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Introduction

Tissue engineering and regenerative medicine is a multidisci-
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Abstract

The potential for adipose-derived stem cells to differentiate into keratinocyte-like cells
has recently been receiving attention, stemming from the hypothesis that a bioengi-
neered skin may be manufactured from these readily available mesenchymal stem cells.
This study was conducted to evaluate the influence of human keratinocyte non-contact
coculture on hADSCs. Human epidermal keratinocytes and hADSCs obtained by
lipoaspiration were cultured in keratinogenic growth media, which were divided into the
following groups: human adipose-derived stem cell (hADSC) monoculture, non-contact
coculture of hADSCs and human keratinocytes and keratinocyte monoculture. Cell pro-
liferation was assessed, and keratogenicity was analysed through immunocytochemistry
and polymerase chain reaction of early, intermediate and late keratogenic markers. hAD-
SCs cocultured with keratinocytes displayed enhanced proliferation compared with the
monoculture group. After a 7-day coculture period, immunohistochemistry and poly-
merase chain reaction findings revealed the presence of specific keratinocyte markers
in the coculture group. This study demonstrates that hADSCs cocultured with ker-
atinocytes have the capacity to transdifferentiate into keratinocyte lineage cells, and
suggests that adipose tissue may be a source of keratinocytes that may further be used
in structuring the bioengineered skin.

Key Messages

e human adipose-derived stem cells (hADSCs) have the

plinary science that has recently focused on the use of stem cells
to repair or regenerate tissues and organs (1). Human mesenchy-
mal stem cells (MSCs) possess multipotent differentiation capa-
bilities and are a potent source of multiple paracrine factors. The
best characterised human source of MSCs is the bone marrow
(2). However, because obtaining bone marrow-derived stem
cells is an invasive procedure requiring either spinal or general
anaesthesia, and the isolation yield is low, alternative reservoirs
of MSCs have been extensively studied. Human adipose tis-
sue, usually waste products of liposuction or abdominoplasty,
therefore sparing deliberate donor injury, is a highly com-
plex tissue that consists of mature adipocytes, preadipocytes,
fibroblasts, vascular smooth muscle cells, endothelial cells, res-
ident macrophages and lymphocytes, and can deliver human
adipose-derived stem cells (hADSCs) (3).

Studies on bone marrow-derived MSCs have demonstrated
their differentiation into adipocytes, hepatocytes, chondrocytes,
neuronal cells, myoblasts, osteoblasts and keratinocytes (4,5).
The mechanism of each type of conversion is suspected to
involve direct cell to cell interaction, and paracrine-regulated

capacity to transdifferentiate into keratinocyte lineage
cells when cocultured with human keratinocytes
hADSCs isolated and cultured from lipoaspirate and
human keratinocytes isolated and cultured from the rem-
nant tissue of split-thickness skin graft donors were
cultured in the following groups: hADSC monocul-
ture, non-contact coculture of hADSCs and human ker-
atinocytes and keratinocyte monoculture. Proliferation
was analysed using the CCK-8 kit, and differentiation
was analysed via immunocytochemistry and reverse tran-
scriptase polymerase chain reaction

hADSCs cocultured with human keratinocytes showed
a steady increase in cell count, whereas adipose-derived
stem cells cultured alone decreased in cell count. The
cocultured adipose-derived stem cells also revealed
increased expression of keratinocyte-specific markers
compared with the adipose-derived stem cells cultured
alone
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CnT-57
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Figure 1 Schematic representation of the culture groups. Group 2 is a Transwell coculture system. CnT-57 CnT-57 keratinogenic media; hADSC,

human adipose-derived stem cells.

soluble factors, but is incompletely understood. Epidermal ker-
atinocytes, a major player in wound healing, have been shown to
direct bone marrow-derived MSCs into epithelial, myofibrob-
last or neural morphology through direct cell to cell contact or
non-contact cocultures (6). Although a less invasive source of
stem cells, the differentiation of human adipose tissue-derived
stem cells into epithelial cell types has not been studied as
extensively. This study investigates the effect of human epider-
mal keratinocytes on the growth and differentiation of ADSCs.

