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Abstract

Differentiated epidermal cells can dedifferentiate into stem cells or stem cell-like cells in vivo. In this study, we report the isolation and
characterization of dedifferentiation-derived cells. Epidermal sheets eliminated of basal stem cells were transplanted onto the skin
wounds in 47 nude athymic (BALB/c-nu/nu) mice. After 5 days, cells negative for CK10 but positive for CK19 and B1-integrin emerged
at the wound-neighbouring side of the epidermal sheets. Furthermore, the percentages of CK19 and B1-integrin™ cells detected by flow
cytometric analysis were increased after grafting (P < 0.01) and CK10™ cells in grafted sheets decreased (P < 0.01). Then we isolated
these cells on the basis of rapid adhesion to type IV collagen and found that there were 4.56% adhering cells (dedifferentiation-derived
cells) in the grafting group within 10 min. The in vitro phenotypic assays showed that the expressions of CK19, B1-integrin, Oct4 and
Nanog in dedifferentiation-derived cells were remarkably higher than those in the control group (differentiated epidermal cells) (P <
0.01). In addition, the results of the functional investigation of dedifferentiation-derived cells demonstrated: (1) the numbers of colonies
consisting of 5-10 cells and greater than 10 cells were increased 5.9-fold and 6.7-fold, respectively, as compared with that in the con-
trol (P < 0.01); (2) more cells were in S phase and G2 /M phase of the cell cycle (proliferation index values were 21.02% in control
group, 45.08% in group of dedifferentiation); (3) the total days of culture (28 days versus 130 days), the passage number of cells
(3 passages versus 20 passages) and assumptive total cell output (1 X 10° cells versus 1 x 10" cells) were all significantly increased
and (4) dedifferentiation-derived cells, as well as epidermal stem cells, were capable of regenerating a skin equivalent, but differentiated
epidermal cells could not. These results suggested that the characteristics of dedifferentiation-derived cells cultured in vitro were simi-
lar to epidermal stem cells. This study may also offer a new approach to yield epidermal stem cells for wound repair and regeneration.
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Introduction

Epidermal stem cells, which give rise to cells of different fates
including those forming hair follicles, interfollicular epidermis and
associated glands such as sebaceous and sweat glands, play an
important role in wound repair and tissue engineering of replace-
ment skin [1-3]. To date, however, the limited number and capac-
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ity for the isolation or purification of epidermal stem cells have
hampered the widely clinical applications, which compel scientists
to look for new sources of stem cells.

Studies on cellular dedifferentiation provide a new insight into
the research of stem cells. Dedifferentiation means recessive dif-
ferentiation, that is, the progression of cells from a more differen-
tiated to a less differentiated state. It has been shown that dedif-
ferentiation occurs during wound repair and regeneration of
plants and various vertebrates. Especially, recent studies suggest
that dedifferentiation may be also possible in mammalian system.
Terminally differentiated mammalian cells are commonly thought
to be incapable of undergoing a reversal of cell differentiation.
However, Odelberg et al. [4] found that the combined effects of
growth medium and ectopic msx1 expression can cause the ded-
ifferentiation of mammalian myotubes. Intriguingly, the succedent
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researches have shown that mammalian myotubes can dediffer-
entiate when stimulated with an extract prepared from newt
regenerating limb tissue [5], ciliary neurotrophic factor [6] or
small molecules such as reversine [7, 8]. Moreover, it was also
reported that skin cells, such as fibroblasts, were reprogrammed
to an embryonic-like state by the injection of a nucleus into an
enucleated oocyte [9, 10] or ectopic expression of some tran-
scription factors including Oct4, Sox2, c-myc, KIf4, Nanog and
LIN28 [11, 12]. These observations indicate that differentiated
mammalian cells can dedifferentiate when stimulated with the
appropriate signals. So, it is conceivable that healthy, abundant
stem cells could be generated with an efficient dedifferentiation
process, which offers a new approach to yield stem cells for
repair of damaged tissues.

