
Keratinocyte-derived follistatin regulates epidermal
homeostasis and wound repair
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Activin is a growth and differentiation factor that controls development and repair of several tissues and organs.
Transgenic mice overexpressing activin in the skin were characterized by strongly enhanced wound healing, but also by
excessive scarring. In this study, we explored the consequences of targeted activation of activin in the epidermis and hair
follicles by generation of mice lacking the activin antagonist follistatin in keratinocytes. We observed enhanced kerati-
nocyte proliferation in the tail epidermis of these animals. After skin injury, an earlier onset of keratinocyte hyperproli-
feration at the wound edge was observed in the mutant mice, resulting in an enlarged hyperproliferative epithelium.
However, granulation tissue formation and scarring were not affected. These results demonstrate that selective activation
of activin in the epidermis enhances reepithelialization without affecting the quality of the healed wound.
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Activins are members of the transforming growth factor-b
family of growth and differentiation factors. They are dimeric
proteins, consisting of two activin b subunits cross-linked by
a disulfide bridge. The most abundant activin variants are the
homodimers activin A (bAbA) and activin B (bBbB), as well
as the heterodimer activin AB (bAbB).1 They exert their
biological functions by binding to a heteromeric complex of
type I and type II receptors, which are all transmembrane
receptor serine/threonine kinases.2 The biological activity of
activins is regulated by the secreted glycoprotein follistatin
(Fst), which sequesters activins and thus inhibits their
biological activities.3

Activins were initially discovered as inducers of follicle-
stimulating hormone release, but by now, a wide variety of
different functions of activins have been described. They are
crucial regulators of organ development, and abnormal ac-
tivin expression is associated with various diseases.1,4

Several studies unraveled important functions of activin in
the skin. Among the many developmental defects Fst-null mice
show impaired skin, whisker and hair follicle development.5–7

As these mice die within hours of birth they cannot be used to

study the role of the activin/Fst system in mature skin. In-
terestingly, we and others previously demonstrated important
roles of activins, in particular of activin A, in tissue repair after
acute or chronic injury as well as in human inflammatory
disease.8 Expression of activin, in particular of the bA subunit,
is strongly induced in healing wounds of mice and humans.9

This upregulation is of functional importance, as transgenic
mice overexpressing Fst in the epidermis showed a severe delay
in wound repair.10 On the other hand, transgenic mice over-
expressing activin A in the epidermis were characterized by a
strong acceleration of the wound healing process.11 Activin bA
mRNA levels in the skin of these mice are more than 100-fold
higher compared to controls (our unpublished data), and
excessive activin diffuses to the dermis and the stromal
compartment of skin wounds and enters the blood.11 As a
result, transgenic mice also developed an extended granulation
tissue, followed by excessive scarring.11 Therefore, the potent
activation of the stroma by activin is detrimental for the
outcome of the repair process.

On the basis of these results, we speculated that selective
activation of activin in keratinocytes may enhance the wound
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healing process without the negative side effects on the
stroma. To test this hypothesis we generated mice lacking Fst
in keratinocytes. The loss of this inhibitory protein should
enhance the biological activity of activin in the epidermis and
hair follicles. Although the free activin is still expected to
diffuse to the dermis, the amount of diffusible activin is most
likely much lower compared to the levels seen in the activin-
overexpressing transgenic mice. The characterization of the
keratinocyte-specific Fst knockout (ko) mice allowed us to
determine the role of endogenous Fst in normal and woun-
ded skin.

MATERIALS AND METHODS
Mice
Mice with a deletion of the six-exon Fst gene5 and mice
homozygous for the K5-Cre transgene12 were mated to
generate offspring heterozygous for the mutant Fst allele and
hemizygous for the K5-Cre transgene (Fst wild type (wt)/ko
K5-Creþ ). These mice were mated with mice homozygous
for the floxed (fl) Fst allele Fstflox13 to obtain conditional Fst
ko mice (Fst ko/fl K5-Creþ ). K5-Cre transgenic mice were of
C57BL/6N genetic background, Fst-null mice and Fstflox mice
were of mixed C57BL/6/129SvEv genetic background. Geno-
typing was performed by PCR using primers for the Fst-null
allele (50-GGTGGGAAATGTCACCTGAT-30, 50-CGGTGG
ATGTGGAATGTGT-30) and Cre recombinase (50-AACATGC
TTCATCGTCGG-30, 50-TTCGGATCATCAGCTACACC-30)
or the bovine K5 promoter (50-CCAGGTGGAGTCACAGG
ATT-30, 50-TGTGCCAGAGGGGAAAATAG-30). Successful
recombination of the fl Fst allele was verified by Southern
blot analysis as previously described.13 All animal experi-
ments were performed with permission from the local
veterinary authorities (Kantonales Veterinäramt, Zürich,
Switzerland).

