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Insulin-like growth factor 1 (IGF-1) is an important
regulator of growth, survival, and differentiation in
many tissues. It is produced in several isoforms that
differ in their N-terminal signal peptide and C-termi-
nal extension peptide. The locally acting isoform of
IGF-1 (mIGF-1) was previously shown to enhance the
regeneration of both muscle and heart. In this study,
we tested the therapeutic potential of mIGF-1 in the
skin by generating a transgenic mouse model in
which mIGF-1 expression is driven by the keratin 14
promoter. IGF-1 levels were unchanged in the sera of
hemizygous K14/mIGF-1 transgenic animals whose
growth was unaffected. A skin analysis of young ani-
mals revealed normal architecture and thickness as
well as proper expression of differentiation and prolif-
eration markers. No malignant tumors were formed.
Normal homeostasis of the putative stem cell compart-
ment was also maintained. Healing of full-thickness ex-
cisional wounds was accelerated because of increased
proliferation and migration of keratinocytes, whereas
inflammation, granulation tissue formation, and scar-
ring were not obviously affected. In addition, mIGF-1
promoted late hair follicle morphogenesis and cycling.
To our knowledge, this is the first work to characterize
the simultaneous, stimulatory effect of IGF-1 delivery to
keratinocytes on two types of regeneration processes
within a single mouse model. Our analysis supports the
use of mIGF-1 for skin and hair regeneration and de-

scribes a potential cell type-restricted action. (Am J

Pathol 2008, 173:1295–1310; DOI: 10.2353/ajpath.2008.071177)

Insulin-like growth factor 1 (IGF-1) is a peptide hormone
that promotes growth, survival, and differentiation of cells
in various organs and tissues, including skin.1,2 The im-
portance of IGF-1 signaling in the skin is evident from the
original studies with IGF-1 receptor null (Igf-1r�/�) mice,
which exhibited hypotrophic skin with reduced number
and size of the hair follicles.3 Similarly, deficiency in
human growth hormone or its target IGF-1 are associated
with decreased epidermal thickness and sparse hair
growth.4,5 Although generally recognized as a prolifera-
tion and survival factor for the skin, IGF-1 was recently
also implicated in hair and skin morphogenesis.6,7 In the
skin, its levels must be strictly controlled because over-
expression of IGF-1 in proliferating and in differentiating
keratinocytes resulted in hyperplasia and tumor
formation.8,9

In addition to its role in skin homeostasis, several stud-
ies suggest a role of IGF-1 in skin repair. Its expression is
modulated during wound healing, and retarded healing
has been correlated with reduced IGF-1 levels.10–13 In
vitro, IGF-1 was shown to stimulate keratinocyte prolifer-
ation and migration, as well as collagen production by
fibroblasts.14–17 Consequently, local administration of
IGF-1 to wound sites enhanced wound closure and stim-
ulated granulation tissue formation.18,19 On the other
hand, increased IGF-1 receptor expression was reported
in chronic wounds and in hypertrophic scars, and IGF-1
stimulation was associated with increased invasive ca-
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pacity of keloid fibroblasts.20,21 In addition, systemic de-
livery of IGF-1 with the goal to improve wound healing
caused hyperglycemia, electrolyte imbalance, and
edema.22,23

IGF-1 is also implicated in the control of hair cycling, a
regenerative process that constantly occurs in the skin. In
vitro, IGF-1 maintained hair follicles in a growth phase
(anagen), and removal of IGF-1 led to a catagen-like
regression.24 Transgenic animals, in which an ultra-high-
sulfur keratin gene promoter was used to target IGF-1 to
the wool follicles of the sheep or hair follicles of the
mouse, showed increased fleece weight and vibrissae
length, respectively.25,26 Hair appeared earlier in trans-
genic mice overexpressing IGF-1 in the skin under con-
trol of the keratin 1 (K1) promoter.8 In contrast, hair folli-
cles of transgenic mice expressing IGF-1 in the skin
under control of the involucrin promoter, showed a delay
in anagen entry.7 This difference could result from differ-
ent promoter usage, but also from the use of different
IGF-1 isoforms.

IGF-1 is produced in multiple isoforms that differ in
their amino-terminal signal peptides and carboxy-termi-
nal extension peptide.27 Previous studies28,29 and pre-
liminary results from our laboratory suggest that the iso-
form determines localization and may define the mode of
IGF-1 action. In muscle and heart regeneration studies
using transgenic models, the outcome of regeneration
depended on the isoform used.30,31 This stresses the
importance of both IGF-1 isoform selection and the mode
of delivery in preclinical regeneration studies and in ther-
apeutic application of this growth factor.

In the skin, IGF-1 is produced by cells of mesenchymal
origin, such as fibroblasts of the dermis and dermal pa-
pilla, whereas its receptor is produced by both mesen-
chymal and epithelial cells.32–35 Thus, keratinocytes re-
spond to the paracrine signal originating from the
neighboring mesenchymal cells. We set out to test
whether providing a localized autocrine signal to epithe-
lial cells, including basal keratinocytes of interfollicular
epidermis and outer root sheath (outer root sheath) ker-
atinocytes of the hair follicle, can enhance wound repair
and hair regeneration without causing deleterious effects,
such as increased scarring, tumor formation, and sys-
temic imbalance. To this end, we generated transgenic
mice expressing a locally acting form of IGF-1 (mIGF-136)
under the control of the keratin 14 promoter. These stud-
ies identify mIGF-1 as a potent stimulator of hair follicle
morphogenesis and cycling, and of re-epithelialization of
skin wounds. Importantly, these effects are not accom-
panied by spontaneous malignant tumor formation and
occur in the background of normal epidermal
homeostasis.

Materials and Methods

Cloning of the Transgene Construct and
Generation of Transgenic Mice

The mIGF-1 rat cDNA was amplified from an MLC/mIgf-1
cassette36 with primers containing BamHI sites: the for-

ward primer was 5�-CGGGATCCCTGTTTCCTGTCTA-
CAGTGTC-3� and the reverse primer was 5�-CGGGATC-
CCTCGGGAGGCTCCTCCTAC-3�. The polymerase chain
reaction (PCR) product was analyzed by sequencing and
cloned into the BamHI site located downstream of the
�-globin intron in the pG3Z.K14 cassette (kindly provided
by Dr. Elaine Fuchs, Rockefeller University, New York,
NY).37 The pG3Z.K14 cassette includes a 2-kb AvaI frag-
ment of the human K14 promoter followed by a 700-bp
�-globin intron and 500 bp of the human K14 polyade-
nylation signal (poly A). The transgene fragment was
excised using KpnI upstream of the K14 promoter and
HindIII downstream of the K14 poly A. The fragment was
gel-purified and microinjected into male pronuclei of FVB
zygotes. Founders were crossed with wild-type FVB an-
imals and positive progeny were maintained in a hemi-
zygous state. Genotyping, using tail genomic DNA as a
template, was performed by PCR using standard condi-
tions and two sets of PCR primers. The first set is located
within the human K14 poly A sequence: 5�-GTGTGGA-
CACAGATCCCAC-3� and 5�-GGAGACACCACATAT-
GACC-3�. The second set is located within exons 3 and 4
of the rat IGF-1 sequence: 5�-TTCCTGTCTACAGTGTCT-
GTG-3� and 5�-GAGCTGACTTTGTAGGCTTCA-3�. Ani-
mals were housed in a clean, temperature-controlled
mouse facility on a 12-hour light/dark cycle, and standard
diet was provided. All mouse procedures were approved
by the European Molecular Biology Laboratory Montero-
tondo Ethical Committee (Monterotondo, Italy) and were
in accordance with national and European regulations.
Eight- to ten-week-old sex-matched male and female
animals (unless otherwise specified) were used for the
study.

