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Overexpression of activin A in the skin of transgenic
mice reveals new activities of activin in epidermal
morphogenesis, dermal fibrosis and wound repair
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Recently we demonstrated a strong induction of activin
expression after skin injury, suggesting a function of
this transforming growth factor- B family member in
wound repair. To test this possibility, we generated
transgenic mice that overexpress the activifdA chain
in the epidermis under the control of a keratin 14
promoter. The transgenic mice were significantly
smaller than control littermates, and they had smaller
ears and shorter tails. In their skin, the fatty tissue was
replaced by connective tissue and a severe thickening of
the epidermis was found. The spinous cell layer was
significantly increased, and the epidermal architecture
was highly disorganized. These histological abnorm-
alities seem to result from increased proliferation of
the basal keratinocytes and abnormalities in the pro-
gram of keratinocyte differentiation. After skin injury,

a significant enhancement of granulation tissue form-
ation was detected in the activin-overexpressing mice,
possibly as a result of premature induction of fibronec-
tin and tenascin-C expression. These data reveal novel
activities of activin in the regulation of keratinocyte
proliferation and differentiation as well as in dermal
fibrosis and cutaneous wound repair.

Keywords activin/epidermis/granulation tissue/
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Introduction

variety of growth and differentiation factors, which have
only partially been identified. Among the key players are
polypeptides of the transforming growth facfo(TGF{3)
family, which in mammals include, for example, three types
of TGFf3 (TGF{31, B2 and(3), various bone morpho-
genetic proteins (BMPs), Mullerian inhibiting substance,
inhibins and activins (for a review, see MassadiL90). A
series of studies has provided insight into the important
function of TGFBsin skinmorphogenesis and wound repair
(for reviews, see Roberts and Sporn, 1996; O’Kane and
Ferguson, 1997). However, anvivofunction of activin in
these processes has as yet not been demonstrated.

Like the majority of other members of the TGF-
family, activins are dimeric proteins, the monomeric poly-
peptides of which are connected by disulfide linkage.
Three different forms of activin, the homodimeric activin A
(BABA) and activin B 3B(B), as well as the heterodimeric
activin AB (BABB), have been described (reviewed by
MassagUge1990; Valeet al,, 1990). Recently3C, BD and
BE chains have been discovered'{ténet al, 1995; Oda
etal, 1995; Fanget al, 1996), although the corresponding
proteins have not been characterized yet. In most assays,
activin A, AB and B have similar and equipotent activities,
although slight differences between the three isoforms
have also been reported.

The biological activities of activins are mediated by
heteromeric receptor complexes consisting of two different
types of receptor, the type | (ActRIA and ActRIB) and
the type Il (ActRIl and ActRIIB) receptors, which are all
characterized by the presence of an intracellular serine/
threonine kinase domain (for a review, see Mathews and
Vale, 1993). The formation of heteromers of type |
and type Il receptors is essential for signal transduction
(Attisano et al, 1996). Besides these transmembrane
receptors, soluble activin-binding proteins, follistatins,
have been discovered, which bind to activin and thereby
inhibit its biological effects (Nakamurat al, 1990;
de Winteret al, 1996).

The first evidence for a possible role of activin in the
skin resulted from the phenotypes of knockout mice.
Besides various defects that caused death within the first
24 h after birth, mice lacking the activ{pA chain lacked
whiskers and whisker follicles were abnormal (Matzuk
et al, 1995a), and mice deficient in follistatin showed
disturbed whisker development and hyperkeratotic skin
(Matzuk et al,, 1995b). To further determine the function
of activin in normal and wounded skin, we recently
analyzed the expression of activin and its receptors during
the wound healing process. We found a strong induction
of activin BA and 3B mRNA expression in the granulation
tissue and in suprabasal keratinocytes of the hyperprolifer-
ative epithelium after skin injury (Haner et al, 1996;

Morphogenesis of the skin during embryonic development G.Htbner and S.Werner, unpublished data). Further-
and wound repair in the adult are controlled by a wide more, all known activin receptors were expressed in the
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mesenchymal and epithelial compartments of normal and A

wounded skin, although their expression was not induced ] H —
after injury (Hibneret al, 1996). To gain insight into the K14 promoter rljbmtﬁglnbln iR !_rlmen polyA
effects of activin in skin morphogenesis and wound repair, intron I

we used a keratin 14 (K14) promoter to express the &

activin BA chain ectopically in basal keratinocytes of the
epidermis as well as in the outer root sheath of the hair g : a?‘,??
follicles. The increased levels of mature activin protein ﬁgfﬁffgé@ffﬁg
significantly affected the morphogenesis of the skin, and
a striking effect on the wound healing process was '

observed.