Wounding and Preparation of Wound Tissue
Mice (8–10 weeks old) were anesthetized by intraperitoneal
injection of ketamine (75mg/kg)/xylazine (5mg/kg). Four
full-thickness excisional wounds of 5mm diameter were
generated on the back of mice by excising the skin and the
rodent-specific subcutaneous muscle panniculus carnosus as
described previously.14 Wounds were left uncovered and
harvested at different time points after injury. They were
excised, including 2–3mm of the adjacent back skin, bisected,
fixed in 4% PFA in phosphate-buffered saline (PBS) or 1%
acetic acid/95% ethanol at 41C overnight and embedded in
paraffin according to standard procedures. Alternatively,
complete wounds including 1mm of the margins were ex-
cised, immediately frozen in liquid nitrogen and pools of at
least eight wounds were used for RNA isolation.

RNA Isolation and RNase Protection Assay
Mouse tail skin was incubated in 2M NaBr for 30min at
371C. Epidermis was subsequently separated from dermis,
snap-frozen in liquid nitrogen and stored at �801C. RNA

isolation and RNase protection assay were carried
out as described.15,16 A 307 bp fragment corresponding to
nucleotides 780–1086 of the murine Fst cDNA10 and a
120 bp fragment corresponding to nucleotides 566–685
of the murine glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) cDNA were used as templates.

Quantitative Real-Time RT-PCR
RNA was isolated by acid guanidinium thiocyanate–phenol–
chloroform extraction as described previously,15 followed by
additional purification using the RNeasy MinElute Cleanup
kit (Qiagen) according to the manufacturer’s instructions.
Reverse transcription was performed with the iScript cDNA
Synthesis kit (Bio-Rad). Relative gene expression was
determined using the Roche LightCycler 480 System and
SYBR Green I Master Mix (Roche Diagnostics) as
recommended by the manufacturer. Target mRNA levels were
normalized to the levels of GAPDH and RNA polymerase II
polypeptide A mRNAs. Specific primers were designed using
Primer3 software.17 Primer sequences are listed in Table 1.

Culture of Primary Mouse Keratinocytes
Murine epidermal keratinocytes were isolated as described
previously18 with some modifications. Briefly, adult mice
(3–8 weeks) were killed, shaved and sequentially washed in
iodine solution, then in distilled water followed by 70%
ethanol and distilled water again. The skin was removed,
placed in PBS containing 50 mg/ml gentamycin, 200U/ml
penicillin, 200 mg/ml streptomycin and 5 mg/ml fungizone
(all from Gibco), and all of the subcutaneous tissue was
scraped off. The skin was then incubated in 0.8% trypsin for
1 h at 371C. Subsequently, the epidermis was separated from
the dermis and stirred in defined keratinocyte serum free
medium (Invitrogen, Basel, Switzerland) containing 10% FCS,
200U/ml penicillin, 200mg/ml streptomycin and 10–10M
cholera toxin for 1 h at room temperature. Cells were filtered

Table 1 Sequences of primers used for quantitative RT-PCR

Name Forward primer Reverse primer

Follistatin agggaaagtgtatcacaaagt gagttgcaagatccagaatg

Activin bA ggagaacgggtatgtggaga acaggtcactgccttccttg

Activin bB cgcaggacacctgtacgtc atgtgtctcttcaccgcctc

Myostatin aaacccatgaaagacggtaca attcagcccatcttctcctg

GDF-11 aaacccatgaaagacggtaca attcagcccatcttctcctg

BMP-2 gtttggcctgaagcagagac cgtcactggggacagaactt

BMP-4 atgagggatctttaccggct tttatacggtggaagccctg

BMP-6 ctccttgaaccgcaagagtc tgtggggagaactccttgtc

BMP-7 tccagggaaagcataattcg cttggaaagatcaaaccgga

GAPDH tcgtggatctgacgtgccgcctg caccaccctgttgctgtagccgtat

RPII ttcacggtactgggcattga tgtgctgctgcttccataag
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through a 70mm nylon cell strainer (BD Falcon), centrifuged
and resuspended in fresh medium (see above) supplemented
with 10 ng/ml EGF. They were then seeded onto fibronectin/
collagen-coated dishes (1mg/ml BSA, 20mMHEPES, 30mg/ml
Vitrogen collagen solution (Cohesion, USA), 10mg/ml
fibronectin) at a density of 105 cells per cm2 of surface area.
Primary keratinocytes were grown at 341C with 5% CO2.

