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Overexpression of cyclin D1 induces the reprogramming of differentiated epidermal
cells into stem cell-like cells
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ABSTRACT
It has been reported that Wnt/b-catenin is critical for dedifferentiation of differentiated epidermal cells.
Cyclin D1 (CCND1) is a b-catenin target gene. In this study, we provide evidence that overexpression of
CCND1 induces reprogramming of epidermal cells into stem cell-like cells. After introducing CCND1 gene
into differentiated epidermal cells, we found that the large flat-shaped cells with a small nuclear-
cytoplasmic ratio changed into small round-shaped cells with a large nuclear-cytoplasmic ratio. The
expressions of CK10, b1-integrin, Oct4 and Nanog in CCND1 induced cells were remarkably higher than
those in the control group (P < 0.01). In addition, the induced cells exhibited a high colony-forming ability
and a long-term proliferative potential. When the induced cells were implanted into a wound of
laboratory animal model, the wound healing was accelerated. These results suggested that overexpression
of CCND1 induced the reprogramming of differentiated epidermal cells into stem cell-like 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 have an important role in wound repair
and tissue engineering of replacement skin.1,2 But the number
of these stem cells, which only consist of 1–10% of the basal
layer in normal epidermis,3 is limited, which has hampered the
widely clinical applications. So, the new sources of epidermal
stem cells need to be found. There are a large number of differ-
entiated epidermal cells which have lost their regenerative abil-
ity. How to make these cells reverse to a less differentiated form
and regain the ability to regenerate the injured skin may resolve
the problem of a shortage of epidermal stem cells.

Cellular reprogramming which includes horizontal and vertical
reprogramming has been used to generate patient specific cells for
therapeutic purposes.4 Horizontal reprogramming is called trans-
differentiation and vertical reprogramming is called dedifferentia-
tion. Cellular dedifferentiation is the progression of cells from a
more differentiated to a less differentiated state and the major pro-
cess underlying totipotency, regeneration and formation of new
stem cell lineages. In 2006, Yamanaka et al.5 reported that mouse
embryonic fibroblasts could be reprogrammed into embryonic
stem-like cells by transduction of 4 transcription factors, Oct4,
Sox2, c-Myc, and Klf4.1, which proved that differentiated, perhaps
nondividing cells, could be reprogrammed into highly proliferative

embryonic cells. Induction of these induced pluripotent stem (iPS)
cells is a typical example of dedifferentiation. The dedifferentiation
phenomenon of epidermal cells has already been reported in the
wound treated with recombinant human epidermal growth factor
(rhEGF).6 In succedent research, we provided evidence that Wnt/
b-catenin pathway was necessary for dedifferentiation of epidermal
cells in vivo and in vitro. In addition, CCND1 as b-catenin target
gene was also upregulated during the process of dedifferentiation.7,8

Recently, it has been shown that the loss of p53 function
can enhance the efficiency of reprogramming, suggesting that
the cell cycle is an important step in the reprogramming pro-
cess.9-11 CCND1 is a critical gene involved in the regulation of
progression through the G1 phase of the cell cycle, thereby
contributing to cell proliferation. Repression of CCND1 gene
expression is a hallmark of cell differentiation.12 Edel et al.13

found that CCND1 protein levels were highly expressed in
iPSCs compared to ESCs. Overexpression of CCND1 with 3
factors (Oct4/sox2/Klf4) increased the efficiency of reprogram-
ming more than threefold, by increasing the number of cells
in S phase of the cell cycle, demonstrating that CCND1 up-
regulation was sufficient for enhancing reprogramming. In
our previous study, we had found increased expression of
CCND1 in dedifferentiation-derived epidermal stem cells.
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Thus, we speculate that CCND1 might be involved in dediffer-
entiation of epidermal cells. With overexpression of CCND1
in differentiated epidermal cells, we herein offered more evi-
dences to support the hypothesis that the cell cycle is a rate-
limiting step in epidermal cell dedifferentiation.

