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Abstract In adults, severely damaged skin heals by scar
formation and cannot regenerate to the original skin
structure. However, tissue expansion is an exception, as
normal skin regenerates under the mechanical stretch
resulting from tissue expansion. This technique has been
used clinically for defect repair and organ reconstruction
for decades. However, the phenomenon of adult skin
regeneration during tissue expansion has caused little
attention, and the mechanism of skin regeneration during
tissue expansion has not been fully understood. In this
study, microarray analysis was performed on expanded
human skin and normal human skin. Significant difference
was observed in 77 genes, which suggest a network of
several integrated cascades, including cytokines, extracel-
lular, cytoskeletal, transmembrane molecular systems, ion
or ion channels, protein kinases and transcriptional sys-
tems, is involved in the skin regeneration during expansion.
Among these, the significant expression of some regener-
ation related genes, such as HOXAS5, HOXB2 and API,
was the first report in tissue expansion. Data in this study
suggest a list of candidate genes, which may help to elu-
cidate the fundamental mechanism of skin regeneration
during tissue expansion and which may have implications
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Introduction

Although scarless wound healing can be observed in early
gestational stage, postnatal skin cannot achieve complete
regeneration when deeply injured [10]. However, conven-
tional tissue expansion is an exception,because normal skin
regenerates during the process of tissue expansion [8].

Tissue expansion was introduced clinically in 1957 for
the reconstruction of a partially avulsed ear [28]. By
implanting a silicon sac subcutaneously and regularly
injecting sodium chloride into it, new skin forms under the
mechanical stretch, providing a supply of tissue similar in
color, structure, and adnexal distribution to the lost tissues
for defect repair [1, 8, 28]. This technique has been used
clinically for many years; however, the phenomenon of
skin regeneration during expansion has received little
attention, and the molecular mechanism of skin regenera-
tion during expansion is not well understood.

In 1986, Austad et al. [2] initially discovered mitosis
increased after tissue expansion. Subsequently, several
studies have determined that an increase in tissue surface
area expansion is the result of new regenerated tissue rather
than “mechanical creep” under stretch [19, 26]. Studies
have been performed to explore the mechanism of skin
regeneration during tissue expansion. These published
research studies mostly focused on animals, cultured
cells, other stretched tissues, or focused on specific genes
[15, 17, 31]. However, no other studies have systematically
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disclosed this kind of network, especially that involving in
human skin regeneration during tissue expansion.

In this study, microarray analysis was performed on the
expanded skins in order to identify genes with potential
regenerative functions, and the nearby normal skin from
the same patient was used as controls.

Materials and methods
Patient information and sample collection

Expanded skin and adjacent normal skin were collected
from the same patient who had undergone plastic and
reconstructive surgery using tissue expansion technique.
Six samples from three patients were included in this study,
in the 2040 age range. The specimens were collected
during the second-stage surgery when the expanders were
removed. The information of patients was listed in Table 1.
All the patients were under tissue expansion for 3 months
with an injection of sodium chloride each week during this
period, and with a 1-week break when there was enough
skin tissue for repair and reconstruction. There were no
complications during the expansion process. All samples
were provided by our hospital with the patient’s informed
consent and approval of the hospital’s Ethical Committee.
All the patients were healthy and none of the patients were
smokers. Part of the specimens (1 x 1 cm) were fixed for
histological examination while the rest of tissues were
homogenized in Trizol (Invitrogen), and fast-frozen in
liquid nitrogen for storage until RNA extraction.

Histological examination

For HE and immunohistochemistry assays, tissues were fixed
with 4% paraformaldehyde for 24 h and embedded in paraffin.
6-um sections were stained with hematoxylin and eosin
(H&E) for conventional morphological evaluation, and with
anti-Ki67 (Dako) for detection of proliferating cells.