Results

Cloning and characterization of a DNA construct for
overexpression of activin in transgenic mice

To determine the function of activin in the skin, we over- o® |—
expressed the activpA chainin the epidermis of transgenic
mice. For this purpose we used a human K14 promoter that
has been shown to target the expression of transgenes to thi af |
non-differentiated basal cells of the epidermis and to the C
keratinocytes of the outer root sheath of the hair follicles
(Vassaret al,, 1989; K.Ongena and D.Huylebroeck, unpub-
lished data). The human activ[pA cDNA, including an
in-frame epitope of the influenza virus hemagglutinin
(IVH), was used as a transgene. Human activin has been
shown to be fully active onrodent cells (Yaswdal., 1993).

The BA chain was chosen since this variant is particularly
strongly induced during cutaneous wound repait l{kier

et al, 1996). The suitability of the transgene construct
(Figure 1A) for expression in keratinocytes was first tested
in vitro by stable transfection of the immortalized, but non-
transformed, HaCaT keratinocyte cell line (Boukagtpgl.,
1988). Several cell lines were obtained that express high
levels of the transgene and that secrete a protein of the
expected size into the culture medium. Interestingly, these
cells revea!ed CharaCte”S,t'CS of d'ﬁerent!ated Ce”S'_SUCh a‘SFig. 1. (A) Diagram of the transgene construct. Functional elements
growth to higher cell density and expression of the differen- include the human K14 promoter, the rabiglobin intron, the
tiation-specific keratin 10 (data not shown). These findings human activinBA cDNA fused in-frame to the IVH-epitope tag, and
correlate with the recently demonstrated ability of activin the human growth hormone (hGH) poly(ABX Tissue-specific

to induce differentiation of primary keratinocytavito  SESSen o e tarsgene, A ves seed o s Isaues of
(Seishimaet al, 1999). Taken together, theigevitro results presence of activifiA mRNA by RNase protection assay using the
provided evidence for the suitability of the transgene probe described in Figure 7A; 20y of tRNA were used as a negative

construct for expression of biologically active activin in control. The hybridization probe (1000 c.p.m.) was loaded in the lane
keratinocytes. labeled ‘probe’ and used as a size marké) In situ localization of
the human activiBA mRNA in the tail skin from a 3-month-old
R ; ; i heterozygous transgenic moudail skin was separated from the bone,
Generation of transgenic mice that express high fixed in 4% paraformaldehyde and paraffin embedded. Sectiopm{6
levels of human activin A in the skin were hybridized with &°S-labeled riboprobe complementary to the

Eight transgenic mouse lines with different integration sites humi’ﬂ_‘ activinBA f(fj“?NAz- Theﬁ were Coatetd V‘{ith N(?T ,’t‘#ch'eaf o

H emuision, exposed for Z weeks and counterstainea wi ematoxylin—
of the transgene were generated. Fpur of these IIne‘S‘eosin. Silver grains appear as black dots. Magnification400
expressed high levels of the transgene in the skin. In these
lines the expression levels of the transgene in the back skinj, the tongue, the oral epithelium and the thymus (data
were similar or even higher compared with the levels of 4t shown), whereas other tissues, including brain, heart,
endogenous activin seen in wounded skin of control mice jntestine, kidney, liver, lung, stomach and testes, were nega-
(compare Figure 7A). Two other lines expressed very low e (Figure 1B). The transgene was expressed at high levels
levels of the transgene. In these mice the expression levelsy pasa keratinocytes (Figure 1C) and in outer root sheath
of the transgene in the skin of the back were significantly ce||s of the hair follicles (data not shown). These data are

lower compared with the expression levels of endogenous consistent with the expected activity of the K14 promoter
activin in wounded skin (data not shown). Two lines did not (Vassaret al, 1989).

express the transgene.

