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Organotypic cultures allow the reconstitution of a 3D environment critical for cell-cell contact and cell-matrix interactions which mimics the
function and physiology of their in vivo tissue counterparts. This is exemplified by organotypic skin cultures which faithfully recapitulates the
epidermal differentiation and stratification program. Primary human epidermal keratinocytes are genetically manipulable through retroviruses
where genes can be easily overexpressed or knocked down. These genetically modified keratinocytes can then be used to regenerate human
epidermis in organotypic skin cultures providing a powerful model to study genetic pathways impacting epidermal growth, differentiation, and
disease progression. The protocols presented here describe methods to prepare devitalized human dermis as well as to genetically manipulate
primary human keratinocytes in order to generate organotypic skin cultures. Regenerated human skin can be used in downstream applications
such as gene expression profiling, immunostaining, and chromatin immunoprecipitations followed by high throughput sequencing. Thus,
generation of these genetically modified organotypic skin cultures will allow the determination of genes that are critical for maintaining skin
homeostasis.

Video Link

The video component of this article can be found at https://www.jove.com/video/53280/

Introduction

The human epidermis is a stratified epithelium that connects to the underlying dermis through an extracellular matrix known as the basement
membrane zone.The epidermis not only serves as an impermeable barrier to prevent the loss of moisture but also as a first line of defense to
protect the body from foreign and toxic substances'. The basal layer, which is the deepest layer of the epidermis, contains the epidermal stem
and progenitor cells that give rise to the differentiated progeny that form the rest of the epidermisz. As epidermal progenitor cells differentiate they
migrate upwards to form the first layer of differentiated cells known as the spinous Iayer3. In the spinous layer, cells turn on the expression of
keratins 1 and 10, which then provide the strength to withstand physical stress for the differentiated layers of the epidermis. As the spinous layer
cells further differentiate, they move upwards in the epidermis to form the granular layer which is characterized by the formation of keratohyalin
and lamellar granules as well as structural proteins that are assembled below the plasma membrane. As the cells proceed in the differentiation
process, the proteins beneath the plasma membrane are cross linked to each other while the lamellar granules are extruded from the cells to
form a lipid rich barrier called the stratum corneum®.

Diseases that involve alterations in epidermal growth and differentiation impact ~20% of the populations. Thus, understanding the mechanisms of
this process is of great importance. Since manifestation of many of these diseases is contingent upon cell-cell or cell-matrix contact, organotypic
cultures where the human epidermis is reconstituted in a 3D environment have been created®'’. These methods typically involve the use of
primary or transformed keratinocytes seeded on extracellular matrix such as devitalized human dermis, Matrigel, or collagen.

To understand gene regulatory mechanisms that are important in epidermal growth and differentiation, keratinocytes can be genetically
manipulated through retroviral vectors to knockdown or overexpress genes in 2D culture and then reconstituted in 3D. These methods

have been used extensivel¥ to characterize genes involved in epidermal stem and progenitor cell self-renewal and differentiation as well as
progression to neoplasia"' ! Here, an in-depth protocol on how to alter gene expression in epidermal organotypic cultures through the use of
retroviruses is provided.

Protocol

The human skin protocol was performed in accordance with the guidelines of the University of California, San Diego’s Research Ethics
Committee. Human skin can be obtained from discarded surgical samples or bought from skin banks (skin bank is listed in the Material/
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Equipment Table). The location where the skin is derived from or age of the donor is not critical to the experiment as long as the basement
membrane zone proteins (collagen/laminin) in the dermis are not degraded.

1. Preparation of Devitalized Human Dermis

Upon receiving human skin, place the tissue in the tissue culture hood to thaw (~3-5 min). Depending on the size of the skin, place thawed
tissue in a sterile disposable 50 ml conical tube or 125 ml bottle. The typical size of skin from the skin bank is 0.75 square feet.

Fill the container 75% full with 4x penicillin and streptomycin (pen/strep) in 1x PBS. Shake vigorously for 5 min and dispose of the liquid.
Repeat this step 3 more times.