Microarray process

Genome-wide expression profile analysis by Illumina Bead
Array HumanRef-6 BeadChip was provided by United

Table 1 Patient information

Gene Holdings, Ltd., Shanghai, China. Microarray
sequences included 48,000 full-length and partial comple-
mentary DNAs representing known, novel, control genes,
and spliceosome from NCBI RefSeq, UniGene, RefSeq
Gnomon, Genome-Annotation RefSeq. The microarray
assay was performed in accordance with the manufac-
turer’s protocol.

RNA extraction and amplification

Total RNA was extracted from skin specimens with Tryzol
(Invitrogen). The RNA qualified by OD260/0D280 value
between 1.8 and 2.0, and clear straps after polyacrylamide
gel electrophoresis. The RNA sample was then dried and
stored at —20°C.

Anti-sense RNA synthesis, amplification
and purification

The synthesis, amplification, and purification of anti-sense
RNA were performed with Ambion Illumina RNA
Amplification Kit (Ambion, Inc., Austin, TX, USA)
according to the instruction within the kit. Specifically,
first reverse transcription was carried out to synthesize
first-strand cDNA and then the second strand. After puri-
fication, cDNA was transcripted in vitro into cRNA for
hybridization.

Hybridization

After labeled with biotin-16-UTP (Perkin Elmer Life and
Analytical Sciences, MA, USA), cRNA samples was
hybridized to the Illumina Sentrix Human-6 Expression
Bead Chip at 58°C for 18 h, according to the Manufac-
turer’s instructions (Illumina, Inc., CA, USA). The Bead
Chips were washed and then stained with cyanine3-strep-
tavidin (Amersham Biosciences, Buckinghamshire, UK)
for detection.

Detection and data analysis
Arrays were scanned with an Illumina Bead array Reader.

Data processing and analysis were performed using Illu-
mina BeadStudio software. Additional information on data

Patient Age (years) Sex Ethnicity Site Sample Expander Inflation
specification (ml) volume (ml)

Case 1 20 Female Asian Face Normal skin and expanded skin 50 129

Case 2 40 Male Asian Forehead Normal skin and expanded skin 100 270

Case 3 23 Female Asian Forehead Normal skin and expanded skin 80 210
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processing and analysis is available from the Web site:
http://www.illumina.com/. In order to minimize the effects
of variation arising from non-biological factors, Cubic
Spline normalization algorithms were used to transform
sample signals as previously described [40]. The statistical
significance of the expression of each gene in the normal
and expanded skin samples was compared with each other
by paired ¢ test followed by multiple testing correction to
determine the false discovery rate (FDR) as described by
Benjamini and Hochberg [3]. A FDR-adjusted p value of
<0.05 was considered statistically. The functional calcifi-
cation of the differentially expressed genes identified by
t test was listed in Table 3 and the clustering analysis
results were shown in Fig. 3. Hierarchical Clustering
analysis displays similarity of gene expression among the
cohorts. Genes represented by rows were -clustered
according to their similarities in expression patterns for
each tissue [11]. The fold change at in transcript level was
also calculated. Among all the differential expressed genes,
genes with more than twofold difference between the
expanded skin and the normal skin were listed in Table 4.

Reverse transcription polymerase chain reaction

The transcript level of the selected gene was confirmed by
Reverse transcription polymerase chain reaction (RT-
PCR). The primers for the gene were designed using the
software Primer Premier 5 (Premier Biosoft International,
CA, USA) and synthesized by Shanghai Sangon Biological
Engineering Technology & Services Co, Ltd. The primer
sequences are shown in the Table 2. RT-PCR was per-
formed in accordance with the standard protocol. Specifi-
cally, total RNA was extracted from specimens with Tryzol
(Invitrogen) and it was reverse transcribed into cDNA with
an RT-PCR kit (TaKaRa, Shiga, Japan). Subsequently, 2 pl
of each reaction product was amplified in 50 pl of a PCR
mixture. Then 26 cycles were performed with GeneAmp
PCR System2400 (ABI, USA) at 95°C for 5 min, 95°C for
30 s, 60°C for 40 s, 72°C for 1 min, and 72°C for 10 min
at the end of the procedure. f-actin was used as an internal
control. The sense and antisense primers used for these
analyses were as presented in Table 2. The amplified
products were separated on 2% agarose gel and they were
visualized with ethidium bromide (Sigma).

