermis paved the way to valuable alterna-
tive methods able to replace laboratory animals. From an
experimental point of view and in the perspective of cutaneous
toxicological studies, such reconstructed human epidermis
(RHE) directly anchored to a filter presents the highly valuable
advantage that cytokines released by keratinocytes are not trapped
into a dermal compartment and can be analyzed in the culture
medium, below the porous substrate (3).

In view of their huge potential for basic and applied research,
RHE have rapidly become commercially available from several
companies. However, for several reasons linked for instance to
their relatively elevated price, but also because custom-made
design of their environment during tissue reconstruction is fre-
quently required for basic investigations, or simply because
the reliability of commercial providers is limited for customers
seeking for a guaranteed long-term and stable availability of an
epidermal model (4), our laboratory has established a simple
protocol for in-house production of RHE (5). For this purpose,
we have chosen to rely exclusively on materials available for
research worldwide. In addition, this freely available procedure
has created conditions for open-source tissue production of RHE
(see for instance http://www.tissue-factory.com/en/Skin_
Model.html May 31, 2013).

Nowadays, our in-house production of RHE has taken benefit
from a few refinements of the method, including the possibility for
a decreased cell density at the settings of the culture. A detailed
study of tissue morphogenesis has also been performed, illustrat-
ing elevated basal cell proliferation during the initial phase of the
culture and progressive organization of the differentiating supra-
basal layers, as evidenced by immunohistochemical localization of
various epidermal differentiation markers (6, 7). In this chapter,
the complete and annotated protocol for RHE production is
described starting from keratinocyte isolation and growth, in
accordance with the procedure for immersed cultures already
published in the second edition of this book (8). Moreover, a
new procedure which uses very small punch biopsies from
human skin as a source of keratinocytes is explained. Finally, the
successful utilization of abnormal keratinocytes for epidermal
reconstruction is described. Indeed, keratinocytes from a patient
with Darier’s disease, a genetic condition that results from a
defective calcium transporter in the endoplasmic reticulum, were
used for in vitro reconstruction of the pathological epidermis.
Interestingly, the resulting tissue depicted abnormal features
observed in vivo in the epidermis of patients, namely, some loss
of adhesion between epidermal cells (acantholysis) and abnormal
keratinization (9).
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2 Materials

2.1 Primary Culture

of Human Epidermal

Keratinocytes from a

3 mm Punch Biopsy

1. Medium for culture setting: KBM®-2 medium (Clonetics® cat.
no. CC-3103) is supplemented with SingleQuots® KGM-2®

(Clonetics® cat. no. CC-4152) to reach final concentrations of
10 ng/ml human recombinant epidermal growth factor
(EGF), 5 μg/ml insulin, 50 μg/ml bovine pituitary extract
(BPE), 5 � 10�7 M hydrocortisone, and 5 μg/ml transferrin.
For the primary cultures 50 μg/ml gentamycin, 250 ng/ml
fungizone, and 2.5 μg/ml ampicillin are added to the medium.
When thawing the vials for secondary cultures, these antibiotics
are replaced by 50 U/ml of penicillin G and 50 μg/ml of
streptomycin.

2. Medium for culture growth: After settings of the cultures, a
keratinocyte growth medium is used, based on Epilife®

medium (Cascade Biologics™ cat. no. M-EPI-500-CA) and
supplemented with antibiotics and HKGS (Cascade Biolo-
gics™ cat. no. S-001-5) in order to reach final concentrations
of 0.2 % BPE, 0.2 ng/ml human recombinant EGF, 0.18 μg/
ml hydrocortisone, 5 μg/ml insulin, and 5 μg/ml transferrin.

3. Solution A: Washing solution for tissues and cells: 10.0 mM
glucose, 3.0 mM KCl, 130.0 mM NaCl, 1.0 mM Na2H-
PO4∙7H2O (or anhydrous), 0.0033 mM phenol red,
30.0 mM Hepes. Dissolve Hepes in distilled H2O and adjust
pH at 7.4 with 10 M NaOH. Then, dissolve the other com-
pounds and check pH before adjusting the final volume. Solu-
tion A is sterilized through a Sterivex™-GP 0.22 μm filter
(Millipore cat. no. SVGP01015) and stored refrigerated at 4 �C.

4. Dispase II (Roche cat. no. 04942078001): Diluted in solution
A to reach a concentration of 10 mg/ml.

5. EDTA (Merck cat. no. 108418): Diluted in solution A to reach
a concentration of 1 mM.

6. Trypsin solution used for the initial dissociation of keratino-
cytes: Trypsin (Sigma cat. no. T-9201) is dissolved at 0.17 %
(weight/volume) into ice-cold solution A. The solution is then
sterilized through a MillexTM-GP 0.22 μm filter (Millipore cat.
no. SLGP033RB).

7. Trypsin solution used for subculture of keratinocytes: Dissolve
0.01 % ethylenediaminetetraacetic acid (EDTA) into solution
A, adjust the pH to 7.4, chill on ice the solution, and then add
trypsin (Sigma cat. no. T-9201) to obtain a 0.025 % solution.
The solution is then sterilized through a MillexTM-GP 0.22 μm
filter (Millipore cat. no. SLGP033RB).

8. Dialyzed fetal calf serum: Dialysis tubing MWCO-
12,000–14,000 Da (Dialysis tubing—Visking Medicell Inter-
national Ltd) is prepared by boiling in a solution containing
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0.1 % EDTA and 0.1 % Na2CO3, followed by two 15-min
washes in boiling distilled H2O. Introduce 100 ml of fetal calf
serum (Lonza® cat. no. DE14-801F) into the dialysis tubing.
Seal the dialysis tubing and stir it at 4 �C into 10 l of
phosphate-buffered saline (PBS) solution without calcium
(PBS: 0.2 g KCl, 0.2 g KH2PO4, 8 g NaCl, 1.44 g Na2H-
PO4∙2H2O in 1.0 l of distilled H2O, pH 7.4). PBS solution is
changed four times over a period of 12 h.

9. Blocking solution: Solution A containing 2 % dialyzed fetal calf
serum.

2.2 Reconstruction

of Epidermis

on Polycarbonate Filter

1. Medium for epidermis reconstruction at air–liquid interface:
Medium for culture growth but containing 1.5 mM Ca2+ and
supplemented with 50 μg/ml vitamin C and 10 ng/ml kera-
tinocyte growth factor (R&D Systems, cat. no. 251KG).

2. Insert: Polycarbonate culture insert with 12 mm diameter and
0.4 μm diameter pore size (Millipore, cat. no. PIPH01250).

2.3 RNA Extraction

from Reconstructed

Epidermis

1. RNA extraction: To isolate total RNA, RNeasy mini kit (Qia-
gen cat. no. 74106) and QIAshredder spin columns (Qiagen
cat. no. 79656) are used using the spin technology protocol
according to the instructions of the manufacturer.

2.4 Protein

Extraction

from Reconstructed

Epidermis

1. Lysis buffer for protein extraction: 0.125 M Tris–HCl pH 6.8,
20 % glycerol, 4 % SDS, 0.2 M DTT.

2.5 Histological

Analysis of

Reconstructed

Epidermis

1. Acetic formalin (4 % formalin and 1 % glacial acetic acid).

2. 100 % methanol.

3. 100 % toluene.

4. Embedding cassettes (Simport).

5. Paraffin embedding station (Shandon Histocentre 2).

6. Microtome (Leica RM2245).

7. Hemalun solution: 1 l of saturated solution of potassium alum
containing 3 g standard hematoxylin (Sigma-Aldrich, Fluka)
and 20 ml of glacial acetic acid.

8. Erythrosine solution: 1 l of water containing 2 g of erythrosine
and ten drops of 35 % formalin solution.
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3 Methods

A method for setting up serum-free cultures of keratinocytes from
adult human skin samples obtained from excessive tissue removed
during abdominoplasty was published in the previous edition of
this book (8). The current protocol describes an adaptation of the
method to small skin samples with a diameter of 3 mm.

3.1 Primary Culture

of Human Epidermal

Keratinocytes from

Small Skin Samples

1. Collect small skin samples with an area corresponding to 3 mm
punch biopsies in Epilife medium supplemented with antibio-
tics and fungizone and transport on ice to the culture room
(see Note 1).

2. Transfer the punches into dispase II during 2 h and 30 min at
37 �C to allow separation of the dermis from the epidermis.

3. With a sterile pair of tweezers, separate manually the epidermis
from the underlying dermis in an EDTA solution at 4 �C in
order to block the activity of dispase.

4. Transfer the epidermal sheet (see Note 2) to a well of a 12-well
cell culture plate containing 200 μl of 0.17 % trypsin to dissoci-
ate the epidermis into single cells.

5. Incubate for 1 h and 30 min at 37 �C.

6. Add 500 μl of cold blocking solution, and dissociate keratino-
cytes, using a pair of tweezers. Up and downs may also be
performed inside a 5 ml pipet (see Note 3).

7. Collect the cell suspension and centrifuge at 335 � g during
5 min at 4 �C.

8. Re-suspend the pellet in 1 ml medium for culture setting con-
taining 5 % dialyzed fetal calf serum and transfer into a 12-well
cell culture plate.

9. Incubate for 3 days at 37 �C without moving the plate.

10. Change the medium every other day using medium for culture
growth for approximately 10 days.

11. Once cells reach about 60–70 % confluence (the culture is then
mainly composed of keratinocytes), trypsinize the culture: add
500 μl of trypsin, incubate for 1 min at room temperature, and
aspirate the liquid in order to eliminate contaminating cells
such as melanocytes and fibroblasts. Add again 500 μl of trypsin
and incubate for 10–15 additional minutes at room tempera-
ture. When cells are detached from culture plastic substrate
(plates can be hit laterally), add 1 ml of cold blocking solution,
collect the cell suspension, and centrifuge at 335 � g for 5 min
at 4 �C. Re-suspend the pellet into medium for culture growth,
and seed the cells into 6-well plates or T25 flasks in order to
expand the keratinocyte population. At this stage, a total yield
between 25,000 and 50,000 keratinocytes may be expected.
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3.2 Reconstruction

of Epidermis

on Polycarbonate Filter

1. Isolate human keratinocytes from normal adult skin samples
from plastic surgery as described previously (8) or from small
biopsies as described above. For epidermal reconstruction,
third-passage proliferating keratinocytes are used.

2. If keratinocytes are frozen in liquid nitrogen for cryopreserva-
tion (8), their proliferation potential must be reactivated by
culturing them first in monolayer. Seed approximately
2 � 106 keratinocytes in a 175 cm2 culture flask containing
25 ml of medium for culture setting. Incubate cells during 24 h
at 37 �C in a humidified atmosphere containing 5 % CO2. On
the next day, renew the culture medium with medium for
culture growth in order to remove any trace of DMSO used
in the freezing solution of keratinocytes (8) and incubate for
24 h at 37 �C, 5 % CO2. Then replace medium every other day.

3. When keratinocytes cover approximately 70–80 % of the flask
area (seeNote 4) (usually after 3–4 days of culture), aspirate the
culture medium and add 3 ml of trypsin solution. Keep kerati-
nocytes at room temperature during 8–10min, and then hit the
flask laterally to detach the cells from the flask. Then add 12 ml
of ice-cold blocking solution, and transfer the cell suspension
into a 50 ml centrifugation tube.

4. Centrifuge cells at 335 � g and 4 �C for 5 min.

5. Aspirate the supernatant, and re-suspend keratinocytes from
the pellet using 2–3 ml ice-cold medium for culture growth
containing 1.5 mM calcium. Keep the cell suspension on ice.

6. Count cells and dilute the suspension with the same medium in
order to obtain a minimal cell density of 3 � 105 keratinocytes
per ml (see Note 5). Keep keratinocyte suspension on ice.

7. Place the polycarbonate culture inserts with a sterile pair of
tweezers into a 6-well culture microplate. Add 2.5 ml of
medium for culture growth containing 1.5 mM of Ca2+ into
the wells (see Note 6).

8. In the upper chamber of each insert, add 500 μl of keratinocyte
suspension (3 � 105 cells/ml) corresponding to 250,000
cells/cm2. Incubate culture at 37 �C in a humidified atmo-
sphere containing 5 % CO2.

9. After 24 h, cells are exposed to the air–liquid interface by
careful aspiration of the culture medium in the upper compart-
ment of the insert (see Note 7). Replace the medium from the
well under the polycarbonate filter by 1.5 ml medium for
epidermis reconstruction at air–liquid interface.

10. Renew this medium every other day. After 11 days of culture at
the air–liquid interface, the RHE is morphologically fully dif-
ferentiated (7) (Fig. 1).
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3.3 Reconstruction

of Epidermis from

Pathological Primary

Keratinocytes: The

Case of Darier’s

Disease

Primary keratinocytes from a Darier’s disease (DD) patient were
isolated and used for keratinocyte culture and epidermal reconstruc-
tion in accordance with the procedure described above. The patho-
logical biopsy was obtained after informed consent and in
accordance with the standards of the relevant ethics committee.
DD is a rare dominant genetic skin disorder characterized by warty
papules and plaques in seborrheic areas of the skin. Histologically,
the pathological epidermis shows acantholysis (loss of intercellular
adhesion) and dyskeratotic keratinocytes. After culture as mono-
layers of keratinocytes from the pathological skin, followed by tissue
reconstruction at the air–liquid interface, the Darier RHE showed
morphological features strikingly similar to those observed in vivo.
This means increased intercellular spaces (acantholysis), abnormal
keratinocytes (dyskeratosis) named corps ronds or grains, and para-
keratosis (Fig. 2). In other words, the DDRHE presented defective
differentiation, as it can be observed in DD lesions in vivo (9).

3.4 RNA Extraction

from Reconstructed

Epidermis

1. Total RNA is extracted from the RHE using the RNeasy mini
kit and QIAshredder spin column.

2. Dissect using a sharp surgical blade the circumference of the
polycarbonate filter covered by the RHE from the bottom of
the insert. Then transfer the dissected disc, using a pair of twee-
zers, into a 12-well culture plate containing 600 μl of RLT buffer
(seeNote 8).

3. After 1 or 2 min, stratum corneum detaches from the epider-
mis. Remove it with a pair of tweezers and discard (seeNote 9).

4. For disrupting keratinocytes, gently scratch the epidermis with
a micropipette tip in lysis buffer provided by the kit. Homoge-
nize the lysate by pipetting up and down and transfer into a
QIAshredder spin column placed in a 2 ml collection tube.

Fig. 1 Histology of reconstructed human epidermis (RHE) at day 11. After 11 days of culture, RHE were fixed in
acetic formalin and embedded in paraffin. Then histological sections perpendicular to the surface of RHE were
prepared and stained with hematoxylin-erythrosine to allow the morphological analysis of RHE (bar: 50 μm)
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5. From this point, follow the instructions of the manufacturer.
This procedure allows the recovery of enough RNA from the
RHE for RT-qPCR analysis of gene expression.

3.5 Protein

Extraction

from Reconstructed

Human Epidermis

1. Using a sharp surgical blade, dissect the circumference of the
filter holding the RHE as described above for RNA, and then
transfer the filter and the anchored tissue into 200 μl of lysis
buffer suitable for protein extraction.

Fig. 2 In vitro reconstruction of epidermis from primary Darier’s disease (DD)
keratinocytes exhibits similar histopathological features as in DD lesion in vivo.
Isolated and amplified DD keratinocytes were seeded on polycarbonate filters and
exposed at air–liquid interface in order to obtain DD-RHE. After 11 days of culture,
the stratified epidermis exhibits morphological features strikingly similar to those
observed in vivo with increased intercellular spaces (acantholysis) (a, asterisks),
abnormal keratinocytes (dyskeratosis) called “corps ronds” (a, black arrows),
“grains” (b, white arrow), and parakeratosis (b, black arrowheads). DD-RHE
present a disruption of the differentiation process as observed in DD lesions
in vivo (9) (bar: 50 μm)
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2. Boil samples for 5 min at 100 �C. This allows the epidermis to
detach from the polycarbonate filter.

3. Scratch the filter with a micropipette tip in order to collect the
remaining adherent cell material.

4. Boil the lysate during 2 min.

5. Centrifuge at 9,300 � g during 5 min, in order to pellet the
cellular debris not dissolved in lysis buffer, together with the
polycarbonate filter.

3.6 Histological

Analysis

of Reconstructed

Epidermis

1. Fix the insert with the RHE in acetic formalin for minimum
24 h at room temperature.

2. Dehydrate in four successive baths of methanol: a quick bath to
remove as much water as possible and three other baths for
10 min each.

3. Immerse the insert in toluene, which dissolves the plastic sur-
rounding the polycarbonate filter holding the RHE. The insert
is then vigorously stirred in toluene, releasing the disc-shaped
RHE (still attached to the filter) (see Note 10).

4. Place the sample in an embedding cassette and incubate four
times for 10 min in pure toluene.

5. The next step is the inclusion of the sample in paraffin. Soak the
sample in a large metal mold containing hot paraffin (60 �C) in
order to replace a maximum of toluene impregnated in the
sample by liquid paraffin. Then, place the sample in a smaller
mold containing hot paraffin and incubate at 60 �C for 1 h or
overnight.

6. The disc-shaped RHE can finally be embedded in paraffin. For
this step, it is very important to adequately orient the disc in
the mold in order to obtain transversal sections of the RHE
(see Note 11). Transfer the mold to the cooling plate of the
embedding station to allow paraffin solidification. When the
paraffin is completely solid, remove the block from the mold.

7. For sectioning, trim the sample by cutting 25 μm thick sec-
tions, before preparing 6 μm thick sections for histological
analysis (see Note 12).

8. Separate ribbons of sections into coupons, spread on micro-
scope slides (distilled water is used for spreading), and then let
dry for 1 h at 48 �C.

9. Tissue sections are then processed for regular histological stain-
ing, using hematoxylin-erythrosine to allow morphological
analysis of RHE.
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4 Notes

1. Avoid disinfection of the skin surface with iodine antiseptic
since it will impede subsequent recovery of cells that exhibit
enough proliferation potential.

2. The epidermal surface can be recognized since it is less viscous,
thinner, and more transparent than the dermal component.

3. Keep cell suspension on ice as much as possible in order to
avoid irreversible cell aggregation.

4. Keratinocytes should be grown up to no more than 80 %
confluence as the number of proliferative cells has to be kept
at its maximum.

5. 3 � 105 cells/ml is an adequate cell density to prepare RHE.
500 μl from this suspension seeded into the polycarbonate
insert correspond to a culture density of 250,000 cells/cm2 in
each insert. A lower density of keratinocytes does not allow
proper reconstruction of the epidermis since, in this case, the
culture medium can overlay the seeded keratinocytes for one or
two days after the establishment of an air–liquid interface,
impeding the formation of stratum corneum.

6. Place the insert into the well before adding the culture
medium. This will avoid the formation of air bubbles between
the polycarbonate filter and the bottom of the culture dish.

7. Aspirate delicately the medium above the insert with a micro-
pipette, not with a suction pump.

8. Keep 12-well microplates containing the RHE on ice, in order
to prevent ribonuclease (RNAse) activity.

9. Stratum corneum cannot dissolve and does not get through the
QIAshredder spin columns, leading to reduced RNA yields.

10. Do not leave the insert for too long in toluene dissolvent
because the plastic melts rather quickly; the 30 ml toluene
solution is discarded after the melting of 5–6 inserts to avoid
excessive accumulation of melted plastic in the solvent.

11. The disc is immersed vertically to the bottom and in diagonal
to the length of the mold filled with hot paraffin. The disc is
held in this position (using a pair of tweezers) while laying
down the mold on the cooling plate. This particular orientation
of the disc ensures transversal histological observation of the
RHE after sectioning using a microtome.

12. For a consistent morphological analysis of RHE, the block is
generally trimmed to 1,500 μm, which allows the observation
of the RHE along its maximal length.
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Methods for the Preparation of an Autologous Serum-Free
Cultured Epidermis and for Autografting Applications

John J. Wille, Jeremy J. Burdge, and Jong Y. Park

Abstract

Cell culture techniques for producing a three-dimensional autologous epidermal autograft (cultured
epidermal autograft) suitable for tissue grafting and wound healing procedures are described. This chapter
commences with surgical biopsy of patient’s skin tissue, further reduction of skin tissues to keratinocyte cells
by enzymatic treatment, and recovery of viable adult keratinocytes in a new balanced buffered salt media
supportive of the growth of clonally enriched isolated basal keratinocytes. Culture techniques required for
the formation of a hole-free monolayer of undifferentiated basal keratinocytes without the use of an
organotypic matrix substrate are accomplished with a specially designed nutrient basal media (HECK
109) that is a chemically defined and subsequent culture in this serum-free culture media supplemented
with hormones and two human recombinant protein growth factors (EGF and IGF-1). Further culture
techniques and media manipulations, including brief exposure to β-TGF to induce reversible G1-phase
growth arrest, are followed by para-synchronous induction of a multilayered stratification and keratinizing
epidermal differentiation, yielding a living three-dimensional epidermis formed entirely in cell culture.
Protocols are listed for its enzymatic removal, floatation, and transfer for shipment to the clinic ready for
surgical grafting to the self-same patient’s debrided chronic leg ulcers. Recent clinical trial results have
demonstrated the utility and efficacy of these grafts in forming durably healed chronic wounds.