The highest levels of the transgene mRNA were found in Transgenic mice appear macroscopically abnormal
the skin of the back and the tail (Figure 1B) as well as in the Immediately after birth, the transgenic mice appeared
ear (notshown). Low levels of expression were also detectednormal with the exception of a necrotic tip of the tail.
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(data not shown). The epidermis of the transgenic mice
was much thicker compared with the skin of control
animals. The spinous layer was greatly increased compared
with normal epidermis, but little parakeratosis was
observed in the cornified layer (Figure 3E and F). Further-
more, the epidermal architecture was highly disorganized,
the alternating pattern of ortho- and parakeratinized epi-
dermis that is normally seen in mouse tail skin was
changed, and there was an irregular border between the
dermis and the epidermis in the transgenic mice. Apart
from epidermal changes, the subcutaneous fatty tissue was
replaced by connective tissue in the transgenic mice
(Figure 3B and C). Similar abnormalities were also seen
in the skin of the ear and to a lesser extent in the skin of
the back (data not shown).
Fig. 2. The macroscopic phenotype of the activin-overexpressing mice.  The phenotypic abnormalities revealed a strong correla-
A female control mouse (3 weeks old) is shown on the right, a female tion with the expression level of the transgene, as demon-
homozygous transgenic littermate is shown on the left. Note the small  gtrate( by the difference between heterozygous and
size of the transgenic mouse and the short tail and small ears. homozygous mice of each line (Figure 3, middle and
lower panel) and by comparison of different lines that
However, within 3 weeks after birth, obvious abnormalities expressed different levels of the transgene (data not
appeared in the four lines that expressed high levels of shown). In general, abnormalities were seen only in the
the transgene. These mice had significantly shorter earslines in which the mRNA levels of the transgene in non-
and tails. Furthermore, they were smaller compared with wounded skin were at least comparable to the mRNA
their control littermates (Figure 2). This could be due to levels of endogenous activin seen in wounded skin of
the expression of the transgene in the tongue, the oralcontrol mice (data not shown).
epithelium and/or the esophagus where K14 is also No signs of inflammation were observed in the dermal
expressed (Vassagt al, 1989). Indeed, a histological or epidermal compartment of the transgenic mice as
analysis of the tongue revealed a severe hyperthickeningassessed by histological analysis and by mRNA expression
of the tongue epithelium and an increase in the number analysis of the proinflammatory cytokines interleukip-1
of papillae (data not shown). These abnormalities might and tumor necrosis facter; which were found to be
inhibit food intake and result in a nutritional defect. In expressed at equally low levels in the skin of transgenic
addition, the activin expressed in stratified epithelia might mice and control mice (not shown).
enter the bloodstream and thus cause systemic effects
apart from those in the skin. To test this possibility, we Overexpression of activin affects keratinocyte
determined the activin levels in the serum using a specific proliferation and differentiation
two-site immunoassay that detects free activin A and The severe hyperthickening of the epidermis was reminis-
activin A bound to carrier proteins, but not activin B or cent of the phenotype seen in hyperproliferative skin
inhibins (Knightet al, 1996). Interestingly, the serum of disease. We therefore determined the proliferation status
13 mice from two different lines contained between 20 of the keratinocytes by labeling the proliferating cells
and 150 ng/ml of activin (average 53 ng/ml), whereas with 5-bromodeoxyuridine (BrdUn vivo and subsequent
activin levels were below the detection limit of 76 pg/ml staining of the skin with an antibody directed against
in the control micef = 25), indicating that the activin ~ BrdU. As in control mice (Figure 4A), proliferation was
expressed in stratified epithelia does indeed enter therestricted to the basal layer of the epidermis of transgenic
bloodstream. At the age of 3 months, the differences in mice (Figure 4B). However, the number of proliferating
body size and weight were no longer observed, although basal cells was 2.5-fold higher in the epidermis of trans-
the ears and the tail remained smaller compared with non-genic mice f = 10) compared with control mice
transgenic littermates. No macroscopic differences were (n = 10), demonstrating that the overexpression of activin
found in the transgenic lines that expressed very low stimulates proliferation of basal keratinocytes.
levels of activin or that lacked expression of the transgene To determine the effect of activin on keratinocyte

(data not shown). differentiation, we analyzed the expression of differenti-

ation-specific proteins in control and transgenic mouse tail
Transgenic mice are characterized by epidermal epidermis by immunofluorescence. In normal epidermis,
thickening and dermal fibrosis keratins 5 and 14 (K5 and K14) are expressed at high

The transgenic mice were further examined for phenotypic levels in the basal layer, but not in the suprabasal layers
abnormalities in the skin. All experiments were performed (reviewed by Fuchs, 1990). When basal cells become
with adult mice (10-14 weeks of age). Only littermates committed to terminal differentiation and move to the

of the same sex were used for a direct comparison. A suprabasal layer, they synthesize a new pair of keratins,
significant histological phenotype was seen in the tail skin K1 and K10 (reviewed by Fuchs, 1990). Expression of
of the four lines that express high levels of the transgene K14 was detected in basal cells in the epidermis of both
(Figure 3B and E, heterozygous mouse; Figure 3C and F,normal (Figure 5A) and transgenic mice (Figure 5B), and
homozygous mouse), but not in the lines that only weakly the staining persisted throughout the whole epithelium. In
express the transgene or that lack transgene expressiottransgenic mice, however, the signal obtained with the K14
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Fig. 3. Histology of tail skin from a control mousé\(andD), a heterozygous transgenic mou8eand E) and a homozygous transgenic mou€e (
andF) (all 3 months old). Paraffin sections (#n) from the tail were stained with hematoxylin—eosin. D, dermis; E, epidermis; H, hair follicle;
F, fatty tissue. Note the presence of several suprabasal layers of nucleated cells in the epidermis of transgenic mice, their high degree of
disorganization, the lack of a clear border between the dermis and the epidermis, and the replacement of fatty tissue by connective tissue.
Magnification 20x (A, B and C) and 408 (D, E and F).