Preparation of Protein Lysates and Western Blot
Analysis
Primary keratinocytes from wt and Fst mutant mice were
lysed in lysis buffer containing 50mM Tris-HCl, pH 7.4,
150mM NaCl, 1mM ethylenediaminetetraacetic acid, 1%
NP-40, 0.5mM AEBSF, 10 mg/ml aprotinin, 10 mg/ml leu-
peptin, 10 mg/ml pepstatin, 10mM NaF, 1mM Na3VO4,
10mM Na4P2O7, 20 mM phenylarsinoxide. Proteins were
separated by sodium dodecylsulfate–polyacrylamide gel
electrophoresis under reducing conditions and transferred to
nitrocellulose membrane. Antibody incubations were per-
formed in 5% nonfat dry milk in PBS/0.1% Tween 20. A
rabbit polyclonal antibody against Fst,19 and a mouse
monoclonal antibody against GAPDH (HyTest, Turku,
Finland) were used in combination with an alkaline phos-
phatase detection system (Promega, USA).

Histology and Histomorphometry
For histological analysis 7mm sections from the middle of the
PFA-fixed wounds or from PFA-fixed tail skin were dewaxed,
rehydrated and stained using the Masson trichrome method.
For morphometrical analysis, the sections were photo-
graphed using a Zeiss Axiophot microscope equipped with a
HRC camera (Zeiss, Jena, Germany). The length of the mi-
grating epithelial tongue, the area of the hyperproliferative
wound epithelium, the area of the granulation tissue and the
percentage of wound closure were determined using the
Openlab 3.1.5 software (Improvision Ltd, Basel, Switzerland).
Epidermal thickness was measured with 50 mm increments on
Masson trichrome- or hematoxylin and eosin-stained sec-
tions of tail and back skin; 5–15 photographs from each
section were analyzed; all values were averaged to obtain
mean epidermal thickness. Only animals of the same age and
sex were used for direct comparison.

Detection of Proliferating Cells by Labeling with
5-Bromo-20-Deoxyuridine
Mice were injected intraperitoneally with 5-bromo-20-deoxy-
uridine (BrdU; 250mg/kg BrdU in 0.9% NaCl) and killed 2 h
after injection. 1% acetic acid/95% ethanol-fixed sections
were incubated with a horseradish peroxidase-conjugated
monoclonal antibody directed against BrdU (Roche), and
BrdU-positive cells were visualized using 3,3-diaminobenzi-
dine as substrate (Sigma). Counterstaining was performed
with hematoxylin and eosin. BrdU-positive cells were coun-
ted in 5–15 fields of the epidermis of back or tail skin or in
the entire hyperproliferative epithelium of wounds and

related to the length of the basement membrane or to the
area of wound epidermis, respectively.

Immunofluorescence
Sections (7mm) from the middle of the 1% acetic acid/95%
ethanol-fixed wounds or from tail or back skin were depar-
affinized, rehydrated, rinsed in PBS, blocked with 12% BSA
and incubated overnight at 41C with the primary antibodies
diluted in PBS containing 1% bovine serum albumin and
0.01% Nonidet P-40. After three 10-min washes with PBS/
0.1% Tween 20, sections were incubated for 1 h at room
temperature with Cy2- or Cy3-coupled secondary antibodies
(Jackson ImmunoResearch Laboratory Inc., West Grove, PA,
USA), washed, mounted with Mowiol (Hoechst, Frankfurt,
Germany), and analyzed with a Zeiss Axioplan fluorescence
microscope. The following antibodies were used: a mouse
monoclonal antibody directed against keratin 10 (Dako,
Glostrup, Denmark), rabbit polyclonal antibodies directed
against keratin 14, keratin 6 and loricrin (all from Covance,
Princeton, NY, USA), and a rabbit polyclonal antibody
against nidogen-1 (kind gift from Dr. R. Fässler, Martinsried,
Germany).