Keywords: Autografts, Beta-TGF, Chemically defined, Clonal competence, Chronic wounds,
Epidermal keratinocytes, EGF, HECK 109, IGF-1, Nutrient basal medium, Proliferative potential,
Serum-free media

1 Introduction

The introduction of biological dressings to wound care arena has
had a dramatic impact on outcome, on the efficacy of wound
healing, and on the design and choice of the best clinical pathways
for treatment of burns and other hard-to-heal wounds (1–5). The
term biological dressings refers to the field of biomedical research
and practice that focuses on the use of cell culture-derived tissue
constructs to replace, restore, and regenerate tissue loss due to
damaged or diseased tissue cells. The first successful regenerative
medicine application was biological dressings for dermatological
applications (6). Initially, for ease of obtaining disposed of neonatal
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foreskins, allogeneic epidermal cells were pooled from many
different human sources (7, 8) to form cell bank stocks. However,
the downside use of allogeneic epidermal keratinocytes led to many
serious safety and health concerns including immunological rejec-
tion and the possibility of disease transmission from unscreened
pathogenic bacteria and viruses. To prevent such consequences,
costly screening and quality control tracking systems were required
reducing the commercial potential of such products. Moreover,
allogeneic epidermal keratinocytes transplanted to host wounds
are only of transient benefit and are not permanently integrated
into the host’s healed tissue (9). In reality, they have only margin-
ally advanced the rate of healing or shortened the time of wound
closure of burns and recalcitrant wounds (10). Similarly, tissue-
engineered skin substitutes composed of an underlying artificial
dermis composed of collagen and other biomaterials and overlain
by a cultured epidermal component constructed from allogeneic
keratinocytes have failed to capture a major share of the wound
dressing market due to cost, safety concerns, and poor results of
clinical outcome research (11). In addition, a recent study (12)
employing the innovative technique of cell therapy in which
spray-applied allogeneic keratinocytes were applied to chronic leg
ulcers has also shown little promise in advancing the rate or the
time to complete wound closure over and above compression
therapy, the standard of care (13).

Here, we describe the techniques and methods used to con-
struct an autologous biological dressing composed entirely of
autologous epidermal keratinocytes, isolated and cultured from
normal skin of patients suffering from recalcitrant venous stasis
ulcer of long duration. These methods differ substantially from
both previous biological dressings composed of allogeneic epider-
mal keratinocyte and other biological dressings composed of autol-
ogous epidermal keratinocytes. The latter did, indeed, show clinical
improvements vis-à-vis their allogeneic counterparts but still
retained safety concerns involved in the use of xenobiotic materials
in the preparation and in the finished cultured epidermal autografts
(CEAs) (14, 15), in particular, the use of serum-containing culture
medium to grow keratinocytes, the use of organotypic matrices as
cell substrates, xenobiotics such as cholera toxins, and irradiated
mouse feeder layer cells (16). These practices became unnecessary
once serum could be eliminated and replaced by a chemically
defined nutrient basal media which set the stage for determining
the minimal hormonal and growth factor requirements needed
to grow mass cultures and even single-cell clones of human
keratinocytes (17, 18). These developments underlie the present
ability to produce large quantities (>2 m2) of CEAs sufficient to
cover the entire human body from a small skin sample (approx.
2–3 cm2). These developments are embodied in the techniques
described herein.
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2 Materials

2.1 Source

of Chemicals

All used biochemicals for preparation of HECK 109 medium
including glucose can be obtained from Sigma-Aldrich Chemical
Company. All inorganic chemicals can be obtained from Mallinck-
rodt Analytical Reagents except sodium bicarbonate which can be
purchased from Matheson, Coleman & Bell Analytical Reagent.
Trypsin, soybean trypsin inhibitor, and dispase enzymes and
growth factors: EGF (human recombinant epidermal growth fac-
tor), IGF-1 (human recombinant insulin-like growth factor-1), and
beta-TGF (transforming growth factor) were also from Sigma-
Aldrich Company (St. Louis, MO).

2.2 Adult Skin

Samples

Adult skin samples were obtained from biopsies performed at the
Grant Hospital of Columbus, Ohio, under the supervision of
Dr. Jeremy Burdge.

3 Methods

3.1 Preparation

of HECK 109

Serum-Free Medium

The preparation of HECK 109 serum-free medium is the subject of
a patent issued to the author (J.J.W.) (Note 1 (19)).

1. Medium nomenclature and labeling

(a) Basal medium—HECK 109 with either 30 μM Ca2+ or
100 μM Ca2+ when made up and refrigerated is good for
2 weeks (Note 2).

(b) Standard medium—HECK 109 (std) is standard with
nonprotein factors added. These are ethanolamine,
phosphoethanolamine, and hydrocortisone (Note 3).

(c) Complete medium—HECK 109 (com) is HECK 109 that
has the complete requirements for keratinocyte growth.
It is standard medium with EGF and IGF-1 (the protein
growth factors) added to it. It should be used within 2 days
(Note 4).

2. All stock solutions are prepared with purified water using
triple-distilled water with an ion conductivity meter measure-
ment less than 2–5 mΩ. Prepare all stock solutions in 1 L
volumetric flasks.

3. Prepare the following ten different amino acid stock solutions
[at final medium concentrations] as follows:

(a) Stock 1: Arginine·HCl [210.7 mg/L]; histidine
[16.77 mg/L]; isoleucine allo-free [1.97 mg/L]; leucine
[65.6 mg/L]; lysine·HCl [18.27 mg/L]; methionine
[4.48 mg/L]; phenylalanine [4.96 mg/L]; threonine
[11.91 mg/L]; trytophane [3.06 mg/L]; tyrosine
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[2.72 mg/L]; valine [35.13 mg/L]; choline
[13.96 mg/L]; serine [63.06 mg/L] (Notes 5 and 6).

(b) Stock 2: Biotin [0.0146 mg/L]; Ca pantothenate
[0.258 mg/L]; niacinamide [0.03663 mg/L]; pyridoxine
HCl [0.06171 mg/L]; thiamine�HCl [0.3373 mg/L];
KCl [111.83 mg/L] (Note 7).

(c) Stock 3: Folic acid [0.79 mg/L]; Na2HPO4�7H2O
[536 mg/L] (Note 8).

(d) Stocks 4a, 4b, and 4c (individually prepared): (4a)
FeSO4�7H2O [1.390 mg/L]; (4b) MgCl2�6H2O
[122.0 mg/L]; (4c) CaCl2�2H2O [4.311 mg/L]
(Note 9).

(e) Stock 5: Phenol red [1.242 mg/L]. Make a 1,000� stock
solution and store at room temperature in tightly stop-
pered bottle.

(f) Stocks 6a, 6b, and 6c: Stock (individually prepared): (6a)
Glutamine [877.2 mg/L]; (6b) sodium pyruvate
[55 mg/L]; riboflavin [0.03764]. All three stocks should
be stored frozen at �20 �C (Note 10).

(g) Stock 7: Cysteine�HCl�H2O [42.02 mg/L]. Make up as a
100� sterile stock solution (Note 11).

(h) Stock 8: Asparagine [15.01 mg/L]; proline
[35.53 mg/L]; putrescine [0.1611 mg/L]; vitamin B12

[0.407 mg/L]. Make up a 100� sterile stock solution
and store at 4 �C for 2 months or frozen at �20 �C for
longer periods.

(i) Stock 9: Alanine [8.91 mg/L]; aspartic acid [3.99 mg/L];
glutamic acid [14.71]; glycine [7.51 mg/L] (Note 12).

(j) Stock 10: Inositol [18.02 mg/L]; lipoic acid
[0.2063 mg/L]; thymidine [0.7266 mg/L];
CuSO4�5H2O [0.00249] (Note 13). Store stock 10 at
4 �C for up to 2 months or frozen as a 100� solution at
�20 �C for longer periods.

(k) Stock 11 is a trace element stock solution. First, prepare
eight separate concentrated stock solutions; these
are then further diluted in by adding a fixed volume
(x/mL) of each tomake up a final of 1.0 L inH2Oas follows:
selenic acid [0.02497 mg/L {1.0 mL}]; manganese sulfate
[0.3869 mg/L {0.1 mL}]; sodium silicate [14.21
mg/L {50.0 mL}]; ammonium molybdate [0.1236 mg/L
{0.1 mL}]; ammonium vanadate [0.05850 mg/L
{0.50 mL}]; nickel chloride [0.01189 mg/L {0.05 mL}];
tin chloride [0.01128 mg/L {0.50 mL}]; zinc sulfate
[14.38 mg/L {50.0 mL}] (Note 14).
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(l) Solids (all components added directly to the final basal
medium): Glucose [1,080.96 mg/L]; sodium chloride
[6.20 g/L]; sodium acetate [500 mg/L]; N-[2-OH-
ethyl]piperazine-N0-[2-ethanesulfonic acid (Hepes) buffer
[4.77 g/L]; sodium bicarbonate [1,176 mg/L].

4. Preparation of final HECK 109 basal medium
Laboratory batches of HECK 109 are generally prepared in 1 L
lots by adding the necessary stocks and solids to triple-distilled
water (Note 15).

5. Prepare final medium additions
The following procedures are for the preparation of 1 L of basal
medium. Add {x mL} of each to 800 mL of triple-distilled
H2O: stock 1 {10 mL}; stock 2 {10 mL}; stock 3 {20 mL};
stock 6 {1 mL}; stock 6a {60 mL}; stock 6b {10 mL}; stock 6c
{10 mL}; stock 7 {10 mL}; stock 8 {10 mL}; stock 9 {10 mL};
stock 10 {10 mL}; glucose {1.081 g}; sodium chloride
{6.20 g}; sodium acetate {0.5 g}; Hepes (4.77 g).

6. Adjust to pH 7.4 with 4.0 N NaOH and then add sodium
bicarbonate {1.176 g} and triple-distilled water to a final
989 mL (Note 16). The medium minus stocks (4a, 4b, and
4c) is then sterile filtered through a 0.22 μm pore size filter and
stored frozen at �20 �C in volumes of 200–500 mL for conve-
nient single experiments.

7. When the medium is ready to use add each of the following to
100 mL of final medium: 0.1 mL of Stock 4a (1,000�) to make
a final concentration of 3 � 10�5 M; 0.1 mL of Stock 4b
(1,000�) to make a final concentration of 6 � 10�4 M;
0.52 mL of 4� (200�) to make a final concentration of
5 � 10�6 M; and 1.04 mL of stock 11 (trace elements) to
make a final concentration of 5 � 10�7 M. This completes
the preparation of basal HECK 109 medium.

8. To prepare HECK 109 standard medium add the following
supplements to 1.0 L of basal medium: 1.0 mL of ethanolamine
(1,000�) to make a final concentration of 1 � 10�4 M; 1.0 mL
of phosphoethanolamine (1,000�) to make a final concentra-
tion of 1 � 10�4 M; 1.0 mL of hydrocortisone (1,000�) to
make a final concentration of 5 � 10�7 M.

9. To prepare HECK 109 complete medium add the following
proteinaceous growth factors: EGF (10 μg/mL stock),
0.1–100 mL of standard medium, and 0.1 mL of IGF-1
(5 μg/mL stock solution) to 100 mL of standard medium
(Note 17).

10. The complete formula of HECK 109 basal medium is pre-
sented in Table 1 (Note 18).
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Table 1
Composition of basal nutrient medium HECK-109 concentration in final medium

Component mg/L mol/L

Stock 1 Arginine·HCl 421.4 2.00 � 10�3

Histidine·HCl·H2O 33.6 1.60 � 10�4

Isoleucine allo-free 3.9 3.00 � 10�5

Leucine 31.2 1.00 � 10�3

Lysine·HCl 36.6 2.00 � 10�4

Methionine 9.0 6.00 � 10�5

Phenylalanine 10.0 6.00 � 10�5

Threonine 23.8 2.00 � 10�4

Tryptophane 6.0 3.00 � 10�5

Tyrosine 5.4 3.00 � 10�5

Valine 70.2 6.00 � 10�4

Choline 28.0 2.00 � 10�4

Serine 126.1 1.20 � 10�3

Stock 2 Biotin 0.0146 6.00 � 10�8

Calcium pantothenate 0.285 1.00 � 10�6

Niacinamide 0.0333 3.00 � 10�7

Pyridoxal·HCl 0.06171 3.00 � 10�7

Thiamine·HCl 0.3373 1.00 � 10�6

Potassium chloride 111.83 1.50 � 10�3

Stock 3 Folic acid 0.79 1.80 � 10�6

Na2HPO4·7H2O 536.2 2.00 � 10�3

Stock 4a Calcium chloride·2H2O 14.7 1.00 � 10�4

4b Magnesium chloride·6H2O 122.0 6.00 � 10�4

4c Ferrous sulfate·7H2O 1.30 5.00 � 10�6

Stock 5 Phenol red 1.242 3.30 � 10�6

Stock 6a Glutamine 877.2 6.00 � 10�3

6b Sodium pyruvate 55.0 5.00 � 10�4

6c Riboflavin 0.03764 1.00 � 10�7

Stock 7 Cysteine·HCl 37.6 2.40 � 10�4

Stock 8 Asparagine 15.01 1.00 � 10�4

Proline 34.53 3.00 � 10�4

Putrescine 0.1611 1.00 � 10�6

Vitamin B12 0.407 3.00 � 10�7

Stock 9 Alanine 8.91 1.00 � 10�4

Aspartic acid 3.99 3.00 � 10�5

Glutamic acid 4.71 1.00 � 10�4

Glycine 7.51 1.00 � 10�4

Stock 10 Inositol 18.02 1.00 � 10�4

Lipoic acid 0.2063 1.00 � 10�6

Thymidine 0.7266 3.00 � 10�6

(continued)
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3.2 Preparation

of Primary Basal

Epidermal

Keratinocyte Cultures

1. Prepare CCS solution, a balanced salt solution, according to
the following formula: glucose, 10 mM; KCl, 3 mM; NaCl,
130 mM; Na2HPO4�7H2O, 1 mM; phenol red, 0.0033 mM;
and Hepes, 20 mM. This formula is the subject of a patent
issued to the author (J.J.W.) (Note 19) (20).

2. Steps in isolation of basal cells and primary cultures
Skin obtained from biopsies or autopsies is first cleaned of
adhering subdermal fat, and the dermis is reduced to less than
3 mm2 in thickness using a dermatome. The skin sample is then
typically cut into 8–12 small pieces (usually 0.5 cm2). These
pieces are floated on top of a sterile CCS, a balanced salt
solution, containing a trypsin and an antibiotics solution
(100 U of both penicillin/streptomycin).

3. Amodified split-dermis technique is employed to enzymatically
digest the floating skin pieces by adding 0.17 % trypsin (3�,
cryst) and 100 U/mL of both penicillin and streptomycin.
After 14–16 h of digestion at 4� C the dermis is separated for
the epidermis, by inverting the skin sample and placing the
cornified layer side of the epidermis onto a clean sterile poly-
styrene surface. The living epidermis spontaneously detaches,
and the dermis is removed with sterile forceps, rinsed with cold
CCS and (Note 20) keratinocytes are collected into 15 mL
conical centrifuge tube on ice. The histology of human skin
samples subject to trypsin digestion is shown in Fig. 1.

4. Primary cultures are initiated into HECK 109 complete
medium supplemented with the above antibiotics, which are
removed 2–3 days later when the proliferating cell cultures are
refed fresh complete medium. The initial seeding density for
initiating the primary culture is 5 � 104 basal cells per 75 cm2

tissue culture flask. Generally, two such flasks are routinely set
up from an initial yield of 1–2 � 106 cells isolated from a
1–2 cm2 piece of skin.

Table 1
(continued)

Component mg/L mol/L

Stock 11 Copper sulfate·5H2O 0.00025 1.00 � 10�9

Selenic acid 0.00387 3.00 � 10�8

Magnesium sulfate·5H2O 0.00024 1.00 � 10�9

Sodium silicate·9H2O 0.1421 5.00 � 10�7

Ammonium molybdate·4H2O 0.00124 1.00 � 10�9

Ammonium vanadate 0.00059 5.00 � 10�9

Nickel chloride·6H2O 0.00012 5.00 � 10�10
Stannous chloride·2H2O 0.000113 5.00 � 10�10

Zinc chloride·7H2O 0.1438 5.00 � 10�7
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3.3 Freezing

Keratinocyte Cells

from Primary Culture

Often it is necessary to establish and maintain a cell bank of
patients’ frozen cells. Thus, any cells that do not need to be
cultured for grafts may be stored in liquid nitrogen.

1. A cell suspension at 2–4 � 106/mL in complete HECK 109 is
diluted with an equal volume of freezing medium (FM) com-
posed of 60 % complete HECK 109 medium, 20 % dialyzed
fetal bovine serum (dFBS), and 20 % dimethylsulfoxide
(DMSO). The final concentrations are then as follows:

Cells (1–2 � 106/mL) in 80 % complete HECK 109
medium, 10 % dFBS, and 10 % DMSO.

2. 1 mL of cell suspension in FM is aliquoted into cryotubes and
allowed to stand upright in a styrofoam box and frozen at
�80� C freezer overnight or longer before transferring to a
liquid nitrogen tank.

3. Thawing cells from liquid nitrogen storage
Thaw cells rapidly by hand twirling in a 37� C water bath.
Transfer the cell suspension to a 15 mL conical centrifuge
tube with approximately 10 mL of cold CCS solution. Centri-
fuge for 5 min at 140 � g in a cold centrifuge. Aspirate the
supernatant with a sterile glass pipette and rubber bulb, and
bring the cell pellet up in 10 mL of complete HECK 109
medium and plate into fibronectin (2–20 μg/mL)-coated flasks.

3.4 Preparation of

Secondary Serially

Passaged Cultures

1. Secondary cultures initiated from primary cultures are rou-
tinely passaged by enzymatic dissociation of cells. The serial
passage technique is not standard. It involves the use of ice-cold
trypsin (0.025 %) and 0.01 % ethylenediaminetetraacetic acid
(EDTA) dissolved in CCS solution to release cells from their
plastic substrate (Note 21). Before the cells have been har-
vested by low-speed centrifugation (50 � g) add 2 mL of

Fig. 1 Photomicrograph of human skin 14–16 h after trypsin digestion. The skin
is cleaved along a fracture line (arrow), which separates some of the basal cells
with the dermis but frees other basal cells lying between the dermis and the
fracture line just above the basal cell layer
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soybean trypsin inhibitor (1 mg/mL in CCS solution). Bring
the cell pellet up in complete HECK 109 medium at a reason-
able concentration (e.g., 2 to 4 � 106/mL), which works well
if there are enough cells so that some may be frozen down.
The secondary cultures are seeded in fibronectin-coated flasks
(2 μg/mL) at a cell density of 5 � 103/cm2, but lower seeding
densities are possible. By this method, the percent attachment
of epidermal cells is typically 50–60 % of the input cells.
The colony forming efficiency (CFE) routinely ranges between
0.1 and 0.5 % of the input cells as measured by taking 20 μL
aliquot for counting in a hemocytometer using an ocular
micrometer to count living cells (Note 22).

3.5 Formation of

an Anatomically

Complete Autologous

Cultured Epidermis

(A-CEA)

The formation of a histologically complete A-CEA is a multi-step
process. The process is the subject of several patents issued to the
author (Notes 1 and 19). It can be simplified into four major steps
as follows:

1. The formation of a hole-free monolayer of second-passage
basal keratinocyte stem cells is accomplished by feeding each
of several T-75 cm2 culture flasks with complete HECK 109
(FS) a low-calcium medium containing EGF(1–25 ng/mL)
and IGF1 (0.3–30 ng/mL) every other day until a confluent
monolayer is formed.

2. To achieve reversible inhibition of keratinocyte proliferation
HECK 109 FS is replaced withHECK109 (DM, differentiation
medium) containing high calcium (2 mM), beta-TGF (10 ng/
mL) is added for 30 min, and beta-TGF is removed by two
successive washes with pre-warmed (37� C) CCS solution.

3. To induce a multilayered and keratinizing differentiation re-
feed the above cultures by adding HECK 109 high-calcium
medium minus EGF but containing IGF-1 (0.3–3.3 ng/mL)
until stratification occurs with 2–4 days.

4. To induce multilayered uppermost layer of the epidermis (stra-
tum corneum) replace the above medium with HECK 109
basal medium containing linoleic acid (1–15 μg/mL) and
hydrocortisone (10�7 M).

5. To release the cultured epidermis from the plastic substrate,
the living CEA is first rinsed several times with pre-warmed
(37� C) CCS solution, and then a sufficient volume (4 mL per
75 cm2 flask) of type IV collagenase (dispase, 0.4 % solution,
2 mg/mL) is gently added to the surface of the CEA. Sheets
detach between 30 and 45 min. Once CEA spontaneously lifts
off and floats to the surface, it is then gently washed with
several rinses of pre-warmed (37� C) CCS solution. Using
sterile forceps, it is picked up and dragged out the flask (the
top of the flask has been aseptically removed) with the help of
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sterile glass rods and transferred basal layer side up onto
Vaseline gauze for transport and application to a debrided
wound.

6. One sheet of the A-CEA is fixed in 3.7 % formalin in phosphate-
buffered saline (PBS), digital photographs are taken, and the
images are stored on a compact disc. Pieces of a third epidermal
sheet are flash frozen in OTC medium for sectioning with
a cryotome and stained for histology (Note 23).

7. The A-CEA epidermal sheet on Vaseline gauze is kept over-
night in refrigerator with a small volume of basal HECK 109
medium as per transport.

8. Typically the entire process of forming a cultured CEA takes
2–3 weeks. A photomicrograph of two pieces of sectioned and
H&E-stained multilayered epidermis formed in serum-free
culture is shown in Fig. 2.

3.6 Preclinical

Performance

Characteristics of

Human Keratinocytes

Cultured in HECK 109

Serum-Free Medium

The superiority of the serum-free culture methodology was
explored through investigations on the clonal growth capacity of
undifferentiated basal keratinocyte cultures established by the
above procedures using clonal growth assay method (18).