Northern Blotting and in Situ Analysis

Total RNA was extracted using TRIzol Reagent (Invitro-
gen, Carlsbad, CA). For Northern blot analysis, 15 �g of
total RNA for each sample were blotted and hybridized
using standard conditions. In situ hybridization was per-
formed as previously described.38 A probe corre-
sponding to the complete rat mIGF-1 cDNA described
above was used for both Northern blotting and in situ
hybridization.

Immunoenzymometric Assay

To determine circulating IGF-1 levels, the OCTEIA rat/
mouse IGF-1 immunoenzymometric assay for the quan-
titative determination of IGF-1 in rat and mouse serum
was used according to the manufacturer’s instructions
(IDS Limited, Frankfurt, Germany).

Histological Analysis

For histological analysis, upper back skin was isolated,
fixed overnight in 4% paraformaldehyde in phosphate-
buffered saline (PBS), and embedded in paraffin. Dew-
axed sections (7 �m) were stained using hematoxylin
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and eosin (H&E) and photographed using a Leica DC
500 camera (Leica Microsystems, Wetzlar, Germany).

Detection of Proliferating Cells by Labeling with
5-Bromo-2�-Deoxyuridine (BrdU)

Mice were injected intraperitoneally with BrdU (250
mg/kg BrdU in 0.9% NaCl) and sacrificed 2 hours after
injection. Back skin and wound sections were fixed over-
night in acetic ethanol (1% acetic acid/95% EtOH) and
incubated with a horseradish peroxidase-conjugated
monoclonal antibody directed against BrdU (Roche,
Basel, Switzerland). BrdU-positive cells were visualized
using 3,3-diaminobenzidine substrate (Sigma, St. Louis,
MO). Counterstaining was performed with H&E.

Analysis of the Ki-67-Positive Keratinocytes
within the Hair Follicle

Upper back skin sections fixed in 4% buffered formalin
were stained with the anti-Ki-67 antibody (Novocastra,
Newcastle upon Tyne, UK). All Ki-67� cells and the total
number of matrix keratinocytes below the Auber’s line
were counted in morphogenesis stage 8 on day 8 after
birth and in anagen on day 28 after birth. Seven to thir-
teen individual hair follicles derived from three different
mice per group were counted (mean � SEM, *P � 0.05),
analyzed by Mann-Whitney test for unpaired samples
(GraphPad Prism; GraphPad Software Inc., San Diego,
CA). All Ki-67� cells of the outer root sheath in the visual
field above the hair bulb were counted at a magnification
of �200 in morphogenesis stage 8 on day 8 after birth
and in anagen on day 28 after birth. Twelve individual
HFs derived from three different mice per group were
counted (mean � SEM, *P � 0.05 for day 8, *P � 0.0001
for day 28, analyzed by Mann-Whitney test for unpaired
samples).

Transwell Migration Assay

Migration assay was performed using transwell migration
chambers (6.5 mm diameter, 8-�m pore size) (Costar;
Corning, Lowell, MA) in 24-well plates. In all of the exper-
iments, cell adhesion was achieved by precoating the
transwell with vitrogen 100 collagen (Cohesion Technol-
ogies, Palo Alto, CA) and fibronectin (Invitrogen). Primary
keratinocytes were isolated from 3-day-old pups as de-
scribed.39 After 2 days in culture, keratinocytes were
trypsinized and seeded at 1 � 104 cells in 200 �l of
Dulbecco’s modified Eagle’s medium per upper cham-
ber. Six hundred �l of Dulbecco’s modified Eagle’s me-
dium or of Dulbecco’s modified Eagle’s medium supple-
mented with 1% chelated serum were added to the lower
chamber. Cells were allowed to migrate for 4 hours after
which nonmigrated cells were removed from the top of
the filter. The filter was stained in 20% methanol/0.1%
crystal violet, mounted, and the whole filter was photo-
graphed using a Leica DMRx microscope (with �5 ob-
jective) and a Leica DFC290 digital camera. Keratino-

cytes from three to four wild-type and transgenic animals
were pooled and each assay was performed in tripli-
cates. The total number of migrated cells was counted for
each filter. The data presented are a mean of triplicate
experiments � SD. Statistical analysis was performed
using the unpaired t-test with GraphPad Prism software.
The migration experiment was repeated with three differ-
ent litters.

Affymetrix Microarray Analysis

Wounds were generated as described above. Wound
samples, including clot and 2 mm of the surrounding skin
were collected 24 hours after wounding. Seven to four-
teen wounds from five wild-type and five transgenic ani-
mals were split into three groups per genotype and thus
a total of six groups were subjected to Affymetrix array
analysis (Affymetrix, Santa Clara, CA). Gene expression
in wound skin samples was determined using Mouse
Genome 430 2.0 arrays (Affymetrix). Each sample was
hybridized to an individual microarray chip. Target prep-
aration, hybridization, and scanning were conducted ac-
cording to the Affymetrix GeneChip Expression technical
manual by Gene Core facility (EMBL, Heidelberg, Ger-
many). Data files were analyzed using GeneSpring 7.3
software (Silicon Genetics, Redwood City, CA). Briefly,
Affymetrix data were imported into GeneSpring software
and normalized by using the default normalization meth-
ods recommended by the software. Lists of differentially
expressed transcripts were generated by using a one-
way analysis of variance parametric test and a P value
cutoff of 0.05. Additional stringent filtering criteria were
applied to comparative analyzes, including filter on flags,
volcano plot, presence of the signal in three of three
replicates. Venn diagrams were generated to identify
differentially regulated transcripts. Additionally, the gene
list of cytokines, chemokines, and growth factors contain-
ing GenBank ID and the fold expression change was
generated manually.