Certainly, dedifferentiation of epidermal cells can offer seed
cells — epidermal stem cells — for repair and regeneration of skin
wound. Pivarcsi et al. [13] demonstrated that serum factors can
induce the dedifferentiation of cultured HaCaT keratinocytes. In
addition, Fu ef al. and Li et al. [14-16] reported that the differen-
tiated epidermal cells in the wound treated with recombinant
human epidermal growth factor (rhEGF) dedifferentiated into stem
cells or stem cell-like cells in vivo. However, the finding of the dif-
ferentiated cell dedifferentiation was just preliminary. Moreover,
the dedifferentiation-derived cells had never been isolated and the
characteristics of these cells cultured in vitro, such as the expres-
sion of stem cell markers, the clonogenicity, the proliferative
potential, and the ability to ‘regenerate itself’ — ie. generate a
tissue-engineered skin — remain to be fully understood. We, there-
fore, further investigated the dedifferentiation of differentiated
epidermal cells and isolated the dedifferentiation-derived cells for
identification of phenotypic and functional characteristics.

Materials and methods

Preparation of ultrathin epidermal sheets

Human foreskin specimens were digested at 4°C with 2 mg/ml protease
(Sigma, St Louis, MO, USA) for 10-12 hrs and then the epidermis was iso-
lated from dermis. The isolated epidermis, with the stratum basale down-
wards, was anchored to the bottom of culture dishes coated with collagen
type IV (100 pg/ml; Sigma) for 10 min., and flushed with Dulbecco’s mod-
ified Eagle medium (Gibco, Grand Island, NY, USA), this process being
repeated three to four times to eliminate the cells of the stratum basale [16].

Xenografting of ultrathin epidermal sheets

Forty-seven female nude athymic (BALB/c-nu/nu) mice from academy of
military medical sciences (Beijing, China), weighting 20 = 2 g, were anaes-
thetized by ethylether inhalation. After the skin was sterilized with 75%
alcohol, a sterile template of 1.0 cm in diameter was placed on the side of
the mid-back and a full-thickness wound (to deep fascia) corresponding to
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the template was made by excising the skin. Ultrathin epidermal sheets
were transplanted, with collagen type 1V treated side downwards (wound-
neighbouring side), onto the wounds. After 5 days, some grafted ultrathin
epidermal sheets were taken away for immunohistochemical detections of
CK10, CK19 and B1-integrin, the others were for flow cytometric analysis.

Immunohistochemistry

Formalin fixed and paraffin embedded epidermal sheet samples were cut
into 5-mm-thick sections, deparaffinized in xylene, rehydrated in graded
ethanol, and then incubated in 1% H202 to block endogenous peroxidase
activity. After that, the sections were incubated with primary mouse mon-
oclonal anti-human CK10, CK19 and Bi-integrin antibodies (1:500;
Chemicon, Temecula, USA) overnight at 4°C, washed three times with
phosphate buffered saline (PBS) and then incubated with horseradish per-
oxidase conjugated goat antimouse IgG (1:100; Vector, Loerrach,
Germany) for 2 hrs at room temperature. The immunoreactivity of CK10,
CK19 and B+-integrin was visualized as a brown precipitate using a 3,
3V-diaminobenzidine procedure.

Flow cytometric analysis

Epidermal sheets were treated with 0.25% trypsinase and collected in 15 ml
tubes. After centrifugation, the pellet was resuspended in ice-cold 2%
paraformaldehyde buffer. Normal goat serum was added to block nonspe-
cific protein interactions. The cell suspension was then incubated with
primary mouse monoclonal anti-human CK10, CK19 and pBi-integrin
antibodies (1:500; Chemicon) in PBS for 1 hr (there were no antibodies in
blank control), washed with PBST (phosphate buffered saline tween-20)
and resuspended in 100 pl PBS containing fluorescein isothiocyanate
conjugated goat antimouse secondary antibody (1:50; Santa Cruz Biotech,
Santa Cruz, CA, USA) for 30 min. The percentage of CK10*, CK19" and
Bi-integrin® cells was detected by flow cytometric analysis (FACS scan;
Beckton Dickinson, Franklin Lakes, NJ, USA).