Statistical Analysis
Statistical analysis was performed using the GraphPad Prism4
software package (GraphPad Software Inc., San Diego, CA,
USA). Unpaired t-test was used for comparison, as the values
were normally distributed. When variances were significantly
different according to F-test, unpaired t-test with Welch’s
correction was used.

RESULTS
Generation of Mice Lacking Follistatin in Keratinocytes
Fst is an ubiquitously expressed glycoprotein that binds the
different types of activins with high affinity and thereby
prevents their binding to type II receptors.20 Thus, it acts as a
natural antagonist of activin action. In addition, it binds to
myostatin growth and differentiation factor (GDF)-8 and the
related GDF-11 (bone morphogenetic protein (BMP)-11)
and with significantly lower affinity to several other BMPs,
including BMP-2, -4, -6, -7 and -15.21–26

Fst is expressed in the epidermis and the dermis of mouse
skin, and in contrast to activins, its expression is not regu-
lated during wound healing (Hubner et al9; Figure 4). To
determine the roles of keratinocyte-derived Fst in skin
morphogenesis, homeostasis and repair we generated mice
lacking Fst in keratinocytes of the epidermis and hair folli-
cles. This was achieved by breeding mice heterozygous for a
Fst-null allele (Fst wt/ko) and a transgene that has the Cre
recombinase gene under the control of the bovine K5 pro-
moter with mice harboring fl Fst alleles.12,13 Mice lacking Fst
in keratinocytes (Fst ko/fl K5-Creþ mice) were born at the
expected Mendelian ratio. They were healthy and fertile and
appeared macroscopically normal. Fst ko/fl K5-Creþ

conditional ko mice will henceforth be called Fst mutant
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mice; control refers to the Fst wt/fl K5-Cre� mice. In some
experiments Fst ko/fl K5-Cre� mice were used as an addi-
tional control and they were indistinguishable from Fst wt/fl
K5-Cre� mice. Recombination of the Fst fl allele was con-
trolled by Southern blot analysis using a probe that allows
detection of wt, ko, fl and deleted (D) Fst alleles (Figure 1a).
The absence of Fst mRNA in keratinocytes of Fst mutant
mice was confirmed by RNase protection assay. Consistent
with previously published observations19 Fst was found to be
expressed in both epidermal and dermal compartments of
the skin in wt mice. In contrast, mutant mice express Fst in
the dermis, but not in the epidermis, indicating efficient
deletion of the Fst gene in keratinocytes (Figure 1b).
Expression levels of Fst in the dermis were not affected by the
epidermal ko and were similar in heterozygous (Fst ko/fl) and
wt (Fst wt/fl) mice (data not shown). RNase protection assay
and western blot analysis confirmed the absence of Fst
mRNA and protein in primary keratinocytes isolated from
mutant mice (data not shown and Figure 1c).

No Evident Skin Abnormalities in Newborn Fst Mutant
Mice
It has previously been shown that mice deficient for Fst die
within hours of birth.5,7 Besides several severe developmental
defects, their skin appeared shiny and taut and their whiskers
were thin and inappropriately oriented. Histological analysis
revealed thickened granular and cornified layers. In addition,
interfollicular expression of keratin 6 was detected, indicating
a perturbation of normal epidermal development. To
determine if these effects are recapitulated in mice with a
keratinocyte-specific Fst ko, we analyzed the skin of control
and Fst mutant mice at postnatal day 1 (P1).

Fst mutant mice appeared macroscopically normal at this
age. Their skin and vibrissae were indistinguishable from
those of their wt littermates. The histological and morpho-
metric analysis revealed no increase in epidermal thickness at
this time point (Figure 2a and b). Keratin 6 was not expressed
in the interfollicular epidermis and keratin 10 was expressed
appropriately in the suprabasal layers (Figure 2c).