Immunofluorescence

Seven-�m sections from the middle of the acidic ethanol-
fixed wounds or from back skin were deparaffinized,
rehydrated, rinsed in PBS, and incubated overnight at
4°C with the primary antibodies diluted in PBS containing
1% bovine serum albumin and 0.01% Nonidet P-40. After
three 10-minute washes with PBS/0.1% Tween 20, the
sections were incubated for 1 hour at room temperature
with the Cy2- or Cy3-coupled secondary antibodies
(Jackson ImmunoResearch Laboratory Inc., West Grove,
PA), washed, mounted with Mowiol (Hoechst, Frankfurt,
Germany), and analyzed with a Zeiss Axioplan fluores-
cence microscope (Zeiss, Oberkochen, Germany). The
following antibodies were used: a mouse monoclonal
antibody directed against keratin 10 (1:100; DAKO,
Glostrup, Denmark), rabbit polyclonal antibodies di-
rected against keratin 14 (1:5000; Babco, Richmond,
CA), keratin 6 (1:1000, Babco), and loricrin (1:250; Co-
vance, Denver, PA).
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Fluorescence-Activated Cell Sorting
(FACS) Analysis

Back skin from wild-type and transgenic 47 dpp male
animals was used for the analysis as described previous-
ly.40 Primary antibodies used for flow cytometric analysis
were anti-�6 integrin (CD49f) directly coupled to phyco-
erythrin and anti-CD34 directly coupled to fluorescein
isothiocyanate (BD Pharmingen, Franklin Lakes, NJ).
Dead cells were stained with 7-AAD (Sigma) and ex-
cluded from the analysis. Analysis was performed in a
three laser standard configuration FACS Aria (BD Bio-
sciences, San Jose, Ca). Data analysis was performed
using FACS Diva (BD Biosciences) and FlowJo software
(Tree Star, Inc., Ashland, OR). Compensation was per-
formed manually after acquisition of 110,000 events. Gat-
ing of the putative stem cell populations was performed
as indicated in figure legend.

Wound Healing

Four full-thickness excisional wounds, 5 mm in diameter,
were made on either side of the dorsal midline of 8- to
10-week-old mice by excising skin and panniculus car-
nosus. Wounds were left uncovered and harvested 5, 14,
and 21 days after injury. Mice were housed individually
during the healing period. For histological analysis the
complete wounds including 2 mm of the epithelial mar-
gins were isolated, bisected, fixed overnight in 4% para-
formaldehyde in PBS (for Masson trichrome analysis) or
in acetic ethanol (for immunofluorescence and BrdU
staining), and embedded in paraffin. Sections (7 �m)
from the middle of the wound were stained using the
Masson’s trichrome procedure as described by the man-
ufacturer (Sigma) and photographed using a Leica DC
500 camera (Leica Microsystems). Morphometric mea-
surements of the wounds were performed on both BrdU-
and Masson’s trichrome-stained sections using the
OpenLab software (Improvision Ltd., Basel, Switzerland).
Wound-healing experiments (excisional and incisional
wounds; see below) were performed with permission
from the local veterinary authorities of Zurich, Switzer-
land. Statistical analysis was performed using the un-
paired t-test (given the variances were normally distrib-
uted) included in the GraphPad Prism4 software
package.

Wound Bursting Strength

Mice were anesthetized and the dorsal region was
shaved and treated with a depilatory agent (Pilca Perfect;
Stafford-Miller Continental, Oevel, Belgium). Four full-
thickness incisions (1 cm) were made at two anterior and
two posterior dorsal sites, and the skin margins were
closed with strips of wound plaster (Fixomull stretch;
Beiersdorf, Hamburg, Germany). Mice were sacrificed on
day 5 after wounding, and bursting strength of the
wounds was determined in situ using the BTC-2000 sys-
tem (SRLI Technologies, Nashville, TN) according to the

manufacturer’s protocol for the nonhuman disruptive lin-
ear incision analysis.

Hair Type Analysis

Hair was plucked from five wild-type and five transgenic
28 dpp male animals and at least 200 single hair shafts
per animal were analyzed to determine the percentage of
each hair type. Hair shafts were analyzed using a Leica
MZ12 stereo microscope, photographed using a Leica
DC 500 camera, and hair shaft length was measured
using MetaMorph7 software (Molecular Devices Corp.,
Sunnyvale, CA).

Quantitative Histomorphometry of Hair Follicles

Skin samples of K14/mIGF-1 mice and their wild-type
littermates were harvested from the back at 1, 8, 17, 28,
and 49 days post partum (dpp). This allows to reliably
assess differences in early morphogenesis (dpp 1), late
morphogenesis (dpp 8), as well as the entry into hair
follicle cycling (dpp 17, first catagen), and in subsequent
hair cycling activity (dpp 28, first anagen; dpp 49, sec-
ond telogen).41,42 For cryosectioning, skin samples were
embedded as described elsewhere42 and 6-�m sections
were prepared and stained with Giemsa. At each time
point, histomorphometric analysis was performed on 25
to 100 hair follicles derived from three different mice per
group (mean � SEM, ***P � 0.0001, *P � 0.05). Statis-
tical analysis was performed using the Mann-Whitney test
for unpaired samples included in the GraphPad Prism4
software package. Presented analysis was performed on
transgenic line F, similar results were obtained for line C
(data not shown). Hair cycle stages were determined and
grouped as described elsewhere.41,42

Results

Generation and Initial Characterization of K14/
mIGF-1 Transgenic Mice

A locally acting isoform of IGF-1 (mIGF-1), which com-
prises a class 1 signal peptide, derived from exon 1 and
an Ea extension peptide derived from exons 4 and 6, was
shown to improve muscle and heart regeneration.30,36 To
test whether the production of mIGF-1 by keratinocytes
can improve cutaneous wound repair and to study its
effect on hair follicle morphogenesis and cycling, we
generated transgenic mice that express mIGF-1 ectopi-
cally under the control of a human K14 promoter frag-
ment (Figure 1A).37 Three independent transgenic lines
were established of which two were chosen for further
analysis. Mice from line C had a higher level of expres-
sion compared to those from line F (Figure 1B). As ex-
pected, transgene expression was detected in the skin
but not in the liver or heart (Figure 1C). In situ hybridiza-
tion confirmed the expected K14 promoter-driven ex-
pression of the mIGF-1 transgene in the K14-positive
cells of the basal layer of the epidermis and in the outer
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root sheath and the bulge compartment of the hair folli-
cles (Figure 1, D and E).

From analysis of other transgenic models, mIGF-1 is
predicted to remain at or near the site of production, and
therefore should not lead to side effects and secondary
phenotypes resulting from an increase in circulating
IGF-1 levels.30,36 Accordingly, the level of total free IGF-1
was similar in the serum from wild-type (411.7 � 12.14
ng/ml) and K14/mIGF-1 transgenic mice (405.2 � 10.31
ng/ml) (Figure 2A). In addition, we monitored the growth
of wild-type mice and transgenic littermates, and did not
detect accelerated growth or increased weight in adult
transgenic animals (Figure 2B). Interestingly, we noticed
a slight deceleration in the growth of transgenic animals
during the weaning period that can result from an inability
to efficiently switch from milk to solid food that could be
caused by K14 promoter-driven mIGF-1 expression in the
tongue or oral mucosa.43 The average weight of livers
and hearts from wild-type and transgenic mice was sim-
ilar (Figure 2, C and D).