Materials and methods

Ethical statement

This study was approved by the Institutional Review Board of
the Catholic University of Korea. All human tissue samples
were obtained with written informed consent from the patients.
All data were analysed anonymously and according to the
principles in the Declaration of Helsinki 1975 (revised in 2008).

Isolation of human keratinocytes and cell culture

Human keratinocytes were obtained from the remnant tissue
of split-thickness skin graft donor sites of otherwise healthy
patients who had skin defects due to trauma. Split-thickness
skin of 0-008 in. thickness that included all of the epidermis and
part of the dermis was harvested from the thigh. This tissue was
incubated for 2 hours in dispase II (1-25 U/ml, Roche, Switzer-
land) in 5% CO, at 37°C in order to separate the epidermis from
the dermal components. After separation, the epidermis was
finely chopped, incubated in 1x trypsin-EDTA (Gibco-BRL,
Grand Island, NY) at 5% CO,, 37°C for 15 minutes. Foetal
bovine serum (FBS, Gibco-BRL) was added, and the mixture
was vortexed for 10 minutes at room temperature (22°C). After
filtering through a 0-2-pm filter, the suspension was centrifuged
at 2094 g for 5minutes. The supernatant was removed, and
the remaining pellet portion was dispersed in CnT-57 culture
medium. The cells were transfered to six-well Transwell cocul-
ture plates at a concentration of 500 000 cells/well on CnT-57
(CELLnTEC, Bern, Switzerland) keratinogenic media, and
this culture media was changed every 3 days. CnT-57 is a
serum-free kerationcyte progenitor cell-targeted culture media
with low calcium concentration (0-07 mM) and low bovine
pituitary extract (BPE, 6 pg/ml). It consists of a protein-free
basal medium that contains amino acids, minerals, vitamins
and organic compounds, and four supplements, one of these
being BPE.

© 2014 The Authors

Isolation of hADSCs and cell culture

Human adipose tissue, in the form of lipoaspirated fat, was
obtained from otherwise healthy patients. The tissue was
washed in phosphate buffered saline (PBS; Wisent Inc., St.
Bruno, Quebec, Canada), and digested with 0-1% collage-
nase type I (Sigma, St. Louis, MO) for 30minutes in a
37°C Celltibator (Medi-Kahn, Seoul, Republic of Korea).
The digested sample was washed twice in Dulbecco’s Modi-
fied Eagles Medium (DMEM) solution containing 10% FBS
and 1% antibiotic/antimycotic, then centrifuged at 2094 g for
3 minutes. The stromal vascular fraction (SVF) was sifted
through a 100 pm strainer (BD, San Jose, CA) and centrifuged
at 2094 g for 3 minutes. The pellets were then resuspended in
cell media, cell counts were performed and cells were dis-
persed at a concentration of 100000 cells/well on a six-well
Transwell coculture plate. The plate media was a solution of
DMEM (Gibco-BRL) containing 10% FBS and 1% antibi-
otic/antimycotic solution (Gibco-BRL). The cells were cul-
tured at 5% CO,, at a temperature of 37°C. The media was
changed every 3 days. Sub-cultures were initiated when the ini-
tial cell cultures (P0) reached 80-90% confluence. The hAD-
SCs obtained for the study were from passage 3 (P3).

Culture groups

Culture groups are depicted in Figure 1. One group of pas-
sage 3 hADSCs was transfered to the CnT-57 media as a ker-
atinocyte negative control. This group was designed to evaluate
the effect of keratinogenic media itself on hADSC growth and
transdifferentiation and was designated as group 1. A group
of human keratinocytes cultured only in CnT-57 media was
designated as group 3. For group 2, the coculture group of
keratinocytes and hADSCs, the human keratinocytes cultured
in the six-well plates (insert wells) were grown to 90% con-
fluence, and then inserted into the Transwell coculture sys-
tem (Transwe11®, Corning, NY) with the passage 3 hADSCs
which had grown to 70—80% confluence. The medium in all
the groups was changed every 3 days.