Lack of Follistatin in Keratinocytes Enhances
Keratinocyte Proliferation in the Tail Epidermis of Adult
Mice
Adult Fst mutant mice did not show any macroscopically
visible abnormalities of their skin or fur. The only macro-
scopic phenotype in adult Fst mutant mice was the shorter
tail length (mean±s.e.m.: control: 6.8±0.2 cm, N¼ 7;
mutant: 5.9±0.1 cm, N¼ 8; P¼ 0.0005), a phenomenon that
had also been observed in mice overexpressing activin in the
epidermis11 as well as in mice that express only the Fst-315
splice variant but not the Fst-288 variant.7 This phenotype
results at least in part from necrosis at the tail tip,11,27 most
likely as a result of impaired tail vascularization.7 Histological
examination of Masson trichrome- or hematoxylin and
eosin-stained sections of back and tail skin of adult

(8–10 weeks old) Fst mutant mice showed no major differ-
ences in the overall skin architecture (Figure 3a). Further-
more, no significant difference in hair follicle cycling was
observed at postnatal day 17, when the hair follicles are in the

Figure 1 Efficient knockout (ko) of follistatin in the epidermis. (a) Southern

blot analysis showing Cre-mediated deletion of the floxed (fl) Fst allele. A

1230 bp SacI/HindIII probe was used to detect wild-type (wt), ko, fl and

deleted (D) Fst alleles in genomic DNA digested with SacI and EcoRI.13 (b)

Lack of follistatin mRNA in the epidermis is shown by RNase protection

assay. Follistatin mRNA is expressed in the dermis and the epidermis of

control mice but only in the dermis of Fst mutant mice. Samples of 20 mg of

total RNA were used for hybridization. The hybridization probes

(1000 c.p.m.) served as size markers (probe). tRNA (10 mg) was used as a

negative control. Hybridization of RNA with a GAPDH riboprobe served as a

loading control. (c) Western blot analysis showing lack of follistatin in

primary keratinocytes isolated from mutant mice. Cell lysates were

prepared from primary keratinocytes isolated from mutant (Fst ko/fl

K5Creþ ) and control (Fst wt/fl K5Cre�) littermates. Protein (100 mg) was
analyzed by western blot analysis with an antibody against follistatin.

Protein lysates of primary keratinocytes isolated from mice overexpressing

follistatin in the epidermis (Fst tg)10 served as a positive control. Expression

of follistatin in the wt littermates of these transgenic mice is also shown for

comparison (Fst wt).
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first catagen (data not shown). However, the tail epidermis
appeared thicker in mutant mice, and this was confirmed by
morphometry (Figure 3a, graph). To determine if the
increased epidermal thickness results from enhanced kerati-
nocyte proliferation, we determined the number of
proliferating keratinocytes in the epidermis using the BrdU
incorporation assay. Indeed, we found increased proliferation
of tail skin keratinocytes in mutant mice compared to control
mice, but proliferation was still restricted to the basal layer of
the epidermis (Figure 3b). In addition, basal keratinocytes in
the tail epidermis of mutant mice showed abnormal
expression of keratin 6 in the interfollicular epidermis
(Figure 3c, second panel), reflecting the hyperproliferative
phenotype.

Keratin 14, a marker protein for nondifferentiated kerati-
nocytes as well as the early differentiation marker keratin 10
and the late differentiation marker loricrin were normally
expressed in the epidermis of tail skin (Figure 3c, first panel
and data not shown). This shows that the lack of Fst in
keratinocytes does not markedly affect the differentiation
program of keratinocytes.

As mice overexpressing activin in keratinocytes were
characterized by disturbed expression of the basement
membrane proteins tenascin-C and nidogen,11 we wondered
if conditional deletion of Fst in keratinocytes would have
similar effects. Immunostaining with antibodies against

nidogen revealed that basement membrane formation is nor-
mal in the skin of Fst mutant mice (Figure 3c, third panel).

Activin is the Major Follistatin Ligand in Healing Skin
Wounds
The activin/Fst system is crucial for the regulation of wound
repair.10,11 Expression of activin bA strongly increases upon
wounding, whereas levels of Fst remain unaltered (Hubner
et al9; Figure 4). We also analyzed the expression of the other
major Fst-binding partners in healing wounds. Activin bB
was expressed at much lower levels than activin bA (Hubner
et al9; data not shown). GDF-11 mRNA was not detectable in
normal or injured skin (data not shown). Expression of
myostatin was strongly downregulated early after injury
(Figure 4). As this gene is mainly expressed in muscle tissue,
the observed kinetics most likely reflects the loss of the
subcutaneous muscle panniculus carnosus upon wounding.
BMP-2, -4, -6 and -7, which are low-affinity binding partners
of Fst, were expressed at relatively low levels in normal skin
and further downregulated upon skin injury (Figure 4 and
data not shown). Expression of BMP-15 was not detectable in
normal or wounded skin (data not shown). Taken together,
the strong upregulation of the activin bA subunit upon skin
injury strongly suggests that activin A is the major binding
partner of Fst in healing skin wounds.