Transgenic mice of both lines were viable and fertile
and generally appeared normal with no clearly visible
skin or hair alterations. The earliest macroscopic pheno-
type observed in both mIGF-1 transgenic lines was an
enlargement of the ear surface in K14/mIGF-1 mice (Fig-
ure 2E) and earlier appearance of the hair (data not
shown). The ear phenotype was first visible �4 to 5 dpp,
with the ear surface of transgenic mice being 30% larger
compared to that of the wild-type mice. In adulthood,
ears of transgenic mice were 25% larger. This phenotype
was maintained throughout the mouse lifespan and al-
lowed for easy identification of transgenic animals. At the
age of 4 to 6 months, 80% of transgenic mice developed
a cataract-like eye phenotype (Figure 2, F and G), likely
caused by K14-driven mIGF-1 expression in the cornea
of the eye.44 The severity of this phenotype was lower in
line F, suggesting a dose dependency.

mIGF-1 Does Not Affect Skin Morphogenesis
and Homeostasis in Young Mice

To assess the effect of K14-driven mIGF-1 on skin mor-
phogenesis and homeostasis, we performed histological

characterization of back and tail skin from 7-week-old
wild-type and K14/mIGF-1 transgenic mice. The thick-
ness and general architecture of the epidermis, dermis,
and hypodermis appeared normal in the transgenic mice
(Figure 3, A and B). Because IGF-1 is known to stimulate
cell proliferation, we analyzed the effect of mIGF-1 ex-
pression by keratinocytes on their proliferation. For this
purpose, we injected mice with BrdU 2 hours before
sample collection and stained back and tail skin sections
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Figure 1. K14/mIGF-1 construct and transgene
expression. A: Schematic representation of the
of K14/mIGF-1 expression cassette. B: Northern
blot analysis of total skin RNA samples using a
rat mIGF-1 cDNA probe shows the transgene-
derived mRNA (red arrow) in the highest ex-
pressing line tg C and in the lower expressing
line tg F. No transgene-derived transcript is de-
tectable in the wild-type skin sample. C: North-
ern blot analysis of total RNA from skin (sk),
liver (liv), and heart (ht), using the human K14
poly A probe, shows that expression of the
transgene is skin-specific in both transgenic
lines C and F. D and E: Nonradioactive in situ
hybridization of sections from adult back skin of
a transgenic animal (line C) with a rat mIGF-1
cDNA probe shows expression of the transgene
in the basal layer of the epidermis (b) and in the
bulge region (bg) and the outer root sheath of
the hair follicle (outer root sheath). Original
magnifications, �40.

Figure 2. Initial phenotypic characterization of K14/mIGF-1 mice. A: Serum
levels of IGF-1, measured by IGF-1 immunoenzymometric assay, are similar
(P � 0.69) in wild-type (n � 8) and transgenic mice (n � 9). B: Growth
curves of wild-type (yellow) (n � 16) and transgenic (red) (n � 14) animals
show a similar pattern. C and D: Liver and heart weights are similar (P � 0.1
and P � 0.4, respectively) in wild-type and transgenic mice. E: Transgenic
mice (10 dpp) have enlarged ears (red arrow). F: Normal eye in a wild-type
mouse (G) and eye from a transgenic mouse with a cataract (red arrow).
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Figure 3. Histological and flow cytometric anal-
ysis of skin from wild-type and K14/mIGF-1
transgenic animals. A and B: Giemsa-stained
back skin sections from wild-type mice (A) and
transgenic (B) littermates at 7 weeks after birth
indicate a similar general skin architecture and
thickness. C and D: BrdU-stained back skin sec-
tions from wild-type (C) and transgenic (D) mice
show a similar number and localization of pro-
liferating cells (arrows). Sections were counter-
stained with H&E. E and F: Keratin 14 (green)
and keratin 10 (red) are expressed properly in
basal or suprabasal layers, respectively, of skin
from wild-type (E) and transgenic (F) animals. G
and H: Loricrin (green) is expressed in the gran-
ular and cornified layers in skin samples from
both wild-type (G) and transgenic (H) mice.
Green staining in the dermis (H) is a nonspecific
staining of the hair shaft. I and J: Keratin 6
(green) expression is restricted to the hair folli-
cles in the skin of both wild-type (I) and trans-
genic (J) animals. K–M: CD34 and �6 integrin
flow cytometric surface expression analysis of
110,000 keratinocytes 47 dpp back skin keratin-
ocytes, revealing two distinct putative stem cell
populations (�6high/CD34high, �6low/CD34high)
in wild-type and transgenic animals (K). The
percentage of �6high/CD34high (L) and �6low/
CD34high (M) cells in 47 dpp back skin keratin-
ocytes from wild-type and transgenic mice is
shown. DAPI (blue). E, epidermis; D, dermis;
HF, hair follicle; M, muscle (panniculus carno-
sus); F, fatty tissue. Dotted line in E–J indicates
the position of the basement membrane. Scale
bars: 50 �m (A–D); 25 �m (E–J). Original mag-
nifications: �10 (A, B); � 40 (C, D, H–J); �100
(E, F).
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with an anti-BrdU antibody. This analysis showed a sim-
ilar number of basal proliferating cells in the back and tail
epidermis in samples from wild-type (16 cells per mm
basement membrane) and transgenic (15 cells per mm
basement membrane) mice (Figure 3, C and D; and data
not shown). To address the possible effect of mIGF-1
expression on the homeostatic regulation of the skin stem
cell compartment, we isolated keratinocytes from the
back skin of 3-week-old and 7-week-old male wild-type
and transgenic animals and assayed the number of puta-
tive basal (�6highCD34high) and suprabasal (�6lowCD34high)
bulge stem cells by flow cytometric analysis.40 No signif-
icant difference was detected, indicating that mIGF-1
expression does not perturb homeostasis of the bulge
compartment (Figure 3, K–M; and data not shown).

To study the effect of mIGF-1 on keratinocyte differen-
tiation, we analyzed the expression of differentiation-spe-
cific proteins in back skin sections of wild-type and K14/
mIGF-1 transgenic mice. In normal epidermis, keratin 14
is restricted to the basal layer of the epidermis, whereas
cells in the suprabasal layers express keratin 10. Both
keratin 14 (green) and keratin 10 (red) showed a normal
pattern of expression (Figure 3, E and F). Loricrin, a major
protein of the cornified envelope, was also properly ex-
pressed in the granular and cornified layers of the epi-
dermis of K14/mIGF-1 transgenic mice (Figure 3, G and
H). Keratin 6 expression is restricted to hair follicles of
normal skin but is expressed in interfollicular epidermis of
neoplastic, hyperplastic, and psoriatic skin.45 We did not
detect keratin 6 outside of the hair follicle compartment in
K14/mIGF-1 transgenic skin (Figure 3, I and J). Thus K14
promoter-driven expression of mIGF-1 did not disturb
early skin homeostasis, and the process of keratinocyte
differentiation was not affected.

Wound Re-Epithelialization Is Accelerated in
K14/mIGF-1 Transgenic Mice and the Stromal
Component Is Not Affected

We next tested whether mIGF-1, at a dose that does not
perturb epidermal homeostasis, is sufficient to stimulate
regenerative events in the skin. We first assessed its
effect on the wound healing process. Previous studies
suggested an important role of IGF-1 in wound healing.46

However, because of variability in the mode of delivery
and possibly the isoforms used, the phenotypes ranged
from intra-epidermal to systemic, resulting in adverse
side effects.18,22,46–48 To test the effect of K14 promoter-
driven mIGF-1 expression on wound re-epithelialization
and remodeling, 5-mm full-thickness excisional wounds
were generated on the back of wild-type and K14/mIGF-1
transgenic age- and sex-matched animals.