After the last wash, transfer the tissue to a new tube/bottle and add fresh 4x pen/strep/PBS to fill 75% of the container. Incubate this mixture
in a tissue culture incubator at 37 °C for 2 weeks to allow the separation of the dermis from the epidermis.

Under sterile conditions, use forceps to peel away the epidermis from the dermis. The dermis is completely white while the epidermis will
have coloring depending on the race of the donor (Figure 1A). Discard the epidermis according to the institution’s protocol for dealing with
human tissue.

Place the dermis in a tube or bottle and wash it in 4x pen/strep diluted in 1x PBS with vigorous shaking (5 min washes for 4 times). After the
last wash, transfer the dermis to a new tube/bottle in 4x pen/strep diluted in 1x PBS and store at 4 °C until ready to use. Dermis can be stored
at 4 °C for up to a year.

2. Genetically Modifying Primary Human Keratinocytes

NOTE: Use amphotropic phoenix cells grown in complete DMEM media [DMEM +10% fetal bovine serum (FBS)+pen/strep] to produce viruses
to infect primary human keratinocytes. Viral packaging genes that encode proteins such as gag-pol and envelope are stably integrated into
the phoenix cell genome which allows for virus production when transfected with a retroviral vector. Phoenix cells can be transfected with high
efficiency allowing for high viral titer production. Virus produced from this packaging line can also infect a large variety of mammalian cells
including human.

1.

Day 1: The day before transfection, seed phoenix cells in a 6-well plate at a density of 800,000 cells per well in complete DMEM media.
Day 2: The day of transfection, use 3 ug of retroviral vectors per well. Aliquot 3 pg of retroviral vector into a 1.5 ml tube. Use a mix of 100
ul DMEM plus 6 pl of transfection reagent for every 3 pg of vector. Mix 6 pl of transfection reagent with 100 yl DMEM in a 1.5 ml tube. (The
retroviral vectors that are used are listed in the equipment/materials table).
1. Incubate for 5 min and add the 106 pl mixture into the pre-aliquoted tube containing the 3 pg of retroviral vector. Mix and incubate at RT
for 30 min. Add this entire mixture dropwise to each well of the phoenix cells.

Day 3: The day after transfection, remove the media from the phoenix cells and add 2 ml of fresh complete DMEM media. On the same day,
seed primary human keratinocytes into 6-well plates at a density of 75,000 cells per well. Maintain the keratinocytes in a keratinocyte serum
free medium (KCSFM) with antibiotics (pen/strep).
NOTE: Primary human keratinocytes were purchased. Cells can be purchased from a variety of vendors (listed in the Material/Equipment
table).
Day 4: Harvest the media from the transfected phoenix cells, which now contains viral particles. Pass the media through a 0.45 um filter using
a syringe (to remove any contaminating phoenix cells) and place 2 ml onto the keratinocytes (plated at 75,000 cells/well the previous day: see
step 2.3). Add hexadimethrine bromide (5 pg/ml) to the media to help mediate the infection process. Viral titers are ~1 x 10" TU/mI.

1. Spin the 6-well plates in a centrifuge at 200 x g for 1 hr at RT. After the spin, remove the media containing virus and wash the cells

once with 1x PBS before adding KCSFM.

Day 5: Infect the same batch of keratinocytes again as in step 2.4.
NOTE: Select the keratinocytes using a drug if there is a selectable marker on the retroviral vector and expand for use in downstream

analysis or applications such as organotypic cultures.

3. Setting Up Organotypic Skin Cultures

Build the organotypic cassette from common materials found in the laboratory or the cassettes can be custom made through a metal
fabrication shop (Figure 2A-F). To make these cassettes from a 3.5 cm tissue culture plate, use a cautery to remove a 1.0 cm x 1.0 cm
square from the center of the lid of a 3.5 cm dish (Figure 2A-B). Do this under sterile conditions.
1. Attach square pegs to the bottom of the cassette (lid of 3.5 cm dish) using clear nail polish (Figure 2C). Allow 5 min for the nail polish
to dry and flip the cassette over so that it is resting on the square pegs (Figure 2D). Place the cassette into a 6 cm dish.
NOTE: Square pegs can be purchased from a variety of arts and crafts stores.