Results
Histological findings
The expanded skin was histological similar to normal

skin, with normal skin structures, including skin append-
ages as shown by HE staining. However, there were some

Table 2 RT-PCR primers

Primer Sequence

HOXA5 Sense GCACCCACATCAGCAGCAGA
HOXA5 Anti-sense TCGGAGAGGCAAAGAGCATG
HOXB2 Sense CCAAGAAACCCAGCCAATCC
HOXB2 Anti-sense GCGTGTTGGTGTAAGCCGTG
DKK?2 Sense ATTCGTCCTGCTGCCTGCTC
DKK2 Anti-sense GACACACCATGCAGGCCGAT
CNN1 Sense AGAAGTATGACCACCAGCGG
CNN1 Anti-sense TGGACTGCACCTGTGTATGG
AP-1 Sense GACCTTCTATGACGATGCCC

AP-1 Anti-sense CCCTCCTGCTCATCTGTCAC
GADD45f Sense AGAAGATGCAGACGGTGACC
GADD45f Anti-sense AGAAGGACTGGATGAGCGTG
FOXA1 Sense TTGAAGACTCCAGCCTCCTC
FOXAI Anti-sense GTGCCTGTTCGTATGCCTTG
IL-6 Sense CCACACAGACAGCCACTCAC

IL-6 Anti-sense TGGCATTTGTGGTTGGGTCA
GAPDH Sence CGGGAAATCGTGCGTGAC
GAPDH Anti-sense TGGAAGGTGGACAGCGAGG

differences between normal skin and the expanded skin.
For example, there were more cells with deeply stained
nuclear in the expanded skin than in normal skin, sug-
gesting more active cell proliferation in the epidermis of
the expanded skin (Fig. 1) Ki67 Immunohistochemical
staining elucidated enhanced cell proliferation in the
expanded skin. This kind of enhanced cell proliferation was
largely located and well distributed in the epidermis of the
expanded skin (Fig. 2).

Identification of differentially expressed genes

A total of 48,000 human genes were analyzed by micro-
array; 77 of them showed differential expression in expan-
ded skin compared with the normal skin. Among those, 20
genes were down-regulated, and 57 genes were up-regu-
lated. The overview of differently expressed genes is shown
in Fig. 3. Among those, 48 genes had at least twofold
increases at transcript level. Such genes were further clas-
sified by their function in Table 3 (genes with unclear
functions were not included). Gene expression for most
growth factors and their receptors was not statistically dif-
ferent between the expanded skin and the normal skin;
however, the expression of some cytokines such as IL-6 was
higher in the expanded skin than the normal skin. Genes
related to signaling pathways such as GADD45f and DKK2
were also higher expressed in the expanded skin. Other
genes higher expressed in the expanded skin mostly related
to extracellular, cytoskeletal, transmembrane molecular, ion
or ion channels, and protein kinases (Table 4).
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Fig. 1 HE staining showed that
the expanded skin was
histological similar to normal
skin with normal skin structures
and skin appendages. However,
there were more the cells with
deeply stained nuclear in the
expanded skin than in normal
skin (a Normal skin, b expanded
skin, 100x)

Fig. 2 Ki67
immunohistochemical staining
of normal skin (a) and the
expanded skin (b). Enhanced
cell proliferation was observed
in the expanded skin. Ki67
positive cells (nuclear stained
brown) spread all over the
epidermis of the expanded skin
(100x)

The most significantly up-regulated genes were HOXAS
and HOXB2, which were 24.33 times and 4.13 times
higher in the expanded skin than normal skin, respectively.
Such results have been verified by RT-PCR (Fig. 4).

Discussion

It is difficult to repair, replace or regenerate injured skin
tissue. In fact, most of the repair after a wound is incom-
plete with a loss of the original structure or function to
various degrees, despite the presence of the components
which are necessary to complete skin regeneration [25].
Complete regeneration can be only observed in the skin of
an early gestational fetus, an ability that is thought to be
lost with maturity [27].