Isolation and culture of epidermal cells

Briefly, ultrathin epidermal sheets (grafted or ungrafted) were cut into pieces,
digested with 0.25% trypsinase for 20 min. at 37°C and made into single cell
suspension. After centrifugation, the keratinocytes were gently resuspended
in Epilife medium supplemented with 1% human keratinocyte growth supple-
ment and 0.2%o PSA (Cascade Biologics, Portland, OR, USA) and seeded on
collagen IV coated culture flasks (Costar, Cambridge, MA, USA) at a density
of 5 x 10° keratinocytes/cmz. After 10 min., 3, 6, 12 or 24 hrs, non-adherent
cells were gently removed and the percentages of adherent cells were calcu-
lated. A series of assays were performed on initial adherent cells in each
group. Epidermal stem cells dispersed from full-thickness epidermal sheets
by adhering to collagen IV for 10 min. [17] were used as the positive control
for the phenotypic and functional assays of the dedifferentiation-derived cells.

PCR

The PCR reactions were performed in a total volume of 25 pl containing
2 wl DNA template, 10 pmol of each primer, 250 wM deoxynucleoside
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triphosphates, 10 mM Tris-HCI (pH 8.3), 50 mM KCl, 1.5 mM MgCl2 and
0.5 U Super Tag DNA Polymerase (Eppendorf, Hamburg, Germany). The
amplification profiles were as follows: one step at 94°C for 2 min., then
40 cycles 94°C for 30 sec., 58°C for 40 sec. and 72°C for 1 min. and one
final step at 72°C for 10 min. The oligonucleotides used were as follows:
X-chromosome sense 5'-AATCATCAAATGGAGATTTG-3’, antisense
5-GTTCAGCTCTGTGAGTGAAA-3’, Y- chromosome sense 5'-ATGATA-
GAAACGGAAATATG-3', antisense 5'-AGTAGAATGCAAAGGGCTC-3', result-
ing in amplification of a 130-bp X-chromosome-specific band or a 170-bp
Y-chromosome-specific band [18].

Phenotypic characteristics

Immunofluorescence

Cultured primary keratinocytes were plated onto collagen IV-coated glass
cover slips, fixed with 4% paraformaldehyde, and then were incubated with
primary mouse monoclonal anti-human CK19 and B+-integrin antibodies
(1:500; Chemicon) for 1 hr at room temperature. The primary antibody was
removed, and the slides were incubated for 30 min. with PE-conjugated
goat antimouse 1gG secondary antibody (1:1,000; Chemicon). The nuclei
were counterstained with DAPI (Roche Diagnostics, Basel, Switzerland).
Fluorescence images were visualized with a fluorescence microscope
(Eclipse 80I; Nikon, Tokyo, Japan).

Quantitative real-time PCR

mRNA was isolated from initial adherent cells in each group by using the
TRIzol kit (Invitrogen) and reverse-transcribed into cDNA with SuperScript
Il (Invitrogen) as per the manufacturer’s instructions. Gene-specific
primers for Oct4 (forward, 5'-GAAGTTGGAGAAGGTGGAACCA-3'; reverse,
5’-GCTTCAGCAGCTTGGCAAA-3’) and Nanog (forward, 5’-TCTTCCTGGTC-
CCCACAGTTT-3’; reverse, 5'-GCAAGAATAGTTCTCGGGATGAA-3’) were
optimized for expression analyses by real-time PCR on the ABI 7500 ther-
mocycler (Applied Biosystems, Foster City, CA, USA) using ABsolute QPCR
SYBR Green ROX mix (ABgene, Epsom, UK) for 2 min. at 50°C, 15 min. at
95°C, 40 cycles of 15 sec. at 95°C and 1 min. at 60°C, followed by disso-
ciation-curve analysis to confirm specificity. EF-1a (forward, 5'-ATTCGA-
GACCAGCAAATACTATGTGA-3'; reverse, 5'-AGCCTGGGATGTGCCTGTAA-3')
was used for normalization, and relative expression was calculated by
using the comparative CT method [19].