antibody appeared generally weaker, and the distribution of are transiently expressed in the proliferating epidermis of
this keratin within the basal cells was altered compared wounds and permanently upregulated in the suprabasal
with control mice. Thus, a stronger signal was seen at the epidermal layers of hyperplastic, neoplastic and psoriatic
basolateral side of the basal keratinocytes compared withskin (reviewed by Fuchs, 1990). Suprabasal keratinocytes
the apical side (Figure 5B). Keratin 10 expression started in the epidermis of the transgenic mice expressed this
in the first suprabasal layer in normal and transgenic mice keratin (Figure 5F), although the expression was patchy.
(Figure 5C and D), demonstrating that the additional The density of the K16-positive cells in the different
layers seen in the epidermis of the transgenic mice consisttransgenic mouse lines correlated with the expression level
of at least partially differentiated cells. of the transgene (data not shown).

To determine the stage of differentiation of these addi-
tional K10-positive suprabasal cells, we stained the skin Abnormal distribution of tenascin-C and nidogen
simultaneously with an antibody against loricrin, the major in the skin of transgenic mice
protein of the cornified envelope (Mehret al, 1990), The observed replacement of fatty tissue by connective
and with a monoclonal antibody against K14 to visualize tissue led us to investigate the expression of various
the basal layer. As shown in Figure 5G and H, loricrin extracellular matrix proteins in these animals. Surprisingly,
(green color) was appropriately synthesized in the granular no significant differences in the mRNA expression levels
layer of normal (Figure 5G) and transgenic (Figure 5H) of fibronectin, collagenal, collagen alll and of the
mouse epidermis, whereas the additional suprabasal K10-basement membrane proteins tenascin-C and nidogen
positive keratinocytes did not express this protein in the were observed (data not shown). However, immunohisto-
transgenic mice. Finally, we stained the skin with an chemistry with antibodies against tenascin-C and nidogen
antibody directed against K16. This keratin and its partner revealed significant changes in the distribution of these
K6 are restricted to the hair follicles in normal skin, but proteins in the skin of transgenic mice. As shown in
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Fig. 4. Detection of proliferating cells in the tail skin of control and transgenic mice. Mice were injected with BrdU arti kilieafter injection.
Frozen sections of the tail skin of control mic&)(and transgenic miceB| were incubated with a peroxidase-conjugated antibody against BrdU and
stained with the diaminobenzidine—peroxidase staining kit. Stained nuclei are indicated by arrows. Magnification 400

Figure 6 for tenascin-C, the staining was confined to the epitope (Figure 7B). A protein of the same size was also
basement membrane zones in tail skin of control mice found in the supernatant of the HaCaT cells transfected
(Figure 6A). In contrast, a strong tenascin-C signal was with the human activiBA-IVH cDNA (data not shown),
found in interfollicular dermis of the transgenic mice demonstrating that this band does indeed correspond to
(Figure 6B). Nidogen was seen in the dermis as well as the processed and secreted actiA protein, which
in the basal and the first suprabasal layer of the transgenicwas reduced to the monomer under our experimental
mouse epidermis, whereas this protein was restricted toconditions.
the basement membrane in control animals (not shown). we subsequently performed a detailed histological ana-
By contrast, collagen type IV was confined to the basement |ysjs of 5-day wounds from three independent transgenic
membrane in normal and transgenic mice (data not shown),mouse lines that express high levels of the transgene (line
indicating that the basement membrane of the activin- 24: 10 control mice, nine heterozygous transgenic mice,
overexpressing mice is not generally distorted. three homozygous transgenic mice; line 12: three control
mice, five heterozygous transgenic mice; line 31: three
control mice, three heterozygous transgenic mice). This
time point was chosen because differences in the extent
of re-epithelialization and granulation tissue formation can
easily be detected at this stage after injury. Furthermore,
activin levels are particularly high at day 5 after wounding
(HlUbneret al, 1996). Histological characterization of the
wounds revealed a remarkable increase in the amount of
granulation tissue in the wounds of the transgenic mice
the wound edge and in the epidermis adjacent to the (Figure 8B) compared with control mice (Figure 8A). The
wound (data not shown). Most importantly, the K14 ceI_I density m_tht_e_granulat_mn tissue of the transgenic
promoter-driven expression of the human actiBa an!mals was significantly higher compared with contr(_)I
mRNA (lower bands in Figure 7A) was significantly —animals (Figure 8B) and there was a remarkable deposition
higher compared with endogenous actiBi (higher of connective tissue, particularly below the epithelial
band in Figure 7A), although the latter was strongly tongue (Figure 8D). Finally, there was no clear border
induced in both normal and transgenic mice (Figure 7A). between the hyperproliferative epithelium and the under-
The epitope-tagged activiBA monomer of ~17 kDa lying dermis or granulation tissue (indicated by arrows).
was detected in the lysates from non-wounded and from The extent of re-epithelialization was increased in some
wounded skin of the transgenic mice that expressed high of the wounds of the activin-overexpressing mice, although
levels of the transgene (1.24) as determined by Westernthis was not consistently observed. These findings demon-
blot analysis after SDS—PAGE under reducing conditions strate that the increased levels of activin in the wounds
with a monoclonal antibody directed against the IVH of transgenic mice stimulate the wound healing process.