Figure 2 Lack of skin abnormalities in newborn Fst mutant mice. (a) Masson trichrome-stained histological sections of newborn control and Fstmutant skin

are shown. (b) Morphometric analysis of tail skin revealed no difference in epidermal thickness. N¼ number of mice. Results shown are mean±s.e.m. (c)

Expression of keratin 6 (K6; first panel, green) and keratin 10 (K10; second panel, red) is similar in control and mutant mice. Dotted line indicates epidermal–

dermal border. (a, c) Bar¼ 50 mm. E: epidermis; D: dermis; HF: hair follicle.
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Increased Proliferation of FstMutant Keratinocytes Early
After Skin Injury
The enhanced wound healing seen in mice overexpressing the
activin bA subunit in keratinocytes highlights the functional
significance of the upregulation of activin expression in

healing skin wounds.9,11 In these mice, reepithelialization and
formation of granulation tissue were enhanced, as the soluble
activin can diffuse from the epidermis and hair follicles
to the surrounding mesenchyme. Although the enhanced
wound healing that is achieved by activin overexpression is

Figure 3 Lack of follistatin in keratinocytes affects skin homeostasis of adult mice. (a) Masson trichrome-stained histological sections of tail skin of adult

control and Fst mutant mice are shown. Morphometric analysis of tail skin revealed a significant increase in epidermal thickness in Fst mutant mice

(**P¼ 0.0093). (b) Increased number of BrdU-positive keratinocytes in tail skin of mutant mice. Arrows indicate stained nuclei. BrdU-positive cells per mm of

basement membrane were counted (*P¼ 0.0263). (c) Expression of keratin 14 (K14; first panel, green) and keratin 10 (K10; first panel, red) is similar in control

and mutant mice. Fst mutant mice show interfollicular expression of keratin 6 (K6; second panel). Nidogen expression is unaltered in mutant mice (third

panel). Dotted line indicates epidermal–dermal border. (a–c) Bar¼ 50 mm. E: epidermis; D: dermis; HF: hair follicle. (a, b) N¼number of mice. Results shown

are mean±s.e.m.
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beneficial, it is unfortunately followed by excessive scarring.11

Therefore, we determined if activation of endogenous activin
has similar consequences for the wound healing and scarring
response.

Reepithelialization of wounds starts within a few hours
after injury with migration and hyperproliferation of kera-
tinocytes at the wound edge.28 To determine whether
proliferation and/or migration of keratinocytes at the wound
edge are affected by the Fst mutation, full-thickness
excisional wounds were generated on the back of control and
Fst mutant mice and analyzed at different time points after
injury. Morphometric analysis of Masson trichrome-stained
sections of 5-day wounds (Figure 5a) revealed a significant
increase in the area of hyperproliferative epithelium in the
wounds of mutant mice as compared to those of their wt
littermates (Figure 5b). By contrast, the length of the
wound epidermis was similar in mice of both genotypes,
indicating that migration of keratinocytes is not affected
(Figure 5c).

We next determined if the wound edge keratinocytes of
these mice show an increased proliferative response to injury,
which could account for the increased area of the hyper-
proliferative epithelium. BrdU incorporation assay was used
to quantify proliferation of wound keratinocytes 5 days after
wounding (Figure 6a–c). The total number of BrdU-positive
cells was similar in control and Fst mutant mice (Figure 6b).
Taking into account the increased area of hyperproliferative
epithelium, this resulted in a decreased number of pro-
liferating keratinocytes per area (Figure 6c).