Functional characteristics

Colony-formin% efficiency

We plated 5 X 10° isolated cells, from cultured primary keratinocytes, into
a six-well plate (Costar), cultured them for another 7 days in Epilife
medium that was changed 4 days after plating. Under the microscope,
colonies consisting of 5-10 cells and greater than 10 cells were counted
separately. This assay was performed five times.

Cell cycle

We plated 5 x 10* isolated cells onto a 60-mm culture dish (Costar) and
cultured them for another 3 days. After fixation with 75% ethanol, single
cell suspensions were digested with DNase-free RNase in PBS containing
5pg/ml propidium iodide (Sigma) for DNA staining (45 min. at 37°C). The
propidium iodide fluorescence and forward light scattering were detected
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with a flow cytometer (FACS scan; Beckton Dickinson) equipped with
Cellquest software (Cellquest Inc., Largo, FL, USA). The percentage of cells
in S/G2/M phases of the cell cycle was calculated. Proliferation index (Pl) =
(Go2M + S) / (GoG1 + S + GoM).

Long-term growth potential

Harvested cells were seeded onto a culture vessel at a density of 5.0 X
10° cells/em?. When cell density reached 70-90% confluence, they were
serially passaged (up to 1.5 X 10% cells seeded) until cells lost their prolifer-
ative capacity. The total days of culture, the passage number of cells, and
assumptive total cell output were determined. Because up to 1.5 X 10% cells
were re-plated at each passage, the cell outputs were calculated based on the
assumption that all the cells from the previous passage had been re-plated.

Fabrication of skin equivalent

‘Three-dimensional’ cultivation of epidermal cells was performed as previ-
ously described [20]. Briefly, mixture of fibroblasts (1.5 X 10° cells/ml) and
rat tail type | collagen (1.35 mg/ml) was moved in 35 mm plates (Costar) and
cultured for 5 days. Epidermal cells (0.6 X 108 cells/ml) were seeded on the
dermal equivalent surface and grew to fuse to form an epidermal equivalent,
which was cultured at the air liquid interface a week later to promote the dif-
ferentiation and cornification of the epidermis. After 11 days, skin equiva-
lents were harvested and stained by haematoxylin and eosin staining.

Statistical analysis

All the experiments were repeated at least three times, unless otherwise indi-
cated. Data are presented as mean =+ S.D. Statistical analysis was performed
by t-test. A statistical probability of P < 0.05 was considered significant.

Results

Elimination of stem cells in the stratum basale
of the epidermis

In normal epidermis, stem cells locating at the bottom of the epider-
mal rete ridges form a single layer in the basement membrane and
can be identified by the examination of 8+-integrin and CK19, which
are believed to be possible specific markers for epidermal stem
cells. Being consistent with prior studies, cells which were positive
for CK19 and B1-integrin were found in the basal layer of full-thick-
ness epidermal sheets (Fig. 1D and G). However, CK10, as the
marker of terminally differentiated epidermal cells of the cornified
layer, are negative in the basal layer and mostly expressed above the
stratum basale (Fig. 1A). In contrast to full-thickness epidermal
sheets, cells in ultrathin epidermal sheets fully exhibited positivity
for CK10 and there were no cells positive for CK19 and B1-integrin
(Fig. 1B, E and H). In addition, before grafting, the percentages of
CK19 and Bi-integrin™ cells were 0.05% and 0.03%, respectively,
but there was no significant difference compared with blank control
(Table 1). These results showed the successful preparation of ultra-
thin epidermal sheets eliminated of basal stem cells.
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Full-thickness
epidermal sheets

Ultrathin
epidermal sheets

Table 1 Percentages of CK19, B1-integrin and CK10 populations in ultra-
thin epidermal sheets before and after grafting (%)

Groups CK19 B1-integrin CK10
Blank control 0.04 =0.01 0.04+0.02 0.06+0.03
Ungrafted sheets 0.05+0.02 0.03=+0.01 9853+ 221

Grafted sheets 721 +2.02** 563 = 1.81** 88.57 + 4.65**

The results are presented as the means = S.D. (n = 5), and assessed
by analysis of t-test. **P < 0.01 compared with the group of
ungrafted sheets.