Enhanced wound healing in activin transgenic

mice

To determine the effect of the transgene on the wound
healing process, full-thickness excisional wounds were
generated on the back of transgenic mice and control
littermates of the same sex at the age of 10-12 weeks. As
expected from the activity of the K14 promotém, situ
hybridization revealed a strong expression of human
activin BA mRNA in the hyperproliferative epithelium at
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Fig. 5. Expression of differentiation-specific proteins in tail epidermis of control mice (left panels) and heterozygous transgenic mice (right panels).
Sections were incubated with antibodies to KBMgndB), K10 (C andD) and K16 € andF). The basal layer is indicated by arrows. Double
immunofluorescence with antibodies against K14 (red) and loricrin (green) is show&) eBn@l ). Magnification 25(.

Altered expression of fibronectin and tenascin-C in granulation tissue formation. By contrast, collagdrand

the wounds of transgenic mice alll mRNA expression was similar in non-wounded and
To gain insight into the mechanisms underlying the wounded skin of normal and transgenic mice (data not
increased granulation tissue formation, we analyzed the shown). The stimulation of granulation tissue formation
MRNA expression of major wound matrix proteins in is likely to be a direct effect of activin, since the expression
normal and wounded skin. Both fibronectin and tenascin-C of various other TGH superfamily members was not
expression were upregulated after skin injury in normal and significantly altered by overexpression of the transgene in
transgenic mice (Figure 9). However, the most significant non-wounded and wounded skin (data not shown). Thus,
upregulation of both transcripts occurred earlier in the activin seems to be a novel mediator of connective tissue
transgenic animals. Therefore, these proteins might accu-synthesis/deposition in normal skin and during cutaneous
mulate in the wound tissue, contributing to enhanced wound repair.
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Fig. 6. Aberrant distribution of tenascin-C in the tail skin of transgenic mice. Frozen sectiqu®)@om the tail skin of a control mousé\J and a
transgenic mouseB| were incubated with a monoclonal antibody directed against tenascin-C. The basement membrane zones are indicated by
arrows. E, epidermis; D, dermis; H, hair follicle. Note the clear basement membrane staining in control epidermis and the strong staining of
interfollicular dermis in the transgenic mice. Magnification 400

Discussion keratinocytes was 2.5-fold higher in the skin of transgenic
animals compared with the controls. The observed stimula-
tion of keratinocyte proliferation by activin is likely to be
indirect, since activin inhibited proliferation of human
HaCaT keratinocytes (Shimizet al, 1998) and primary
keratinocytesn vitro (Seishimiet al, 1999). Irrespective