To follow the healing process, we performed a detailed
histomorphometric analysis at day 5, day 14, and day 21
after wounding, using sections from the middle of the
wounds. At day 5, wounds undergo active re-epithelial-
ization and granulation tissue formation.46 To analyze
5-day wounds, two independent wounding experiments
were performed with a total of 11 transgenic and 10
wild-type animals. Nine wounds from the wild-type and

thirteen wounds from the transgenic animals were sec-
tioned, and sections from the middle of the wounds were
stained using the Masson’s trichrome method, which al-
lowed for clear visual characterization of both dermal and
epidermal components. Five of thirteen wounds in trans-
genic animals were fully closed, compared to one of nine
wounds in the wild-type mice. We calculated the average
diameter of the open wound. This parameter, measured
as the distance between migrating edges of epithelial
tongues (Figure 4, A, B, E, and F; arrows), was 0.7 mm in
the wounds of transgenic animals and 1.6 mm in the
wounds of wild-type mice (Figure 4J). Thus, the efficiency
of wound closure was strongly enhanced in K14/mIGF-1
animals.

Wound closure is influenced by both re-epithelializa-
tion and wound contraction. To estimate the contribution
of wound contraction, we measured the distance be-
tween the wound edges, which were identified by the
location of the most proximal hair follicles on either side of
the wound (Figure 4, A, B, E, and F; arrowheads). Al-
though wound contraction was increased by 10% in the
wounds of transgenic animals, this difference was not
statistically significant at this stage (Figure 4, A, B, E, and
F; and data not shown). To estimate the efficiency of
re-epithelialization, we measured the percentage of
wound closure (percentage of distance covered by epider-
mis between the wound edges; Figure 4, A, B, E, and F).
The percentage of wound closure was equal to 55% in
the wounds of wild-type animals and 82% in the wounds
of the transgenic animals (Figure 4K). Thus, increased
re-epithelialization was mainly responsible for the more
efficient wound closure in transgenic animals.

The accelerated re-epithelialization could be a result of
increased proliferation or migration of keratinocytes. To
identify the effect of mIGF-1 overexpression on prolifera-
tion of wound keratinocytes, we measured the area of
hyperproliferative epithelium (Figure 4, A–I; labeled as
HE). The latter was increased by 65% in the wounds of
transgenic mice (179,300 � 8546 �m2 compared to
108,900 � 5169 �m2 in the wild-type) (Figure 4L). To
determine the role of keratinocyte proliferation at day 5
after wounding, we injected BrdU 2 hours before wound
collection. The total number of proliferating (BrdU-posi-
tive) cells within the area of hyperproliferative epithelium
was significantly higher in the wounds of transgenic an-
imals (175 � 26 compared to 119 � 12 in the wounds of
wild-type animals) (Figure 4M), indicating an ongoing
hyperproliferation. If mIGF-1 had an additional effect on
keratinocyte migration, it would be reflected in the length
of the wound epithelium, which includes hyperprolifera-
tive epidermis and the migrating tongue. In fact, the
length of the wound epithelium was increased by 60% in
the transgenic wounds (Figure 4, A–I and N). These
findings suggest that mIGF-1 expression by keratino-
cytes promoted keratinocyte proliferation as well as mi-
gration in wounded skin, thus allowing for the more rapid
and efficient wound closure.

Accelerated re-epithelialization in our mIGF-1 trans-
genic mice might result from a direct effect of mIGF-1 on
keratinocytes or from an indirect effect that is mediated
via the stroma. In the early phase of the repair process,
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inflammatory cells are particularly important regulators of
keratinocyte migration and proliferation.46,49 To assess
the possible effect of mIGF-1 on the early inflammatory
response, we collected wounds 24 hours after wounding
and performed Affymetrix expression profiling analysis.
No significant differences were detected in the expres-
sion of various chemokines, cytokines, and growth fac-
tors that are known to be associated with the inflamma-
tory response in the wound (Supplemental Table 1,
available at http://ajp.amjpathol.org). To analyze the in-
flammatory infiltrate in the wounds at a later stage of
healing, we stained 5-day wounds with antibodies that
detect neutrophils or macrophages, and quantified the
number of infiltrating cells. This analysis, similarly, re-
vealed no significant differences between mIGF-1 and
wild-type animals (data not shown). We also did not
observe a significant difference in vascularization, colla-
gen deposition, or cellularity of the granulation tissue at 5
days after wounding (Figure 4, A–D). To analyze the
maturation stage of the granulation tissue we performed a
wound-bursting strength experiment. Four full-thickness
1-cm incisions were made on the back of 11 wild-type
and 10 K14/mIGF-1 transgenic animals (35 and 36
wounds, respectively). Bursting strength of the wounds
was measured at day 5 after wounding, when incisional
wounds are fully re-epithelialized. Changes in connective
tissue composition and collagen cross-linking alter the
vacuum needed to break the wound. Normal unwounded
skin has higher bursting strength compared to wound
tissue because of extensive collagen cross-linking of nor-
mal dermis. In line with our histological findings, the
median bursting strength was similar in wounds from
wild-type and K14/mIGF-1 transgenic mice (Figure 4O).
In summary, the above data suggest that the stimulatory
effect of K14 promoter-driven mIGF-1 is restricted to the
epithelial component of the skin, affecting mainly the
re-epithelialization aspect of the healing process.

mIGF-1 Does Not Adversely Affect the Quality of
the Healed Wound

We subsequently analyzed wounds at later stages to
determine the effect of continuous expression of mIGF-1
by keratinocytes on wound maturation. Excisional
wounds were generated on the back of six wild-type and
six K14/mIGF-1 transgenic age-matched animals, and
wound tissue was collected 14 days after wounding. A
total of nine wounds for each genotype was fully sec-
tioned and characterized. All wounds were closed at this
time point. The location of the most proximal hair follicles

identified the outer margins of the wounds (Figure 5, A–D;
arrowhead), and the length of the epidermis between the
wound margins was measured to determine the wound
width. Wounds from transgenic mice were 20% smaller
compared to those from wild-type animals (Figure 5, A–D
and E), reflecting enhanced wound contraction. The most
striking difference however, was the dramatic increase in
the thickness of epithelium covering the wounds of K14/
mIGF1 transgenic animals, with an average thickness of
155 �m in transgenic mice compared to 65 �m in the
wild-type mice (Figure 5, A–D and F). In addition, three of
nine wounds of transgenic animals contained epidermal
cysts (Figure 5D, red arrow). To check whether this in-
crease in the epidermal thickness was accompanied by
altered keratinocyte redifferentiation in the wound epithe-
lium, we stained sections taken from the middle of
wounds with antibodies against early and late differenti-
ation markers. Keratinocyte differentiation was found to
be normal in wounds from K14/mIGF-1 transgenic mice
with keratin 14 (Figure 5, G and H; red), keratin 10 (Figure
5, G and H; green), and loricrin (Figure 5, I and J; green)
showing normal distribution. Similar to the 5-day time
point, the area and density of granulation tissue in the
transgenic mice was comparable to that of wild-type
animals (Figure 5, A–D).