Dedifferentiation of differentiated
epidermal cells in grafted sheets

After the ultrathin epidermal sheets were transplanted for 5 days,
cells negative for CK10 but positive for CK19 and B+-integrin
emerged at the wound-neighbouring side of the skin grafts
(Fig. 1C, F and I). Furthermore, the percentages of CK19 and
Bi-integrin® cells detected by FACS were increased after grafting
(P < 0.01, Fig. 2C—F, Table 1) and CK10™ cells in grafted sheets
decreased (P < 0.01, Fig. 2A and B, Table 1). These data sug-
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Sd after grafting of
ultrathin epidermal sheets

Fig. 1 Distribution of CK10,
CK19 and pi-integrin®
cells in full-thickness epi-
dermal sheets and ultrathin
epidermal sheets before
and after grafting. (A, B, C)
Representative ~ photo-
graphs of CK10™ cells;
(D, E, F) Representative
photographs of CK19™ cells;
(G, H, I) Representative
photographs of Bi-inte-
grin® cells. Scale bar =
50 pwm. The arrows point
to cells deriving from
dedifferentiation.

gested that some of the differentiated epidermal cells in grafted
epidermal sheets dedifferentiated into stem cell-like cells, named
as dedifferentiation-derived cells, in vivo.

Isolation and morphological
features of epidermal cells

Epidermal stem cells have good adhering characteristics to type IV
collagen. They can adhere rapidly to type IV collagen, fibronectin,
or keratinocyte ECM within 10 min., but transit amplifying cells
and post-mitotic differentiating cells adhere more slowly [21, 22].
So, we can separate dedifferentiation-derived cells from other
cells by differential adhesion. The data showed that there were
4.56% adhering cells (dedifferentiation-derived cells) in the graft-
ing group within 10 min. (Table 2). They were small round-shaped
cells with large nuclear-cytoplasmic ratio. However, there were no
adhering cells in the control group (ungrafted sheets) within 3 hrs,
which further demonstrated that there were no stem cell-like cells
in ultrathin epidermal sheets. After 6 hrs, 8.11% adhering cells
(differentiated epidermal cells) emerged in control group, which
were large flat-shaped cells with small nuclear-cytoplasmic ratio.
A series of assays were performed on the initial adherent cells in
each group and epidermal stem cells dispersed from full-thick-
ness epidermal sheets were used as the positive control.

© 2009 The Authors
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Detection of chromosome-specific
sequences by PCR

To discriminate dedifferentiated-derived cells of human origin
from mouse stem cells of the host, polymerase chain reaction was
performed on DNA extracted from above initial adherent cells and
from mouse skin tissue. Y-chromosome-specific sequences could
be detected in the adhering cells isolated from ultrathin epidermal
sheet (grafted and ungrafted) and full-thickness epidermal sheets.
However, in mouse skin tissue, there were no Y-chromosome-
specific sequences (Fig. 3). These results demonstrate that cells
isolated from xenografts were originally from human male donors
and are not mouse stem cells coming from the host that have
attached to the graft.

Phenotypic characteristics

CK19 and B1-integrin expression
To examine whether CK19 and Bi-integrin proteins were
expressed in dedifferentiation-derived cells cultured in vitro,

© 2009 The Authors

EIO g

10 105 10

10

Ant-p-utegrin FITC

200bp
100bp

200bp
100bp

Fig. 3 Detection of X- and Y-chromosome specific sequences by PCR.
M, Marker; lane 1, control (differentiated epidermal cells); lane 2,
positive control (epidermal stem cells); lane 3, grafting group (dedif-
ferentiation-derived cells); lane 4, mouse skin tissue; lane 5, no DNA
(negative control).
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Table 2 Percentages of adhering cells in ultrathin epidermal sheets before and after grafting (%)