1. Evidence of the undifferentiated state of proliferating cultures
of basal keratinocytes was studied by plating cells at low density
(1 � 103/cm2) and after 2 days of culture in complete HECK
109 serum-free medium. The cells were fixed and stained with
Mallory’s trichrome stain, which stains basal epidermal cells a
blue color (18).

Fig. 2 A photomicrograph of two pieces of sectioned and H&E-stained
multilayered epidermis formed in serum-free culture
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Figure 3a is a photomicrograph showing that indeed all the
proliferating keratinocytes stained a blue color. Further, the
technique of autoradiography was employed to detect whether
all of the cell nuclei had completed S-phase DNA synthesis in a
24-h pulse-labeling period with radiolabeled tritiated thymi-
dine. Figure 3b is a photomicrograph demonstrating that
virtually 100 % of Mallory’s trichrome-stained blue-colored
cells had dense silver grains over their nuclei, indicating that
the entire keratinocyte population consisted of rapidly dividing
basal undifferentiated keratinocyte cells. This result is also sup-
ported by cell counts of rapidly dividing cultures that demon-
strate a linear doubling of cell population every 24 h (18).

2. Clonal growth studies
A series of clonal growth experiments were carried out accord-
ing to the methods previously reported (18). Such experiments
can definitively determine the clonal growth capacity of indi-
vidual single-celled clones to form a colony when keratinocytes
propagated in serum-free complete HECK 109 medium.
The results of one such experiment are displayed in Table 2.
It compares the clonal growth of a strain of adult epidermal
keratinocytes (AH B1) versus a strain of neonatal foreskin
keratinocytes (NF 201). The data indicate that 70 % of cells
randomly selected from a secondary three serially passaged
culture retain the ability for colonies, compared with 48 %
for adult keratinocyte cultures selected at random from a
three-time serially passaged culture propagated in complete
HECK 109 serum-free medium. Both adult and neonatal
clonal capacities are sufficient to allow good production of
cultured CEAs.

Fig. 3 (a) Microphotograph of Mallory’s trichrome-stained culture of rapidly dividing epidermal keratinocytes
grown in serum-free complete HECK 109 medium. (b) Photomicrograph of an autoradiograph of a rapidly
dividing epidermal keratinocyte. Note: The true color of cells in autoradiograph is distorted due to interfering
thickness of the emulsion
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3.7 Methods for

Preparing A-CEA

for Grafting to

Chronic Venous

Stasis Leg Ulcers

These procedures have been successfully conducted in a prospec-
tive randomized double-blind clinical trial and the result
published (5).

1. Biopsy procedures
A biopsy can only be taken after patient passes the screening,
after they have signed an informed consent, and after they have
been randomized, and passes all inclusion and exclusion criteria
and all laboratory tests are satisfactory as per the protocol
(Note 22).

Full-thickness (inguinal fold) skin biopsies of approxi-
mately 2–3 in. in length and (under) 1 in. width were surgically
excised under sterile conditions using (an injection of 1 %
xylocaine with 1:200,000 epinephrine as) local anesthesia.
The skin specimen was deposited directly into sterile 50 mL
disposable centrifuge tube containing sterile normal saline
solution and transferred to the epidermal tissue production
laboratory for recovery of epidermal keratinocytes and produc-
tion of cultured epidermal tissue as described above (see Sec-
tions 3.2, 3.4, and 3.5). The donor site incision was closed in
standard fashion with deep dermal absorbable sutures and steri
strips. All donor sites healed in 10 days with no complications.

2. Post-production procedures
After the patient epidermal tissue is formed in culture it is
transferred by shipment overnight delivery labeled Medical
Supplies. Upon receipt at the hospital clinic, it is carefully
unwrapped and the graft is trimmed to fit with small overlap
in the area of the patient’s debrided wound. The graft is
inserted epidermal basal layer side down into the wound and
covered with an additional layer of adaptic petroleum gauze
and PBS-soaked sterile gauze.

3. Application of A-CEA to chronic wounds
For application to chronic venous stasis leg ulcer, the technique
of high-compression bandaging is instituted to keep the graft
in contact with the wound and to apply sufficient pressure to

Table 2
Comparison of the proliferative potential of individual adult (AHB1) and neonatal (NF201)
keratinocyte basal cells

Prior culture conditiona,b

Clone no. Passage no. Density (104/cm2) Average GT (h) % Proliferative clones (N )

AH B1 3 0.4 48 48 (109)

NF 201 3 7.5 24 70 (106)

aGT is defined as the average population doubling time (in hours) of the culture
bN is the number of single-cell clones tested
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attain a therapeutic benefit from both the graft and the sus-
tained compression.

4. A prospective, randomized, double-blind clinical trial was
undertaken at the Grant Hospital and the Columbus, Ohio,
Wound Care Center under the supervision of Dr. J.J. Burdge
and the approval of the Grant Hospital IRB committee.

5. The clinical performance of the A-CEA in combination with
compression therapy was determined in a 12-week trial as
reported (5).

6. There were no adverse effects of the grafting procedure, and
the efficacy of healed (closed) wounds was dramatically
improved over results using allogeneic cultured graft prepared
by culture in serum-containing medium (5).

4 Notes

1. U.S. Patent: 5,686,307 (11/11/97) issued to J.J. Wille dis-
closes the composition of HECK 109 serum-free media for
preparing a CEA graft.

2. It can be used after this time if fresh glutamine and pyruvate are
added. When a batch is made up one 500 mL bottle is usually
made 30 μM Ca2+ and given a yellow-colored label.

3. It will keep as long as the basal media is good; i.e., if basal is
2 weeks old, glutamine and pyruvate are added. When a batch is
made up, one 500 mL bottle is usually made 30 μM Ca2+ and
given a red-colored label.

4. When a batch is made up, one 500 mL bottle is usually made
100 μM Ca2+ and given a blue-colored label.

5. The six underlined amino acids are made up as an independent
stock solution at 6� their stated concentration in sterile pur-
ified water and added to stock 1 at a final concentration of 2�,
when the cell culture reaches 1 � 104 cell/cm2, to allow a
monolayer culture to reach confluence without attaining sub-
confluent saturation density inhibition.

6. Gentle heating with stirring is helpful in dissolving the compo-
nents of stock 1. When a 100� stock 1 solution is made it is
stored at 4� C for up to 2 months or frozen at �20� C for
longer periods.

7. Stock 2 is stored at 4� C for up to 2 months or frozen as a 100�
stock at �20� C for longer periods.

8. Stock 3 is stored at 4� C for up to 2 months, or a 50� stock
solution is frozen at �20� C for longer periods.
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9. Make up a 200� stock solution of 4a, a 1,000� stock solution
of 4B, and a 1,000� stock solution of 4c. For 4a, dissolve solid
in 2.5 mL of 4 M HCl. Dilute to 100 mL with H2O. Discard
solution if precipitate or orange color occurs. Store sterile by
filtering at room temperature; keeps indefinitely.

10. Stock 6c (riboflavin) must be protected from light.

11. Stock 7 should be prepared fresh for each basal medium
preparation.

12. Stock 9 is made up as 100� solution as follows: Aspartic acid
and glutamic acid are added to slightly less than the final
volume of water. One mL/L of phenol red indicator solution
is added, and 1.0 N NaOH is added with stirring just rapidly
enough to keep the solution neutral as the acids dissolve. When
no solids remain a stable orange-colored solution is achieved,
then alanine and glycine are dissolved in the solution, and the
rest of the water is added to make up the final volume.

13. Stock 10 is prepared as follows: Lipoic acid is dissolved in a few
drops of 1.0 N NaOH, then diluted, and added to stock
solution. The other 32 components dissolve readily when
added to the final solution.

14. Stock 11 is stored sterile at room temperature indefinitely. It
should be kept slightly acidic to prevent precipitation of any
metal hydroxides by adding 1/100� dilution of a 1 N HCl to
the final 1.0 L volume.

15. Stocks 4a, 4b, and 4c are only added to the final medium just
before it is to be used.

16. Check the osmolarity. It should be between 280 and
320 mOsmol.

17. Add ethanolamine, phosphoethanolamine, and hydrocortisone
to HECK 109 basal medium and filter thru 0.22 μm pore size
filter; then add individually sterile filtered EGF and IGF-1
directly to this to prevent them from sticking to or clogging
the filter.

18. U.S Patent No.: 5,292,644 (3/8/94 issued to J.J. Wille).
It is primarily a methods patent. It claims a method for the
formation of a histologically complete skin substitute that is
recovered from the culture by treatment with a protease com-
prising the steps of (a) feeding basal keratinocyte stem cells a
medium (HECK 109FS) of low calcium, EGF (1–25 ng/mL)
and IGF1 (0.3–30 ng/mL); (b) replacing the above medium
with HECK109 (FS)—a high calcium plus beta-TGF
(3–30 ng/mL); and (c) replacing the above with HECK 109
basal medium containing linoleic acid (1–15 μg/mL) and
hydrocortisone (10�7 M).
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19. U.S. Patent No.: 5,795,781 issued to J.J. Wille claims the com-
position of a balanced salt solution for keratinocytes isolating, as
a holding medium for transferring keratinocytes between serial
passages, and rinsing growing culture of proliferating keratino-
cyte cells.

20. Flow cytometric analysis conducted by the author (J.J.W.)
showed that these loosely associated basal cells are larger than
the basal cells that remain associated with the dermis, i.e.,
above the trypsin fraction line (see Fig. 1). In addition, clonal
growth experiment carried out by the author (J.J.W.) estab-
lished that they also have a greater colony-forming ability than
the dermis-associated basal cells.

21. Watch under phase-contrast microscope as cells start to round
up. After 5 min aspirate most of the trypsin–EDTA (along with
any fibroblasts that have floated off).

22. The procedures for calculating CFE of the basal cells recovered
from the epidermis and used to initiate a primary culture are to
set up duplicate primary cultures at 5,000 cells/cm2 as
described above, and then using a standard hemocytometer
cell counting chamber count the number of cells which attach
and which later form a colony of at least eight or more cells
3 days after seeding the primary culture. By this method, the
percent attachment of epidermal cells is typically 50–60 % of
the input cells.

23. All biopsies were performed at the Grant Hospital in Colum-
bus, Ohio, by Dr. J.J. Burdge, a plastic surgeon using sterile
procedures.
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Human Keratinocyte Cultures in the Investigation of Early
Steps of Human Papillomavirus Infection

Laura M. Griffin, Louis Cicchini, Tao Xu, and Dohun Pyeon

Abstract

Human papillomaviruses (HPVs) are non-enveloped DNA viruses that are highly tropic for mucosal and
cutaneous epithelia. The HPV life cycle is tightly linked to epithelial cell differentiation, where HPVs
only infect the basal proliferating keratinocytes, and progeny virus assembly and release only occurs in
differentiated upper-layer keratinocytes. Therefore, human keratinocyte monolayer cultures provide a
useful model to study the early stages of HPV infection. However, previous reports have shown some
conflicting results of virus–host interactions during HPV entry, which may be partly attributable to the
different cell culture models used to examine these steps of HPV infection. Thus, there is a need to have a
standardized in vitro model system to study virus–host interactions during HPV entry. Here, we describe
the three most widely accepted keratinocyte models for studying HPV infection: primary human
foreskin keratinocytes, normal immortalized keratinocytes, and transformed HaCaT keratinocytes. We
also describe methods to genetically manipulate these cells, enabling the study of candidate host genes
that may be important during HPV infection. Lastly, we outline simple and robust methods to assay HPV
infectivity, which can be used to determine whether knockdown or overexpression of a particular gene
affects HPV entry.

Keywords: Keratinocyte, HFK, NIKS, HaCaT, Lentivirus, Transduction, Transfection, Puromycin,
Papillomavirus, HPV

1 Introduction

Human papillomaviruses (HPVs) are causally associated with
multiple human cancers, including 99 % of cervical, 50 % of other
anogenital, and upwards of 25 % of head and neck cancers (1–5).
These important human pathogens are notably small, roughly
55 nm in diameter with only an 8 kb double-stranded circular
DNA genome encoding usually 8–9 genes. They are non-
enveloped, with only two capsid proteins: the major capsid protein
L1 and the minor capsid protein L2 (6). HPVs have very strict
species and tissue tropism; they productively infect only mucosal
and cutaneous epithelia, and their life cycle is tightly linked to
epithelial cell differentiation (7, 8). Papillomaviruses must first
bind to the basement membrane of the epithelium in order
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to interact with the basal proliferating keratinocytes they infect
(9, 10). These viruses cannot infect differentiated keratinocytes,
as cell cycle progression is required for HPV infection (11). This
feature of the papillomavirus life cycle long prohibited the produc-
tion of viruses in a laboratory setting, thus thwarting the study of
virus–host interactions during HPVentry. In recent years, methods
to produce papillomaviruses independent of epithelial cell differen-
tiation have been developed, allowing progress to be made in the
investigation of the early steps of HPV infection (12, 13).

Although our knowledge of HPV entry mechanisms has been
greatly advanced since the development of robust HPV production
methods, several publications show conflicting data regarding the
mechanism of HPV internalization and endocytic trafficking in
host cells (14–18). These discrepancies could be at least partly
attributable to the different cell culture models used in these stud-
ies. For example, experiments conducted in non-keratinocyte 293
and COS-7 cells demonstrated a clathrin-dependent mode of HPV
entry (14, 16), which contradicts with data obtained from HeLa
and HaCaT cells, showing a clathrin-independent mechanism of
HPV entry (18–20). We observed striking differences in HPV16
infectivity among different keratinocytes (Fig. 1) and found that
host autophagy inhibits HPV16 infection in epithelial cells but not
in fibroblasts (data not shown) (21). This highlights the impor-
tance of using physiologically relevant cell culture models to study
virus–host interactions during HPV entry.
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Fig. 1 HPV16-LucF infectivity is limited in primary keratinocytes. The indi-
cated cell lines were inoculated with 10,000 vge/cell of HPV16-LucF and incu-
bated for 48 h. HPV16 infectivity and cell viability were measured by Bright-Glo
Luciferase Assay System (Promega) and CellTiter-Glo Luminescent Cell Viability
Assay (Promega), respectively. Infectivity data normalized to cell viability are
shown as average relative luminescence units (RLU) from quadruplicate samples.
The data shown here are from one representative of three independent
experiments
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Protocols on how to culture the most widely accepted,
physiologically relevant keratinocyte models for HPV infection
studies are detailed in Sections 2.1 and 3.1. Primary human fore-
skin keratinocytes (HFKs) are considered the most relevant native
host cells for HPV infection. Ironically, these cells are extremely
difficult to infect with HPV (21–23), indicating that they may have
more robust host mechanisms to interfere with HPV entry relative
to immortalized and transformed keratinocytes (Fig. 1) (21).
Indeed, we found that HFKs have higher levels of basal autophagy,
recently recognized as a host defense pathway which inhibits
HPV16 infection (21). Furthermore, HFKs may have altered
heparan-sulfate proteoglycan (HSPG) modifications, which pre-
vent HSPG-facilitated furin cleavage of L2, a prerequisite for infec-
tious entry of papillomaviruses (22). One method reported to
overcome the challenges of infecting HFKs is to include exogenous
furin in the inoculum, or to pretreat the virus prep with furin, in
order to facilitate the required furin cleavage of L2 and enhance
infectious entry (22). HFKs do not require feeder cells, and growth
medium is commercially available; however, these cells should not
be cultured for longer than 4 weeks, as significant morphological
changes occur followed by growth arrest by 6 weeks.

Normal immortalized keratinocytes (NIKS) from skin is a
spontaneously immortalized near-diploid cell line showing nor-
mal growth and differentiation. Thus, NIKS are still considered
physiologically relevant yet are much more permissive to HPV
infection compared to HFKs (Fig. 1, ~400-fold increase in
infectivity) (21, 23, 24). In addition, as immortalized cells,
establishment of genetically modified stable cell lines is feasible
with NIKS. NIKS are rather cumbersome to culture, compared
to HFK or HaCaT, as they require feeder cells and various
growth supplements, many of which should be freshly prepared
to support healthy growth without spontaneous differentiation.
The HaCaT keratinocytes, currently the most widely used in
HPV research, are the most convenient and cost-effective cells
to culture. While HaCaTs might still be very useful for many
initial experiments, data obtained from these cells should be
corroborated with normal keratinocytes, such as NIKS or HFK,
in several occasions.

To determine whether a particular gene of interest is important
during HPV infection, methods to manipulate specific gene expres-
sion using RNAi and overexpression are outlined in Sections 2.2
and 3.2. Lentiviral vectors are routinely used to deliver plasmids
encoding shRNAs or ORFs into keratinocytes including normal
keratinocytes HFK and NIKS. In addition to lentiviral transduc-
tion, transfection of keratinocytes using recently introduced
reagents such as TransIT 2020 and X-tremeGENE HP has proven
effective with reasonable transfection efficiencies (~50 %) (data not
shown). Establishment of specific keratinocyte lines is possible by
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antibiotic resistance selection and is necessary when a pathway of
interest is affected by lentivirus infection or transfection. For
example, when studying an innate immune response such as autop-
hagy, we found that lentivirus transduction alone can induce this
pathway and confound results (data not shown).

HPV pseudovirions containing luciferase or fluorescent pro-
tein genes offer convenient and quantifiable methods to deter-
mine relative HPV infectivity. This is instrumental in determining
whether a particular gene has a role in the early steps of HPV
infection. We routinely use two different types of luciferase repor-
ters, firefly luciferase (FL) and renilla luciferase (RL), and green
fluorescent protein (GFP) to produce HPV16 reporter pseudovir-
ions. The pseudovirion hpv16-LucF, developed by Chris Buck
(25), expresses both FL and GFP in infected cells at high levels
and thus is useful when monitoring infection in HFKs, which
exhibit very low levels of infection. We developed hpv16-phRL
pseudovirions containing RL only and HPV16RL containing RL
inserted into the HPV16 genome. This offers the advantage of
comparing luciferase reporter virions containing HPV genomes
(HPV16RL) to those containing only the reporter gene (hpv16-
phRL). These HPV pseudovirions and chimeric virions are useful
when studying viral DNA interactions with host keratinocytes
during entry.

2 Materials

2.1 Keratinocyte

Culture

2.1.1 Primary Human

Foreskin Keratinocytes

1. Human Epidermal Keratinocytes, neonatal (HEKn, aka
“HFK”) (Invitrogen Cat. # C-001-5C) (see Note 1).

2. EpiLife medium supplemented with human keratinocyte
growth supplement (HKGS):

HKGS (Gibco/Invitrogen Cat. # S-001-5) 5 mL

EpiLife with 60 μM Calcium (Gibco/Invitrogen
Cat. # MEP1500CA)

500 mL

3. 0.02 % EDTA/PBS:

0.5 M EDTA 526 μL

1� PBS (MediaTech/Fisher Cat. # MT-20-031-CV) 500 mL

4. 0.05 % trypsin/EDTA (HyClone/Fisher Cat. # SH30236.01).

5. DMEM containing 10 % newborn calf serum (NCS):
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DMEM w/high glucose (HyClone/Fisher Cat.
# SH30022.FS)

500 mL

NCS (HyClone/Fisher Cat. # SH30401.01) 50 mL

2.1.2 Normal

Immortalized Keratinocytes

from Skin

The materials listed below have been adapted from the NIKS
culture protocol published by Paul Lambert (26).

1. DMEM containing 10 % NCS (Section 2.1.1, step 5).

2. 1� PBS without calcium and magnesium (MediaTech/Fisher
Cat. # MT-20-031-CV).

3. 0.25 % trypsin/EDTA (HyClone/Fisher Cat. # SH30042.01).

4. 50� Mitomycin C: Wear gloves!

(a) Use a syringe needle to add 2 mL HEPES-buffered Earle’s
salts (HBES) (Section 2.1.2, step 6) to a 2 mg vial of
Mitomycin C (Sigma Cat. # M4287-2MG).

(b) Transfer to conical tube, and bring to 10 mL with HBES.

(c) Filter sterilize, and store 1 mL aliquots at �20 �C.

5. E-Complete medium:

DMEM w/high glucose (HyClone/Fisher Cat.
# SH30022.FS)

375 mL

Ham’s nutrient mixture F-12 (HyClone/Fisher
Cat. # SH30026.01)

125 mL

Fetal bovine serum (FBS) (MediaTech/Fisher
Cat. # MT-35-011-CV)

12.5 mL

100� Hydrocortisone 5 mL

100� Cholera toxin 5 mL

100� Adenine 5 mL

100� Epidermal growth factor (EGF) 5 mL

100� Insulin (made fresh) 5 mL

6. HBES:

Earle’s salts 100 mL

1 M HEPES, pH 7.3
(Amresco Cat. # J848)

25 mL

Sterile H2O To 1 L total volume
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7. Earle’s salts:

NaCl 128 g

KCl 8 g

NaHCO3 74 g

NaH2PO4 H2O 2.5 g

MgSO4�7H2O 4 g

Fe(NO3)3�9H2O 0.002 g

Phenol red 0.1 g

Sterile H2O To 2 L total volume

*Filter sterilize, and store at RT

8. 100� Hydrocortisone:

(a) Make 5 mg/mL hydrocortisone stock solution: Add 5 mL
cold 100 % ethanol to 25 mg vial hydrocortisone (Calbio-
chem/EMDMillipore Cat. # 3867). Store at �20 �C for
future use.

(b) Add 0.8 mL of 5 mg/mL hydrocortisone stock to 100 mL
HBES containing 5 % FBS (95 mL HBES + 5 mL FBS).

(c) Filter sterilize, and store 10 mL aliquots at �20 �C.