If the enlargement of the hyperproliferative epithelium in
Fst mutant mice is based on a higher cell division rate, the
latter might have occurred during an earlier phase of
reepithelialization. Therefore, we analyzed keratinocyte
proliferation at an earlier time point—3 days after wounding
(Figure 6d–f). Interestingly, at that stage the number of
proliferating keratinocytes was clearly increased in Fst
mutant mice, resulting in a significant increase in
proliferating keratinocytes per area of hyperproliferative

Figure 4 Expression of follistatin and its binding partners in healing skin wounds. RNA was isolated from normal and wounded skin at different stages after

injury and analyzed by quantitative RT-PCR for the mRNA levels of follistatin and its binding partners. Expression levels of follistatin, activin bA, myostatin and

BMP-2 were normalized using GAPDH and RNA polymerase II polypeptide A as reference genes. Expression levels in unwounded skin (0) were set as 1. Each

RNA sample was a pool from at least eight wounds.
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epithelium (Figure 6e and f). Thus, our results revealed that
loss of Fst in keratinocytes enhances keratinocyte prolifera-
tion early after injury, resulting in an enlarged area of wound
epithelium later on. The analysis of 7- and 14-day wounds
did not reveal any differences in the percentage of wound
closure between genotypes (data not shown). Therefore, the
earlier onset of proliferation upon wounding observed in Fst
mutant mice does not result in earlier completion of
reepithelialization.

Lack of Follistatin in Keratinocytes does not Affect
Granulation Tissue Formation and Scarring
In spite of the earlier onset of reepithelialization in Fst
mutant mice, granulation tissue formation was not
obviously affected with regard to size and composition

(Figure 7a and b). This result is consistent with the
observation that activin-induced stimulation of granulation
tissue and scar formation is most likely mediated by activin
action on stromal cells.27 At 13 and 20 days after injury,
wounds were completely reepithelialized, and keratin 14,
keratin 10 and loricrin were appropriately expressed
(data not shown). The area of late granulation tissue/scar
tissue was similar in control and mutant mice (Figure 7b).
Thus, the amounts of bioactive activin that are available in
normal and wounded skin in the absence of keratinocyte-
derived Fst seem to be sufficient to stimulate
reepithelialization. However, they are obviously insufficient
to enhance granulation tissue formation. Most importantly,
they allow acceleration of the early wound repair process
without enhancement of scarring.

Figure 5 Enlarged area of hyperproliferative epithelium 5 days after wounding in Fst mutant mice. (a) Masson trichrome-stained histological sections of

5-day wounds (5 dw) of control and mutant mice are shown. E: epidermis; D: dermis; HE: hyperproliferative epithelium; GT: granulation tissue; Es: eschar.

Bar¼ 200 mm. (b, c) Morphometric analysis of wound healing parameters. The area of the hyperproliferative epithelium in 5 dw is significantly increased in

Fst mutant mice (b: **P¼ 0.0049), whereas the length of the wound epidermis is similar in control and mutant mice (c). n¼number of measurements;

N¼ number of mice. Results shown are mean±s.e.m.
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Figure 6 Increased proliferation of keratinocytes at the wound edge 3 days after wounding. (a, d) Detection of proliferating cells in the hyperproliferative

epithelium 5 (a) and 3 days after wounding (d). HE: hyperproliferative epithelium; D: dermis; Es: eschar; T: tip of migrating epithelial tongue. Bar¼ 100 mm.

(b, c, e, f) Quantification of proliferating cells in 5-day (b, c) and 3-day (e, f) wounds. The total number of BrdU-positive cells in the hyperproliferative

epithelium (b, e) and the number of BrdU-positive cells per area of hyperproliferative epithelium (c, f) are shown. n¼number of measurements; N¼ number

of mice (c: *P¼ 0.0499; f: *P¼ 0.0421). Results shown are mean±s.e.m.
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DISCUSSION
In this study, we explored the consequences of keratinocyte-
specific ablation of the activin-binding protein Fst. Our
findings revealed that Fst controls keratinocyte proliferation
in the tail epidermis and in skin wounds. Most importantly,
they suggest that limited activation of activin in keratinocytes
is beneficial for the wound healing process.

It has previously been shown that the lack of Fst in all cell
types causes epidermal hyperplasia in newborn mice.
Surprisingly, this phenotype was not recapitulated in kerati-
nocyte-specific Fst-null mice, suggesting that the phenotype
is caused by the loss of Fst in stromal cells. This supports
previous findings from our laboratory demonstrating a

substantial impact of activin on keratinocyte proliferation by
activation of stromal cells. In that study, expression of both
activin and a dominant-negative activin receptor in kerati-
nocytes of transgenic mice did not fully abrogate the
hyperproliferative skin phenotype seen in mice, which only
express the ligand.27 Further evidence for an indirect effect of
activin on keratinocytes comes from cell culture experiments
where activin stimulation did not affect proliferation
of keratinocytes from control or Fst mutant mice (our un-
published observations) or even inhibited proliferation of
keratinocytes.29 Although we cannot exclude the possibility
that mesenchyme-derived Fst can compensate for the lack of
this protein in keratinocytes, our previous findings men-
tioned above support the hypothesis of a double paracrine
mechanism, where activin induces expression of factors in
stromal cells, which in turn stimulate keratinocyte pro-
liferation. However, the existence of such a mechanism is still
speculative and the identity of the responsible factors remains
to be determined.