To test whether the acanthosis seen in the 14-day
transgenic wound epithelium is resolved, wounds were
generated on the back of five wild-type and five trans-
genic animals and collected after 21 days. A total of 10
wounds from wild-type mice and 9 wounds from trans-
genic mice were analyzed. Sections from the middle of
the wounds were stained using the Masson’s trichrome
method. Wounds from wild-type and transgenic mice
appeared similar, with thin epithelium covering the com-
plete wound bed. Epidermal cysts were no longer visible.
Granulation tissue, although larger in total area (1.35
mm2 in wounds of transgenic mice compared to 0.96
mm2 in wounds of wild-type mice) showed similar cellu-
larity and collagen density as well as similar general
architecture (Figure 6, A–C). In summary, expression of
the local isoform of mIGF-1 by keratinocytes accelerated
wound closure while allowing for normal collagen depo-
sition with no signs of pathological scarring.

The Effect of K14-Driven mIGF-1 Expression on
Hair Morphology, Hair Follicle Morphogenesis,
and Cycling

Given its pronounced effect on wound healing, it was
likely that K14-driven mIGF-1 expression would also

Figure 4. Accelerated wound closure in K14/mIGF-1 transgenic mice is driven by an increase in keratinocyte proliferation and migration. Ten wild-type
animals (9 wounds) and eleven transgenic animals (13 wounds) were analyzed. A and B: Masson’s trichrome-stained sections from the center of 5-day
wounds of wild-type (A) and transgenic (B) animals are shown. C and D: Enlarged images of Masson trichrome-stained sections taken from the center of 5-
day wounds of wild-type (C) and transgenic (D) mice, showing the hyperproliferative epithelium (HE). E and F: BrdU-stained sections from the center of 5-
day wounds of wild-type (E) and transgenic (F) animals. G--I: Enlarged images of the hyperproliferative epithelium from BrdU-stained wound sections of
wild-type (G and H) and transgenic (I) animals. BrdU-stained sections were counterstained with H&E. J: Average diameter of the open wound (P � 0.0207);
K: percent wound closure (P � 0.0124); L: area of HE (P � 0.0001); M: number of BrdU-positive cells within the hyperproliferative epithelium (HE) (P �
0.0414); and N: length of the wound epithelium (WE) (P � 0.0001) are shown. O: Wound bursting strength is plotted as a negative force in mmHg required
to break the wound. Eleven wild-type animals (35 wounds) and ten transgenic animals (36 wounds) were assayed in the wound-bursting strength
experiment. G, granulation tissue; D, dermis; Es, eschar. White Arrows indicate the foremost tips of the epithelial tongues. Black Arrowheads indicate the
wound edges. Scale bars: 200 �m (A–F); 100 �m (G–I). Original magnifications: �10 (A, B, E, F); �20 (C, D, G–I).
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affect hair follicle morphogenesis and cycling, which
shares many mechanistic and molecular events with
wound healing.50 –52 The hair follicle undergoes cyclic
transformations from phases of rapid growth (anagen),
via apoptosis-driven regression (catagen), to relative
rest (telogen). At the onset of a new growth phase,
keratinocytes in the bulge region, a putative stem cell
compartment, proliferate and migrate into the dermis to
regenerate the lower two-thirds of the follicle.52,53 This
anagen-associated regeneration is reminiscent of the
events that occur during wound repair. In both cases
keratinocytes proliferate, rearrange the expression of
adhesion receptors, secrete proteases and collag-
enases, and migrate. In fact, hair follicle depilation,

which induces a pronounced wound-healing response
of the follicle, represents the strongest known stimulus
for inducing a telogen-anagen switch in hair follicle
cycling.52 On wounding, bulge cells move upward and
can contribute to wound re-epithelialization,54 whereas
the connective tissue sheath of the hair follicle is likely
to provide key cellular input into granulation tissue
formation, angiogenesis, and nerve fiber remodeling
during wound healing.51

In the hair follicle, K14 is expressed by the outer root
sheath, a layer continuous with the basal layer of the
epidermis, whereas IGF-1 is expressed mainly by cells
of mesenchymal origin (dermal papilla). The IGF-1 re-
ceptor is expressed by both epithelial and mesenchy-
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Figure 5. Reduced size, hyperthickened epithelium, and normal epidermal differentiation in 14-day excisional wounds. Six wild-type and six transgenic animals
(nine wounds for each genotype) were analyzed. A and B: Masson trichrome-stained sections from the middle of representative 14-day excisional wounds of
wild-type (A) and transgenic (B) animals are shown. Granulation tissue (G) and dermis (D) are indicated. C and D: BrdU-stained sections from the middle of
representative 14-day wounds of wild-type (C) and transgenic (D) animals are shown. Black arrowheads indicate the edges of the original wound. The red
arrow points to an epidermal cyst. E: Graphic representation of the average length of wound epithelium (*P � 0.0099). F: Graphic representation of the average
thickness of wound epithelium (**P � 0.0014). G and H: Immunofluorescence staining of the 14-day wound epithelium in wild-type (G) and transgenic (H) mice,
using a keratin 14 antibody (red) and a keratin 10 antibody (green). I and J: Immunofluorescence staining of 14-day wound epithelium from wild-type (I) and
transgenic (J) mice, stained with a loricrin antibody (green) and DAPI (blue). Dotted line identifies the location of a basement membrane. Scale bars: 200 �m
(A–D); 50 �m (G–J). Original magnifications: �10 (A–D); �20 (G–J).
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mal cells. By targeting mIGF-1 to the K14-expressing
cells, we created a novel autocrine activation of IGF-1
signaling in outer root sheath cells.

We first analyzed the integrity of the hair coat in
K14/mIGF-1 transgenic mice. Mice have four different
hair types (guard, awl, auchene, and zigzag), which
can be distinguished according to their length, shape,

and internal structure.55 The hair of the equivalent up-
per-dorsal area of wild-type and K14/mIGF-1 trans-
genic mice was removed, measured, and classified
according to specific type. Although all four types of
hair were present in transgenic animals, the frequen-
cies of each type were altered. In the wild-type mice,
the percentages of zigzag and awl hairs were 79% and
21%, respectively, whereas in the coat of transgenic mice
they were 60% and 40%, respectively (Figure 7D). In both
wild-type and K14/mIGF-1 transgenic animals, guard hairs
represented �2% of all hairs. Hair length was also affected
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Figure 6. Normal epithelial thickness and general granulation tissue archi-
tecture in 21-day excisional wounds. A and B: Masson trichrome staining of
representative sections from the middle of 21-day excisional wounds taken
from wild-type (A) and transgenic (B) mice. Granulation tissue (G) and
dermis (D) are indicated. Five wild-type animals (10 wounds) and five
transgenic animals (9 wounds) were analyzed. C: The area of granulation
tissue (*P � 0.0205) is shown. Scale bars � 200 �m. Original magnifications,
�10.