However, tissue expansion provides an example of
postnatal skin regeneration. During tissue expansion,
cellular proliferation increased, more collagen synthesized,
growth factors secreted, and vascularization was intensified
[2, 7, 19]. New skin regenerates under the mechanical
stretch generating during expansion and the regenerated
new skin is histologically similar to the normal skin [8, 19,
26, 36, 39]. Such findings were also observed in our his-
tological results. However, an enhance cell proliferation
was observed in the epidermis of the expanded skin, which
is different from the previous finding that the cell
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proliferation returned to baseline over 2-5 days [2]. It may
due to a lag between the skin growth and tissue expansion
or due to the gravity of the tissue expander. The mechan-
ical stretch still exists even though the expansion has been
stopped, which therefore provide stimulus for such skin
growth. Since the expanded skin is generally histologically
similar to the normal skin, the differentially expressed
genes may be closely related to the cell proliferation in the
expanded skin and may be the potential reason for the skin
regeneration during expansion.

The mechanism of skin regeneration during skin
expansion has been described in previous studies using
tissues and cultured cells, as follows: Mechanical stretch
deforms extracellular matrix and this mechanical signal is
transmitted into cells by adhesion complexes within
membrane. Then, a complex network is initiated including
growth factors, extracellular, cytoskeletal, transmembrane
molecular systems, ion channels, protein kinases, and
transcriptional systems [16, 34, 37].

Similar results were also observed in our study. For
example, the over-expression of CNN1, ACTG2, MYH11,
and C6orf32 identified the role of cytoskeleton in this
process. In addition the over-expression of LOX, SMOC?2,
PLEK, MMP7, ADHI1A, KCNMBI1, HAK, and LOX
showed metal ion channels and protein kinases contrib-
uted to mechanical stretch initiated skin regeneration as
well.
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Fig. 3 Hierarchical clustering analysis for differential gene expres-
sion profiles in normal skin and the expanded skin (N = 6). 77 genes
showed differential expression (p < 0.05). Genes represented by rows
were clustered according to their similarities in expression patterns

for each tissue. The shade of red and green indicates up- or down-
regulation of a given gene according to the color scheme shown
below (E1, N1, E2, N2, E3, and N3 stand for the expanded skin and
the normal skin from case 1, case 2, and case 3)

Table 3 Functional
classification of variably
expressed genes

Class No. of upregulated No. of downregulated
genes genes
Extracellular matrix and cell adhesion 9 0
Cytoskeleton organization and biogenesis 4 1
Transmembrane molecules 2 1
Cytokine and chemokine 4 0
Ton channel 1 0
Signal transduction 4 0
Transcription factor activity 8 1
Cell proliferation 2 1
Metabolic process 2 11
Other 21 5

Despite of these similarities, there was some difference
observed in this study. For example, the expression of
growth factors was not statistically different between the
normal skin and the expanded skin. Moreover, different
from the reported role of protein kinase C-dependent
pathway in the mechanical initiated tissue growth [34], the

up-regulation of certain genes in this study exhibited some
other signaling pathways clues related to skin regeneration
during skin expansion. More specifically, the up-regulation
of DKK2 suggested a down regulated WNT signaling dur-
ing skin expansion [21]. The up-regulation of GADD45f, a
known protein which activate the p38/JNK pathway
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Table 4 Differential
expression of the genes with at
least two folds increase between
the expanded skin and the
unexpanded normal skin

suggested the involvement of p38/JNK pathway in this
process [29]. Furthermore, the expression of PAI-1,
FOXA1, AP-1, Actin and CNN1 showed that signaling