Prepare keratinocyte growth medium (KGM) comprised of 66% DMEM, 22% Ham’s F12, 100 units/ml penicillin, 100 pg/ml streptomycin,

10% FBS, 2.67 pg/ml adenine, 40 ng/ml hydrocortisone, 10 ng/ml cholera toxin, 4.94 ug/ml insulin, 5 ug/ml transferrin, 1.36 ng/ml Triiodo-L-
thyronine, 10 ng/ml EGF, and 10 pg/ml ciprofloxacin hydrochloride. Filter the media through a 0.22 um filter and store at 4 °C until ready to
use.

Take the dermis out of the 4x pen/strep + PBS solution and wash 2 times in KGM and then incubate in KGM at 37 °C for two days prior to
use.

Cut the dermis using a scalpel to 1.5 cm x 1.5 cm sized pieces and then place onto the organotypic cassette. Place the dermis with the top of
the dermis facing up. The top of the dermis will be the side that comes into contact with the keratinocytes (Figure 1B).

Place the pre-cut dermis onto the square hole of the organotypic cassette with the top side of the dermis facing up (Figure 3A).
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6. Flip the entire organotypic cassette containing the dermis over using forceps (Figure 3B). Thaw the extracellular matrix solution on ice. Use a
needle and syringe to draw out 100 pl of extracellular matrix solution per cassette. Add 5 drops to the bottom of the dermis (glossy side) and
shake slightly to ensure even distribution throughout the dermis (Figure 3B).

7. Allow 5 min for the commercial extra cellular matrix solution to completely solidify (Figure 3C). After solidification, use forceps to flip the
cassette back over. Add 4 ml of KGM to the 6 cm dish.

8. Place 0.5-1 million genetically modified keratinocytes onto the organotypic cassettes containing the dermis (Figure 3D).

1. Trypsinize keratinocytes by placing 4 ml of 0.05% Trypsin onto 10 cm plates for 5 min and quench with 4 ml of complete DMEM media.
2. Count the keratinocytes using a hemocytometer and then spin down at 200 x g for 5 min. Resuspend 0.5-1 million cells (depending on
the number of cells available) in 90 pl of KGM and place all the cells onto the dermis.
NOTE: It is important to place the same number of cells on dermis within the same experiment to ensure that any differences seen in
thickness of the regenerated epidermis is not due to differences in starting cell number. Placing less than 0.5 million cells on dermis
can lead to poor stratification and differentiation.

9. Change KGM media on the organotypic cultures every other day. Harvest tissue 1-14 days after placement of keratinocytes on the dermis.
Full stratification and differentiation of the epidermis usually occurs after day 5.

Representative Results

The first step in generating organotypic human skin is to remove the epidermis from the dermis. The two week incubation of the skin at 37 °C in
4x pen/strep/PBS should allow the separation of the dermis from the epidermis (Figure 1A). If separating the epidermis and dermis is difficult
then place the tissue at 37 °C in 4x pen/strep/PBS for another week and then try peeling again using forceps.

One of the keys to regenerating human epidermis on devitalized dermis is to ensure that the keratinocytes are placed on the correct side of the
dermis. The dermis has a top and a bottom. The top of the dermis is the side that comes into contact with the keratinocytes in vivo as well as in
organotypic cultures. The top of the dermis can be differentiated from the bottom of the dermis due to the glossiness of the bottom (Figure 1B).
If keratinocytes are placed directly onto the bottom side (glossy) of the dermis, the epidermis will not differentiate or stratify properly. Thus, it is
crucial to have the top of the dermis (non-glossy) facing up in the organotypic cassette. The dermis can be placed directly onto an organotypic
cassette (Figure 2A-F). Cassettes made from tissue culture plates should be UV sterilized while metal fabricated cassettes can be autoclaved
prior to the dermis being placed on. The genetically modified keratinocytes can then be placed onto the dermis. The keratinocytes are initially
submerged in liquid since they were placed onto the dermis resuspended in KGM. After 24 hr the KGM will have diffused through the dermis
which allows the keratinocytes to be exposed to the air-liquid interface which causes stratification and differentiation into epidermis7 (Figure 3).