9. 100� Cholera toxin:

(a) Make 10 μM cholera toxin stock solution: Use syringe
needle to add 1.2 mL sterile water to a 1 mg vial cholera
toxin (Sigma Cat # C8052-1MG). Store at 4 �C for
future use.

(b) Make 100� cholera toxin from 10 μM stock: Add 100 μL
of 10 μM cholera toxin stock to 100 mL HBES containing
0.1 % BSA (dissolve 0.1 g BSA into 100 mL HBES by
shaking vigorously).

(c) Filter sterilize, and store 50 mL aliquots at 4 �C.

10. 100� Adenine:

(a) Dissolve 242 mg adenine (Sigma Cat. # A9795) in 100 mL
0.05 M HCl by stirring for 1 h.

(b) Filter sterilize, and store 10 mL aliquots at �20 �C.

11. 100� EGF:

(a) Add 20 mL sterile water to a 200 μg vial human recombi-
nant EGF (R&D Systems, Cat. # 236-EG-200).

(b) Transfer to conical tube, and add 180 mL HBES contain-
ing 0.1 % BSA (dissolve 0.1 g BSA into 100 mL HBES by
shaking vigorously).

(c) Filter-sterilize, and store 10 mL aliquots at �20 �C.
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12. 100� Insulin: Prepare immediately before use and never freeze!

(a) Dissolve 12.5 mg insulin (Calbiochem/EMD Millipore
Cat. # 407709-50MG) in 25 mL 0.005 M HCl.

(b) Add 2–3 mL FBS to a filter and vacuum it through the
filter, discarding the flow-through.

(c) Filter sterilize insulin using the above FBS-blocked filter.

2.1.3 HaCaT

Keratinocytes

1. E-medium containing 5 % FBS:

DMEM w/high glucose (HyClone/Fisher Cat.
# SH30022.FS)

375 mL

Ham’s Nutrient Mixture F-12 (HyClone/Fisher
Cat. # SH30026.01)

125 mL

FBS (MediaTech/Fisher Cat. # MT-35-011-CV) 25 mL

2. 1� PBS without calcium and magnesium (MediaTech/Fisher
Cat. # MT-20-031-CV).

3. 0.02 % EDTA/PBS (Section 2.1.1, step 3).

4. 0.25 % trypsin/EDTA (HyClone/Fisher Cat. # SH30042.01).

2.2 Gene Knockdown

and Overexpression

in Keratinocytes

2.2.1 Production

of Lentiviruses for

Transducing Keratinocytes

1. DMEM containing 10 % FBS:

DMEM w/high glucose (HyClone/Fisher Cat.
# SH30022.FS)

500 mL

FBS (MediaTech/Fisher Cat. # MT-35-011-CV) 50 mL

2. Opti-MEM Reduced Serum Medium (Gibco/Invitrogen Cat.
# 31985070).

3. Lentivirus packaging plasmids:

(a) pMDG.2 (VSV-G) (Addgene Plasmid # 12259).

(b) pCMV-deltaR8.2 (Addgene Plasmid # 12263).

(c) Proviral plasmid of choice.

4. Polyethylenimine (PEI).

(a) Dissolve Linear PEI (Polysciences Cat. # 23966–2) in H2O
heated to 80 �C to yield 1 mg/mL solution.

(b) Allow solution to cool to RT.

(c) Adjust pH to 7.0 with 5 M HCl.

(d) Filter sterilize, and store at �80 �C. Can also be stored at
4 �C for up to 4 months.

5. 0.45 μm PVDF syringe filters, 13 mm diameter (Fisherbrand
Cat. # 09-720-4).
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6. Hank’s Buffered Saline Solution (HBSS, MediaTech/Fisher
Cat. # MT-21-023-CV).

7. Bovine Serum Albumin (BSA, Amresco Cat. # 0332).

8. Ultra-Clear Thinwall ultracentrifuge tubes for SW41Ti rotor,
13.2 mL, 14 � 89 mm (Beckman Coulter Cat. # 344059).

9. 20 % sucrose/HBSS: Dissolve 20 g sucrose into 100 mL 1�
HBSS and filter sterilize.

2.2.2 Transduction

of Keratinocytes

1. Lentiviruses: as prepared in Section 2.2.1.

2. Keratinocytes and keratinocyte culture medium (Section 2.1).

2.2.3 Transfection

of Keratinocytes

1. Keratinocytes and keratinocyte growth medium (Section 2.1).

2. Opti-MEM Reduced Serum Medium (Gibco/Invitrogen Cat.
# 31985070).

3. X-tremeGENE HP DNA Transfection Reagent (Roche Cat. #
06366244001): for transfection of HFK and NIKS.

4. TransIT®-2020 Transfection Reagent (Mirus Bio Cat. # MIR
5404): for transfection of HaCaT.

5. DNA to be transfected: prepared as desired.

2.2.4 Selection of

Puromycin-Resistant Cells

1. Keratinocytes transduced or transfected with puromycin-
resistance gene.

2. 10 mg/mL puromycin: Add 10mL sterile water to 100mg vial
puromycin dihydrochloride (MP Biomedicals Cat. #
210055280). Store aliquots at �20 �C. Vortex well upon
thawing.

2.3 Human

Papillomavirus

Infectivity Assay

2.3.1 Luciferase

Reporter Assay: hpv16-

LucF, hpv16-phRL,

HPV16RL, or Other

Luciferase-Containing HPV

1. hpv16-LucF, hpv16-phRL, HPV16RL, or other luciferase-
containingHPV: prepared as described (12, 27, 28) (seeNote 2).

2. Bright-Glo™Luciferase Assay System (PromegaCat. # E2620).

3. Renilla-Glo®Luciferase Assay System (Promega Cat. # E2720).

4. CellTiter-Glo® Luminescent Cell Viability Assay (Promega
Cat. # G7572).

5. DMEM (HyClone/Fisher Cat. # SH30022.FS).

6. Opaque 96-well plates (Life Science Products/VWR Cat. #
89093–598).

7. GloMax®-Multi + Detection System with Instinct Software
(Promega), or other comparable luminometer.

2.3.2 Fluorescence

Microscopy: hpv16-LucF,

hpv16-EGFP, HPV16GFP, or

Other Fluorescent Protein

Gene-Containing HPV

1. hpv16-LucF, hpv16-EGFP, and HPV16GFP.

2. Fluorescence microscope.

3. Flow cytometer.

4. Optional: SYTOX® Dead Cell Stain (Invitrogen).
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2.3.3 Reverse

Transcription-Quantitative

PCR (RT-qPCR): HPV

Containing Full-Length

Genome

1. HPV containing full-length genome, prepared as described
(12, 13, 27).

2. RNeasy mini kit (Qiagen Cat. # 74106).

3. RNase-free DNase set (Qiagen Cat. # 79254).

4. Oligo d(T)12–18 Primer (Invitrogen Cat. # 18418012).

5. SuperScript II Reverse Transcriptase (Life Sciences Cat. #
18064–014).

6. Primers for amplification of HPV genes: For HPV16 W12
genome, primers to amplify early genes have been published
(11).

7. Hard-Shell® Thin-Wall 96-Well Skirted Plates (Bio-Rad Cat. #
HSP-9901) or comparable 96-well plates for qPCR.

8. Bio-rad CFX ConnectTM Real-Time PCR Detection System
(Bio-Rad Cat. # 185–5200) or comparable qPCR machine.

9. FastStart Universal SYBR Green Master Mix (Rox) (Roche
Applied Science Cat. # 04913850001).

3 Methods

3.1 Keratinocyte

Culture

3.1.1 Primary Human

Foreskin Keratinocytes

Maintain HFKs in EpiLife medium supplemented with HKGS at
37 �C/5 % CO2. Change medium every other day when cells are
sparse and every day as cells approach 50 % confluency. Passage cells
when they reach 80 % confluency. Follow the protocol below to
passage HFKs (see Note 3).

1. Briefly wash cells once with 0.02 % EDTA/PBS. Incubate in
0.05 % trypsin/EDTA for 6 min at 37 �C/5 % CO2.

2. Rock and tap the dish to dislodge the cells, and then add
DMEM containing 10 % NCS to neutralize the trypsin (see
Note 4). Pipet up and down to obtain a single-cell suspension.

3. Pellet the cells by centrifugation in swinging bucket rotor at
200 � g for 5 min.

4. Resuspend cell pellet in EpiLifemedium containingHKGS, and
plate as desired. If HFK cells are seeded at a density of 1 � 104

cells/cm2 they reach confluency in 3–4 days (see Note 5).

3.1.2 Normal

Immortalized Keratinocytes

from Skin

The NIKS culture protocol described below is modified from the
previously described protocol for epithelial cell culture (26).
Maintain NIKS in E-complete medium and co-culture with
growth-arrested 3T3 mouse fibroblasts (aka “feeder” cells) (see
Note 6) at 37 �C/5 % CO2. Note that preparation of 3T3s for
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NIKS co-culture requires at least 2–4 h. Change the medium
on NIKS every 24–48 h (see Note 7). Confluency is a critical
issue for NIKS. NIKS should be passaged prior to reaching 80 %
confluency (as soon as colonies begin touching one another) or
when cells in the middle of the colonies appear unhealthy (large,
flat, “fried egg” phenotype). Furthermore, NIKS do not prolifer-
ate well when too sparse, so never plate below 10 % confluency.
The following protocol details maintenance and preparation of
3T3 cells for use as feeders in NIKS cultures as well as NIKS
passaging.

1. Maintain 3T3 cultures for future use in NIKS co-cultures.
3T3s are maintained in DMEM containing 10 % NCS at
37 �C/5 % CO2. Frequent medium changes are not necessary
for these cells. Passage cells prior to reaching 100 % confluency.
To passage 3T3 cells:

(a) Wash once with 1� PBS. Incubate in 0.25 % trypsin for
2 min at 37 �C/5 % CO2.

(b) Add DMEM containing 10 % NCS to neutralize trypsin
and dilute as desired. If cells are split 1:8 from a confluent
dish, they typically reach 90 % confluency in 2 days (see
Note 8).

2. Prepare 3T3 feeder cells for NIKS co-culture. The desired
confluency of 3T3 feeder cells in NIKS co-cultures is ~25 %;
thus, one confluent dish of 3T3 cells will yield four dishes of
feeder cells for NIKS co-cultures. The following is written for
one 10 cm dish of 3T3s.

(a) Dilute 100 μL of 50� mitomycin C into 5 mL DMEM
containing 10 % NCS. Aspirate medium from a 10 cm dish
of 3T3s, and add the diluted mitomycin C.

(b) Incubate for 2–4 h at 37 �C/5 % CO2.

(c) Wash cells twice with 10 mL 1� PBS. Incubate in 0.25 %
trypsin for 2 min at 37 �C/5 % CO2 (see Note 9).

(d) Add either DMEM containing 10 % NCS or E-complete to
neutralize trypsin. If 3T3 feeders will be added to NIKS
culture immediately, then suspend cells in E-complete,
otherwise suspend cells in DMEM containing 10 % NCS.
3T3 feeders can be maintained up to 24 h after mitomycin
C treatment and before adding to NIKS culture if kept in
DMEM containing 10 % NCS.

3. Remove 3T3 feeder cells from NIKS cultures to be pas-
saged. As NIKS are far more adherent to tissue culture plastic
than mitomycin C-treated 3T3s, the feeders can easily be
removed without dislodging NIKS, as follows.
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(a) Wash NIKS/feeder co-culture once with 0.02 % EDTA/
PBS. Incubate in 0.05 % trypsin/EDTA for 60 s in 37 �C/
5 % CO2 incubator (see Note 10).

(b) Rock and tap the dish thoroughly to dislodge the feeders.
Check under the microscope to observe that all feeders are
lifted and NIKS are still adhered. NIKS should appear
rounded but stay adhered to the dish.

(c) Remove dislodged feeders by washing twice with 1� PBS.

4. Incubate NIKS in 0.25 % trypsin for 8 min at 37 �C/5 % CO2.

5. Rock and tap the dish to dislodge NIKS.

6. Add E-complete to neutralize the trypsin and pipet up and
down thoroughly to obtain a single-cell suspension.

7. Dilute NIKS as desired, and plate onto new dishes containing
feeders, or add feeders to NIKS in suspension and plate
together (see Note 11).

3.1.3 HaCaT

Keratinocytes

Maintain HaCaTs in E-medium containing 5 % FBS at 37 �C/5 %
CO2. Change medium every 2 days, and split cells when they reach
80 % confluency. Passage HaCaTs as follows:

1. Wash HaCaTs once with 1� PBS. Incubate in 0.02 % EDTA/
PBS for 15 min at 37 �C/5 % CO2.

2. Aspirate 0.02 % EDTA/PBS and incubate in 0.25 % trypsin/
EDTA for 6 min at 37 �C.

3. Rock and tap the dish to dislodge HaCaTs.

4. Add E-medium containing 5 % FBS to neutralize trypsin. Pipet
up and down to collect cells in single-cell suspension.

5. Dilute cells as desired. If cells are split 1:8 they will reach
confluency in 2–3 days.

3.2 Gene Knockdown

and Overexpression

in Keratinocytes

3.2.1 Production

of Lentiviruses for

Transducing Keratinocytes

As keratinocytes have historically been difficult to transfect without
cytotoxicity, lentiviral transduction is commonly used to deliver
DNA constructs for shRNA knockdown or ORF overexpression.
This protocol utilizes PEI as a transfection reagent to deliver
lentivirus-packaging plasmids into 293FT cells. This protocol is
written for transfection of one 10 cm dish. Scale as necessary.

1. Maintain 293FT cells for future use. 293FT cells are main-
tained in DMEM containing 10 % FBS at 37 �C/5 % CO2

(see Note 12) and should be passaged prior to reaching 90 %
confluency (see Note 13). Frequent medium changes are not
necessary for these cells. Care should be taken not to disturb
the cell monolayer, as 293FTs are only weakly adherent and
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will become dislodged easily by physical force (i.e., pipetting).
To passage 293FTs:

(a) Wash cells once with 1� PBS. Incubate in 0.25 % trypsin/
EDTA for 5 min at 37 �C/5 % CO2.

(b) Rock and tap the dish to dislodge cells.

(c) Add DMEM containing 10 % FBS to neutralize trypsin,
and pipet up and down to obtain a single-cell suspension.

(d) Dilute cells as desired. If a confluent dish is split 1:12 they
typically reach 90 % confluency in 2 days.

2. One day prior to transfection, plate 4.5 � 106 293FT cells per
10 cm dish (to be 60–80 % confluent the next day) in DMEM
containing 10 % FBS.

3. Transfect 293FT cells:

(a) Dilute DNA into 1 mL Opti-MEM and mix well:

5.3 μg pMDG.2 (VSV-G).

8 μg pCMV-deltaR8.2.

10.7 μg proviral plasmid (see Note 14).

(b) Dilute 72 μL of 1 μg/μL PEI into 1 mL Opti-MEM and
mix well.

(c) Combine diluted DNA and diluted PEI, and immediately
vortex for 5 s.

(d) Incubate at RT for 15 min.

(e) Add transfection mixture to 10 mL DMEM containing
10 % FBS and mix by pipetting.

(f) Aspirate medium from 293FT cells and add the above
diluted transfection mixture.

(g) Incubate at 37 �C/5 % CO2 overnight.

4. At 4–18 h post transfection, replace transfection medium with
fresh Opti-MEM (cells should not be incubated in transfection
mixture for longer than 18 h) (see Note 15).

5. Harvest lentivirus at 48–72 h post transfection:

(a) Harvest cells and lentivirus-containing medium by pipet-
ting up and down (no need to trypsinize) (see Note 16).

(b) Pellet cell debris by centrifugation at 3,200 � g for 5 min.

(c) Collect supernatant and pass through 0.45 μm PVDF
syringe filter to remove the remaining cell debris.

(d) Store 1 mL aliquots at �80 �C or (optional) concentrate/
purify lentiviruses (see Note 17). Lentiviruses should not
be frozen and thawed more than three times.
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6. If desired, lentiviruses can be concentrated as follows (see
Note 18):

(a) Add 5 mL of filtered lentivirus supernatant to SW41Ti
ultracentrifuge tube.

(b) Underlay 2 mL of 20 % sucrose/HBSS using 2 mL pipet,
being careful not to mix layers.

(c) Add the remaining lentivirus supernatant to top, being
careful not to disturb the interface.

(d) Balance tubes with HBSS.

(e) Ultracentrifuge at 65,000 � g for 2 h at 4 �C.

(f) Pour off supernatant into waste beaker containing 10 %
bleach, and let tubes sit upside down over a kimwipe for
5 min. Remove excess liquid from the side of tube with
kimwipe or by aspiration.

(g) Resuspend pellet with the desired volume of HBSS
containing 1 % BSA (usually 50� concentration � 200 μL
for one 10 cm dish) by pipetting up and down vigorously
(avoid frothing!). Vortex at low speed for 30 min at 4 �C to
fully resuspend the virus pellet.

(h) Transfer to 1.5 mL tube, vortex, and centrifuge at max
speed for 30 s.

(i) Transfer supernatant to new tube, and store aliquots at
�80 �C.

3.2.2 Transduction

of Keratinocytes

HFK and NIKS cells transduce with relatively high efficiency; how-
ever, HaCaT cells exhibit low transduction efficiency. This protocol
is written for HFK and NIKS only.

1. One day prior to transduction, plate keratinocytes at a density
of 1 � 104 cells/cm2.

2. Thaw lentivirus on ice (see Note 19) and dilute as desired into
appropriate culture medium (see Note 20).

3. Add diluted lentivirus to keratinocytes and incubate overnight
at 37 �C/5 % CO2.

4. Change medium the next day (see Note 21).

5. Assay cells at 48–72 h post transduction.

3.2.3 Transfection

of Keratinocytes

We found that keratinocytes can be transfected with reasonable
efficiencies with the following reagents (~50 %, data not shown).
Follow the manufacturer’s instructions. The optimal ratios of trans-
fection reagent to DNA are listed below; however, further optimi-
zation may be necessary.
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HFK and NIKS: X-tremeGENE HP DNA Transfection Reagent (Roche)
Optimal transfection reagent-to-DNA ratio: 2:1

HaCaT: TransIT®-2020 Transfection Reagent (Mirus Bio)
Optimal transfection reagent-to-DNA ratio: 3:1

3.2.4 Selection of

Puromycin-Resistant Cells

We routinely use puromycin resistance selection to generate stable
keratinocyte lines. The following outlines our procedure for puro-
mycin resistance selection.

1. Add puromycin-containing growth medium to cells at 48 h
post transduction or transfection (above). Optimal puromycin
concentrations:

(a) HFK: 1.0 μg/mL.

(b) NIKS: 1.5 μg/mL.

(c) HaCaT: 2.5 μg/mL.

2. Culture cells according to the standard protocol (Section 3.1),
replenishing puromycin-containing medium every other day.
Puromycin will kill non-transduced/transfected cells in 2–3
days.

3. To generate stable cell lines, continue selection process for 1–2
weeks post transduction or 2–3 weeks post transfection.

3.3 Human

Papillomavirus

Infectivity Assays

3.3.1 Luciferase

Reporter Assay: hpv16-

LucF, hpv16-phRL,

HPV16RL, or Other

Luciferase-Containing HPV

1. One day before infection, plate 4 � 103 keratinocytes/well of a
96-well plate (see Note 22). Plate in quadruplicate for each
sample for statistical analysis.

2. Next day, inoculate keratinocytes with 1,000–10,000 vge/cell
(MOI 2–20) hpv16-LucF, hpv16-phRL, HPV16RL, or other
luciferase-containing HPV.

3. At 48 h post infection, perform luciferase assay and cell viability
assay to determine relative infectivity and viability, respectively
(see Note 23):

(a) Thaw and equilibrate Bright-Glo™ (FL assay) or Renilla-
Glo™ (RL assay) and CellTiter-Glo® (viability assay)
reagents at RT.

(b) Make master mixes: Combine Bright-Glo™ or Renilla-
Glo™ and CellTiter-Glo® reagents with an equal volume
of DMEM at RT.

(c) Aspirate culture medium from wells, and add 50–60 μL of
desired master mix per well.

(d) Incubate at RT for 2–3 min for Bright-Glo™ or 10 min for
Renilla-Glo™ and CellTiter-Glo®.

(e) Transfer to opaque 96-well plate, being cautious to avoid
introducing bubbles.
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(f) Read luminescence with GloMax®-Multi + Detection Sys-
tem or comparable luminometer.

(g) Normalize luciferase activity to cell viability.

3.3.2 Fluorescence

Microscopy: hpv16-LucF,

hpv16-EGFP, HPV16GFP, or

Other Fluorescent Protein

Gene-Containing HPV

1. One day before infection, plate 1 � 104 keratinocytes/cm2

onto 24-well or 12-well plate.

2. Next day, inoculate keratinocytes with 1,000–10,000 vge/cell
(MOI 2–20) hpv16-LucF, hpv16-EGFP, HPV16GFP, or other
fluorescent protein gene-containing HPV.

3. Check expression of fluorescent protein in infected cells using
fluorescence microscope.

4. At 48 h post infection, determine the percentage of cells
infected by flow cytometric quantification of fluorescent pro-
tein expression. Dead cells can be excluded by staining with
SYTOX® Dead Cell Stain, according to the manufacturer’s
instructions.

3.3.3 Reverse

Transcription-Quantitative

PCR (RT-qPCR): HPV

Containing Full-Length

Genome

1. One day before infection, plate 1 � 105 keratinocytes/well of a
6-well plate.

2. Next day, inoculate keratinocytes with 1,000–10,000 vge/cell
(MOI 2–20) HPV containing full-length genome.

3. At 48 h post infection, extract total RNA from keratinocytes
using RNeasy mini kit and RNase-free DNase set, according to
the manufacturer’s instructions for on-column DNase
treatment.