Groups 10 min. 3 hrs 6 hrs 12 hrs 24 hrs
Ungrafted sheets 0 0 8.11 = 2.09 14.27 = 412 16.12 = 5.76
Grafted sheets 4.56 = 1.01 721 =123 14.32 + 3.53 20.09 = 7.57 22.41 =598
The results are presented as the means + S.D. (n = 5).
positive grafted
control control sheets

A
B
B1 integri

immunofluorescence was performed on differentiated epidermal
cells, epidermal stem cells and dedifferentiation-derived cells.
Results showed that CK19 and B1-integrin n proteins were pres-
ent in epidermal stem cells and dedifferentiation-derived cells,
but not in differentiated epidermal cells. Moreover, red staining
indicated very intense CK19 and B+-integrin expressions in the
membrane and cytoplasm of epidermal stem cells and dedifferen-
tiation-derived cells (Fig. 4).

Oct4 and Nanog expression

More recently, Oct4 and Nanog expressions have been found in
stem cells from different adult human tissues. Thus their expres-
sions have been considered general markers of self-renewal and
pluripotency in stem cells. To further confirm the stem cell-like
nature of the dedifferentiation-derived cells, we sought to investi-
gate the expressions of the transcription factors Oct4 and Nanog.
Real-time PCR analysis revealed that the dedifferentiation-derived
cells, as well as epidermal stem cells, were >5-fold enriched for
both Oct4 and Nanog (Fig. 5). This finding is consistent with
observations reporting Oct4 and Nanog in epidermal stem cells
cultured in vitro [19] and Oct4 in rare interfollicular basal cells of
human epidermis in situ [23].
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Fig. 4 CK19 and B1-integrin
expression in epidermal
cells. (A) Representative
photographs of CK19
expression in the control
(differentiated  epidermal
cells), the positive control
(epidermal stem cells) and
the grafting group (dediffer-
entiation-derived cells); (B)
Representative photo-
graphs  of  B1-integrin
expression in the control,
the positive control and the
grafting group. The nuclei
were counterstained with
DAPI (blue). Scale bar =
25 pm.

Functional characteristics

Colony-forming efficiency

It has been reported that epidermal stem cells are clonogenic and
have high colony-forming ability. In order to elucidate whether ded-
ifferentiation-derived cells also have this ability, the number of
colonies consisting of 5-10 cells and greater than 10 cells were
counted blindly. We found that dedifferentiation-derived cells, as
well as epidermal stem cells, possessed high clonogenic capacity
(Fig. 6A=C). The numbers of colonies consisting of 5-10 cells and
greater than 10 cells in the grafting group were increased 5.9-fold
and 6.7-fold, respectively, as compared with that in the control and
there was no significant difference compared with positive control
(P> 0.05, Fig. 6D). These data showed a highly significant capacity
of dedifferentiation-derived cells to give rise to colonies.

Proliferation index

To study the growth characteristics of dedifferentiation-derived
cells, three cell subpopulations (Go/G1, S and Go/M) were
estimated by performing a flow cytometric measurement of DNA
distributions of cells. In grafting and positive control groups,
more cells were in S phase and G2/M phase of the cell cycle as
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Fig. 5 Relative expression of self-renewal and pluripotency genes Oct4
and Nanog in epidermal cells by quantitative real-time PCR. Results
demonstrated that the dedifferentiation-derived cells, as well as epider-
mal stem cells, were >5-fold enriched for both Oct4 and Nanog. The data
are the means = S.D. (n = 10). **P < 0.01, as compared with control.

compared with control group (Pl values were 21.02 = 5.01 in
control group, 45.08 = 10.11 in group of grafted sheets, and
48.00 = 8.21 in positive control group; Fig. 7). The data here sug-
gested that there were more dedifferentiation-derived cells in the
proliferative phase.