of whether the growth-stimulatory effect was direct or

To gain insight into the role of activin in skin development
and wound repair, we generated transgenic mice that
overexpress the activiBA chain in the basal layer of the
epidermis. These mice were smaller compared with their
control littermates at 3 weeks of age. This could be due
to the observed abnormalities in the tongue epithelium, joirect, the signals transmitted by activin and by other
which might result in a nutritional defect. In addition, TGFB family members to keratinocytes are different,
defects in the oral epithelium and/or the esophagus might gince TGFB2 inhibited HaCaT cell proliferation at much
be present, since the K14 promoter is also active in these|qyer concentrations than activin A (Shimietal, 1998).
stratified epithelia. Alternatively, the increased activin Furthermore, overexpression of T@HE- or BMP-6 in
levels in the blood might cause defects outside of the he epidermis of transgenic mice resulted in phenotypic
skin. However, high levels of activin have been reported apnormalities that were strikingly different to those
during pregnancy (Fowleet al, 1998) without obvious  gpserved in our activin transgenic mice (Sellhegesl,
effects on various internal organs. Furthermore, such 1993; Cuiet al, 1995; Blessingt al, 1996; Fowliset al.,
high levels do not obviously affect skin physiology or 1996). These results demonstrate that different members
morphology, indicating that the phenotype seen in the skin of the TGFg family can exert unique activities in the skin.
of our transgenic mice is a result of the local overexpres-  |n addition to the stimulation of keratinocyte prolifer-
sion of activin and not of serum-derived activin. ation, the increased levels of activin also affected the
As expected from the experimental design, which program of keratinocyte differentiation. The normal pattern
involved the K14 promoter, the major phenotypic abnorm- of ortho- and parakeratinized epidermis in the tail skin was
alities were observed in the skin. The thickness of the changed, resembling the effect of retinoic acid treatment of
epidermis was significantly increased, resembling the normal tail skin (Schweizeet al., 1987). Consistent with
hyperplastic neonatal mouse epidermis. Interestingly, we the observed hyperproliferation, we found expression of
recently observed a higher expression level of the activin K16 in interfollicular epidermis. Surprisingly, the levels
BA chain in newborn back skin compared with adult back of K14 appeared lower in the basal cells of the transgenic
skin (data not shown), indicating a role of activin in the mice. These reduced K14 levels are likely to be the result
hyperplasia seen in neonatal skin. Consistent with the of inefficient translation of the mRNA and/or reduced
appearance of the epidermis, the rate of proliferating stability of the protein, since no differences were seen in
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17 .

Fig. 7. (A) Expression of endogenous actiida mRNA and of RNA
derived from the transgene in normal and wounded skin. RNA was
isolated from control back skin and from wounds of several stages,
and analyzed by RNase protection assay for the presence of ggivin
mRNA. A 150 bp muringBA cDNA was used as a template. Owing to
an 85 bp identity of the human and murine sequences, an 85 bp
protected fragment was generated by RNA derived from the transgene
(lower arrow). Note the exclusive presence of mouse acfitin

mRNA (upper arrow) in the control mice (wt/wt), the presence of both
mouse and humaflA mRNAs in the transgenic mice (tg/wt), and the
strong induction of endogenous actiih expression after injury in
control and transgenic mice. The additional bands that are not
indicated by arrows result from incomplete digestion of partially
matching sequencesB) Expression of the recombinant activin A
fusion protein in tail skin (skin) and 5 day wounds (5dw) of normal
(wt/wt) and transgenic (tg/wt) mice. Total protein (R8) from skin

and wound lysates was analyzed by Western blotting under reducing
conditions for the presence of the recombinant activin fusion protein
using an antibody against the IVH epitope and the ECL detection
system. The recombinant protein (17 kDa) is indicated by the arrow.
1.24, transgenic mouse line expressing high levels of the transgene;
1.48, transgenic mouse line expressing very low levels of the
transgene.
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the K14 mRNA levels (data not shown) between normal
and transgenic mice. The latter result demonstrates that
the phenotype is not a result of transcription factor
depletion due to the presence of the exogenous keratin 14
promoter. The most striking observation was that, despite
an increased proliferation rate, expression of the differenti-
ation-specific K10 was detected in the first suprabasal
cell layers, demonstrating that the cells have entered a
differentiation program, although the process of terminal
differentiation seems to be delayed, as reflected by the
lack of loricrin expression in the nucleated K10-positive
cells. Loricrin was, however, expressed normally in the
granular layer, demonstrating that terminal differentiation
was not inhibited. It seems possible that activin is involved
in the initiation of differentiation in a hyperproliferative
epithelium, as indicated by the presence of a large number
of K10-positive cells in exponentially growing activin-
transfected HaCaT cells (data not shown) under conditions
where K10 expression is normally suppressed (Ryleal.,
1989). Participation of activin in the early induction of
keratinocyte differentiation is further supported by the
localization of activin mRNA and protein in the suprabasal
but not in the basal cells of the hyperproliferative epithe-
lium at the wound edge (Huneret al, 1996 and G.Honer
and S.Werner, unpublished data). Induction of keratinocyte
differentiation by activin A has also recently been shown
in primary keratinocyte$n vitro (Seishimaet al,, 1999).
In contrast to ouin vivo results, however, the process of
terminal differentiation was also enhanced by activin in
these cells. These discrepancies could be due to the
presence of other factors presenvivoin a hyperprolifer-
ative epithelium that delay the later differentiation steps.
Although the transgene is only expressed in the epi-
dermis and in hair follicle keratinocytes, we also observed
abnormalities in the interfollicular dermis, which was
characterized by a replacement of fatty tissue by connective
tissue. This might be due to the diffusion of activin from
the keratinocytes into the underlying dermis, possibly
facilitated by abnormalities in the basement membrane
zone. Further evidence for diffusion of activin into the
underlying mesenchyme comes from the histological ana-
lysis of the ear cartilage, which was severely hypertrophic
(data not shown). In addition, a high diffusibility of activin
has previously been demonstrated in Xenopusembryo,
where this TGH3 family member was shown to have long-
range signaling activity, thereby forming a concentration
gradient by diffusion (McDowelet al,, 1997). Within the
dermis, long-term stimulation by activin could gradually
alter extracellular matrix molecule metabolism, which
might explain the observed substitution of fatty tissue by
connective tissue. Consistent with this hypothesis, we
recently observed upregulation of fibronectin mRNA
expression by short-term stimulation with activin in cul-
tured murine 3T3 fibroblasts (G:Hner and S.Werner,
unpublished data) and others have shown increased expres-
sion of collagen type | mRNA by activin in cultured murine
kidney fibroblasts (Sugiyanet al., 1998). Surprisingly, we
could not detect any significant differences in the levels
of mMRNAs encoding several matrix proteins. However,
long-term stimulation with activin may gradually lead to
a low level of extracellular matrix accumulation, as
indicated by the presence of high levels of immunoreactive
tenascin-C in intrafollicular dermis. In addition, expression
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mice (wt/tg) and female control littermates (wt/wt) (3 months old). Mice were killed at day 5 after injury. Sectipms) om the middle of the