RNA, protein, DNA/chromatin, as well as tissue sections can be harvested from the organotypic skin cultures which can all be used for a variety
of downstream applications. RNA can be used to determine gene expression differences between control and knockdown/overexpression
tissue using RT-QPCR, microarrays, or RNA-Seq. DNA/chromatin can be used for DNA or ChIP-Seq applications. The regenerated skin can be
mounted in OCT and frozen sections can be used for immuno-staining or hematoxylin and eosin staining to assess tissue morphology, protein
expression/localization in control and experimental groups.

An example of this is shown in Figure 4 with the hematoxylin and eosin staining of a typical organotypic skin culture. Note that all four distinct
layers of the epidermis are formed with layer specific expression of differentiation related proteins (Figure 4)“’12'14'15. This system can be used
to determine the impacts of overexpression or knockdown of different genes on the epidermis. Figure 5 shows regenerated epidermal tissue that
expresses control, LACZ as well as tissue overexpressed for SNAI2. Overexpression of SNAI2 led to an inhibition of epidermal differentiation as
noted by the lack of keratin 1 (K1) staining as well as loss of expression of differentiation induced structural genes such as TGM1 and SPRR1A
(Figure 5A-C)13'22. The epidermal thickness shown in Figure 4 and Figure 5 may vary within the same sample due to more cells accumulating
in the middle of the dermis versus the periphery when the cells were initially placed on the dermis. Thus, the middle sections tend to have thicker
epidermis whereas the periphery tends to have thinner. For direct comparison between different samples the same regions of a section should
be compared. However, the staining for the markers should stay consistent.
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A

Separate the epidermis from the dermis
using forceps.

Top of the dermis

Keratinocytes will be seeded directly onto this side Glossy side: Do not seed keratinocytes onto this side

(this side of the dermis will be placed onto the (this glossy side of the dermis will be placed onto the

organotypic cassette facing up). organotypic cassette facing down)
Figure 1. Preparation of the dermis from human skin. (A) After incubation of the human skin at 37 °C for 2 weeks, the dermis can be
separated from the epidermis. Forceps are used to peel the epidermis (brown colored) away from the dermis (white). (B) The top of the dermis
can be distinguished from the bottom by the glossiness of the tissue. The top of the dermis (the side that will naturally face the epidermis in vivo
or where the keratinocytes will be seeded) is non-glossy. The bottom of the dermis is glossy. The tissue is pink due to incubation in KGM. Please

click here to view a larger version of this figure.
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A

Metal fabricated cassette.

Metal fabricated cassette.
(Upside down)

Figure 2. Generation of organotypic cassettes. (A) Use a cautery to remove a 1.0 cm x 1.0 cm square from the center of the lid of a 3.5

cm dish. (B) Remove the square from the center of the 3.5 cm dish. (C) Use clear nail polish to adhere square pegs. Allow 5 min for the nail
polish to dry. (D) Flip the lid over so that it is resting on the square pegs. The cassette is now ready to be used. (E) Image of a metal fabricated
organotypic cassette with its dimensions. (F) Image of a metal fabricated cassette flipped upside down to show the support pegs. Please click

here to view a larger version of this figure.
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A