Results

CCND1 expression in cells

pEGFP-N1-empty and pEGFP-N1-CCND1 plasmids were
transfected into differentiated epidermal cells. After two days,
transfected cells were collected for flow sorting. All of the
obtained cells expressed green fluorescent protein (GFP)
(Fig. 1A). The results of RT-PCR showed that the expression of
CCND1 in G-CCND1 was much higher than that in G-empty
(P < 0.01) (Fig. 1B).

Morphologic characteristics

Transfected cells were plated again into the culture dish after flow
sorting. Three days later, morphologic characteristics of trans-
fected cells including G-empty and G-CCND1 were photographed
along with non transfected cells including G-non and G-positive.
The morphology of cells in G-empty and G-CCND1 groups had
striking differences. The former were large flat-shaped cells with a
small nuclear-cytoplasmic ratio and the latter were small round
shaped cells with a large nuclear-cytoplasmic ratio. This demon-
strated that the large flat-shaped cells had changed into small
round-shaped cells along with the increase in the nuclear-cyto-
plasmic ratio after a 5-day induction by CCND1. There were no
differences in morphology between G-non and G-empty and also
between G-CCND1 and G-positive (Fig. 2). This result demon-
strated that the CCND1-induced cells had morphologic character-
istics of epidermal stem cells.

CK10 and b1 integrin expression

The expressions of CK10 and b1 integrin in cultured epidermal
cells from the 4 groups were observed by using immunofluores-
cence. We found that overexpression of CCND1 in differentiated
epidermal cells significantly decreased the number and proportion
of CK10 positive cells (Fig. 3A and B). Just as G-positive (Fig. 3C),

there was no CK10 positive cells in G-CCND1. In contrast, the
expression of b1 integrin was enhanced by the transfection of
recombinant plasmid pEGFP-N1-CCND1 into differentiated epi-
dermal cells (Fig. 3D and E). Moreover, red staining indicated
very intense b1 integrin expression in the membrane and cyto-
plasm of epidermal stem cells (Fig. 3F) and CCND1-induced cells.
G-non had CK10 positive cells, but no b1 integrin positive cells
were shown in G-non (data not shown). This result demonstrated
that the CCND1-induced cells had phenotypic characteristics of
epidermal stem cells.

Oct4 and Nanog expression

Recently, transcription factors Oct4 and Nanog have been found
to be expressed in stem cells from different adult human tissues.
Thus, their expressions have been considered general markers of
self-renewal and pluripotency in stem cells. To further confirm the
stem cell-like nature of CCND1-induced cells, we investigated the
expressions of Oct4 and Nanog. Real-time PCR analysis revealed
that CCND1-induced cells, as well as epidermal stem cells, were>
4-5 fold enriched for both Oct4 and Nanog compared with G-
empty and G-non groups (P< 0.01; Fig. 4). This finding is consis-
tent with observations reporting Oct4 and Nanog expression in
epidermal stem cells cultured in vitro7,8,14 and Oct4 expression in
rare interfollicular basal cells of human epidermis in situ.15

Cell cycle

To study the changes in cell cycle of the induced cells, 3 cell subpo-
pulations (G0/G1, S and G2/M) were estimated by performing a
flow cytometric measurement of the DNA distributions of the
cells. In CCND1-induced and positive control groups, more cells
were found in S phase and G2 /M phase of the cell cycle compared
with the G-empty and G-non groups (P < 0.01; Fig. 5). There
were no differences in 3 cell subpopulations between G-non and
G-empty. The data suggested that there were more CCND1-
induced cells in the proliferative phase.