4. Reverse transcribe total RNA to generate first-strand comple-
mentary DNA (cDNA) using oligo d(T)12–18 primers:

(a) Set up oligo d(T) priming reaction:

RNA sample (�25 μg) 10 μL

100 μM oligo d(T) primer 1 μL

(b) Incubate at 70 �C for 10 min, and then cool to 4 �C.

(c) Set up cDNA synthesis reaction:

Priming reaction mix 11 μL

5� First-strand reaction buffer 4 μL

0.1 M DTT 2 μL

10 mM dNTP mix 1 μL

Superscript II reverse transcriptase 1 μL

Nuclease-free H2O 1 μL
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(d) Incubate at 42 �C for 1 h, and then cool to 4 �C.

(e) Store at �20 �C for future use.

5. Set up RT-qPCR reaction mixture. Primer sequences for
HPV16 early genes are published (11).

forward primer 0.5 μM

reverse primer 0.5 μM

cDNA template 50 ng

FastStart Universal SYBR Green Master (Rox) 10 μL

Nuclease-free H2O to 20 μL total volume

6. Perform qPCR using the following temperature protocol:

95 �C for 10 min

95 �C for 15 s Repeat 40�
59 �C for 1 min* Repeat 40�
*Include plate read during this step

4 Notes

1. Invitrogen also sells HEKp, which are HEKn pooled from
multiple donors. This protocol will work with either HEKn or
HEKp. It also works well with HFK cells purchased from Lonza
(NHEK-Neo, Lonza Cat. # 192906). Among the keratinocyte
medium we tested, HFK cultures appear most healthy when
cultured in EpiLife medium containing HKGS (data not
shown).

2. hpv16-phRL and HPV16RL virions are packaged in 293FT
cells as previously described (13). hpv16-phRL pseudovirions
contain the phRL-SV40 plasmid (Promega), and HPV16RL
virions contain a chimeric HPVDNA, generated by insertion of
the hRL reporter gene from phRL-SV40 (Promega) into the
L2 and 50 L1 genes of the HPV16W12 genome (28). For more
information regarding these constructs, contact Dohun Pyeon
at dohun.pyeon@ucdenver.edu.

3. Alternatively, HFKs can be cultured following the NIKS culture
protocol (see Section 3.1.2). This method of culturing HFKs
has been reported to extend their lifetime to more than
twice the number of passages compared with culturing in Epi-
Life medium supplemented with HKGS (29). Importantly, we
found that HPV16-LucF infectivity of HFKs is dramatically
enhanced when they are cultured according to the NIKS pro-
tocol (data not shown). We do not currently know why HPV16
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infectivity is enhanced, but we speculate that the serum in the
E-complete medium may have growth factors and HSPGs
which aid in the entry of HPV16 into keratinocytes (Ozbun,
MA, personal communication).

4. Any serum-containing medium can be used here to neutralize
trypsin, as the cells will be pelleted and resuspended in EpiLife.
EpiLife medium supplemented with HKGS will not effectively
neutralize trypsin.

5. Each lot of HFKs varies slightly in doubling time, as each lot is
obtained from a different donor or a set of multiple donors.
Therefore, seeding density for each batch may need
optimization.

6. If desired, NIKS cells can be cultured without feeders in
reduced-calcium E-complete medium (Paul Lambert, personal
communication). We found that even under reduced-calcium
environment, a large percentage of NIKS appeared to differen-
tiate within 24 h, as their morphology changed from cuboidal
to elongated, and these elongated cells did not appear to divide.
For this reason, if an experiment requires the absence of fee-
ders, we limit the feeder-free culture period to 2–3 h.

7. 3T3 feeders in the NIKS co-culture will additionally utilize a
significant amount of nutrients from the medium, so frequent
medium changes are necessary regardless of NIKS confluency.

8. Because feeders are needed so often, we maintain at least (2) or
(3) 10 cm dishes of 3T3s of varying confluency. From a conflu-
ent dish, we recommend routinely splitting at a ratio of 1:8,
1:4, and 1:2.

9. If NIKS will be added directly to this dish of feeders, trypsini-
zation is not necessary.

10. Alternatively, feeders can be removed by pipetting up and down
after incubation with 0.02 % EDTA/PBS for 1–2 min at RT.
Harsh pipetting necessary to thoroughly dislodge feeders
sometimes results in physical damage to adhered NIKS; thus,
we prefer to remove feeders with trypsin to avoid harsh
pipetting.

11. Upon addition to NIKS culture, 3T3 feeders should be
replenished every 2 days to maintain NIKS in a healthy,
proliferating state. If NIKS cells appear stressed, as in their mor-
phology is flattened and larger morphology, and a clear nuclear
membrane and stress granules (“fried egg”), replacing the feeders
in fresh E-complete often recovers these cells.

12. 293FT cells can be cultured in DMEM containing 10 % NCS
rather than FBS. Though the cells appear to proliferate very
well in NCS-containing medium, we find that culturing them
in FBS-containing medium increases transfection efficiency.
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13. 293FT cells easily transform further in over-confluent condi-
tions. We find that when 293FT cells are kept in an over-
confluent state, they become less adherent.

14. Optional: Add 1 μg lentiviral GFP expression plasmid (such as
TurboGFP) to visualize transduced cells and calculate trans-
duction efficiency.

15. We obtain significantly higher titers of lentivirus when packag-
ing is carried out in Opti-MEM reduced-serum medium
instead of DMEM containing 10 % FBS. We speculate that
even though FBS in the medium increases transfection effi-
ciency (see Note 12), it later has an inhibitory effect on virus
packaging. 293FT cells cultured in Opti-MEM will display
significant cytotoxicity; however, production of infectious len-
tivirus is enhanced.

16. Biohazard warning: Lentiviruses are HIV-derivative viruses and
they must be handled in a BSL2+ environment. You must
contact your institution’s Bio-Safety office to receive permis-
sion and specific instructions on how to handle these viruses.
We use 10 % bleach to sterilize work areas, followed by water
and 70 % ethanol to avoid corrosion of stainless steel surfaces.

17. Lentiviruses can be stored at 4 �C for up to 3 days without
significant loss of titer.

18. Further purification/concentration of lentiviruses by ultracen-
trifugation is recommended if they will be used to transduce
HFKs, as HFKs do not tolerate Opti-MEM very well. Note
that ultracentrifugation of lentiviruses results in a significant
loss of overall titer.

19. Rapid thawing and multiple freeze–thaw cycles will result in
significant loss of virus titer.

20. Typically, lentiviruses are diluted 1:10 into culture medium.
However, if it is suspected that the titer is lower than normal,
lentiviruses can be diluted 1:1 with culture medium. If lentivi-
rus was concentrated, adjust volume according to concentra-
tion factor.

21. If desired, lentiviruses can be removed 4 h after inoculation, as
most lentiviruses will have adsorbed to the cells within a few
hours. We have not observed any significant loss in transduc-
tion efficiency by replacing infection medium after 4 h.

22. Keratinocytes may be cultured in sterile, opaque 96-well plates
if desired; however, it may be preferable to culture cells in clear
96-well plates in order to visualize the cell condition through-
out the experiment. In this case, the lysate can simply be
transferred to an opaque 96-well plate immediately prior to
measuring luminescence.
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23. The CellTiter-Glo® cell viability assay usually shows very high
signal (>107 RLU for 96-well plate), which can leak into
neighboring wells of the Bright-Glo™ infectivity assay, thereby
skewing the infectivity data. This can be avoided by performing
the Bright-Glo™ assay prior to the CellTiter-Glo® assay or by
separating the two assays by several wells or on separate plates.
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Preparation and Delivery of 4-Hydroxy-Tamoxifen
for Clonal and Polyclonal Labeling of Cells
of the Surface Ectoderm, Skin, and Hair Follicle

Christine Chevalier, Jean-François Nicolas, and Anne-Cécile Petit

Abstract

To study the cell behavior during morphogenesis of mouse surface ectoderm, skin, and hair follicles, we
(1–3) have developed a new method to temporally induce clones that is based on a tamoxifen-dependent
Cre recombinase. The classical protocol consisting in dissolving 4-hydroxy-tamoxifen or tamoxifen in corn
oil to perform intraperitoneal (ip) injections (4) is not optimal to control the pharmacokinetic parameters of
the induction as it leads to experimental variability in terms of timing and level of induction. We have
developed a new protocol that consists in solubilizing 4-OHT or tamoxifen in an aqueous solvent using
Cremophor® EL (5). This allows for intravenous (iv) and intraperitoneal injections.

Keywords: 4-OHT, Tamoxifen, Cre/lox system, Cremophor® EL, Intravenous, Clonal analysis

1 Introduction

TheCre/loxPmethod allows for the genetic taggingof one or several
cells in a temporally inducible manner in order to perform lineage
analysis in mouse embryos and adults (6). This method is based on
themodification of a conditional reporter gene (7, 8) by an inducible
Cre recombinase. The fusion of the Cre recombinase with a mutated
ligand-binding domain (9) of the human oestrogen receptor (ER)
results in a tamoxifen-dependent Cre recombinase (CreERT2) that
can be activated by 4-OHTor tamoxifen, but not by oestradiol (10).
In the absence of its ligand, the CreERT2 fusion protein is largely
inactive. The binding of 4-OHT induces its activation and the
modification of the conditional reporter gene by the recombinase.
As a result, the labeled cells and their descendants carry the modified
reporter gene and form clones that can be identified by X-gal staining
(11) or immunofluorescence mT/mG (12).

The current and most widely used protocol to inject 4-OHT
or tamoxifen into mice consists in an ip injection of the chosen
product dissolved in corn oil. This solvent was used because of the
hydrophobic nature of these products. However, it is not optimal
to control the pharmacokinetic parameters of the induction (such
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as plasma concentration, time to reach peak plasma concentration,
elimination half-life). This is because a significant amount of the
inducer may be trapped by adipose tissue present in the intraperi-
toneal cavity of the mouse. These events lead to experimental
variability in terms of timing and level of induction. We have
developed a new protocol that permits 4-OHT or tamoxifen to
be solubilized in Cremophor® EL, a solvent with amphiphilic
properties that allow it to bind hydrophobic molecules and to
solubilize them in aqueous solvents. We have extensively tested
the injection of 4-OHT in Cremophor® EL. This solution is
painless for the mice and does not exhibit toxicity on embryos
and adults. With this protocol, the variability in the induction
parameters is minimized: the uptake of 4-OHT into the blood-
stream is immediate, and the inducer cannot be trapped by adipose
tissue. Its onset of action is probably short, and the duration of
the induction depends primarily on the half-life of the molecule.
The volume that can be injected intravenously without perturbing
blood pressure and heart functioning corresponds approximately
to 10 % of the total blood volume of the mouse, i.e., 180 μL.
If needed, ip injection can be performed with 4-OHT dissolved in
Cremophor® EL.

2 Materials

1. Vortex.

2. Water bath set at 60 �C.

3. 1 mL syringe with needle (BD Plastipak™, ref: 30015).

4. MYJECTOR U-100 INSULIN 0.3 mL syringe (Terumo, ref:
BS30M2913).

5. 1 and 2 mL microcentrifuge tubes.

6. Latex gloves.

7. 4-Hydroxytamoxifen (Sigma, ref: H-7904).

8. Ethanol 100 %.

9. Cremophor® EL (Sigma, ref: C5135).

10. 1� PBS.

11. Aluminum foil.

3 Methods

3.1 Preparation

of 4-OHT Stock

Solution

1. In 2 mL microcentrifuge tubes, dissolve the 4-OHT powder
(see Note 1) in 100 % ethanol at a 20 mg/mL concentration
for injection of low doses of 4-OHT (see Note 2) and at a
40 mg/mL concentration for injection of high doses of
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4-OHT (see Notes 3 and 4). As the 4-OHT is light sensitive,
keep the tube wrapped in aluminum foil.

2. Vortex for approximately 10 min at maximum speed.

3. Incubate the suspension at 60 �C for 10 min.

4. Vortex again until complete dissolution (see Note 5).

5. Dilute 1:1 the 4-OHT/ethanol solution with Cremophor®

EL (see Note 6) to obtain a 10 mg/mL concentration for
injection of low doses of 4-OHTor a 20mg/mL concentration
for injection of high doses of 4-OHT.

6. Vortex and store the stock solution aliquots of 100 μL
at �20 �C.

3.2 Preparation

of the 4-OHT Injection

Solution

(Extemporaneously)

1. Thaw rapidly an aliquot at 37 �C of the 4-OHT/ethanol/
Cremophor® EL stock solution.

2. Dilute this solution in PBS 1� to the desired concentration
for injection. See Table 1a (desired concentration from 2 to
0.25 μg/g) for injection of low doses and Table 2a for injection
of high doses of 4-OHT (from 66 to 16.6 μg/g) in 1 mL
microcentrifuge tube (see Note 7).

3. Vortex.

4. Keep in the dark at room temperature until used.

3.3 iv or ip Injection

of the 4-OHT/Ethanol/

Cremophor® EL/PBS

1� Solution

1. Weigh the mouse.

2. Whatever the desired dose of 4-OHT (μg/g of mouse, see
Tables 1a and 2b) the volume to be injected with respect to
the mouse weight remains the same and is indicated in Table 1b
(low doses) or Table 2b (high doses).

For example: For injecting a mouse which weighs 28 g at a
dose of 66.6 μg/g of mouse, thaw an aliquot of the stock
solution at 20 mg/mL. The volume to be injected will be
187 μL of a solution at 10 mg/mL. The solution is very
viscous, so it is necessary to prepare a 250 μL volume. Add
125 μL PBS 1� to 125 μL of stock solution 20 mg/mL.

3. Load the syringe without the needle with the required volume,
using the MYJECTORU-100 INSULIN 0.3 mL syringe for iv
injections and the 1 mL syringe for ip injections.

Table 1a
Preparation of the 4-OHT solution for low-dose injection (clonal or oligo clonal)

Desired dose of 4-OHT to inject (μg/g mouse) 0.25 0.5 1 2

Concentration of 4-OHT in the stock solution (mg/mL) 10 10 10 10

Concentration of 4-OHT in the injection solution (mg/mL) 0.05 0.1 0.2 0.4
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Table 1b
Volume to be injected according to the mouse weight

Mouse weight (g) Injection volume (μL)

24 120

24.5 122.5

25 125

25.5 127.5

26 130

26.5 132.5

27 135

27.5 137.5

28 140

28.5 142.5

29 145

29.5 147.5

30 150

30.5 152.5

31 155

31.5 157.5

32 160

32.5 162.5

33 165

33.5 167.5

34 170

34.5 172.5

35 175

Table 2a
Preparation of the 4-OHT solution for high-dose injection

Desired dose of 4-OHT to inject
(μg/g mouse)

16.6 33.3 66.7

Concentration of 4-OHT in the stock solution
(mg/mL)

20 20 20

Concentration of 4-OHT in the injection solution
(mg/mL)

2.5 5 10

242 Christine Chevalier et al.



4. For iv injections (Fig. 1): We use a tunnel device (model no. 02
1025 DI 2001-75, Pascal Dardenne and Jean-Jacques
Deschamps, Institut Pasteur Paris) to position and immobilize
the mouse, leaving the tail accessible for accurate injection in
the tail vein.

5. For ip injections (Fig. 2): Hold the mouse in your left hand
(ventral side facing you) if you inject with the right hand.
Make sure to grab enough skin so that it cannot turn its
head and bite you. Hold the tail by twisting it around your
little finger. Locate the injection at the lower part of the belly
region.

Table 2b
Volume to be injected according to the mouse weight

Mouse weight (g) Injection volume (μL)

20 133

21 140

22 147

23 153

24 160

25 167

26 173

27 180

28 187

29 193

30 200

31 207

32 214

33 220

34 227

35 234

36 240

37 247

38 254

39 260

40 267
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4 Notes

1. Precautions for use of 4-OHT powder: No inhalation, no skin
contact, do not swallow the powder, and wear protective
gloves.

2. The 20 mg/mL concentration is particularly suitable for iv
injection for low doses (0.25–2 μg/g mouse) when clonal
labeling is required.

3. The 40 mg/mL concentration is adapted for ip injection
for high doses (16–66 μg/g mouse) for other purposes than
clonal labeling.

4. The choice of the concentration to use depends mainly on the
CreERT inducer line. In our hands clonal labeling is obtained

Fig. 2 The essential step is illustrated for ip injection

Fig. 1 The essential step is illustrated for iv injection
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from 0.25 μg/g mouse for highly efficient CreER inducer lines
to 2 μg/g mouse or more for the less efficient ones. Similarly
strong induction varies from 16 to 66 μg/g depending on the
inducer line.

5. If after step 2, 4-OHT is not completely dissolved, then steps 3
and 4 are absolutely required. Make sure to vortex at step 4
until complete dissolution.

6. The Cremophor® EL is a clear light yellow viscous liquid; draw
slowly, and wear protective gloves.

7. For other doses than those indicated in Tables 1a and 2a,
calculate the dilution factor in accordance.
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Microdissection and Visualization of Individual
Hair Follicles for Lineage Tracing Studies

Inês Sequeira, Emilie Legué, Suzanne Capgras,
and Jean-François Nicolas

Abstract

In vivo lineage tracing is a valuable technique to study cellular behavior. Our lab developed a lineage tracing
method, based on the Cre/lox system, to genetically induce clonal labelling of cells and follow their
progeny. Here we describe a protocol for temporally controlled clonal labelling and for microdissection
of individual mouse hair follicles. We further present staining and visualization techniques used in our lab to
analyze clones issued from genetically induced labelling.

Keywords: Hair follicle, Lineage tracing, Clonal analysis, Cre/lox system, Microdissection, GFP,
LacZ, 3D imaging

1 Introduction

Understanding the organization of cells into organs is the starting
point for analysis of their cellular homeostasis behavior and devel-
opment. The hair follicle (HF) provides a model with which to
elucidate these processes (1, 2). The HF renews periodically during
the life of the animal through neomorphogenesis (3, 4). During
HF renewal HFs undergo cycles of resting growth and regression
(5–7).

In vivo lineage tracing is a powerful technique to understand
the cell behavior in HF development growth stem cell renewal and
wounding, and it is the only available technique for long-term
studies of cell lineage. Uncovering of how a cell is derived from
another cell is critical for understanding the dynamics of tissue
growth and maintenance.

Our lab developed a method of clonal analysis for lineage
tracing studies in the HF based on the Cre–LoxP system (8),
consisting of the genetically induced labelling of cells and the
following of their progeny. To temporally control the Cre-
recombinase activity, an inducible Cre has been generated whereby
Cre is fused to a mutated estrogen receptor (CreERT or CreERT2)
(9). CreERT transgenic mice (Cre-inducer line) are crossed to a
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Cre-reporter line, which ubiquitously expresses the reporter gene
interrupted by a LoxP site-flanked stop sequence (10). Single-cell
labelling can be initiated in mice at any age by injecting low doses
of tamoxifen or 4-hydroxytamoxifen (4-OHT). The hormone
injection activates the reporter gene in the cells expressing
Cre-recombinase by binding to the ER domain of the fusion pro-
tein, resulting in the translocation of CreER into the nucleus, where
Cre recognizes the loxP site and excises the stop sequence. The
recombination results in the expression of the reporter gene,
which is transmitted permanently to their progenywhen cells divide.
Therefore, the labelling is permanent allowing long-term studies.

Although lineage tracing using Cre–LoxP system is a precise
approach, it is also subject to some technical and biological limita-
tions. It requires extensive knowledge about the ubiquitous
expression of the reporter mouse strain as well as of the Cre line.
When using non-ubiquitous mouse Cre lines, the Cre expression
should be highly cell type specific and should not be leaky. In the
Cre-inducible system, the recombination activity of the Cre should
be dependent on the presence of its inductor (9, 11). However,
from our lab’s experience with different inducible mouse lines,
spontaneous activation of the fusion protein CreER can occur in
the absence of the tamoxifen or 4-OHT. This potentially spontane-
ous activation should be carefully characterized for each combina-
tion of CreER line and reporter line and taken into account in
clonal analysis studies.

Here we present a protocol for microdissection of individual
HFs used in clonal lineage tracing studies. We describe approaches
to induce clonal labelling with a temporally controlled method—by
manipulating the HF cycle—to detect and analyze HF clones, both
with LacZ and fluorescent reporter lines.

2 Materials

2.1 Anaesthesia

Solution

All biopsies and depilations were performed under mouse anaes-
thesia. We anaesthetize the mouse by intraperitoneal injection of
ketamine and xylazine. Depending on local guidelines, different
types of anaesthesia may be used, such as avertin administration
or by isoflurane inhalation. For 2 mL anaesthetic solution of keta-
mine and xylazine, mix 0.5 mL of Imalgene 1000 (ketamine
100 mg/mL, Merial) with 0.25 mL of Rompun Injection Solution
2 % (xylazine hydrochloride, Bayer) and bring up to 2 mL final
volume with PBS 1�. Use a dose of 0.1 mL per 25 g body weight.

2.2 Preparation of X-

Gal Reaction Solution

The concentrations of stock solutions are indicated in parentheses.
The volumes indicated are for a final volume of 50 mL.

100 μL MgCl2 (2 M).
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2 mL FerrI (potassium ferricyanide, 0.2 M).

2 mL FerrO (potassium ferrocyanide, 0.2 M).

1 mL X-Gal substrate (5-bromo, 3-chloro, indoyl®-D-galacto-
side, 40 mg/mL in DMSO).

The X-Gal reaction solution can be stored at 4 �C in the dark
for approximately one week.

2.3 Tools

and Equipment

Cold wax strips (Veet).