Figure 3. Generation of organotypic skin cultures. (A) Place the dermis with the top of the dermis (non-glossy side) facing up onto the
organotypic cassette. (B) Flip the cassette over and add Matrigel to the glossy side of the dermis. (C) Allow 5 min for the Matrigel to solidify and
then flip the cassette back over. (D) Add genetically modified keratinocytes to the dermis (0.5-1 million cells are resuspended in 90 pl of KGM).
Harvest the tissue 1-14 days after seeding of the keratinocytes. Please click here to view a larger version of this figure.
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Figure 4. Hematoxylin and eosin staining of organotypic skin cultures. Regenerated human skin contains both the epidermis and
dermis. The epidermis is fully stratified and differentiated with 4 distinct layers. These layers include the undifferentiated basal layer and the 3

differentiated layers including stratum spinosum, granulosum and corneum. Please click here to view a larger version of this figure.
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Figure 5. Immunofluorescence staining and gene expression analysis of genetically modified human epidermis. (A) Overexpression
of SNAI2 inhibits epidermal differentiation. Staining for differentiation protein keratin 1 (K1) is shown in green and nuclei is marked in blue
(Hoechst). (B) RT-QPCR analysis on the mRNA levels of SNAI2 in control LACZ and SNAI2 overexpressing tissue. Error bars = SD, n = 3. (C)
RT-QPCR analysis on the mRNA levels of differentiation transcripts KRT1, TGM1, and SPRR1A in control LACZ and SNAI2 overexpressing
tissue. Error bars = SD, n = 3. Please click here to view a larger version of this figure.

Genetic manipulation in human skin organotypic cultures offer many advantages to commonly studied 2D cultured cells as well as mouse
models. 2D cultures lack the three dimensional cell-cell and cell-extracellular matrix interactions found in intact tissues and organs. Recent
studies have also found tremendous differences between 2D and 3D cultured skin cancer cells with the 3D cultured cells showing much more
gene expression similarities to primary human skin tumors'®. Human organotypic skin cultures also have several advantages over mouse
models. Mouse models are time consuming and expensive to generate as well as several notable differences between human and mouse

skin. These include different tissue turnover rates as well as the thickness of the epidermis between murine and human epidermiss. With new
technologies emerging such as CRISPR-CAS, specific genes can be modified/mutated to model human skin diseases using organotypic skin
cultures®™. Furthermore, genes can be delivered or knocked down in these cells through a wide variety of methods besides the retroviral gene
transfer described here. As long as there is robust delivery through high transduction efficiency or drug selection, the method can be employed.
These delivery methods include nucleofection of siRNAs, lentiviral, adenoassociated virus, and adeno virug'" 122426

The organotypic skin cultures can be modified by adding different cell types to the system. For example, normal or genetically altered human
fibroblasts can be added to the devitalized dermis to study mesenchymal and epithelial crosstalk. Immune cells can also be added to the dermis
to study the inflammatory response to perturbations in the skin. One limitation of the system is that the desquamation process that occurs in
vivo does not occur in organotypic cultures. This prevents the use of these cultures for long term and most analysis is done between 1-14 days
after see73ding of the epidermal cells. For longer term assays, the organotypic cultures can be grafted onto the backs of immune compromised
mice .

The skin organotypic culture presented here is unique in that it utilizes intact devitalized human dermis which is the natural substrate of the
epidermis in vivo whereas most other systems use collagen or Matrigel as the substrate®®. Setup of organotypic skin cultures using substrates
such as Matrigel results in thinner and less robust stratification of the epidermis in our experience. The dermis contains basement membrane
zone proteins including laminin and collagen which allows the epidermal cells to attach, proliferate, differentiate, and stratifyzg. Use of dermis
allows for generation of epidermis that mimics their in vivo counterpart. Thus, organotypic skin cultures can be extremely valuable in toxicological
and pharmacological studies in cases where animal studies are not permitted (cosmetics industry)3 .
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Using devitalized dermis also comes with its own drawbacks since the thickness of the dermis between different donors or even within the same
donor can vary. Epidermal cells grown on thick dermis tend to not proliferate and generate as thick of epidermis as cells grown on thinner dermis.
Thus, it is critical to choose similar thickness dermis when setting up the experiments comparing multiple samples. Another critical parameter is
to seed the same number of epidermal cells when comparing different groups so that any differences seen is not due to the differences in initial
number of cells seeded.

In conclusion, the organotypic skin culture can serve as an advanced and efficient in vitro model for validating molecular pathways in a more
physiological context, which ultimately will accelerate the understanding of gene regulatory mechanisms that are important in epidermal growth
and differentiation.
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