Long-term growth potential

Experiments were performed to examine whether CCND1-induced
cells and epidermal stem cells had long-term growth potential. Days

Figure 1. Cell transfection and the expression of pEGFP-N1-CCND1. A: Cell transfection of pEGFP-N1-CCND1. Scale bar D 50 mm. B: The expression of CCND1 detected by
quantitative real-time PCR. The CT data of empty group (control) were seen as “1” and the relative expression of the other group was calculated according to the empty
group by the CT data. The data are the means § SD (n D 10). ��P < 0.01, as compared with empty vector control. CCND1, cyclin D1; EGFP, enhanced green fluorescent
protein; SD, standard deviation.
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in culture in G-empty group ranged from 7 to 11, with an average of
9 § 2 days, and there was no significant difference compared with
G-non. However, for the CCND1-induced group, days in culture
ranged from 56 to 80, with an average of 68 § 12 days, and there
was no significant difference compared with the positive control
group (Fig. 6A). The number of passages in G-empty group ranged
from 1 to 3, with an average of 2 § 1, and there was no significant
difference compared with G-non. For the CCND1-induced group,
the number of passages ranged from 9 to 19, with an average of 14
§ 5, and there was no significant difference compared with the posi-
tive control group (Fig. 6B). Total cell outputs of G-empty and G-
CCND1 groups were 1.0 £ 105 and 2.0 £ 1010, respectively
(Fig. 6C). These results demonstrated that CCND1-induced cells
and epidermal stem cells had similar long-term growth potentials.

Colony-forming ability

Epidermal stem cells are clonogenic and have high colony-
forming ability. To determine whether CCND1-induced
cells also have this ability, the number of colonies consisting
of 10 or more cells was counted blindly. We found that the
CCND1-induced cells possessed higher clonogenic capacity
than that of G-empty group (Fig. 7A and B). The number
of colonies consisting of 10 or more cells in G-CCND1
group increased 6-fold compared with that in G-empty (P
< 0.01), and there was no significant difference compared
with the positive control (Fig. 7C and D). These data
showed a highly significant capacity of CCND1-induced
cells to give rise to colonies.

Figure 2. Morphological characteristics of epidermal cells in the 4 groups. A: Non transfection (G-non) group; B: Empty vector transfection (G-empty) group; C: CCND1
transfection (G-CCND1) group; D: Positive control (G-positive) group. Scale bar D 50 mm. CCND1, cyclin D1; G, group.

Figure 3. CK10 and b1-integrin expressions in epidermal cells from G-empty, G-CCND1 and G-positive groups. A-C: Representative photographs of CK10 expression; D-F:
Representative photographs of b1-integrin expression. PE signals (red) were examined under fluorescence microscopy. The nuclei were counterstained with DAPI (blue).
Scale bar D 50 mm. CCND1, cyclin D1; CK10, cytokeratin 10; PE, phycoerthrin; DAPI, 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride.
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Evaluation of healing

After anaesthetization, the full-thickness cutaneous wounds
were created on the back of BALB/c nude mice. The wound
area was measured at 2 and 4 weeks after implantation (Fig. 8).
At 2 weeks, wound closure in G-CCND1 and G-positive groups
were enhanced obviously compared with that in G-non and
G-empty groups. At 4 weeks, all wounds in G-CCND1 and G-
positive groups healed up and no completely closed wounds
were observed in G-non, G-empty and control (no graft)
groups. Wound closure in G-non, as well as in G-empty,
appeared similar to that in control. To trace the implanted cells,

immunofluorescence was performed on tissue sections with
primary mouse monoclonal anti-human b1-integrin antibody
and Hoechst 33342. We found that the implanted cells in G-
CCND1 and G-positive groups formed a stratified epidermal
layer on the wound surface, but not in G-non and G-empty
groups (Fig. 9).

Discussion

In the present study, we demonstrated that high expression
of CCND1 induced dedifferentiation (vertical reprogram-
ming) of differentiated epidermal cells into stem cell-like

Figure 4. Relative expression of self-renewal and pluripotency genes Oct4 and Nanog in the 4 groups. A: Relative expression of Oct4; B: Relative expression of Nanog. The
data are the means § SD (nD 10). ��P < 0.01, as compared with empty vector control. CCND1, cyclin D1; G, group; SD, standard deviation.