Insulin syringe with needles.

Surgical instruments: Scissors and blunt forceps (sterilized prior to
surgery).

Sutures (absorbable Vicryl JV390, with curved needle attached,
4/0–1.5–75 cm, Ethicon—Johnson & Johnson).

Warm plate for mouse cage.

4-OHT (Sigma-Aldrich).

Cremophor® EL (Sigma-Aldrich).

Autoclaved corn oil.

Ethanol 70 %.

Ethanol 100 %.

12-well plates.

96-well plates.

Petri dishes.

Plastic transfer pipettes.

PBS 1�.

PBS-azide 0.05 %.

PFA 4 % in PBS.

30 �C incubator.

Nutator.

Dissection instruments: Forceps (Dumont#5, Fine Science Tools),
microscalpels (Stab Knife Straight 10316–14, Fine Science
Tools) and scalpel blades.

Stereoscopic dissecting microscope with light source.

Glass coverslips.

Glass slides (precleaned, 25 � 75 � 1 mm).

Mounting medium (SlowFade from Invitrogen or Vectashield cat#
H-1000 from Vector Laboratories).

Scotch tape.

Nail polish.
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Upright brightfield microscope (for whole-mount LacZ clones)
(e.g., Leica DM4000).

Confocal or multiphoton microscope (for whole-mount fluores-
cent clones) (e.g. Zeiss LSM 700 or 710).

2.4 Mouse Models For lineage tracing studies, there are a variety of Cre-inducer lines
that confer widespread expression of Cre-recombinase in all HF
cells such as the following:

(a) CMVCreERT provided by Daniel Metzger (9, 12) that carries a
Cre-recombinase fused to the modified oestrogen receptor ERT

and under the transcriptional control of the enhancer/pro-
moter region of the human cytomegalovirus gene (CMV).
The CMV promoter confers wide expression, including the
skin and its derivatives.

(b) Rosa26CreERT2 line (from Lars Grotewold and Austin Smith,
Wellcome Trust Centre for Stem Cell Research, University of
Cambridge, UK) was obtained by introducing the CreERT2

gene (13) by homologous recombination into the ROSA26
locus. The ROSA26 promoter confers ubiquitous expression of
the Cre-recombinase.

(c) Other Cre lines that express Cre-recombinase only in a subset
of HF cells are also used, such as Lgr5CreERT2 (14), Lgr6CreERT2

(15), and K14CreERT2 (16).

These inducer lines are crossed to the reporter mouse lines. The
most commonly used Cre-reporter line is the Rosa26 lacZ line that
carries the lacZ gene inserted at the ubiquitously expressed
ROSA26 locus (10). lacZ expression is dependent on Cre-mediated
excision of a transcriptional “stop” sequence. Recently, several
fluorescent reporter lines have been used that allow confocal
three-dimensional imaging and unambiguous resolution of the
cellular structure of the HF, such as the following:

(a) CAG-CAT-EGFP (17) and ROSA26EYFP (18) that express
green and yellow fluorescent proteins, respectively, in the
recombined cells.

(b) Rosa26 mT/mG reporter mouse that is a double-fluorescent Cre
reporter mouse that expresses membrane-targeted tomato pro-
tein (tdTomato) prior to Cre-mediated excision and
membrane-targeted green fluorescent protein (eGFP) after
excision (19), providing an outline of cell morphology.

(c) A recently developed multicolor Cre-reporter Rosa26-CAG-
Confetti does not express any fluorescence prior to Cre-
recombinase induction, but after it stochastically places one of
the four fluorescent proteins into position directly downstream
of the CAG promoter; recombined cells alternatively express
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nuclear localized, membrane-targeted or cytoplasmic fluores-
cent proteins (20, 21).

Detection of the marked cells can be achieved by a variety of
methods, depending on the reporter line used. The reporter gene
can encode for an enzyme (β-galactosidase or alkaline phosphatase)
and be detected by an enzymatic reaction, or encode for a fluores-
cent protein (GFP, YFP, or combination of several fluorescent pro-
teins) and be detected by using a fluorescent microscope (Note 1).

3 Methods

3.1 Synchronization

of HF Cycles

The anagen phase in the dorsal skin is induced by depilating the
back of the anaesthetized mice with cold wax (Fig. 1a). Depilation
was performed on 7- to 8-week-old mice whose back skin HFs are
in telogen. Depilation of telogen HFs mimics exogen and induces
synchronously the initiation of anagen in all depilated HFs (7). To
have different stages in HF cycle at the induction time in the same
animal, different zones may be delineated in the back of the mice
and depilated at different time-points prior to induction (22).

1. Weigh the animal (drug amounts to be administered during the
experiment are based on body mass).

Fig. 1 Depilation of an anaesthetized mouse. (a) Depilate the back of an anaesthetized mouse with cold wax.
(b) With one hand, stretch the skin from the back of the mouse, and with forceps pull the hairs in the opposite
direction. (c) Use smaller pieces of wax strips the size of the depilated zone. (d) Place one wax strip onto the
skin in the direction of hair growth, leaving a wax-free border on the strip. (e) Hold the posterior part of the
mouse with one hand and quickly remove the wax strip. (f) The depilated zone should be pink with no traces of
injury
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2. Inject anaesthetic solution intraperitonelly (Rompun and
Imalgene solution, 0.1 mL per 25 g body weight).

3. Remove the hair from the animal’s back first using forceps.
Make sure that the forceps do not pinch the skin. Gently stretch
the skin from the back of the mouse (Fig. 1b), and pull the hairs
in the opposite direction.

4. After most of the hair is removed, use cold wax strips. Depila-
tion with cold wax ensures effective hair removal: they are easy
to apply, adhere well, and avoid skin irritation usually produced
by hot wax patches. Cut small pieces of wax strips, the size of
the zone to be depilated (Fig. 1c), leaving a wax-free border on
the strip. Warm the wax slightly to body temperature by
rubbing a double-wax strip between your fingers for 20 s.
The wax strips should be at body temperature.

5. Make sure that the skin is dry and free of irritation. Gently peel
the strips apart and place one of the wax strips onto the skin in
the direction of hair growth (Fig. 1d). Smooth the strip gently
downwards with your fingers to make sure that it is properly
adhered.

6. Hold the back skin in the posterior part of the body with one
hand, and remove the wax strip with a quick gesture, pulling
against the direction of hair growth (Fig. 1e). Make sure to pull
the strip parallel to the skin. Repeat if necessary. Since the
mouse hairs are long and dense, do not reuse the same strip.

7. The skin should be light pink, clean and without traces of injury
or red dots (Fig. 1f). If some traces of wax remain on the skin,
they can be removed with the back of a used strip.

3.2 In Vivo Activation

of Cre-Recombinase

for Clonal Analysis:

Treatment with 4-OHT

3.2.1 Preparation of

the 4-OHT Solution

with Corn Oil

1. Due to the hydrophobic nature of 4-OHT, 4-OHT solution is
prepared in a hydrophobic solvent and injected intraperitone-
ally. 4-OHT is first suspended at a concentration of 100 mg/
mL in 100 % ethanol.

2. Dilute in autoclaved corn oil to 10 mg/mL.

3. Sonicate by pulses for 30 min. Sonication helps to break up and
dissolve the crystals.

4. Aliquot and store at �20 �C, protected from light.

5. Before injection, working stocks are made by diluting the main
stock solution in 1� PBS to the desired concentration and
vortexing. Keep the working stocks at room temperature.

3.2.2 Preparation of

the 4-OHT Solution

with CremophorEL

For very low 4-OHTconcentrations, a novel protocol is used (Petit
and Nicolas 2009). This solution is suitable for intravenous and
intraperitoneal injections.

1. Dilute 4-OHT to 20 mg/mL in 100 % ethanol.
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2. Then dilute in Cremophor EL (Sigma) to 10 mg/mL and again
in 1� PBS to 3 mg/mL, and store at �20 �C.

3. Mix by vortexing and keep aliquots of the stock solution at
�20 �C, protected from light.

4. Before injection, dilute the suspension to the desired concen-
tration in 1� PBS and keep at room temperature.

(SeeChapter “Preparation and delivery of 4-hydroxy-tamoxifen
for clonal and polyclonal labelling of cells of the surface ectoderm,
skin and hair follicle,” Chevalier et al. for further details)

3.2.3 Injection of

the 4-OHT Solution

1. Weigh the animal (drug amounts to be administered are based
on body mass).

2. Vortex the 4-OHT solution before injection.

3. Inject intraperitoneally the 4-OHT solution at the desired
concentration. Use large needles for 4-OHT solution in corn
oil (because it is viscous) and insulin syringes with small needle
for 4-OHT solution with CremophorEL (since they are more
precise).

4. On the day of the injection, a skin control biopsy can be
sampled to verify the stage of the HF at the moment of
induction (6).

3.3 Sample Biopsies

and Fixation

1. The mouse is anaesthetized by intraperitoneal injection of
anaesthetic solution (Rompun and Imalgene solution, 0.1 mL
for 25 g mouse weight).

2. Begin surgery only after the animal is nonresponsive. Surgical
level of anaesthesia is checked by the absence of paw withdrawal
reflexes after toe pinching.

3. Clean the biopsy area with liberal amounts of ethanol 70 % or
skin disinfectant (Fig. 2a). Remove the excess of solution with a
tissue.

4. Grab a pinch of skin is grabbed and slightly pull up using
blunted forceps, and a small incision is performed using
the scissors (Fig. 2b). Hold one of the incision with the blunted
forceps and enlarge the incision as desired by cutting the skin
with the scissors (Fig. 2c). An elliptical sample of full-thickness
skin of less than 10 mm � 6 mm is removed (Fig. 2d).

5. Suture the edges of the resulting wound using absorbable
Vicryl (Ethicon—Johnson & Johnson) (Fig. 2e, f).

6. Immediately after surgery, place the mouse in a warmed cage
for recovery. Once the mouse has recovered full locomotion,
transfer it to a clean cage. Mice that have undergone surgery are
placed in individual cages to avoid reopening of the wound
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(Fig. 2g). If mice show signs of distress or pain after surgery,
administer buprenorphine.

7. The biopsy is placed in cold PBS 1� immediately after sampling
in a 12-well plate kept on ice. The PBS is aspirated using plastic
transfer pipettes and replaced by cold PFA 4 %. Biopsies are
fixed in PFA 4 % for 20min on a nutator at 4 �C and then rinsed
three times for 5 min at 4 �C in PBS before processing.

3.4 Detection of the

Reporter Gene: X-Gal

Staining

3.4.1 Preparation

of the Biopsy

1. To prepare a fixed skin biopsy for X-Gal staining, transfer it to a
Petri dish.

2. Remove the layer of muscles and subcutaneous fat using
forceps under a stereoscopic microscope. At one edge of the
biopsy, the epidermis is grabbed with one pair of forceps and
the muscle and subcutaneous fat layer with another pair of
forceps. The epidermis, including the HFs, is then pulled
apart from the muscle and fat layer. If the muscle and fat layer
do not come off in one piece, they are carefully removed to
expose the HFs using the fine forceps without damaging the
HFs.

3. Transfer the epidermis with exposed HFs to a 12-well plate.

3.4.2 X-Gal Staining 1. The prepared biopsies are in a 12-well plate in cold PBS.

Fig. 2 Biopsy of skin sample. (a) Clean the biopsy area with ethanol 70 % or skin disinfectant. (b) Grab a pinch
of skin and pull it up to make a small incision. (c, d) Cut a skin biopsy with scissors. (e, f) Join the skin edges
and suture the wound with absorbable suture with needle (Vycril). (g) Place the mouse in a separate warmed
cage for recovery
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2. Aspirate the PBS using a plastic transfer pipette and replace by
X-Gal reaction solution.

3. For whole-mount lacZ staining of skin biopsies, incubate at
30 �C for 48 h (Note 3).

4. After staining, rinse the biopsies three times in PBS and pre-
served in PBS-azide 0.05 % at 4 �C to avoid contamination.

3.5 Detection of

the Reporter Gene:

Fluorescent Protein

Biopsies from fluorescent reporter mice require special care, in par-
ticular by protecting from light. HF fluorescent clones (after dissec-
tion) can be directly observed at the confocal microscope or we can
perform fluorescence immunostaining in whole-mount HFs (22).

1. Fix the biopsies with PFA 4 % for 20 min on a nutator at 4 �C.
If it is to be followed by antibody staining, an o.n. fixation with
0.5 % PFA at 4 �C on a nutator can be used instead.

2. After fixation, the biopsies are rinsed three times for 5 min at
4 �C in PBS and preserved in PBS-azide 0.05 % at 4 �C,
protected from light (Note 4).

3.6 Microdissection

of Individual HFs

Traditionally microdissection is the most reliable method for
isolating intact HFs. It is essential to have a good dissecting micro-
scope and sharp watchmaker’s forceps.

1. Transfer the biopsy into a Petri dish in a drop of PBS.

2. A small piece is cut using the scalpel blade, and the rest of the
biopsy is placed back into the 12-well plate at 4 �C, protected
from light. The Petri dish is placed under a stereo-dissecting
microscope (bright light source for lacZ or UV light and filters
for fluorescent samples).

3. Using fine forceps (Dumont#5) and microscalpel, individual
HFs are carefully dissected from the epidermis. Small groups
can be dissected out first, and then the dissection is refined to
obtain single HF. Use one pair of forceps to hold the piece of
biopsy at the bottom of the dish, and another pair of forceps for
dissection by delicate pulling of the epidermis between theHFs.
A microscalpel can be used to cut the fat and the epidermis
around the HF.

Special attention needs to be given to the upper part of the
HF attached to the epidermis. The identification of the seba-
ceous glands can help to locate the region of the bulge.

4. Each dissected HF is transferred using the fine forceps in a well
plate in PBS-azide 0.05 % for preservation or in PBS for poste-
rior immunostaining. EachHF can also be directly mounted on
a microscope slide for observation.
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3.7 Observation

of LacZ Clones

with Brightfield

Microscope

After screening the positive HF clones under a dissecting
microscope, whole-mount HF can be examined for β-galactosi-
dase-positive cells at 40� magnification. Each HF is analyzed and
photographed, and a digital library of the clones is produced.

1. Place the dissected HF in a drop of PBS on a glass slide using
fine forceps. The HF is gently pushed to the bottom of the
drop near the glass.

2. The coverslip is positioned gently above the HF without creat-
ing bubbles. The amount of PBS must be sufficient such that
the coverslip is slightly floating and does not squash the HF.

3. The coverslipped slide is then examined under a brightfield
upright microscope. The HF can be gently turned by slightly
moving the coverslip to better visualize the labelled cells within
the three-dimensional structure of the HF. For long periods of
observation, PBS must be added to ensure that the coverslip is
always floating and the HF does not dry out.

4. Images can be acquired using a brightfield microscope with
digital camera.

5. Once observation is complete, the coverslip is floated off the
slide by adding PBS and gently removed using forceps. The HF
is transferred back to the 96-well plate in PBS-azide 0.05 %.

3.8 Observation

of LacZ Clones with

Confocal Microscope

On average, a back skin HF is 2 mm long and 50–200 μm wide.
Imaging is usually performed with a confocal microscope, but
larger HFs may need a multiphoton microscope to ensure the
imaging of the whole HF thickness.

1. To prepare the microscope slides, apply scotch tape (sticky side
down) onto the slide to create a small pool. This will act as a
wall to contain a tiny liquid pool for one HF and will prevent
the HF from being flattened between the slide and coverslip
after the evaporation of the PBS, and it will keep the HF three-
dimensional morphology.

2. Place the HF in a drop of PBS in the pool using fine forceps,
and gently push the HF to the bottom of the drop, near the
glass in the middle of the pool (avoid the HF touching the
scotch tape).

3. Position the coverslip without any air bubble inside the pool.

4. Apply a layer of nail polish on the edges of the coverslip to seal
it. This will prevent from drying and will keep the sample still
while manipulating the microscope objective. The slides can be
kept at 4 �C until they are imaged.

5. Choose the objective, and apply the immersion fluid. Under
transmitted light, focus on the region of interest. Depending on
the optics of the instrument used, 40�, 25�, and 10� objectives
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can be used for imaging the whole HF. For optimal cellular
resolution with 40� objective, use 1,024 � 1,024 pixels and
the slice spacing of 0.5–1 μm.For lowermagnification objectives,
larger slice spacing (>1 μm) might be optimal.

6. Photomultiplier gain, offset, and laser power will depend on
the microscope and on the fluorescence of the sample. For
larger HFs, the gain can be adjusted through the z-stack to
ensure that the deepest cells are detected. If required, perform
frame averaging.

7. After observation and data collection, remove the top cover
glass gently and collect the HF with fine forceps. The HF can
be kept in a 96-well plate in PBS at 4 �C for further analysis.

4 Notes

1. For maximum efficiency, we recommend using albino mice
(Balb/c): the lack of pigments will improve the fluorescent
imaging of the HFs (22).

2. If the skin presents darker patches, it means that the HF is not
in telogen, and therefore this zone will not be synchronous
with the remaining area (6).

3. Incubate with X-Gal at 30 �C, rather than at 37 �C, to reduce
background staining (23).

4. For fluorescent samples, it is not necessary to remove the layer
of muscles and subcutaneous fat after fixation. This can be done
during the microdissection of the clones.
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8. Legué E, Nicolas J-F (2005) Hair follicle
renewal: organization of stem cells in the
matrix and the role of stereotyped lineages
and behaviors. Development 132:4143–4154

9. Feil R, Brocard J, Mascrez B et al (1996)
Ligand-activated site-specific recombination
in mice. Proc Natl Acad Sci U S A
93:10887–10890

10. Soriano P (1999) Generalized lacZ expression
with the ROSA26 Cre reporter strain. Nat
Genet 21:70–71

11. Vooijs M, Jonkers J, Berns A (2001) A highly
efficient ligand-regulated Cre recombinase
mouse line shows that LoxP recombination is
position dependent. EMBO Reports
2:292–297

12. Metzger D, Chambon P (2001) Site- and time-
specific gene targeting in the mouse. Methods
24:71–80, San Diego, Calif

13. Indra AK, Warot X, Brocard J et al (1999)
Temporally-controlled site-specific mutagene-
sis in the basal layer of the epidermis: compari-
son of the recombinase activity of the
tamoxifen-inducible Cre-ER(T) and Cre-ER
(T2) recombinases. Nucleic Acids Res
27:4324–4327

14. Jaks V, Barker N, Kasper M et al (2008) Lgr5
marks cycling, yet long-lived, hair follicle stem
cells. Nat Genet 40:1291–1299

15. Snippert HJ, Haegebarth A, Kasper M et al
(2010) Lgr6 marks stem cells in the hair follicle

that generate all cell lineages of the skin. Sci-
ence 327:1385–1389

16. Li M, Indra AK, Warot X et al (2000) Skin
abnormalities generated by temporally con-
trolled RXRalpha mutations in mouse epider-
mis. Nature 407:633–636

17. Kawamoto S, Niwa H, Tashiro F et al (2000) A
novel reporter mouse strain that expresses
enhanced green fluorescent protein upon Cre-
mediated recombination. FEBS Lett
470:263–268

18. Srinivas S, Watanabe T, Lin CS et al (2001) Cre
reporter strains produced by targeted insertion
of EYFP and ECFP into the ROSA26 locus.
BMC Dev Biol 1:4

19. Muzumdar MD, Tasic B, Miyamichi K et al
(2007) A global double-fluorescent Cre
reporter mouse, genesis 45:593–605

20. Livet J, Weissman TA, Kang H et al (2007)
Transgenic strategies for combinatorial expres-
sion of fluorescent proteins in the nervous sys-
tem. Nature 450:56–62

21. Snippert HJ, van der Flier LG, Sato T et al
(2010) Intestinal crypt homeostasis results
from neutral competition between symmetri-
cally dividing Lgr5 stem cells. Cell
143:134–144

22. Sequeira I, Nicolas J-F (2012) Redefining the
structure of the hair follicle by 3D clonal analy-
sis. Development 139:3741–3751

23. Bonnerot C, Nicolas JF (1993) Clonal analysis
in the intact mouse embryo by intragenic
homologous recombination, Comptes rendus
de l’Académie des sciences, Série III. Sciences
de la vie 316:1207–1217

258 Inês Sequeira et al.



Isolation and Characterization of a Stem Cell
Side-Population from Mouse Hair Follicles

Paula L. Miliani de Marval, Sun Hye Kim,
and Marcelo L. Rodriguez-Puebla

Abstract

The mouse skin is composed of at least three differentiating epithelial compartments: the epidermis, the
hair follicle, and the associated glands such as the sebaceous glands. Proliferation of these epithelial cells
takes place in the keratinocytes’ layer or basal cell layer; in the periphery of the sebaceous gland (the basal
layer of the gland) and in specific cell compartments around the hair follicle. In mouse skin, an epithelial
stem cell population is thought to localize to the bulge region of the hair follicle, a segment that does not
undergo regression during the hair cycle. In addition, several other putative stem cells and/or progenitors
have been identified in different regions of the hair follicle. Using the Hoeschst exclusion technique,
originally described in the hematopoietic system, it has been possible to isolate a mouse keratinocyte cell
population with characteristics of stem cells (side-population, SP). One of the main features of these SP is
their ability to efflux antimitotic drugs as well as some specific dyes. This characteristic allows for SP cells to
be isolated based upon their capacity to efflux the dye Hoechst 33342, through a mechanism driven by a
membrane transporter, the breast cancer resistance protein (BCRP1/ABCG2). In this chapter, we
described the isolation of SP stem cells from adult mouse hair follicles utilizing the Hoeschst exclusion
technique by flow cytometry analysis.