@ Springer

Gene symbol Gene name Ratio
Cytokines
CXCL2 Chemokine (C-X-C motif) ligand 2 15.88
1L6 Interleukin 6 (interferon, beta 2) 10.03
CXCL9 Chemokine (C-X-C motif) ligand 9 5.10
CXCL10 Chemokine (C-X-C motif) ligand 10 4.36
CNNI1 Calponin 1 5.30
Extracellular Matrix
ELN Elastin 5.63
PIP Prolactin-induced protein 5.36
CTHRC1 Collagen triple helix repeat containing 1 4.58
LOX Lysyl oxidase 3.45
SMOC2 SPARC related modular calcium binding 2 2.69
LOC651278 Similar to serine hydrolase-like 2 2.37
SERPINE1 Serpin peptidase inhibitor 4.38
MMP7 Matrix metallopeptidase 7 2.31
Cé6orfl5 Chromosome 6 open reading frame 15 3.71
Cystoskeleton
ACTG2 Actin 7.01
MYHI11 Myosin 3.27
C6orf32 Family with sequence similarity 65 2.40
Signal Transduction
STAC2 SH3 and cysteine rich domain 2 4.28
DKK2 Dickkopf homolog 2 3.08
GADD45B Growth arrest and DNA-damage-inducible, beta 3.01
TSPANS Tetraspanin 8 2.57
PLEK Pleckstrin 242
ANGPTLS Angiopoietin-like 5 2.57
Transcription factor activity
HOXAS Homeobox AS 2433
SPDEF SAM pointed domain containing 6.81
ets transcription factor
HOXB2 Homeobox B2 4.13
NFE2 Nuclear factor (erythroid-derived 2) 3.88
FOXA1 Forkhead box Al 2.25
JUNB Jun B proto-oncogene 2.09
Ion channel and metal ion binding
SMOC2 SPARC related modular calcium binding 2 2.69
PLEK Pleckstrin 242
ADHIA Alcohol dehydrogenase 1A (class I) 2.13
KCNMBI1 Potassium large conductance calcium-activated 2.08
channel, subfamily M
Protein kinases
HAK Alpha-kinase 2 4.31
LOX Lysyl oxidase 3.45
PNCK Pregnancy up-regulated non-ubiquitously 3.23

expressed CaM kinase

pathways related to cell proliferation also played a role [4,
12, 13, 30, 38], which was consistent with the histo-
logical findings that demonstrate cell proliferation was
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Fig. 4 RT-PCR results for the verification of the microarray results
of selected genes. E1, N1, E2, N2, E3, and N3 stand for the expanded
skin and the normal skin from case 1, case 2, and case 3

sustained even though the expansion was suspended for
1 week.

However, more important information may come from
the expression of some transcription factors such as
HOXAS5, HOXB2, FOXA1, and AP-1. In this study,
HOXAS, which was never reported in the area of skin
regeneration and wound healing, increased significantly
after skin expansion and was the most obvious up-regulated
amongst all the genes. HOX genes are a highly conserved
group of homeobox-containing genes, first discovered in
Drosophila. In mammals, the 39 HOX genes, which encode
a class of transcription factors are found in clusters named
A, B, C, and D on four separate chromosomes. Expression
of these proteins is spatially and temporally regulated
during embryonic development [23]. HOXAS, a member of
the HOX gene family, has been implicated in gene
expression regulation, cell fate determination, and is criti-
cal for morphogenesis during embryogenesis.

Previous studies have demonstrated HOXAS’s role in
controlling the proliferation, differentiation, and apoptosis
of epidermal cells [9, 14, 22]. Other studies showed that
HOXAS5 plays a role in ECM deposition and in the
release of some growth factors [6, 24] and in neovascu-
larization as proven in some carcinoma studies [5]. In
addition, the fact that disordered expression of HOXAS
may lead to some epithelial carcinomas further supports
its role in skin homeostasis and skin regeneration [32].
Recently, HOX gene family has become increasingly
implicated in skin development, embryonic scarless
wound repair, and their role in the regeneration of tissues
that are more complicated than skin, such as the tail fin of

zebrafish and the limbs of axolotl, has also been dem-
onstrated [18, 33, 35].