wounds were stained with hematoxylin—eosift) @nd ) Wounds of a control mouseBJ and D) wounds of a heterozygous transgenic mouse.

G, granulation tissue; D, dermis; HE, hyperproliferative epithelium; ES, eschar; M, muscle (panniculus carnosus); F, fatty tissue. Noteatealarger
of granulation tissue in the transgenic mice (compare A and B), the accumulation of extracellular matrix below the hyperproliferative epithelium in
the transgenic mice (D), and the lack of a clear border between the dermis or granulation tissue and the epidermis (indicated by arrows).
Magnification 25< (A and B) and 20& (C and D).

of these matrix molecules might be upregulated in the Fibronectin Tenascin-C
transgenic mice during an earlier phase of skin develop-

ment, leading to excessive deposition of these proteins. ;f j ;; f; f ‘Q? ;
Our results indicate a role for activin in the induction of ésr S F &R & 35‘ SR LSS

fibrotic processes and this hypothesis is strongly supported
L N X .H

by the detection of high levels of activin in fibrotic kidneys
(de Bleseret al,, 1997; Sugiyamaet al, 1998), cirrhotic
livers (Matsuseet al, 1995, 1996) and in arteriosclerosis
(Inoue et al, 1994; Pawlowskiet al, 1997). Thus, in
addition to TGFB (for a review, see Lawrence, 1996),
activin might be a novel player in fibrotic disease. ---oew - - - w - | tg/wt
The most striking result of our study was the significant : X

enhancement of the wound healing process in the activin-
overexpressing mice. This finding provides further evid- Fig. 9. Activin overexpression alters the mRNA expression levels of
ence for a novel and important role for activin in wound fibronectin and tenascin-C. Total cellular RNA was isolated from

; ; ; i, hormal and wounded skin of control mice (wt/wt) and heterozygous
healing, and suggests that the strong induction of activin transgenic mice (tg/wt). Total cellular RNA (a) was analyzed by

gxpression seen after injury could be. of major bi0|09i93| RNase protection assay for the presence of fibronectin (left panel) and
importance. The process of granulation tissue formation tenascin-C (right panel). The time after injury is indicated at the top of

was particularly enhanced. Large amounts of extracellular the lanes. The same batch of RNAs was used for both protection
matrix were detected below the activin-producing keratino- 2ssays. wtiwt, wild-type mice; tg/wt, heterozygous transgenic mice.
cytes, indicating that activin stimulates connective tissue

synthesis/deposition not only in normal but also in tenascin-C after skin injury in the transgenic mice com-
wounded skin. Thereby, autocrine, paracrine and endocrinepared with control mice. By contrast, we could not detect
effects of activin might be involved. Indeed, we found an significant differences in the levels of collageri and
earlier increase in the mRNA levels of fibronectin and alll mMRNAs between the wounds of normal and transgenic