Keywords: Side-population, Keratinocyte stem cells, Bulge, Hair follicle, BCRP1/ABCG2, Hoeschst
33342, FACS

1 Introduction

Skin stem cells have been identified in the interfollicular epidermis
(IFE), the hair follicle bulge region and the sebaceous gland
(1–2, 8–10). Numerous molecular markers such as CD34, keratin
15 (K15), Blimp1, and α6 integrin allow distinguishing hair follicle
stem cells of the bulge region from keratinocytes (3, 5, 11, 12). In
addition, several other putative stem cells and/or progenitors have
been identified in different regions of the hair follicle, although
their exact role in maintaining epidermal homeostasis and hair
follicle morphogenesis is not well understood (4, 13, 14).

A subset of cells, termed the side-population (SP), with char-
acteristics of adult stem cells (SCs) has been identified in several
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tissues including: mouse epidermis, cell lines, as well as human and
experimental tumors (15–17). The main feature of these cell popu-
lations is their high efflux capability of antimitotic drugs. This
characteristic allows the isolation of the SP based upon their capac-
ity to efflux the dyeHoechst 33342 (6). The membrane transporter
“breast cancer resistance protein” (BCRP1/ABCG2), which
belongs to the multidrug resistance proteins (MDRPs) family, is
responsible for the efflux of Hoechst 33342 (18). In agreement
with the high efflux capacity of the SP, high expression of the
BCRP1/ABCG2 was observed in the SP from hematopoietic
stem cells and other types of cells (19). Remarkably, the SP has
characteristics of adult stem cells such as long-term repopulating
capacity, undifferentiated phenotype, and colony forming potential
(6). However, the role of the SP in tumorigenesis is controversial,
though a role as cancer stem cells has been reported (20–22).
Therefore, further studies on the role of these putative stem cell
populations seems to be necessary to define their main character-
istics and differences with adult stem cells and to determine the
potential application in regenerative medicine an oncology.

In this chapter, we describe a method to isolate SP from the
mouse hair follicle. This methodology produces a side-population
with characteristics of hair follicle progenitors such as the high
expression of the BCRP1/ABCG2 transporter which expression
can be confirmed by qRT-PCR.

2 Materials

2.1 Solutions Prepare all the solutions in sterile conditions, under a laminar flow
hood.

1. Solution A: 0.25 % Trypsin, without EDTA, without phenol
red (Sigma, St. Louis, MO, USA), cool to 4 �C.

2. Chelex Serum: Fetal bovine serum (FBS) (Gemini Bio-
products, West Sacramento, CA, USA) chelated with Analytical
grade Chelex 100 resin (Cat. # 142-2832, Bio-Rad, Munich,
Germany). See Note 1.

3. Solution B: William’s Medium E (GIBCO, Life Technologies,
Darmstadt, Germany) + 10 % Chelex serum + Penicillin–
Streptomycin (P/S) (Mediatech Inc, Manassas, VA, USA),
cool to 4 �C.

4. Phosphate-buffered saline (PBS) containing 2 % FBS (chelated),
cool to 4 �C.

2.2 Instruments

and Supplies

1. Sterile dissecting forceps.

2. Sterile dissecting scissors.
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3. Stainless steel razor blades, Gem Single-Edge Blade (American
Safety Razor 94-0451) or #20 Blade stainless steel scalpel.

4. Electric shaver or equivalent.

5. Nair hair remover lotion.

6. Q-tips Cotton-tipped applicators, Single-tipped wood stick
applicators (Cat. # NC9586484, Fisher Scientific).

7. 15 and 50-mL polypropylene conical tubes (BD Falcon, Frank-
lin Lakes, NJ).

8. 40-μM and 100-μM nylon cell strainers (Cat. # 08-771-1 and
08-771-19, BD Falcon, Franklin Lakes, NJ).

9. 5-mL cell strainer round-bottom cap tubes (Cat. # 08-771-23,
BD Falcon, Franklin Lakes, NJ).

10. Tissue culture dish, 100 � 20mm (BD Falcon, Franklin Lakes,
NJ).

11. Sterile 50-mL beaker.

12. Sterile stir bar.

13. Laminar flow hood (NuAIR, Plymouth, MN).

14. Sterile and disposable 5-, 10-, and 25-mL tissue culture pip-
ettes (Genesee Scientific, San Diego, CA).

2.3 Reagents 1. Hoechst 33342 (Cat. # B-2261, Sigma, St. Louis, MO).

2. Verapamil (Cat. # V-4629, Sigma, St. Louis, MO).

3. Propidium Iodide (Cat. # P-4170, Sigma, St. Louis, MO).

2.4 Mice 1. Three to five 7–9-weeks-old FBV/NCr mice (NCI/Frederick
National Laboratory). Isolation of SP can be achieved with
mice from any other common laboratory strains. See Note 2.

3 Methods

3.1 Epidermal Cell

Isolation from Mouse

Epidermis

Perform all procedures under sterile conditions, under the laminar
flow hood preferable.

1. Euthanized mice according to the IACUC approved methods.

2. Shave the entire back of the mouse using an electric shave.
Avoid forceful pressure of the shaver against the back of the
mouse which could damage the skin.

3. Remove the remaining hair by evenly distributing the Nair
depilatory cream on the dorsal skin with a cotton Q-tip or
with a Lymtech Clean Room Swabs, (Foam Tip Width 1/200,
Tip Length 100, Plastic Handle 400). Allow the cream to work for
2–3 min.
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4. Rinse off the Nair lotion and hair thoroughly under running
water.

5. Rinse once with 70 % (vol/vol) Ethanol to remove any residual
hair (Fig. 1a, b). Pat the skin dry with tissue.

6. Carefully make an incision into the hypodermis with scissors
while holding the skin up with forceps and cut off the dorsal
skin from the back of the head to right before the beginning of
the tail (Fig. 1b, dash line).

7. Dissect the skin in one piece and place it dermal side up (which
is the shiny side that contains fat tissue) on a 100-mm tissue
culture dish (Fig. 1c).

8. Scrape off all the fat and muscle with a scalpel or razor blade
without damaging the underlying epidermis tissue (Fig. 1d).

Fig. 1 Stepwise procedure for obtaining epidermis from adult mice. (a) Euthanize mice according to laboratory
approved procedures, shave dorsal skin, and remove remaining hair with Nair depilatory cream. Dashed
dotted line indicates the area of the skin to be removed. (b) Flat skin showing the dermis—shiny side up and
fat pads (arrows). (c) Dermis shiny side up after fat removal. (d) Skin cut into 1 � 1.5 cm to extend the surface
exposed to trypsin. (e) Cell culture dish with skins dermis side down floating in trypsin solution (Solution a)
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9. Cut the skin into 1 � 1.5 cm strips using sterile scalpel blade
and float the strips with the dermis (shiny side) down on a
100 mm tissue culture dish containing 10-mL of cold Solution
A (Fig. 1e, f). Make sure that the epidermis side of the skin does
not come into contact with the trypsin. Incubate the floating
skin pieces overnight at 4 �C or 2 h at 37 �C. See Note 3.

10. Prepare 50-mL conical tubes, scalpel blades, forceps, 40-μM
and 100-μM nylon cell strainers, 25-mL tissue culture pipettes.

After the incubation time with Solution A, perform all the rest
of procedures on ice unless otherwise indicated.

11. Place the dish containing the skins floating on Solution A on ice
while you process each piece.

12. Transfer one of the floating skin strips from the Solution A
plate and place it into a 100 mmmicrobiology dish, on ice, (do
not use tissue culture grade dish since cells tend to adhere to it)
with the dermis, shiny side up. Gently scrape off and discard
any remaining fat from this side.

13. Flip the skin over to its epidermal side and gently, remove the
interfollicular epidermis (opaque side of the tissue) by scraping
five times using a scalpel. Discard this material.

14. Move the scraped skin to a new 100 mm microbiology dish
containing 2 mL of Solution B, and continue scraping off the
epidermis until the shiny dermis is exposed. Discard the
scrapped skin strip.

15. Repeat steps #12–14 for the rest of the tissues. Add Solution B
as needed.

16. Transfer all the cellular material from all the tissue strips into
one small beaker.

17. Pipette the solution up and down at least ten times with a
10-mL tissue culture pipette.

18. Add enough solution B into the beaker containing the cells to
complete 25–30 mL total volume.

19. Add a small sterile stir bar and rotate slowly for 30 min at 4 �C.

20. Pipette the solution up and down at least ten times with a
10 mL tissue culture pipette.

21. Transfer and filter the solution through a 100-μM nylon cell
strainer into a new 50-mL conical tube with a ten tissue culture
pipette.

22. Add 5-mL of Solution B to the mesh to wash off any remaining
cell.

23. Filter the solution through a 40 μM nylon cell strainer into a
new 50-mL conical tube.

24. Spin at 4 �C at 200 � g in a cell culture centrifuge for 7 min.
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25. Remove the supernatant carefully and resuspend cells with
1 mL of PBS/2 % Chelex serum, by gently pipetting.

26. Count round-shaped cells in Neubauer chamber (Fig. 2).

27. Adjust the final volume in order to resuspend 1 � 106 cells per
1 mL of PBS/2 % Chelex serum.

3.2 Epidermal Cell

Staining for FACS

Analysis

See Tables 1 and 2 for the recommended working samples and
dilutions.

Hoechst staining

1. Perform a control with verapamil to identify the SP by FACS
analysis (Note 4). Incubate a 15-mL conical tube containing
1x106 cells/mL with Verapamil (50 μM final concentration)
for 20 min at room temperature, before proceeding with the
Hoechst staining.

2. Incubate the verapamil control tube and an additional 15-mL
conical tube containing 1 � 106 cells/mL with 5 μg/mL of
Hoechst 33342 at 37 �C for 90 min. (Shake tubes frequently
during incubation). Note: do not wash the verapamil pretreated
tube before incubation with Hoechst 33342. An additional

Fig. 2 Phase contrast image of freshly prepared cell fractions from epidermis of
adult FBV/NCr mice. Red arrow points to keratinocytes
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control of live cells can be achieved by staining 1 � 106 cells/mL
with add 2 μg/mLof Propidium iodine (PI) (Table 1, sample 1).

3. Add 5-mL cold PBS, and spin stained cells at 200 g, 4 �C for
7 min. Discard the supernatant and resuspend the cellular
preparation in 200 μL of PBS/2 % FBS Chelex serum (keep
cells at 4 �C to prohibit leakage of the Hoechst dye).

4. Perform FACS analysis using a DAKO Cytomation MoFlo
Ultra-High Speed Cell Sorter or similar system. Set UV laser
at 350 nm to excite Hoechst dye and measure using a 450/20-
nm and 670 band-pass filters (Hoechst blue and red). Cells are
analyzed and sorted within PI-negative cells, which represents a
living population, and the SP is displayed in a Hoechst blue
versus Hoechst red dot plot (Fig. 3a).

5. The side-population gate is chosen by a direct comparison
against the verapamil-treated cells. The SP consists of 1–2 %
of the total living cells found in the bulge region. The SP and
the main population (MP) can be isolated and further analysis
of mRNA expression can be performed by qRT-PCR analysis.
Figure 3b shows high expression of the ABCG2 transporter in
the SP, but no other markers of the bulge stem cells such as
CD34, keratin 15 (K15), LRIG1, and integrin α6 are found in
this particular population.

Table 2
Required dye concentrations for cell sample labeling

Final concentration
(μg/mL)

Hoechst 33342 5

Verapamil 50

Propidium iodide (PI) 2

Table 1
Suggested sample set for setup and experiment

Sample
set

Number
of cells

1 Unstained negative control with
Propidium Iodide (PI)

1 � 106

2 Hoechst 33342 1 � 106

3 Verapamil + Hoechst 33342 1 � 106
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4 Notes

1. Removal of calcium from Fetal Bovine Serum using analytical
grade 100 Chelex resin, (BioRad Chelex 100 Resin #142-
2832): Rinse 500 g of resin to remove contaminants through
extensive washes by stirring with ddH2O at room temperature
by 20–30 min. Stop stirring and allow the resin to settle down
for 20 min. Repeat the washes two more times. Resuspend
resin in ddH20 and set the pH between 7.0 and 7.4 with
HCl. Remove the water from the resin using a Buchner funnel
with Whatman paper. Add 2 L of Fetal Bovine Serum to the

Fig. 3 Identification of side-population (SP) from mouse hair follicles. Dual wavelength FACS analysis shows
keratinocytes from the hair follicle incubated with Hoechst 33342. (a) SP cells consist of 1.62 % of total living
cells. (b) Total RNA extracted from FACS-sorted side-population (SP) and keratinocyte main-population (MP)
were used for qRT-PCR analysis of ABCG2/Bcrp1, CD34, integrin α6, LRIG1, LGR6, Keratin 15 (K15), and
CD71. Values >1 represent higher expression on side-population, whereas 1 > values >0 represent low
expression in SP compared to keratinocytes MP
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clean chelex resin and cover with foil. Stir for 4–5 h at 4 �C.
Stop stirrer and allow chelex to settle. Bring the serum to the
cell culture hood and filter through a 500 mL capacity 0.22 μM
filter unit. Aliquot serum into 50 mL tubes and store at
�20 �C. Calcium concentration after chelexing ranges between
20–140 μM.

2. We use 7–9-weeks-old mice during the second resting phase or
telogen allowing for more reproducible results. One way to
ensure that mice’s hair cycle is indeed in telogen is by clipping
their dorsal hair, wait between 48 and 72 h and select those
mice with no hair growth (23).

3. Use one 100 mm dish every two mice whole skin. Do not
overload the dishes with skins during this step since it will
impair the ability of the trypsin to digest the skin properly
making it difficult to achieve good isolation of the epidermis
from the dermis. Both incubation times (ON at 4� or 2 h at
37�) work equally well.

4. Verapamil is a prototypical phenylalkylamine that blocks the
activity of the ABCG2/BCRP1 transporter allowing gating of
the SP by direct comparison with the non-verapamil sample
(Table 1).
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Multiscale Mathematical Modeling and Simulation
of Cellular Dynamical Process

Shinji Nakaoka

Abstract

Epidermal homeostasis is maintained by dynamic interactions among molecules and cells at different
spatiotemporal scales. Mathematical modeling and simulation is expected to provide clear understanding
and precise description of multiscaleness in tissue homeostasis under systems perspective. We introduce a
stochastic process-based description of multiscale dynamics. Agent-based modeling as a framework of
multiscale modeling to achieve consistent integration of definitive subsystems is proposed. A newly
developed algorithm that particularly aims to perform stochastic simulations of cellular dynamical process
is introduced. Finally we review applications of multiscale modeling and quantitative study to important
aspects of epidermal and epithelial homeostasis.

Keywords: Multiscale mathematical modeling, Stochastic simulation algorithm, Agent-based models,
Quantitative biology, Epidermal homeostasis

1 Introduction

1.1 Systems

Perspective

on Epidermal

Homeostasis

The skin tissue is composed of different types of cells that form a
complex structure. Since the skin tissue directly faces the external
environment of the body, several biological functions are equipped
to support maintenance of homeostasis. Repair process in wound
healing and barrier function against invasion is two important
machineries to maintain homeostatic state of the skin tissue. Barrier
function of the skin tissue prevents invasion of physical, chemical,
and biological substances. Recent studies have been highlighting
the importance of the role of the skin tissue as a first defense line for
the invasion of pathogens (1). Abnormal response to nonharmful
antigen can induce the onset and progression of chronic inflamma-
tory disorders such as psoriasis vulgaris (2). Resilience refers to the
ability of a tissue to return to its original state after injury. For tissue
repair, recent studies identified several roles of epidermal stem cells
on recovery from tissue injury via active and quick recruitment of
stem cells (3). Tata et al. recently reported that lineage-committed
cells dedifferentiate to regain self-renewal ability during injury
repair (4).
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For some diseases, single genetic mutation can induce the
breakdown of homeostasis. In such cases, lack or gain of function of
keymolecules or cells is an essential determinant of pathogenesis. On
the other hand, systems perspective is required for the cases where a
single causal factor does not trigger a deviation from a stable homeo-
static state. Several genes are known to perform the same role in some
biological function such as metabolism. Genetic redundancy is one
possible mechanism to confer robustness of a system that operates to
compensate for the lack of an important function (5). In general,
biological functions such as barrier and repair mechanisms are main-
tained by spatiotemporal dynamic interactions of agents (molecular,
genes, cells) across different levels. Significant biological concepts
such as robustness and resilience are the property that should be
inherently equipped with barrier and repair systems. Understanding
and precise description ofmultiscaleness is an inevitable task to clarify
these important concepts. A theoretical framework that deals with
multiscaleness under systems perspective needs to be developed.

Mathematical modeling and simulation studies offer a powerful
tool to provide clear and constitutive explanations to dynamical
behavior of molecular and cellular interactions. One of the most
challenging problems in mathematical description of multiscaleness
is consistent integration of essential components. In the following
subsections, we discuss mathematical modeling and simulation of
multiscale dynamical processes.

1.2 Multiscale

Mathematical

Modeling and

Simulation

Mathematical representation of dynamical processes at different
spatiotemporal levels is called multiscale mathematical modeling
(6, 7). A multiscale mathematical model is often composed of
subsystems as its modules, each representing different dynamical
process at a particular time- and spatial-scale. In this subsection, we
emphasize and discuss the following three aspects of multiscale
mathematical modeling that must be considered to ensure logical
consistency and universality.

1.2.1 Verifiability Verificationof the theory has been a central issue in science. Thepower
ofmathematical modeling and simulation can be substantially useful if
theoretical predictions are validated by experiments. Experimental or
clinical data available for the validation of mathematical models are
often obtained from a designed plan that aims to clarify some specific
aspects of molecular or cellular behaviors at particular time points.
Hence verification of a whole model is almost impossible. For this
reason, verifiability in multiscale modeling refers to validation of sub-
systems via experiment or observation. For substantial verification, an
appropriate choice of modeling formalism and dataset is essential. We
consider this issue in the next two subsections in more details.

1.2.2 Coherency Coherency refers to the well fitness of all the model ingredients
if they are together. Coherency becomes indispensable in multiscale
modeling since verification can be made only for subsystems.
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There are numerous types of coherency that should be equipped
with any of multiscale mathematical models. A common problem
frequently faces in the integration of subsystems is that it is not
evident whether subsystems can be integrated in a consistent way
without violating the mathematical prerequisites presumed for each
subsystem. Scale coherency in time and space is fundamental in
maintaining causality. It must be carefully treated if dynamical
processes of two different spatial or time scales are simultaneously
considered. Context coherency refers to consistency of logical con-
text dependence of molecular/cellular interactions in mathematical
formulation. A subsystem is often designed as a closed system: A
molecular/cellular behavior is completely described by given com-
ponents (variables in a system of equations). If interdependence
exists, unexpected context dependence can emerge when combin-
ing two subsystems. In general, argument on coherency is a
context-sensitive matter. Careful consideration should be made
on a case-by-case basis.

1.2.3 Emergent

Complexity

We emphasize emergent complexity as an important feature to be
incorporated in multiscale modeling of biological phenomena,
although it might not be necessarily essential in general multiscale
modeling. Emergent complexity is a concept that new rules or
properties emerge from interactions of components at lower levels
(8). Collective self-organized behavior is a well-known typical
emergent behavior as exemplified by chemoattractant cell motion
that shapes self-organized group formation (9). Homeostasis,
robustness, or resilience of a tissue/body can be regarded as impor-
tant cellular/tissue functioning that emerges as a consequence of
complicated molecular and cellular interactions. One of the major
goals of multiscale modeling and simulation is to represent and
identify system functioning conferred by the integration of subsys-
tems. Although several theoretical models have been proposed to
identify basic mechanisms underlying the emergence and self-
organization of complex system, most of existing theoretical mod-
els are rather abstract (8). Exploration of emergent complexity with
multiscale modeling and simulation can provide a concrete expla-
nation and understanding to emergent property on the basis of
molecular/cellular interactions.

1.3 Phenomeno-

logical vs. Mechanistic

We discuss what is a feasible choice of description method to
achieve reliable multiscale modeling. To start with, distinction
should be made on the formalism of mathematical modeling.
Mathematical modeling can be classified into two types: phenome-
nological (also referred as descriptive or empirical) or mechanistic
(10). A phenomenological mathematical model is formulated by
relating several empirical observations and knowledge of a phe-
nomenon of interest. Phenomenological models often qualitatively
reproduce observed phenomena irrespective of underlying
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molecular/cellular mechanisms. In other words, manner of
interactions among model ingredients is determined based on
knowledge on qualitative observations, rather than actual molecu-
lar/cellular mechanistic interactions. The advantage of adopting
phenomenological modeling is its usability: Modeling is possible
even though mechanistic understandings and knowledge are lack-
ing. On the other hand, phenomenological models can only end up
with simply a translation of observations if no insights or emergent
properties are derived from them. An important point that should
be noticed in adopting phenomenological modeling is that deriva-
tion of arbitrary interpretation from arbitrarily chosen model ingre-
dients and assumptions is an abuse of mathematical modeling.

A mechanistic mathematical model is often formulated as a
representation of some principle. In physics, conservation of mass
or energy is exploited as a principle to formalize mathematical
equations (6). Mechanistic description of dynamical process pro-
vides common understanding that does not depend on arbitrary
interpretations. Quantitative measurement rather than qualitative
observation therefore provides a definitive guide to validate model-
ing and simulation study. However, only a few substantial basic
principles such as the central dogma of molecular biology are
accepted in biology at the moment. Moreover, measurement of
quantitative data used for validation of mechanistic models is chal-
lenging in terms of technical difficulty and labor. This fact hampers
the development of dependable mechanistic models.