Long-term growth potential

We further examined whether dedifferentiation-derived cells had
long-term growth potential, as well as epidermal stem cells. Days
in culture in control group ranged from 18 to 36, with an average
of 28 = 8 days. However, days in the grafting group ranged from
105 to 165, with an average of 130 + 35 days and there was no
significant difference compared with that in positive control group
which ranged from 120 to 169, with an average of 140 + 25 days
(Fig. 8A). Numbers of passage in control group ranged from 2 to 4,
with an average of 3 = 1; however, that in grafting group ranged
from 17 to 25, with an average of 20 = 5 and there was no signif-
icant difference compared with that in positive control group
which ranged from 18 to 26, with an average of 21 =+ 4 (Fig. 8B).
Total cell outputs of control, positive control, and grafting groups
were 1 x 10%, 1 x 10" and 1 x 10'2, respectively (Fig. 8C).
These results demonstrate that dedifferentiation-derived cells, as
well as epidermal stem cells, have long-term growth potential.

Fabrication of skin equivalent

Cultured fibroblasts were mixed with rat tail type | collagen to form
a dermal equivalent. Differentiated epidermal cells, epidermal
stem cells, and dedifferentiation-derived cells were seeded on the
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dermal equivalent surface and grew to fuse to form an epidermal
equivalent. After 11 days, we found that differentiated epidermal
cells could not form an epidermal monolayer and dedifferentia-
tion-derived cells, as well as epidermal stem cells, were capable of
regenerating a highly stratified epidermal layer on the dermal
equivalent surface (Figs. 9A-C).

Discussion

In the present study, we demonstrated that the differentiated epi-
dermal cells dedifferentiated into stem cells or stem cell-like cells
in vivo and these cells isolated and cultured in vitro had pheno-
typic and functional characteristics of epidermal stem cells: (1)
some of differentiated epidermal cells in grafted epidermal sheets
eliminated of basal stem cells dedifferentiated into stem cell-like
cells expressing CK19 and B1-integrin under wound microenvi-
ronment; (2) these dedifferentiation-derived cells could be isolated
by differential adhesion, cultured in vitro, and had morphological
features of epidermal stem cells; (3) dedifferentiation-derived cells
exhibited positive expression of CK19, Bi-integrin, Oct4 and
Nanog and (4) dedifferentiation-derived cells, as well as epidermal
stem cells, exhibited a high colony-forming efficiency, a long-term
proliferative potential, and the ability to regenerate a skin equiva-
lent. These suggest that we can generate abundant epidermal
stem cells with an efficient dedifferentiation process for wound
repair and regeneration.

In mammalian system, dedifferentiation is often associated
with carcinogenesis [24]. In addition, it was also reported that
pancreatic cells [25], renal epithelial cells, retinal cells, myoblasts
[6], chondrocytes, and many other cells all have the potential of
dedifferentiation in response to appropriate signals or factors
[26]. In epidermis tissue, differentiated epidermal cells in vivo
treated with rhEGF were found dedifferentiated into stem cells or
stem-like cells in prickle cell and granular layers of regenerated
epidermis [14-16]. These small cells exhibited positive expression
of B1-integrin and CK19, which are thought to be special molecu-
lar markers of epidermal stem cells [27]. Here, we transplanted
the human epidermal sheets eliminated of basal stem cells onto
the skin wounds for 5 days without treatment of any growth fac-
tors and found that cells negative for CK10 but positive for CK19
and B1-integrin emerged at the wound-neighbouring side of the
grafted sheets. These results suggested that some of the differen-
tiated epidermal cells in grafted epidermal sheets dedifferentiated
into stem cells or stem cells-like cells under the wound microen-
vironment. This finding is not surprising, because serum factors,
which may be similar to the situation of wound microenvironment
which contains many serum factors, can induce the dedifferentia-
tion of HaCaT keratinocytes [13].