Figure 7. The effect of K14-driven mIGF-1 expression on the hair coat. A and
B: Awl and guard hair shafts are shown. C: Transgenic guard hairs (g) are
elongated by 20% (***P 	 0.0001), transgenic awl hairs (a) are elongated by
10% (***P 	 0.001), whereas zigzag hair (z) length is not changed. D: The
frequencies of zigzag (z) and awl (a) hairs in wild-type mice are 79% and
21%, respectively, and in transgenic mice they are 60% and 40%, respectively.
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Figure 8. mIGF-1 accelerates late hair follicle morphogenesis and anagen development. Giemsa staining of back skin sections from wild-type (A, D, G, J, M) and transgenic
(B, E, H, K, N) mice is shown. C, F, I, L, and O: Quantitative analysis of hair follicles from wild-type (green) and transgenic (red) mice in various stages of morphogenesis and
cycling. *P � 0.05 and ***P � 0.001. A–C: Onedpp, earlymorphogenesis. D–F: Eight dpp, latemorphogenesis. G–I: Seventeendpp, early catagen. J–L: Twenty-eight dpp, anagen.
M–O: Forty-nine dpp, telogen. X-axes in C and F identify nine distinct hair follicle morphogenesis stages. X-axes in I, L, and O identify distinct stages of hair follicle cycling. Y-axes
show the percentage of hair follicles in each distinct stage of hair follicle morphogenesis or cycling. Original magnifications, �10.
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in K14/mIGF-1 transgenic mice with 10% longer awl hairs
and 20% longer guard hairs compared to the wild-type
(Figure 7, A–C). No difference in the length of zigzag hairs
was found. Macroscopic analysis did not reveal any gross
abnormalities in the hair structure.

To analyze the hair cycle progression, we collected
dorsal skin at 1 dpp (early morphogenesis), 8 dpp (late
morphogenesis), 17 dpp (catagen), 28 dpp (anagen),
and 49 dpp (telogen) from wild-type and K14/mIGF-1
transgenic sex-matched littermates and analyzed hair
follicles by quantitative histomorphometry. Because
mouse hair cycling occurs in waves, standardized lon-
gitudinal sections from an identical location on the
back of the mice were used for the analysis.56 The
percentage of hair follicles at each stage of morpho-
genesis or cycling was calculated and summarized in
the graphs (Figure 8, C, F, I, L, and O). These data
were used to determine the hair cycle stage at each
time point. Hair follicle cycling induces profound alter-
ations in skin thickness, with the dramatic increase in
anagen and concomitant decrease in telogen.41,42

Therefore, skin thickness provided an additional pa-
rameter for the stage of the hair cycle.

On day 1, the hair follicles of the wild-type and
K14/mIGF-1 transgenic animals were very similar in
development (Figure 8C). Although the wild-type mice
had more hair follicles in stage 5 compared to trans-
genic animals, the difference was not significant. In
support of this result, skin thickness was similar be-
tween wild-type and K14/mIGF-1 transgenic animals
(Figure 8, A and B). On day 8, transgenic mice had
significantly more hair follicles in the more advanced,
stage 8, of hair follicle morphogenesis, whereas wild-
type mice had significantly more hair follicles in stage
6 (Figure 8F). Increased skin thickness supported the
histomorphometric findings (Figure 8, D and E). These
results showed a clear promotion of late hair follicle
morphogenesis in K14/mIGF-1 transgenic mice.

On day 17, murine hair follicles enter the first cata-
gen phase, thereby initiating hair follicle cycling. At
that time point, hair follicles of the wild-type mice were
already in mid and late catagen, whereas K14/mIGF-1
transgenic hair follicles were still in late morphogenesis
and early catagen (Figure 8I). Although these data
were not statistically significant, skin of transgenic an-
imals was thicker, corroborating the histomorphometric

data and pointing to a delay in catagen entry (Figure 8,
G and H). We next analyzed the anagen stage of the
first hair cycle (day 28). Similar to late morphogenesis,
we observed a clear acceleration of anagen develop-
ment, and the curve for K14/mIGF-1 transgenic mice
was shifted to the right (Figure 8L). There were signif-
icantly more anagen III hair follicles in wild-type mice
and significantly more anagen VI follicles in K14/
mIGF-1 transgenic mice (Figure 8L). As expected from
these data, skin of transgenic mice, being in the more
advanced anagen, was thicker (Figure 8, J and K). At
day 49, hair follicles from both wild-type and trans-
genic mice were in telogen and in early anagen (Figure
8O). This was also reflected in a similar skin thickness
(Figure 8, M and N). Thus, in contrast to IGF-1 expres-
sion under the involucrin promoter, K14-driven mIGF-1
accelerated late hair follicle morphogenesis and cy-
cling while possibly delaying catagen entry.7

To test whether mIGF-1 stimulates hair morphogenesis
and cycling by affecting proliferation of hair follicle kera-
tinocytes, we stained sections taken from day 8 and day
28 dorsal skin of wild-type and transgenic animals with a
Ki-67 antibody that marks proliferating cells. We docu-
mented a strong and significant increase in the number of
Ki-67-positive cells in the outer root sheath (Figure 9A
and data not shown), and a weaker but significant in-
crease in the number of proliferating cells within the
matrix compartment (Figure 9B and data not shown).
These results implicate increased proliferation as one of
the mechanisms of mIGF-1 action on hair growth.

We propose that mIGF-1 can act in an autocrine man-
ner on the keratinocytes that secrete it. To test whether
mIGF-1 can enhance keratinocyte migration through an
autocrine signaling, we performed an in vitro keratinocyte
migration assay in a transwell setting. Primary keratino-
cytes were isolated from wild-type and transgenic neo-
natal animals and plated on a collagen/fibronectin-
coated plates. After 2 days in culture, cells were
collected and an equal number was plated on top of the
transwell inserts. Cells were allowed to migrate for 4
hours and the number of migrated cells was quantified.
We observed a clear acceleration of migration in keratin-
ocytes isolated from K14/mIGF-1 transgenic animals,
with more than a 100% increase in the number of mi-
grated cells (Figure 9C). Thus, mIGF-1 is capable of
stimulating both wound healing and hair regeneration
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Figure 9. The effect of mIGF-1 on hair follicle keratinocyte proliferation in vivo and primary keratinocyte migration in vitro. A: The percentage of Ki-67-positive
keratinocytes in the outer root sheath of the anagen hair follicle on day 28 (***P � 0.0001) is shown. B: The percentage of Ki-67-positive keratinocytes in the matrix
of anagen hair follicle bulbs on day 28 (*P � 0.05) is shown. C: The average number of cells, migrated through a transwell insert (6.5 mm in diameter) within
4 hours (mean � SEM; *P � 0.05) is shown.
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processes and its mechanism of action is likely to involve
an autocrine/paracrine stimulation of keratinocyte prolif-
eration and migration.