In contrast to newborn skin, we observed hyperprolifera-
tion of keratinocytes in the tail epidermis of adult mutant
mice. This phenotype reflects the abnormalities seen in ac-
tivin-overexpressing mice11 and suggests that keratinocyte-
derived Fst protects cells in the normal epidermis of adult
mice from activin-mediated excessive proliferation. As acti-
vin does not stimulate proliferation of keratinocytes directly,
this effect is most likely mediated through the underlying
stroma (see above). This implies that endogenous activin can
diffuse to the dermal compartment in the absence of kera-
tinocyte-derived Fst. However, the extent of stromal cell ac-
tivation in Fst mutant mice is obviously much less
pronounced compared to mice overexpressing activin in the
epidermis, as the hyperproliferative phenotype in the former
is much less severe. Furthermore, strong fibrosis was ob-
served in activin-overexpressing mice,11 but not in Fst mu-
tant mice.

In addition to the phenotype seen in interfollicular tail
epidermis, delayed hair follicle cycling had been found in
activin-overexpressing mice.6 Although we also detected
slight abnormalities in hair cycling in Fst mutant mice, the
difference never reached statistical significance (data not
shown). This is consistent with the observed downregulation
of BMP-2 expression in activin-overexpressing mice,6 but not
in the Fst mutant mice described in this study (data not
shown).

The qualitatively similar phenotypes seen in Fst mutant
mice and in activin-overexpressing mice strongly suggest that
the major function of keratinocyte-derived Fst in normal skin
is the inhibition of activin function. By contrast, inhibition of
BMPs by Fst appears to be physiologically less relevant in the
skin. This hypothesis is supported by the higher affinity of Fst
for activins than for most BMPs.21,22,24,25,30 Furthermore,
myostatin/GDF-8 is predominantly expressed in muscle tis-
sue31 and strongly downregulated in the skin after wounding
(Figure 4), and GDF-11/BMP-11 is not expressed in normal

Figure 7 Reepithelialization, keratinocyte differentiation and granulation

tissue formation are unaltered in Fst mutant mice 13 days after wounding.

(a) Masson trichrome-stained histological sections of 13-day wounds (13

dw) of control and mutant mice are shown. GT: granulation tissue.

Bar¼ 500 mm. (b) The area of granulation tissue in 13 dw is similar in control

and mutant mice. n¼ number of measurements; N¼ number of mice.

Results shown are mean±s.e.m.
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or wounded skin (data not shown). In addition, expression
of several BMPs, which are low-affinity binding partners of
Fst, were downregulated upon wounding (Figure 4). Finally,
the full rescue of the wound healing phenotype of activin-
overexpressing mice by mating with Fst-overexpressing
mice10 strongly suggests that Fst predominantly blocks acti-
vin action in normal and wounded skin.

The growth inhibitory effect of Fst for keratinocytes was
particularly obvious in healing skin wounds, resulting in an
earlier onset of keratinocyte proliferation and acceleration of
reepithelialization during the first days after injury. This
beneficial effect again recapitulates the phenotype seen upon
overexpression of activin in keratinocytes.11 However, the
latter revealed fibrosis in normal skin and strongly enhanced
scarring after injury. This is consistent with the over-
expression of activin in human hypertrophic scars and
keloids.32,33 These negative consequences of activin over-
expression were not observed in the Fstmutant mice described
in this study. Thus, the free activin that is generated in the
absence of keratinocyte-derived Fst is obviously insufficient to
enhance granulation tissue formation and subsequent scarring.
This may be because of the lower concentration of free activin
compared to the activin-transgenic mice and/or to limited
diffusibility. Therefore, limited activation of activin in the skin
enhances the early phase of the wound healing process without
inducing excessive scarring.
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