Figure 5. Cell cycle detection of epidermal cells in the 4 groups. A: Representative flow cytometric analysis of G-empty; B: Representative flow cytometric analysis of G-
CCND1; C: Representative flow cytometric analysis of G-positive; D: Statistics data of cell cycle. The data are the means§ SD (nD 10). ��P< 0.01, as compared with empty
vector control. CCND1, cyclin D1; G, group; SD, standard deviation.
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cells. PEGFP-CCND1 plasmids were transfected into differ-
entiated epidermal cells. After 5 days, CCND1 overexpres-
sion induced differentiated epidermal cells to exhibit
positive expression of CK19, b1 integrin, Oct4, and Nanog.
CCND1-induced cells and epidermal stem cells exhibited a

high colony-forming efficiency, a long-term proliferative
potential, and the ability to repair wounds. These results
suggest that abundant epidermal stem cells can be generated
by overexpression of CCND1, maybe through manipulating
the cell cycle.

Figure 6. Long-term growth potential of epidermal cells in the 4 groups. (A) Total days in culture of each group. (B) Number of passages in each group. (C) Assumptive
total cell output in each group. The data are the means § SD (n D 10). ��P < 0.01, as compared with empty vector control. SD, standard deviation.

Figure 7. Colony-forming efficiency of of epidermal cells in the 4 groups. A: Colonies in G-empty group; B: Colonies in G-CCND1 group; C: Colonies in G-positive group; D:
Cartogram of Colony-forming efficiency. The data are the means § SD (n D 10). ��P < 0.01, as compared with empty vector control. Scale bar D 50 mm. CCND1, cyclin
D1; G, group; SD, standard deviation.
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It has long been thought that once mammalian cells are com-
mitted to a specific lineage, they can no longer change their fate,
thus they become the so-called terminally differentiated cells. But
recent studies suggest that differentiated mammalian cells can be
induced to assume new fates under appropriate conditions. It has
been shown that a combination of 3 or 4 factors of Oct4, Sox2,
and KLf4, with or without Myc, can reprogram somatic cells to
generate iPSCs.5,16 Analysis of partially reprogrammed iPSCs
reveals temporal and separable contributions of the 4 factors and
indicates that ectopic c-Myc acts earlier than the pluripotency
regulators.17 Indeed, overexpression of Myc is known to regulate
cyclin D1, promoting cell cycle progression, although it remains
unknown if the cell cycle function of c-Myc plays a separate role
to the pluripotency genes (Oct4/sox2/Klf4) in the reprogramming
process.18 Rapid cell cycling is a feature of PSCs and is central in
promoting pluripotency and self-renewal.19,20 G1/S arrest
resulted in smaller hESC colonies, the down-regulation of the plu-
ripotency marker Oct4, and rapid differentiation of the
hESCs.21,22,23 CCND1 is a critical gene regulating cells through
the G1 phase of the cell cycle and was found to play an important
role in pluripotency maintenance.24 Edel et al.13 also reported
that overexpression of wild-type cyclin D1 was responsible for
reprogramming human somatic cells toward iPSCs.

We have obtained evidence of the dedifferentiation of epider-
mal cells to stem cells or stem cell-like cells in vivo6,25 and in
vitro.26 We demonstrated further evidence to demonstrate that
this dedifferentiation phenomenon happened when the Wnt/
b-catenin pathway was activated. Cyclin D1 and c-Myc are b-cat-
enin target genes whose expressions were upregulated during the
process of dedifferentiation.27,28 In this experiment, the effects of
CCND1 overexpression on morphologic, phenotypic, growth
and functional characteristics of the differentiated epidermal cells
were observed. The shape changed as discribed in results and the
phenotypic assays revealed that the CCND1-induced cells exhib-
ited positive expressions of b1 integrin, Oct4 and Nanog and neg-
ative expression of CK10. It has been reported that CK10 and b1
integrin are markers of differentiated epidermal cells and epider-
mal stem cells in adult human skin, respectively.29 The self-
renewal genes Oct4 and Nanog, known to be highly expressed in
self-renewing embryonic stem cells,30,31 are also expressed in sev-
eral adult stem cells including epidermal stem cells, but not in
normal differentiated cells.15 So, Oct4 and Nanog expressions
have been considered general markers of self-renewal and pluri-
potency in stem cells. In addition, the growth and functional
assays showed that the CCND1-induced cells, as well as epider-
mal stem cells,32,33 were able to develop significantly larger, active