Analysis of cell proliferation

In order to evaluate the growth rate of the cells, the number of
cells was observed on day 1, day 3 and day 7 of coculture using
the CCK-8 kit (Cell Count Kit-8; Dojindo, Santa Clara, CA) as
described previously. The CCK-8 kit solution was mixed with
DMEM at aratio of 1:9, and after the removal of the inset wells,
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Table 1 Primary antibodies

Antibody Manufacturer Species Dilution

Filaggrin Abcam, Inc. Rabbit polyclonal 1 pg/mi
(Cambridge, MA)

Cytokeratin 10 Abcam, Inc. Rabbit polyclonal 1 pg/ml
(Cambridge, MA)

Involucrin Abcam, Inc. Mouse monoclonal 1 pg/ml
(Cambridge, MA)

Anti-rabbit Abcam, Inc. Chromeo 488 1/1000
(Cambridge, MA)

Anti-mouse Abcam, Inc. Chromeo 642 1/1000

(Cambridge, MA)

400 pl was added to each well. The wells were incubated for
2 hours under 5% CO, at 37°C, and 100 pl of supernatant was
transferred to a 96-well plate. The plates were analysed under
450 mm wavelength using a microplate reader (SoftMax Pro5;
Molecular Devices, Sunnyvale, CA).

Analysis of cell differentiation
Immunocytochemistry

Immunocytochemistry (ICC) to assess expression of differ-
entiation markers was performed on day 7 after the coculture
was initiated. The insert wells were removed from the six-well
plates, washed with PBS and fixed in 2% paraformaldehyde
for 10 minutes. The samples were washed in PBS three more
times, blocked for 60 minutes in 0-5% normal goat serum
(S-1000, Vector, Burlington, Ontario, Canada), then washed
again in PBS three times each for 5 minutes. Primary antibodies
outlined in Table 1 were diluted in PBS at 1 pg/ml. Antibodies
for progressive stages of keratinocyte differentiation were
chosen. Cytokeratin 10 and involucrin antibodies were mouse
monoclonal immunoglobulin (Ig) G antibodies, and filaggrin
antibodies were rabbit polyclonal IgG antibodies. Primary
antibodies against cytokeratin 10, involucrin and filaggrin were
applied onto the plates, incubated for 24 hours at 4°C and then
washed three times in PBS for 5 minutes each. Goat anti-rabbit
Chromeo 488 (green) secondary antibodies were diluted at
1:1000 in PBS, goat anti-mouse Chromeo 642 (red) secondary
antibodies were diluted at 1:1000 in PBS and incubated for
60 minutes at room temperature. The plates were washed
three times in PBS, and 4’ ,6-diamidino-2-phenylindole (DAPI)
(Invitrogen, Carlsbad, CA) was added, which provided coun-
terstaining for the nuclei. After washing three times with PBS,
the wells were mounted with PBS, and were visualised with
a fluorescent microscope (Axiovert 200, Zeiss, Oberkochen,
Germany).

Reverse transcriptase polymerase chain reaction

Reverse transcriptase polymerase chain reaction (RT-PCR)
of the differentiation markers was performed on day 7 after
coculture. Total ribonucleic acid (RNA) was extracted from
the samples using the Alphagene RNA mini kit (Alphagene
Co. Ltd, Seongnam-si, Republic of Korea). One microgram
of total RNA was converted to complementary deoxyribonu-
cleic acid (cDNA) using 200 U M-MLYV reverse transcriptase

B. F Seo et al.

Table 2 Sense and anti-sense primers used for reverse transcriptase
polymerase chain reaction (RT-PCR)

Anti-sense
Sense primer primer
Species Marker sequence sequence
Human Keratin 5 CAGAGCCACC GCTGAAGCTAC
TTCTGCGTCCTG GACTGCCCCC
Human Involucrin TCCTCCAGTC CAGCAGTCATGT
AATACCCATCAG GCTTTTCCT
Human Filaggrin TGAAGCCTAT TCCCCTACG
GACACCACTGA CTTTCTTGTCCT

(Invitrogen). For the amplification process, sense and anti-sense
primers depicted in Table 2 were used on an AB Prism 7000
PCR System (Applied Biosystems, Foster City, CA). Each
assay was performed in triplicate.