Thus, HOXAS5 may play an important role in adult
skin regeneration during tissue expansion. Moreover, the
expression of HOXB2 was also up-regulated. Whether
HOXAS, in combination with HOXB2, contributes to com-
plete skin regeneration has yet to be determined. However, it
can be stated that activating a transient and simultaneous
expression of other upstream and downstream genes of the
same HOX cluster as well as genes from other clusters is one
pattern of HOX genes’ role [20].

FOXA1 which is widely expressed in proliferating cells
was also over-expressed during skin expansion. Similar to
HOX genes, FOXALI has also been reported to play a role
in hair follicle regeneration, and its role in hair follicle
regeneration may have some relationship with HOX gene
family according to the existed literature [41]. Together
with FOXA1, AP-1 was up-regulated as well. Studies of
other tissues showed that AP-1 could mediate mechanical
responsive genes expression and contribute to the mechan-
ical stretch initiated cell proliferation [30].

Due to the ethnical problem and the limited source of
normal skin, it is difficult to acquire large quantities of
samples for the assay. Despite limited number of samples,
various measures have been taken to make the result
dependable. For example, each pair of the expanded skin
and its normal control was collected from the same ana-
tomical site from the same patient and the sampling loca-
tion among the three patients is similar, which can
minimize confounding factors caused by anatomy and
individual variation. Moreover, in the process of data
acquiring and analysis, multiple detections and corrections
were adopted to increase the accuracy. With the pre-
liminary findings of this study, it is still hard to tell the
relationship between gene expression and expansion vol-
ume and the specific function of certain genes as well as
their relation with other genes during expansion. Further
study is still needed to find answers to these questions.

In summary, this study first elucidated the gene
expression pattern in the expanded skin, suggesting a list of
target genes which may be closely related to adult skin
regeneration during skin expansion. Among those genes,
HOXAS and HOXB2 were obviously up-regulated. So far,
their actual role in adult skin regeneration remains largely
unknown. Still, the new information regarding HOX genes
in skin regeneration during skin expansion may have some
implications for identifying the fundamental mechanism of
skin regeneration, and it may lead to the development of
new wound healing therapies.

Acknowledgments We thank Dr Da Zhou for his help in sample
collection and Kara Spiller for the modification of this manuscript.
Key Project of National Natural Science Foundation NO. 30730092.

@ Springer



132

Arch Dermatol Res (2011) 303:125-133

Conflict of interest The authors have declared that no conflict of
interest exists.

References

1. Austad ED, Pasyk KA, McClatchey KD, Cherry GW (1982)
Histomorphologic evaluation of guinea pig skin and soft tissue
after controlled tissue expansion. Plast Reconstr Surg 70:704-710

2. Austad ED, Thomas SB, Pasyk K (1986) Tissue expansion:
dividend or loan? Plast Reconstr Surg 78:63-67

3. Benjamini Y, Hochberg Y (1995) Controlling the false discovery
rate: a practical and powerful approach to multiple testing. J R
Statist Soc 57:289-300

4. Boncela J, Przygodzka P, Papiewska-Pajak I, Wyroba E, Osinska
M, Cierniewski CS (2010) Plasminogen activator inhibitor type 1
interacts with {alpha}3 subunit of proteasome and modulates its
activity. J Biol Chem [Epub ahead of print]

5. Cantile M, Schiavo G, Terracciano L, Cillo C (2008) Homeobox
genes in normal and abnormal vasculogenesis. Nutr Metab Car-
diovasc Dis 18:651-658

6. Caré A, Silvani A, Meccia E, Mattia G, Stoppacciaro A, Parmiani
G, Peschle C, Colombo MP (1996) HOXB7 constitutively acti-
vates basic fibroblast growth factor in melanomas. Mol Cell Biol
16:4842-4851

7. Cherry GW, Austad E, Pasyk K, McClatchey K, Rohrich RJ
(1983) Increased survival and vascularity of random-pattern skin
flaps elevated in controlled expanded skin. Plast Reconstr Surg
72:680-687

8. De Filippo RE, Atala A (2002) Stretch and growth: the molecular
and physiologic influences of tissue expansion. Plast Reconstr
Surg 109:2450-2462