Figure 8. Acceleration of wound closure by epidermal cells in the 4 groups. A: Representative photograph of G-non group; B: Representative photograph of G-empty
group; C: Representative photograph of G-CCND1 group; D: Representative photograph of G-positive group; E: Cartogram of wound closure at days 14 and 28 after trans-
plantation. The data are the means§ SD (nD 8). �P < 0.05, ��P< 0.01, as compared with empty vector control. Scale barD 50 mm. CCND1, cyclin D1; G, group; SD, stan-
dard deviation.
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colonies than were non-induced cells (G-non and G-empty). In
differentiated epidermal cells, the proportion of cells in S and
G2M phases remained lower, since they had reached their postmi-
totic stage. In contrast, the CCND1-induced cells consisted of the
rapidly proliferating cell population (cells in S and G2M phases).
Furthermore, the total period of culture, the passage number of
cells, and assumptive total cell output all suggested that the
CCND1-induced cells had long-term growth potential. These
results demonstrated that the morphologic, phenotypic and
growth characteristics of the CCND1-induced cells were very
similar to that of epidermal stem cells, that was to say the overex-
pression of CCND1 induced the dedifferention of differentiated
epidermal cells. This is in agreement with the earlier study that
primary cultured keratinocytes in which Cyclin D1 expression
was induced resistant to calcium-induced terminal differentiation
and continued cell growth in vitro.34

In our laboratory, we have done a significant amount of
work in wound repair and regeneration with stem cells.35-37

This work includes a relatively complete system for the isola-
tion, culture, identification, and transplant of certain stem cells.
We have also induced these stem cells to differentiate into
many cell types, both in vitro and in vivo, and explored the pos-
sibilities of enhancing the healing and regeneration of skin
injury by cell transplantation.7,38,39 The most significant char-
acteristic of the epidermal stem cells is their ability to enhance
the wound healing. In this experiment, CCND1-induced cells
promoted wound closure by forming a stratified epidermal
layer on the wound surface. In addition, tumor formation was
not been observed in the wound. These results demonstrated
that dedifferention-derived epidermal stem cells induced by
CCND1 were the safe seed cells for wound treatment.

Collectively, we have reproduced the phenomenon of
epidermal cell dedifferentiation by transgenic method. The
differentiated epidermal cells induced by CCND1, have the
morphological, phenotypical, and functional characteristics
of epidermal stem cells. Furthermore, the dedifferention-
derived epidermal stem cells can accelerate the wound heal-
ing safely. This provides us with a promising method of
generating epidermal stem cells for wound repair and skin
tissue engineering.

Materials and methods

Ethics statement: Tissues were obtained from human subjects
after they gave their informed consent. The protocol was
approved by the national ethics committee in China.

Cell culture

Differentiated human epidermal cells were isolated from epi-
dermal sheets by differential adhesion. Human foreskin speci-
mens were digested at 4�C with 2 mg/ml protease (Sigma, St.
Louis, MO) for 10-12 h and then the epidermis was isolated
from dermis. The isolated epidermis sheets were cut into pieces,
digested with 0.25% trypsinase for 20 minutes at 37�C and
made into single cell suspension. After centrifugation, the cells
were gently resuspended in Epilife Medium supplemented with
1% human keratinocyte growth supplement (HKGS) (Cascade
Biologics, Portland, OR) and seeded on collagen IV-coated
25 cm2

flasks (Costar, Corning, NY) at a density of 5 £ 105

cells/cm2. After 3 h, non-adherent cells were gently removed to
new collagen IV-coated culture flasks and cultured for another