Discussion

The IGF-1 system has been implicated in wound healing,
and expression of its components is modulated during
the healing process.46 Conversely, compromised wound
healing has been associated with deregulation of IGF-1
signaling.12,13 Similar to wound healing, hair growth and
regeneration involve proliferation, migration, and differ-
entiation of keratinocytes. It has also been associated
with IGF-1 action57 because mice carrying a null mutation
in the Igf-1r gene exhibited reduced number and size of
the hair follicles.3 Here we show that expression of a
locally acting IGF-1 isoform (mIGF-1) is capable of en-
hancing skin and hair regeneration without perturbing
epidermal differentiation and early homeostasis. The
K14/mIGF-1 transgene used in this study is likely to pro-
mote both skin regeneration and hair growth through
autocrine stimulation of the keratinocytes by which it is
expressed.

Different modes of IGF-1 delivery have been tested in
wound healing models with varying results. Systemic de-
livery of IGF-1 was not efficient in treating incisional
wounds in rats, whereas GH delivery increased wound
strength and was correlated with increased intensity of
IGF-1 immunostaining in the granulation tissue, implicat-
ing locally produced IGF-1 as a mediator of GH action.47

In another experiment, wound healing in transgenic mice
with greatly elevated postnatal serum GH and IGF-1 lev-
els exhibited severe healing abnormalities that included
delayed wound closure because of an increase in gran-
ulation tissue formation and inefficient wound contrac-
tion.58 In general, when delivered systemically, IGF-1
might lead to hypoglycemia, electrolyte imbalance, and
fatigue, in particular because supraphysiological doses
are needed to enhance healing.22 In contrast, no sys-
temic effects were reported on a local delivery of IGF-1
cDNA under a CMV promoter by subcutaneous liposomal
gene transfer to burn wounds in rat.18 This treatment
resulted in enhanced re-epithelialization, increased col-
lagen deposition by fibroblasts, and an increased num-
ber of newly formed blood vessels, thus stimulating both
epidermal and dermal components.18 Here we report an
enhancement of wound healing through a local effect of
mIGF-1 on epidermal proliferation and migration, not ac-
companied by major alterations in the underlying dermis/
granulation tissue. Because IGF-1 may lead to excessive
scarring by overstimulating fibroblast proliferation, migra-
tion, and collagen deposition at the wound site,16,59,60

targeted delivery of a locally acting IGF-1 isoform to
keratinocytes, as in the present study, may be necessary
to avoid negative side effects on other skin cell types.

To obtain a comprehensive picture of the mIGF-1 ef-
fect on regeneration, we analyzed hair follicle morpho-
genesis and cycling, a spontaneously occurring physio-
logical regeneration and remodeling event closely
related to wound healing. Our analysis of the hair cycle in

K14/mIGF-1 animals shows that hair follicles in the trans-
genic skin are progressing through late morphogenesis
and anagen of the first hair cycle with a higher rate and
are likely to remain longer in anagen, as indicated by a
possible delay in catagen entry. As expected, these al-
terations result in elongation of the guard and awl hair
shafts in the skin of K14/mIGF-1 transgenic mice. In the
previous in vivo studies, additional IGF-1 was supplied by
differentiated noncycling cells of the hair follicle,25,26 and
the suggested mechanism of growth enhancement in-
volved either stimulation of the follicular metabolism, or
the ability of IGF-1 to diffuse into the follicular bulb and to
stimulate proliferation of the actively cycling matrix cells.
Transgenic mice overexpressing IGF-1 under a keratin 1
promoter showed earlier hair appearance,8 and this ef-
fect is also likely to involve IGF-1 diffusion or activation of
other cell types in the skin. In our model, mIGF-1 is
expressed in the basal layer of the outer root sheath that
incorporates the stem cell compartment and thus the
autocrine stimulation of their proliferation and migration
should directly lead to enhanced follicle growth. Interest-
ingly, and in contrast to our results, IGF-1 driven by the
involucrin promoter leads to a delay in anagen entry,
although elongation of guard hair is observed.7 Because
the promoters and the IGF-1 isoforms used in the two
studies are different, it is difficult to speculate on the likely
cause of these alternative observations. The present
study further underscores a strong connection between
the two regeneration types, in which mIGF-1 may stimu-
late and assist regenerative phases through autocrine
stimulation of keratinocyte migration and proliferation.
The localized nature of the stimulatory effect has partic-
ular clinical relevance.

Tight modulation of growth factor levels is likely to be a
critical factor in the design of IGF-1 therapies for wound
healing and hair regeneration. In this regard, histological
evaluation of the K14/mIGF-1 transgenic mouse skin did
not reveal abnormalities in keratinocyte proliferation or
differentiation in 7-week-old mice, whereas mice ex-
pressing the human homologue of mIGF-1 under the
bovine keratin 5 promoter (BK5.IGF-1) exhibited epider-
mal hyperplasia and hyperkeratosis at 8 weeks and 50%
of BK5.IGF-1 mice developed spontaneous tumors
(some of which converted to squamous cell carcinomas)
between 6 to 12 months.9 In contrast, no malignant tu-
mors were formed in K14/mIGF-1 transgenic animals. In
the first generation of heterozygous transgenic animals, 4
of 16 transgenic mice developed four (one per animal)
benign tumors, at the age of 14 months or later. However,
tumor formation did not re-occur in the next generations
of aging (between 14 and 22 months of age) transgenic
mice (0 of 27 transgenic animals to date), suggesting that
their presence was related to secondary genetic back-
ground effects that were eliminated in subsequent gen-
erations. The absence of malignant tumors in this model
is an unexpected finding, given the highly proliferative
nature of the skin and the suggested role of IGF-1 in
tumor biology.61–68 Thus, we show that mIGF-1 can be
delivered to the skin and hair at a physiological level that
does not disturb homeostasis and avoids malignant tu-
mor formation, while at the same time stimulating two
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different, but strongly related regenerative processes
through a localized effect on keratinocyte proliferation
and migration.

Maintaining normal homeostasis of the bulge is essen-
tial for proper hair cycling and is implicated in efficient
wound healing and prevention of uncontrolled
growth.69–71 Depletion of the skin stem cell compartment
results in impaired wound healing and hair loss,72

whereas its expansion can predispose skin to can-
cer.73,74 Our analysis of the bulge compartment using �6
and CD34 markers shows that mIGF-1, produced by the
stem cells and by the outer root sheath cells, does not
perturb homeostasis of the bulge in 7-week-old un-
wounded skin. Preliminary analysis of the label-retaining
cell compartment in wild-type and K14/mIGF-1 trans-
genic animals supports this conclusion (data not shown).
However, with additional signals, such as those that em-
anate from the wound site or from the dermal papilla at
the onset of anagen, mIGF-1 is likely to modify the be-
havior of stem cells and their progeny by possibly in-
creasing their proliferation, migration, or reducing apo-
ptosis and thus enhancing both wound healing and hair
regeneration. Analyzing the status of the skin stem cells
and transit amplifying cells at different stages of the hair
cycle, during wound healing and in aging, will shed light
on the mechanisms and contribute to the development of
stem cell-mediated IGF-1-based regenerative therapies.
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