9. Duboule D (1995) Vertebrate HOX genes and proliferation:
an alternative pathway to homeosis? Curr Opin Genet Dev
5:525-528

10. Dudas M, Wysocki A, Gelpi B, Tuan TL (2008) Memory enco-
ded throughout our bodies: molecular and cellular basis of tissue
regeneration. Pediatr Res 63:502-512

11. Freyhult E, Landfors M, Onskog J, Hvidsten TR, Rydén P (2010)
Challenges in microarray class discovery: a comprehensive
examination of normalization, gene selection and clustering.
BMC Bioinformatics 11:503

12. Fukui Y, Masuda H, Takagi M, Takahashi K, Kiyokane K (1997)
The presence of h2-calponin in human keratinocyte. J Dermatol
Sci 14:29-36

13. Fumagalli M, Musso T, Vermi W, Scutera S, Daniele R, Alotto
D, Cambieri I, Ostorero A, Gentili F, Caposio P et al (2007)
Imbalance between activin A and follistatin drives postburn
hypertrophic scar formation in human skin. Exp Dermatol
16:600-610

14. Garin E, Lemieux M, Coulombe Y, Robinson GW, Jeannotte L
(2006) Stromal Hoxa5 function controls the growth and differ-
entiation of mammary alveolar epithelium. Dev Dyn 235:1858-
1871

15. Gumbiner BM (1996) Cell adhesion: the molecular basis of tissue
architecture and morphogenesis. Cell 84:345-357

16. Huang S, Ingber DE (1999) The structural and mechanical
complexity of cell-growth control. Nat Cell Biol 1:E131-E138

17. Ingber DE, Dike L, Hansen L, Karp S, Liley H, Maniotis A,
McNamee H, Mooney D, Plopper G, Sims J et al (1994) Cellular
tensegrity: exploring how mechanical changes in the cytoskeleton
regulate cell growth, migration, and tissue pattern during mor-
phogenesis. Int Rev Cytol 150:173-224

@ Springer

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

. Jain K, Sykes V, Kordula T, Lanning D (2008) Homeobox genes

Hoxd3 and Hoxd8 are differentially expressed in fetal mouse
excisional wounds. J Surg Res 148:45-48

Johnson PE, Kernahan DA, Bauer BS (1988) Dermal and epider-
mal response to soft-tissue expansion in the pig. Plast Reconstr
Surg 81:390-397

Komiives LG, Michael E, Arbeit JM, Ma XK, Kwong A,
Stelnicki E, Rozenfeld S, Morimune M, Yu QC, Largman C
(2002) HOXB4 homeodomain protein is expressed in developing
epidermis and skin disorders and modulates keratinocyte prolif-
eration. Dev Dyn 224:58-68

Kumar S, Duester G (2010) Retinoic acid signaling in perioptic
mesenchyme represses Wnt signaling via induction of Pitx2 and
Dkk2. Dev Biol 340:67-74

La Celle PT, Polakowska RR (2001) Human homeobox HOXA7
regulates keratinocyte transglutaminase type 1 and inhibits dif-
ferentiation. J Biol Chem 276:32844-32853

Lin Z, Ma H, Nei M (2008) Ultraconserved coding regions out-
side the homeobox of mammalian Hox genes. BMC Evol Biol
8:260

Mack JA, Abramson SR, Ben Y, Coffin JC, Rothrock JK, Maytin
EV, Hascall VC, Largman C, Stelnicki EJ (2003) Hoxbl3
knockout adult skin exhibits high levels of hyaluronan and
enhanced wound healing. Faseb J 17:1352-1354

Martin P (1997) Wound healing—Aiming for perfect skin
regeneration. Science 276:75-81

Matturri L, Azzolini A, Riberti C, Lavezzi AM, Cavalca D,
Vercesi F, Azzolini C (1992) Long-term histopathologic
evaluation of human expanded skin. Plast Reconstr Surg
90:636-642