Figure 9. Stratified epidermal layer on the wound surface formed by the implanted cells. A: Representative photograph of G-non group; B: Representative photograph of
G-empty group; C: Representative photograph of G-CCND1 group; D: Representative photograph of G-positive group. Scale bar D 50 mm. CCND1, cyclin D1; G, group.
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6 h in a 37�C/5% CO2 incubator. A series of experiments were
performed on subsequent adherent cells. Epidermal stem cells
dispersed from full-thickness epidermal sheets by adhering to
collagen IV for 10 min.40,41

Vector construction, cell transfection and flow sorting

We retrieved the CCND1 gene sequence from GenBank and
designed the following primers: CCND1-F (Bgl2): GAagatc-
tATGGAACACCAGCTCCTGTG, CCND1-R (Kpn1):
GGggtaccGTGATGTCCACGTCCCGCAC. The eukaryotic
expression plasmid pEGFP-N1 was digested with the restriction
endonucleases Bgl2 and Kpn1. The CCND1 insert and linear-
ized plasmid were joined by T4-DNA ligase to construct the
plasmid pEGFP-N1-CCND1. The recombinant plasmids were
identified by Bgl2/Kpn1 and gel electrophoresis. One fragment
of approximately 1,000 bp was observed after digestion, which
is the CCND1 gene.

Differentiated epidermal cells were divided into non trans-
fection (G-non), empty vector transfection (G-empty) and
CCND1 transfection (G-CCND1) groups. Epidermal stem cells
were used as the positive control (G-positive). Untransfected
cells were used as the negative control. Transfection was carried
out using LipofectamineTM 2000 (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. After two days,
transfected cells were collected for flow sorting and used to
detect the expression of CCND1 by quantitative real-time PCR
(RT-PCR).

Microscope

Cells from the 4 groups were plated into a 6-well plate (Costar,
Corning, NY) whith 4 £ 105 cells/ml. Inverted phase contrast
microscope was used to image these cells.

Immunofluorescence

Cells from the 4 groups were fixed with 4% paraformaldehyde
and then incubated with primary mouse monoclonal anti-
human CK10 and b1-integrin antibodies (1:500; Santa Cruz)
for 1 hour at room temperature. The primary antibodies were
removed, and the cells were incubated for 30 min with phycoer-
thrin (PE)-conjugated goat anti-mouse IgG secondary antibody
(1:1,000; Santa Cruz). The nuclei were counterstained with 2-
(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride
(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 the cultured cells in each group
using the TRIzol kit (Invitrogen) and reverse-transcribed
into cDNA with SuperScript III (Invitrogen) according to
the manufacturer’s instructions. Gene-specific primers for
Oct4 (forward, 50-GAAGTTGGAGAAGGTGGAACCA-30;
reverse, 50-GCTTCAGCAGCTTGGCAAA-30) and Nanog
(forward, 50-TCTTCCTGGTCCCCACAGTTT-30; reverse,
50-GCAAGAATAGTTCTCGGGATGAA-30) CCND1

(forward, 50-CTGTCCCACTCCTACGATACG-30; reverse,
50-CAGCATCTCATAAACAGGTCACTAC-30),42 were opti-
mized for expression analyses by real-time PCR on an ABI
7500 thermocycler (Applied Biosystems, Foster City, CA).
The reactions comprised ABsolute QPCR SYBR Green ROX
mix (ABgene, Epsom, UK) and were incubated for 2 min at
50�C, 15 min at 95�C, and then 40 cycles of 15 s at 95�C,
and 1 min at 60�C, followed by dissociation-curve analysis
to confirm specificity. Expression of elongation factor (EF)-
1a (forward, 50-ATTCGAGACCAGCAAATACTATGTGA-
30; reverse, 50-AGCCTGGGATGTGCCTGTAA-30) was used
for normalization, and the relative expression was calculated
by using the comparative CT method.43,44 The CT data of
control group are seen as “1” and the relative expressions
of the target genes were calculated according to the control
group by the CT data.