T e e e | WhWL
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mice, indicating a selective effect of activin on the mRNA phosphate-buffered saline (PBS) and embedded in paraffin. Sections
expression of extracellular matrix proteins. Thus, activin (8 Hm) were stained with hematoxylin—eosin.
seems to dllffer in this respect from TC‘B,:-WhICh is also Wounding and preparation of wound tissues
a strong stimulator of collagen gene expression (Roberts Full-thickness excisional wounds of 0.5 cm diameter were generated on
et al, 1986). Future studies will reveal whether this the back of transgenic and control mice (10-12 weeks old) by excising
selectivity influences the formation of scar tissue and thus \S/\';C')” nfijnsd %?2?;?'”&?;?35“5-@5 ?ng:ét)szqngyF\é\:e:m;gsggg?f dios
: unds w uncov withou ing. X i udies,
the qual.lty of the heale.d Wound'. In any case, our resu_lts we generated six wounds on the back of each mouse. At different time
are the first demon_Stranon of a stimulatory effect of activin points after injury, the complete wounds including 2 mm of the epithelial
on the wound healing process, and reveal novel and uniquemargins were excised and immediately frozen in liquid nitrogen until
activities of this factor in keratinocyte differentiation, used for RNA isolation. Non-wounded back skin served as a control.

dermal fibrosis. tissue repair and possibly also in human For histological analysis, two or four wounds were generated on each
skin disease ! mouse. At day 5 after injury, the complete wounds were isolated,

bisected, fixed overnight in 4% paraformaldehyde in PBS and embedded
in paraffin. Sections (fim) from the middle of the wound were stained
with hematoxylin—eosin. Only littermates of the same sex were used for
direct histological comparison. All experiments with animals were carried
out with permission from the local government of Bavaria.

Materials and methods

Plasmid construction

The full-length human activiBA cDNA (1.2 kb) without the stop codon
was amplified from cDNA of the HaCaT keratinocyte cell line (Boukamp  Normal and wounded skin (see above) were frozen in liquid nitrogen.
et al, 1988), and fused in-frame at thé 8nd to a 48 bp sequence  Preparation of tissue lysate was performed as described by Wetrakr
encoding an epitope of the IVH followed by a stop codon. This cDNA  (1993). In total, 2Qug of protein were analyzed by Western blotting under
was sequenced and inserted into an expression cassette that includes theeducing conditions using a peroxidase-coupled monoclonal antibody
cloning vector pSP72 (Promega), a 2.1 kb human K14 promoter directed against the IVH epitope (Roche Biochemicals, Mannheim,
(K.Ongena and D.Huylebroeck, unpublished data), followed by a 0.65 kb Germany) and the enhanced chemiluminescence (ECL) detection system

Preparation of skin lysates and Western blot analysis

rabbit B-globin intron and a transcription termination/polyadenylation
fragment [poly(A), 0.63 kb] of the human growth hormone gene (Werner
et al, 1993). The activin cDNA was inserted between the intron and
the poly(A) fragment (Figure 1A).

Generation of transgenic mice

(Amersham, Braunschweig, Germany).

Immunofluorescence

Tail skin was separated from the bone and frozen in tissue freezing
medium (Jung, Nussloch, Germany). Acetone-fixed frozen sections
(6 um) were incubated overnight at 4°C with monoclonal antibodies

Standard procedures were followed in order to generate transgenic directed against K10 (Dako, Hamburg, Germany), K16 (kindly provided

mice (Hoganet al, 1986). Fertilized eggs were obtained following
superovulation and mating of CD1 females. The 4.2 kb insert was

by Dr l.Leigh), K14 (Serotec, Oxford, UK) or tenascin-C (kindly
provided by Dr P.Ekblom), or with polyclonal antisera directed against

separated from vector sequences, purified and injected into the pronucleiK14 (kindly provided by Dr E.Fuchs), loricrin (BAbCO, Richmond, USA)
of one-cell-stage embryos. Microinjected eggs were transferred at the or nidogen (kindly provided by Dr R.Timpl). Slides were subsequently

two-cell stage into the oviducts of pseudopregnant recipient females.

Identification of transgenic mice

Mouse tail DNA was analyzed for integration of the transgene by
Southern blot analysis (founder analysis) or dot blot analysis (analysis
of progeny). The3-globin intron fragment was used as a probe, since it
does not cross-hybridize with chromosomal mouse DNA.

Determination of activin A in the serum

Total activin A was measured in the mouse serum samples using a
sensitive and specific enzyme-linked immunosorbent assay developed

by Knightet al. (1996), with minor modifications as described previously
(Riley et al, 1998). The detection limit of the assay was 76 pg/ml. All

incubated fo 1 h atroom temperature with fluorescein isothiocyanate-
or Texas Red-conjugated secondary antibodies.

Detection of proliferating cells by labeling with BrdU

Mice were injected (i.p.) with BrdU (Sigma, 250 mg/kg in 0.9% NaCl)
and killed 3 h after injection. Tail skin was frozen in tissue freezing
medium. Sections (um) were treated with a peroxidase-conjugated
monoclonal antibody directed against BrdU (Roche Biochemicals) and
stained with the diaminobenzidine—peroxidase substrate kit (Vector
Laboratories, Burlingame, CA).
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