Metcalfe AD, Ferguson MW (2005) Harnessing wound healing
and regeneration for tissue engineering. Biochem Soc Trans
33:413-417

Neumann CG (1946) The expansion of an area of skin by pro-
gressive distention of a subcutaneous balloon; use of the method
for securing skin for subtotal reconstruction of the ear. Plast
Reconstr Surg 19:124-130

Papa S, Zazzeroni F, Fu YX, Bubici C, Alvarez K, Dean K,
Christiansen PA, Anders RA, Franzoso G (2008) Gadd45beta
promotes hepatocyte survival during liver regeneration in mice
by modulating JNK signaling. J Clin Invest 118:1911-1923
Park JM, Adam RM, Peters CA, Guthrie PD, Sun Z, Klagsbrun
M, Freeman MR (1999) AP-1 mediates stretch-induced expres-
sion of HB-EGF in bladder smooth muscle cells. Am J Physiol
277:C294-C301

Ruoslahti E (1997) Stretching is good for a cell. Science
276:1345-1346

Stasinopoulos IA, Mironchik Y, Raman A, Wildes F, Winnard P
Jr, Raman V (2005) HOXAS-twist interaction alters p53
homeostasis in breast cancer cells. J Biol Chem 280:2294-2299
Stelnicki EJ, Komiives LG, Kwong AO, Holmes D, Klein P,
Rozenfeld S, Lawrence HJ, Adzick NS, Harrison M, Largman C
(1998) HOX homeobox genes exhibit spatial and temporal
changes in expression during human skin development. J Invest
Dermatol 110:110-115

Takei T, Han O, lkeda M, Male P, Mills I, Sumpio BE (1997)
Cyclic strain stimulates isoform-specific PKC activation and
translocation in cultured human keratinocytes. J Cell Biochem
67:327-337

Thummel R, Ju M, Sarras MP Jr, Godwin AR (2007) Both
Hoxc13 orthologs are functionally important for zebrafish tail fin
regeneration. Dev Genes Evol 217:413-420

Timmenga EJ, Das PK (1992) Histomorphological observations
on dermal repair in expanded rabbit skin: a preliminary report. Br
J Plast Surg 45:503-507



Arch Dermatol Res (2011) 303:125-133

133

37.

38.

39.

Vandenburgh HH (1992) Mechanical forces and their second
messengers in stimulating cell growth in vitro. Am J Physiol
262:R350-R355

Wan H, Dingle S, Xu Y, Besnard V, Kaestner KH, Ang SL, Wert
S, Stahlman MT, Whitsett JA (2005) Compensatory roles of
Foxal and Foxa2 during lung morphogenesis. J Biol Chem
280:13809-13816

Wollina U, Berger U, Stolle C, Stolle H, Schubert H, Zieger M,
Hipler C, Schumann D (1992) Tissue expansion in pig skin: a
histochemical approach. Anat Histol Embryol 21:101-111

40. Workman C, Jensen LJ, Jarmer H, Berka R, Gautier L, Nielser

41.

HB, Saxild HH, Nielsen C, Brunak S, Knudsen S (2002) A new
non-linear normalization method for reducing variability in DNA
microarray experiments. Genome Biol 3:research0048

Yoshimi T, Nakamura N, Shimada S, Iguchi K, Hashimoto F,
Mochitate K, Takahashi Y, Miura T (2005) Homeobox B3,
FoxA1l and FoxA2 interactions in epithelial lung cell differenti-
ation of the multipotent M3E3/C3 cell line. Eur J Cell Biol
84:555-566

@ Springer



	A preliminary study of differentially expressed genes in expanded skin and normal skin: implications for adult skin regeneration
	Abstract
	Introduction
	Materials and methods
	Patient information and sample collection
	Histological examination
	Microarray process
	RNA extraction and amplification
	Anti-sense RNA synthesis, amplification and purification
	Hybridization
	Detection and data analysis
	Reverse transcription polymerase chain reaction

	Results
	Histological findings
	Identification of differentially expressed genes

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