Cell cycle

We plated 6 £ 104 cells/ml, from the above 4 groups, onto a
60mm culture dish (Costar), and cultured them for another 3
and 6 d. After fixation with 75% ethanol, single cell suspensions
were digested with DNase-free RNase in PBS containing 5 mg/
ml propidium iodide (Sigma) for DNA staining (45 min at
37�C). The propidium iodide fluorescence and forward light
scattering were detected with a flow cytometer (FACS scan;
Beckton Dickinson) equipped with cellquest (Largo, FL, USA)
software. The percentage of cells in every phase of the cell cycle
was calculated.

Long-term growth potential

Harvested cells from the 4 groups were seeded onto culture ves-
sels at a density of 6.0 £ 103 cells/cm2. When cell density
reached 70-90% confluence, they were serially passaged (up to
1.5 £ 106 cells seeded) until cells lost their proliferative capac-
ity. The total days of culture, the passage number of cells, and
assumptive total cell output were determined. As up to 1.5 £
106 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.

Colony-forming efficiency

We plated 4 £ 103 cells, from the above 4 groups, into a 6-well
plate (Costar), cultured them for another 7 d in Epilife Medium
(changed 4 d post-plating). Under the microscope, colonies
consisting of 10 or more cells were counted blindly.

Transplantation of human cells into BALB/c nude mice

BALB/c nude mice (No. 01030101) were supplied by the Insti-
tute of Experimental Animals, Chinese Academy of Science
(CAS). Mice were housed in standard animal cages under con-
trolled temperature and humidity with 12-hour light/dark
cycles. Animal handling and experimentation was approved by
the Animal Care and Use Review Committee of IOZ, CAS, and
the Institute of Biological Products of Beijing. Mice were anes-
thetized with xylazine (5 mg/kg) and prepared for the wound
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model. Full-thickness circular wounds (1.5 cm) were generated
down to the muscular layer on the back using a 1 cm punch
biopsy. A total of 40 animals were randomized to 5 groups for
treatment: control (no graft) and G-non, G-empty, G-CCND1
and G-positive grafting. Cells (6 £ 106 cells) were suspended in
0.1 ml Epilife Medium, mixed with 0.1 ml cold Matrigel (BD
Biosciences, USA), and incubated at 37�C for 30 minutes to
allow gel formation. After gel formation, the cell mixtures were
grafted to the wounds and overlaid with a piece of nonadherent
dressing placed orthotopically. After 2 weeks, the dressings
were removed and the mice were left undisturbed until 4 weeks
postoperatively, when they were killed.

Evaluation of healing

The wound area was determined by computer planimetry.
After 4 weeks, biopsies of tissue were performed and the speci-
mens were harvested. To monitor the transplanted cells in the
wound, tissue sections were incubated with primary mouse
monoclonal anti-human b1-integrin antibody and stained with
Hoechst 33342 (SigmaeAldrich, St. Louis, MO) according to
the manufacturer’s protocol.

Statistical analysis

The data were analyzed with SPSS software, Version 12.0 (SPSS
Inc., Chicago, IL). All values are expressed as the mean § stan-
dard deviation. The data were analyzed using one-way analysis
of variance (ANOVA) and Newman–Keuls–Student’s t test. A
tied-P value of < 0.05 was considered statistically significant.

Abbreviations

CCND1 cyclin D1
CK10 cytokeratin 10
DAPI 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride
EF-1a elongation factor ¡1a
EGFP enhanced green fluorescent protein
HKGS human keratinocyte growth supplement
iPSCs induced pluripotent stem cells
PE phycoerthrin
rhEGF recombinant human epidermal growth factor
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