Statistical analysis

Statistical analysis of differences in each experimental group
was carried out using the Student’s #-test, with significance set
at P <0-05.

Results

Characterisation of stem cells

Approximately 30g of human fat tissue was processed
according to the protocol described above. The cells took a
spindle-like shape throughout the culture period, with a size
of approximately 80—100 um X 200 pm. They were positive
for CD90, CD105, CD13 and CD73 and negative for CD34,
CD45, CD146 and HLA-DR. In adipogenic conditions, the
isolated cells expressed oil droplets and stained positive for Oil
Red O (Figure 2).

hADSC proliferation

As shown in Figure 3, an increase in hADSC proliferation was
observed in the group cocultured with human keratinocytes
(group 2). This increase was significant compared to the
hADSC monoculture group (group 1), which demonstrated
decrease in cell count (P =0-0003 at day 1, P <0-0001 at day
7). Culture and cell count was performed in triplicate.

hADSC expression of keratinocyte markers

After 7 days of growth, each group of cells was evaluated for
progressive keratinocyte markers. Antibodies for cytokeratin 10
(early marker), involucrin (early terminal marker) and filaggrin
(terminal marker) were applied for ICC staining. hADSCs
cultured in DMEM and otherwise indentical conditions were
also stained to compare the effects of keratinogenic media.
RT-PCR was performed for keratin 5, involucrin and filaggrin.

As shown in Figure 4, hADSCs cultured alone, whether in
DMEM or CnT-57, did not express cytokeratin 10, whereas
hADSCs in the cocultured group stained positive. Involucrin
and filaggrin were found to stain positive in the cocultured
group, and the hADSCs cultured in CnT-57.

© 2014 The Authors
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Figure 2 Isolation and characterisation of human adipose-derived stem
cells (hADSC). ADSCs were cultured in adipogenic conditions for
2 weeks, then stained with Oil Red O, showing positive uptake in the
cell microdroplets (x200).
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Figure 3 Human adipose-derived stem cell (hADSC) proliferation is
maintained in the cocultured group. Cell count at days 1, 3 and 7 after
coculture initiation is shown (G1, group 1; G2, group 2).

hADSCs cocultured with keratinocytes showed increased
expression of keratin 5, involucrin and filaggrin at the mRNA
level when compared with the hADSC-only group, as shown in
Figure 5. Expression of keratin 5 was 0-807 +0-377 in group 2
and 0-508 +0-169 in group 1 (P =0-139). Expression of involu-
crin was 0-621 +0-048 in group 2 and 0-242 + 0-028 in group
1 (P <0-001), and expression of filaggrin was 1-133 +0-068 in
group 2 and 0-322 +0-161 in group 1 (P < 0-001).

Discussion

Human MSCs have the potential to differentiate into a variety
of different cell types. The factors that decide their outcome are
the subject of multiple studies. The microenvironment seems to
play a key role in inducing differentiation, and the exact mech-
anisms controlling each process are being elucidated (6,7).
Although most differentiation is to tissue of the same mes-
enchymal origin, ‘transdifferentiation’ to ectodermal or endo-
dermal lineages have also been induced. Previous reports have

© 2014 The Authors
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stated that transdifferentiation is initiated by changes in the
cell microenvironment, with a coculture method or a con-
ditioned media containing differentiation factors (8). Stud-
ies have demonstrated epithelial transdifferentiation in human
bone marrow-derived MSCs cocultured with keratinocytes, and
Sivamani et al. found that keratinocyte proximity and con-
tact played a major role in determining the outcome of bone
marrow-derived stem cells (6,9—-12).

However, focus has recently migrated to hADSCs that cause
less donor morbidity and have a much higher yield. Studies
have shown that an average of 5 X 10° stem cells can be isolated
from 1 g of adipose tissue, which is 500 times more cells than
from an equivalent amount of bone marrow (13). hADSCs are
known to differentiate into many mesenchymal tissue types,
but they are also capable of neurogenic (ectoderm), hepatic
or endothelial (endoderm) transdifferentiation (14). In 2013,
Chavez-Munoz et al. reported transdifferentiation of hADSCs
to keratinocyte-like cells, and also engineered a stratified
epidermis (15).