1.4 Specification

to Stochastic Process-

Based Agent-Based

Modeling

A challenging issue in multiscale modeling is to incorporate both
merits of phenomenological and mechanistic formalisms: Flexible
and versatile modeling framework is required to integrate subsys-
tems, while subsystems are willing to be described by mechanistic
modeling that enables verification with experimental data.

Agent-based simulation is based on an implementation of a set
of rules governing a manner of interactions and state transitions of
agents. Agent-based modeling provides a versatile and flexible
framework to integrate different aspects of a whole dynamics.
This property is suitable to combine several dynamical processes
at different spatiotemporal multiscales. Extensive applications of
agent-based models are found in the field of ecology and sociology
in which representation of complex social behavior is often impera-
tive (11). Number of software have already been released that
support construction and simulation of agent-based models (for
example, NetLogo (12)).

In agent-based modeling, a variety of model ingredients and
rules need to be defined to complete formulation. Because mecha-
nistic understanding is often lacking, lack of information must be
altered with knowledge, qualitative observations, or feasible
assumptions. Hence agent-based models themselves are generically
highly phenomenological. It is therefore difficult to ensure the
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feasibility and validity of theoretical predictions from agent-based
modeling and simulations. To avoid this potential risk, incorpora-
tion of mechanistic subsystems on the basis of quantitative data
validation is essential.

We emphasize the importance of the specification of agent-based
modeling to stochastic process-based description in the following
reasons. First, probabilistic description of molecular/cellular behav-
ior seems to agree with recent findings. Recent progress of experi-
mental measurement technology enables us to quantify gene
expressionprofiles at the single cell level.Quantitative studies indicate
that there exists significant heterogeneity in gene expression even in a
genetically identical cell population. More precisely, heavy right-tail
distributions such as lognormal or gamma are commonlymeasured in
the gene expression profile of a population (13).Moreover, transcrip-
tion ofmRNA itself is revealed to be a stochastic event, leading to the
speculation that a small number of molecules in a cell could contrib-
ute to significant molecular/cellular function (14). Second, most of
the stochastic processes describe a simple but fundamental biological
process. For instance, Yule distribution, also known as Pareto or
power-law distribution, reflects heterogeneity measured by some
quantity that exhibits heavy right-tail distribution in a population.
The Yule distribution can be represented as a distribution of the Yule
process, which is also known as preferential attachment process (15).
It is well known that the resulting distribution of preferential attach-
ment process has a power law property (16). This fact implies the
possibility that feasible cell behavior can be inferred from a measured
distribution. Third, incorporation of existingmathematical models is
possible under stochastic process-based description. Differential
equations have been used to represent molecular and cellular dynam-
ics. There exists a theory that bridges stochastic process and differen-
tial equations. In case of chemical reactions, differential equations for
chemical kinetic reactions can be derived from the Poisson stochastic
counting process as thermodynamics limit under appropriate condi-
tions (17–19). Fourth, recent rapid development of computational
power enables us to carry out massive computations by in-house
computers regardless of the fact that implementation of stochastic
simulations is in general computationally heavy task. Moreover,
parallel computational technique and facilities can be used to
accelerate stochastic simulations that usually require several inde-
pendent runs to obtain stable outcomes. In conclusion, specifica-
tion of an agent-based model that fully incorporates stochastic
process description as its subsystems has advantages not only in
keeping versatility and flexibility as a general framework for multi-
scale modeling but also in enabling verifiability of subsystems via
quantitative measurement.
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1.5 Organization The organization of this chapter is as follows. In the next section,
we discuss the Poisson stochastic process as a standard counting
process that describes molecular/cellular dynamics. Following a
brief introduction to the original Gillespie algorithm, individual-
based Gillespie algorithm is introduced to integrate stochastic pro-
cesses into an agent-based model. In Section 3, we discuss several
hallmark studies on epidermal and epithelial biology in which
mathematical approach is employed to investigate several impor-
tant aspects of epidermal homeostasis: quantitative research on
population dynamics of epidermal stem cells, mechanics of epithe-
lia, and skin inflammatory disease.

2 Material and Method

2.1 Poisson Process Poisson process is a basic stochastic counting process that describes
the number of events occurs within a given time period under the
assumption that events occur independently of each other. We used
the notion of biological events for molecular/cellular activities that
affect the increase or decrease of the number of a population. If a
population of protein is considered, synthesis and degradation of
protein can be considered as events. For cell populations, cell
division and death are events. Let X(t) denote the number of
biological events that will occur till present time t. Then nonhomo-
geneous (time-dependent rate) Poisson processes must satisfy the
following four conditions.

1. P(X(0) ¼ 0) ¼ 1.

2. P(X(t + h) � X(t) ¼ � 1) ¼ λ(t)h + o(h), where o(h) repre-
sents the first-order infinitesimal.

3. P(X(t + h) � X(t) � 2) ¼ o(h).

4. For any t1 < � � � < tn, increments X(t2) � X(t1), . . ., X(tn) �
X(tn � 1) are independent of each other.

Note that if the number of event incidence per unit of time
follows Poisson distribution with rate parameter λ, time-intervalΔT
representing waiting-time of event incidence follows exponential
distribution with rate parameter λ.

2.2 Gillespie

Algorithm

We briefly introduce the Gillespie algorithm, known as the direct
method (19–21). The Gillespie algorithm was proposed to carry
out stochastic simulations of chemical kinetic reactions (20). It is a
numerical representation of the Poisson process composed of cal-
culation of waiting-time of event incidence, and selection of an
event that actually occurs.

Assume that dynamical process of interest can be fully described
by R events. Let P(τ, κ)dτ denote the probability that κth event Rκ
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will occur within an infinitesimal interval (t + τ, t + τ + dτ) (0 � τ <
1 and κ ¼ 1, 2, . . ., R). The state of the system at present time t is
given by x(t) ¼ (x1(t), . . ., xM(t)), where xi(t) represents the number
of cells/molecules in population i (i in {1,2,. . .,M}). Let pn(t, x)δt,
referred as propensity function, denote the probability that nth event
Rn will occur within infinitesimal interval δt. Note that P(τ, κ) is
given by

P τ; κð Þ ¼ pκ t ; xð Þ exp �
XR

n¼1

pn t ; xð Þτ
" #

: (1)

The Gillespie direct method consists of the following three
steps. Each step is given as follows.

1. Determine time step ΔT after which one of the events will
occur (waiting-time).

2. Select an event that actually occurs from the total R events.

3. Update the population number of the system according to the
type of the selected event: In the case of cell populations, +1 for
cell division and �1 for cell death.

We define the cumulative sum of propensity functions up to the
Kth event by ΓK(t, x) (K in {1,2,. . .,R}). More precisely,

ΓK t ; xð Þ ¼
XK

n¼1

pn t ; xð Þ: (2)

Let Γ0(t,x) denote the total sum of propensity functions:

Γ0 t ; xð Þ ¼
XR

n¼1

pn t ; xð Þ: (3)

In the first and second steps of the direct method, a couple of
stochastic variables (τ,κ) is determined by generating two uniform
random variables r1 and r2. The waiting-time for the next event τ is
given by

τ ¼ 1

Γ0 t ; xð Þ log
1

r1

� �
: (4)

The event thatwill occur in the next time step is given by index κ.
Then corresponding event Rκ satisfies the following inequality:

Γκ�1 t ; xð Þ
Γ0 t ; xð Þ < r2 � Γκ t ; xð Þ

Γ0 t ; xð Þ : (5)

In the third step of the direct method, for each event Rk

whether it increases or decreases the number of a population must
be specified in advance.
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2.3 Individual-Based

Gillespie Algorithm

The assumption of randomness of event incidence prescribed in the
Poisson process should be carefully examined in simulating cell
dynamics. Single cell-based tracking in vitro experiments on lym-
phocyte clones exhibit nonexponential distribution for cell death
(22, 23). Mathematical theory and framework as well as a compu-
tational algorithm that cover recent quantitative experimental find-
ings need to be developed. In this subsection, we consider an
algorithm that covers such requirement.

The individual-based Gillespie algorithm is a generalization of
the original Gillespie algorithm developed in (24). The individual-
based Gillespie algorithm is designed to simulate a specific type of
individual-based model. The assumption that prescribed in the con-
ventional Gillespie algorithm is that individuals in a group must be
kinetically homogeneous. This assumption can be violated for a
population of cells if heterogeneous gene expression profile is valid.
Hence the conventional method is not directly applicable to perform
stochastic simulations in particular for such cell populations.

A concise summary of the individual-based Gillespie algorithm
is as follows. In the algorithm, an individual is characterized by a set
of operations and variables. The latter is referred as individual state
variables (i-state variables). Operation represents an individual
behavior that is associated with population dynamics. For cell
populations, execution of cell division or death is a typical opera-
tion. Propensity function is defined for an event that describes the
probability of occurrence. One of typical i-state variables is age of
an individual. For cells, the time after division is assumed as age that
might be associated with the time of the next division or cell death.
Age distribution of a cell population can be measured by recording
times of cell division and death at the single cell level. By employing
the idea of the theory for physiologically structured population
models, any i-state variable can be considered as a function of
time. Then any operation that incorporates effects of the i-state
variable is also described as a function of time. Due to this property,
the individual-based Gillespie algorithm almost resembles as an
algorithmic representation of inhomogeneous Poisson processes
except for the feature that the number of total events varies at
every time step. In other words, a variety of nonexponential distri-
bution for waiting-time can be represented as a time-dependent
exponential distribution in the algorithm. More detailed and com-
prehensive description for the individual-based Gillespie algorithm
can be found in (24). Schematic representation of the algorithm
with remark and explanation is found in Fig. 1.

2.4 Implementation

of Algorithm: Scheme

An individual needs to be assigned with one of data structures that
allow having a set of individual state variables. In modern program-
ming architectures, the simplest way for this purpose is to define a
class for individual. Populations are represented as a vector/list of
individuals. The algorithm itself is a variant of the conventional
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Gillespie algorithm. Calculation of waiting-time and event selection
is as same as for the conventional Gillespie algorithm. Individual
states are updated every time step according to a given rule. For
more details, example programming codes for C++ and python are
available in Github https://github.com/petadimension/i_based_
Gillespie.git.

3 Concrete Examples and Potential Applications

We introduce three topics in epidermal biology to which multiscale
mathematical modeling and quantitative study are applied.

Fig. 1 Schematic representation of Gillespie algorithm. For instance, consider population dynamics of three
groups each having cell division (birth) and death as events. An event sequence (top-right) corresponds to the
type and order of events occurred (B1: cell division occurred in group 1, D3: cell death occurred in group 3).
Selection of an event is determined by the second step of the Gillespie algorithm (top-left) which is equivalent
to shuffling of an irregular-shaped dice. Each face of an R-indexed dice represents the propensity for event
incidence that is proportional to the probability of the corresponding event to occur. Homogeneous Poisson
processes consider constant rates of event incidence, leading to invariance of a dice in shape. On the other
hand, inhomogeneous Poisson processes consider time-varying rates of event incidence that are represented
by deformation of a dice. In the setting of the individual-based Gillespie algorithm, heterogeneity in a
population is represented by different values of i-state variables. Consider a situation that self-renewal and
commitment to a specific cell type via differentiation is fully determined by two master regulators (transcrip-
tion factors). Self-renewal and differentiation of cells can be described as trajectories in an i-state space
(down-left). If the rate of cell division is associated with differentiation process, gene expression levels of the
two master regulators should be incorporated with the propensity for cell division. In the formalism of the
individual-based Gillespie algorithm, the total number of events varies according to the increase or decrease
of cells (groups). This variability is schematically represented as replacement of a dice: If death of a cell
among the three occurs, then a four-indexed dice is used in the next selection (down-right)
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3.1 Epidermal Stem

Cell Population

Dynamics: Long-Term

Lineage Tracing

The epidermis is composed of several layers organized by
differentiated cells. Epidermal stem cells exist at the basal layer
that divides the dermis and epidermis. An epidermal stem cell can
produce a copy of itself by self-renewal and a progenitor cell by
differentiation. Progenitor cells that have a limited number of cell
division capability are called transiently amplifying cells (25). Tran-
siently amplifying cells are believed to stay at the basal cell layer that
becomes a source of differentiated epidermal cells (see (3, 25)).

Recently, inducible conditional knockout system in combina-
tion with fluorescent imaging has been used to track behavior of
epidermal stem and progenitor cells in vivo for a long-term period
(lineage tracing). Genetically modified mouse systems enable to
obtain time-series fluorescent images of a particular cell type (hav-
ing stem cell marker) upon tamoxifen administration. In (26), a
new hypothesis was proposed that challenges a conventional view of
epidermal stem cell biology. The authors carried out in vivo lineage
tracing of epidermal stem cells at the mouse-tail. By employing a
Poisson stochastic process modeling and estimation of kinetic para-
meters from quantitative data, the authors showed that there exists
only a single progenitor cell type. Moreover, fate of stem cells in
self-renewal and differentiation is demonstrated to be stochastic in
(26). The probability of commitment to differentiated cells and
self-renewal is kept constant in a probabilistic manner that in turn
maintains epidermal homeostasis. In the following paper (27), the
authors showed the same consequence in (26) for murine ear
epidermis (27). In (26, 28), all cycling cells referred as committed
progenitor (CP) cells that are kinetically identical and having self-
renewal ability. Detailed theoretical aspects of Poisson stochastic
process models are further investigated in (29–32). Quantitative
lineage tracing study revealed the contribution of stochasticity in
cell fate determination and maintenance of epidermal homeostasis
(applications of lineage tracing on several types of stem cell com-
partments are summarized in a review paper (33)).

In contrast to the consequences in (26, 27) which stand for
existence of a single kinetically identical cell type, existence of two
distinct proliferative cell types was demonstrated by quantitative
lineage tracing technique in addition to two inducible conditional
knock-out mouse systems (34). On the other hand, consistent
conclusion is made for stochastic fate of stem cells. In (35), the
authors tested several existing hypotheses including (26, 34) by
comparing simulation results produced from agent-based models.
Populational asymmetry model is an alternative equivalent repre-
sentation of experimental observations in (26), while populational
asymmetry with stem cells (PAS) model considers the scenario
demonstrated in (34). In (35), it is concluded that the hypothesis
leading to the PAS model is the most feasible mechanism to repre-
sent self-renewal property of epidermal stem cells. In terms ofmulti-
scale modeling and simulation, these studies demonstrate the

278 Shinji Nakaoka



importance of stochastic cell fate as a basic mechanism underlying
maintenance of epidermal homeostasis.

3.2 Repair

and Mechanical

Process Study

Wound healing after tissue injury is an essential dynamical process
to maintain homeostasis of the tissue state. A collective motion of
epithelial cells that direct to the injury site to undergo active prolif-
eration is indicated in several experimental studies ((36) and the
references therein). Emergence of collective behavior of epithelial
cells under several concentrations of calcium was quantitatively
analyzed in (36). A cellular potts model is employed in (36) to
represent Ca2+ dependent spread of cells occurred within a mono-
layer sheet on a culture dish. In (37), maintenance mechanism of
epidermal homeostasis after radiation was theoretically investi-
gated. Histological and cell kinetics data obtained in their experi-
ments are used in the formulation and validation of a multiscale
computational model to investigate proliferative response of epi-
dermal cells to irradiative perturbation.

Quantitative description of mechanics of the epidermis is a
substantial step to precisely define skin barrier integrity (see a
review paper summarizing mechanics of the epidermis (38)). How-
ever, it is in general impossible to directly measure the mechanical
force among neighboring cells via noninvasive way. Statistical infer-
ence method can be used to estimate mechanical force and tension
from quantitative data. In (39, 40), Bayesian statistical inference
method is applied to estimate mechanical force at the epithelium
tissue of Drosophila on the basis of noninvasive quantitative mea-
surement. In (41), live imaging with genetic perturbation and
Bayesian inference method were applied to investigate the mecha-
nism underlying the formation and regulation of hexagonal cell
packing, commonly observed at many epithelial tissues. It was
shown that mechanical anisotropy in the tissue promotes ordering
in hexagonal cell packing. In terms of multiscale mathematical
modeling, literature introduced in this subsection provide useful
computational methods to quantitatively describe epidermal
mechanics by cellular dynamical and mechanical processes.

3.3 Skin

Inflammatory Disease

and Gene Regulatory

Network Study

Atopic dermatitis is a skin inflammatory disease that is triggered by
barrier dysfunction and impaired immune responses. Filaggrin is a
major source of natural moisture factors that exist at the stratum
corneum. After the finding of filaggrin genetic deficiency as a major
factor of the onset and progression of atopic dermatitis, dysfunc-
tion of epidermal barrier function is considered as a primary step
that leads to skin barrier defect (42). Claudin is one of the major
integral transmembrane components of tight junctions formed at
the second layer of stratum granulosum (43). Over-expression of
claudin 6 is shown to induce abnormal terminal differentiation of
the epidermis, and dysfunction of epidermal permeability barrier
(43–45). Over-expression of kallikrein (KLK), a member of the
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serine protease family, is suggested to be a major triggering factor
that induces disruption of the skin barrier by promoting desqua-
mation of the stratum corneum layer. PAR2 is a member of the
proteinase-activated receptor (PAR) family that induces immune
response characterized by Th2 type allergic reaction. Over-
activation of PAR2 and thymic stromal lymphopoietin (TSLP) via
hyper-activation of KLK5 is reported on patients of the Netherton
syndrome (46), a recessive genetic deficiency lacking SPINK5 as an
inhibitor of KLK5 (47). Hence activation of KLK, PAR2, and TSLP
is suggested to play a role in the pathogenesis of atopic dermatitis.

A mathematical model describing KLK and PAR2 interactions
is proposed to investigate the onset and progression of atopic
dermatitis (48). A system of ordinary differential equations is
employed to represent an abrupt change of the skin tissue toward
disease state. This abrupt change is explained by positive feedback
regulation of KLK activity. The model proposed in (48) is further
extended to include cellular dynamics at the tissue level (49).
Dynamics of KLK activity studied in (48) is combined with tissue
dynamics to investigate the effect of cellular level dynamics on the
tissue level dynamics. A variable at the tissue level model is used as a
measure of skin barrier integrity. Effects of excess protease activity
and inflammation on the skin barrier integrity are examined by
numerical computations.

Maintenance of homeostasis and disease progression can be
regarded as two sides of the same coin: disruption or impairment of
machinery underlying the maintenance of homeostasis results in
abnormal tissue state. The literature introduced in this subsection
show the importance of systems perspective on the onset of atopic
dermatitis: switching is given risen from interactions among key
genes and molecules. The idea of genetic circuit and network motif
is extensively used to interpret gene regulatory network in the
research field of systems biology. Although careful consideration
should bemadewhether an abnormality in a gene regulatory network
directly triggers disruption of the skin barrier, simple and clear expla-
nation can help to demystify inherently complex disease progression.

4 Concluding Remarks and Future Perspectives

Multiscale modeling and simulations provide theoretical prediction
on dynamical process at the tissue level by integrating several dyna-
mical processes at different spatiotemporal time scales. Specification
to a stochastic process-based agent-based modeling is emphasized
to ensure verifiability of subsystems with quantitative data. Multi-
scale modeling and simulation aiming to discover emergent com-
plexity at the tissue level is expected to bring understanding of
homeostasis that is generically determined by system behavior
rather than by a single molecule or cell behavior.
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To understand the onset of disease as a structural change in a
system, it is crucial to identify predisposing factors that would initiate
and trigger deviation from a stable normal state. A theory for dyna-
mical network biomarkers can be applied to detect pre-disease state
that characterizes the critical transition from health to disease state
(50). A time-series dataset for gene expression profile is adopted to
identify a set of genes that is significantly up- or downregulated at the
pre-disease state. Application of multiscale modeling and simulation
is expected to fill a gap between predisposing factors and actual
dynamical transition to a disease state. Molecular, cellular, or
biological functions of the genes screened via the application of
dynamical network biomarker theory can be used to make a working
hypothesis for modeling and simulation. In terms of atopic dermatitis
study, dynamical process of barrier impairment due to excessive pro-
tease activity is an important target of this approach.

Applications of multiscale mathematical modeling and simula-
tion have a long history in cancer research (7). An emergence
property was identified by interdisciplinary experimental and
computational work on self-organized spatial group formation of
tumor infiltrating macrophages that is shaped by inhibitory effects
of tumor producing lactose on macrophage survival (51). Although
all existing literature introduced in Section 3 are directly or in part
related to multiscale modeling and simulations in epidermal biol-
ogy, more research activities are necessary to cover another impor-
tant aspects of skin tissue homeostasis. Integration of experimental
works on the basis of multiscale modeling and simulation could
provide a unified understanding of the biological role of the epi-
dermis in health and disease. Promotion of this research direction
requires substantial collaborative works aiming to solve specific
biological problems in epidermal biology that in turn facilitate
construction of dependable multiscale mathematical models.
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26. Clayton E, Doupé DP, Klein AM, Winton DJ,
Simons BD, Jones PH (2007) A single type of
progenitor cell maintains normal epidermis.
Nature 446:185–189
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Please note the correction to the above mentioned chapter:

The stock and working concentrations of human BMP4 were erroneously indicated as
25 μg/μl and 25 ng/μl respectively. The correct stock concentration should be 25 μg/mL,
and the final working concentration of BMP4 in DKSFM for differentiation should be
25 ng/mL.

As a result of this error, the following corrections should be made:

l In section “2.3 Differentiation of iPSCs with RA and BMP4”, Subsection 2. should
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l In section “3.3 Differentiation of iPSCs with RA and BMP4”:
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5 μL of 25 μg/mL BMP4 to achieve 25 ng/mL final working concentration, mix well.”
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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.”
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