If these dedifferentiation-derived cells were intended to be
used widely in regenerative medicine, they should be isolated for
characteristic identification. Now, there are three ways of isolating
epidermal stem cells. These include methods of isolating stem
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Fig. 6 Colony-forming efficiency of epidermal cells. (A) Representative photograph of cell colonies in the control (differentiated epidermal cells); (B)
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cells on the basis of rapid adhesion to type IV collagen [17], high
surface expression of special molecular markers [28] and relative
cell size [29, 30]. However, the most simply and effectively isolat-
ing method is differential adhesion. It was reported that epidermal
stem cells can be isolated to greater than 90% purity on the basis
of their adhesive properties [31]. In this study, we showed that
there were 4.56% adhering cells in the grafted group within 10 min.
These rapidly adhering cells probably are dedifferentiation-derived
cells, because they have morphological features of epidermal stem
cells which were small round-shaped cells with large nuclear-
cytoplasmic ratio. However, there were no adhering cells in
control group (ungrafted sheets) within 3 hrs, which further
demonstrated no remnant basal stem cells in ultrathin epidermal
sheets. After 6 hrs, 8.11% adhering cells (differentiated epidermal
cells) emerged, which were large flat-shaped cells with small
nuclear-cytoplasmic ratio. These slowly adhering cells may har-
bour the post-mitotic differentiating cells and minority transit
amplifying cells which, after one to five rounds of division,
undergo terminal differentiation [32]. Furthermore, Y-chromo-
some-specific sequences could be detected in the adhering cells
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isolated from grafted ultrathin epidermal sheet, which clearly
excluded the possibility that the cells isolated from xenografts
were originally from recipient female mice and supported that
these cells highly likely derived from the human male donors.
The phenotypic characterization of dedifferentiation-derived
cells cultured in vitro revealed that dedifferentiation-derived cells
exhibited positive expressions of CK19, Bi-integrin, Oct4 and
Nanog. It is well known that CK19 and B1-integrin are mainly
expressed in the basal layer of epidermis as special molecular
markers of epidermal stem cells [14, 27]. The self-renewal genes
Oct4 and Nanog, known to be highly expressed in self-renewing
embryonic stem cells [33, 34], are also expressed in several adult
stem cells including epidermal stem cells, but not in normal differ-
entiated cells [19, 23, 35]. So, Oct4 and Nanog expressions have
been considered general markers of self-renewal in stem cells. In
addition, the in vitro functional assays showed that dedifferentia-
tion-derived cells, as well as epidermal stem cells [36, 37], were
able to develop significantly larger, active colonies than were dif-
ferentiated epidermal cells. In differentiated epidermal cells, the
proportion of cells in S and GoM phases remained lower, because
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they had reached their post-mitotic stage. In contrast, dedifferen-
tiation-derived cells consisted of the rapidly proliferating cell pop-
ulation (cells in S and GoM phases). Furthermore, the total days of
culture, the passage number of cells, and assumptive total cell

© 2009 The Authors

output all suggested that dedifferentiation-derived cells, as well as
epidermal stem cells, had long-term growth potential. Intriguingly,
the most significant characteristic of dedifferentiation-derived
cells was their ability to regenerate a highly stratified skin
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equivalents [38]. These results demonstrated that the phenotypic
and functional characteristics of dedifferentiation-derived cells
cultured in vitro were similar to epidermal stem cells. So, it is pos-
sible that dedifferentiation-derived cells will be another source of
epidermal stem cells for wound repair and regeneration in the
future. This fancy may resolve well the problem of a shortage of
epidermal stem cells and provide us an ethically acceptable alter-
native treatment route without risk of genetic incompatibility and
tissue rejection.

Taken together, we have reproduced the phenomenon of differ-
entiated epidermal cell dedifferentiation, and for the first time
demonstrated that dedifferentiation-derived cells isolated and cul-
tured in vitro have characteristics of epidermal stem cells: rapid
adhesion to type IV collagen, small round shape with large

nuclear-cytoplasmic ratio, positive expression of CK19, B1-inte-
grin, Oct4 and Nanog, high colony-forming efficiency, long-term
proliferative potential and ability to regenerate a skin equivalent.
This provides us another promising way to yield epidermal stem
cells for wound repair and regeneration.
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