This study was based on the hypothesis that hADSCs are
capable of transdifferentiating into the keratinocyte lineage
when cocultured with keratinocytes. Results show that hAD-
SCs maintain steady increase in cell count when cocultured
with keratinocytes, whereas cells in the hADSC-only group
decreased with time. This difference is probably an effect of a
keratinocyte paracrine factor that helps sustain hADSC survival
in the serum-free keratinocyte growth media. Identification
of this factor requires further investigation. We have demon-
strated that hADSC has the capacity to transdifferentiate into
the keratinocyte lineage using a coculture system, expressing
specific keratinocyte markers. Cytokeratin 10, expressed in all
suprabasal layers, and keratin 5, expressed from the basal layer,
are early markers (16). Filaggrin is an intermediate marker,
expressed by well-differentiated keratinised cells and is essen-
tial for the regulation of epidermal homeostasis. Involucrin is
expressed in the early stages of terminal differentiation synthe-
sised by keratinising epithelia (17). After a culture period of
7 days, the cocultured hADSCs showed the presence of all these
markers, demonstrating transdifferentiation potential. Quantifi-
cation of the expression levels of each marker at different time
periods is yet to be studied. One thing to note is that the hADSCs
cultured in the keratinocyte growth medium CnT-57 were also
positive for filaggrin and involucrin, although at a lower level
in both protein and mRNA. CnT-57, a progenitor cell-targeted
serum-free media consists of a protein-free basal medium, BPE,
and three supplements. It is designed for optimal growth and
proliferation of keratinocytes, and is not a differentiation media.
However, the supplements contain growth factors including
fibroblast growth factor (FGF)-1 and endothelial growth factor
(EGF), which may have induced a low expression of such ker-
atinocyte markers. Analysis of these ADSCs to see whether
they also expressed markers of different lineages was not
performed.

The keratinocyte is only one of many cell types that popu-
late the skin, other resident cell types being endothelial cells,
melanocytes and fibroblasts. This cell is the main player in
wound healing, and autografts or allografts of cultured ker-
atinocytes have been used to accelerate epithelial coverage
in the treatment of burn patients (18). Transdifferentiation of
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Figure 4 Immunocytochemistry (ICC) staining of human adipose-derived stem cells (hNADSCs) in all groups for cytokeratin 10 (A), involucrin and filaggrin
(B). hADSCs express keratinocyte markers by day 7 (x100). ADSCs seeded in Transwell plates and cocultured with keratinocytes in keratinocyte
growth medium (CnT-57) were fixed and stained on day 7 for immunocytochemistry (ICC) analysis. 4’,6-diamidino-2-phenylindole (DAPI) was used for
counterstaining. These images are representative of triplicate independent experiments. (A) Staining for cytokeratin 10 is positive in the cocultured
group and the keratinocyte-only group. No staining is seen in ADSC-only group, whether the media is Dulbecco’s Modified Eagles Medium (DMEM) or
CnT-57 (B) Staining for involucrin and filaggrin is slightly positive in the ADSC-only group cultured in keratinogenic media (CnT-57), with more uptake
in the hADSC and keratinocyte coculture group.
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Figure 5 RT-PCR for all groups for keratin 5, involu-
crin and filaggrin. Human adipose-derived stem cells
(hADSCs) express keratinocyte markers by day 7.
Expression of all the three markers was increased
in the coculture group compared with the ASC-only
group, and statistically significant for involucrin and
filaggrin [keratin 5 — 0-807 +0-377 in group 2 ver
sus 0-508+0-169 in group 1 (P=0-139); involu-
crin — 0-621 +0-048 in group 2 versus 0-242 +0-028

Keratin-5

hADSCs into the keratinocyte lineage may be the first step in
building a bioengineered skin from a readily accessible stem
cell source, and opens the potential for a tissue engineered solu-
tion for extensive wound coverage.
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