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Summary

The pleiotropic growth factor TGFB plays an important A cDNA array identified the transcription factor early
role in regulating responses to skin injury. TGP targets  growth response factor 1 (Egrl) as a target gene for TGF
many different cell types and is involved in all aspects of in late phases of the wound healing process. As a member
wound healing entailing inflammation, re-epithelialization,  of the immediate-early gene family, Egrl is upregulated
matrix formation and remodeling. To elucidate the role  shortly after injury and induces the expression of growth
of TGFB signal transduction in keratinocytes during factor genes. We could demonstrate that Egrl expression
cutaneous wound healing, we have used transgenic mice is also upregulated in skin wounds which have already
expressing a dominant negative type Il TGP receptor  undergone re-epithelialization. In conclusion, we attribute
exclusively in keratinocytes. We could demonstrate that the enhanced re-epithelialization in our transgenics to the
this loss of TGH signaling in keratinocytes led to an resistance of keratinocytes to TGPB-mediated growth
accelerated re-epithelialization of full thickness excisional restriction and apoptosis induction. We also propose a new
wounds accompanied by an increased proliferation in role for TGF induced Egrl in late phase wound repair.
keratinocytes at the wound edge. Furthermore, we show

that impaired TGFp signaling in keratinocytes reduces Key words: TGIB, Egrl, Wound healing, Re-epithelialization,
apoptosis in re-epithelialized wounds of transgenic animals. Apoptosis, Mouse

Introduction wound bed (consisting mainly of fibrin, fibronectin and
Growth factors such as platelet-derived growth factor (PDGFYitronectin) (Gailit et al., 1994; Zambruno et al., 1995); on the
epidermal growth factor (EGF), keratinocyte growth factorother hand TGE inhibits keratinocyte proliferation in vitro
(KGF) and transforming growth factor beta (T Eoordinate and in vivo (Coffey et al., 1988; Sellheyer et al., 1993). To
the process of wound healing (for a review, see Martin, 1997further complicate the situation, topical application of BGF
Among these, TGE; the prototype of the transforming growth on skin wounds has different effects on re-epithelialization,
factor family, has most probably the broadest range of activitiedepending on the dose and model chosen (Garlick and
(for a review, see Blobe et al., 2000). The three isoforms ofaichman, 1994a; Hebda, 1988; Mustoe et al., 1991).

TGFB, TGHB1, TGH2 and TGR3 have been shown to A recently published wound healing study usBrgadaull

be involved in the major phases of wound healing, i.emice (Ashcroft et al., 1999) has shed some light on this
inflammation, re-epithelialization, matrix formation and paradox. Re-epithelialization in these mice, which lack a
remodeling (for a review, see O’Kane and Ferguson, 199Tomponent of the T@Fcascade, was accelerated. The elevated
Roberts and Sporn, 1996). Re-epithelialization is a crucial stdprdU labeling index of keratinocytes at the wound edge
towards wound healing. Impairment of this process results idlemonstrated that T@F signaling can indeed inhibit
the development of chronic wounds. The reconstitution of thieratinocyte proliferation in vivo and thereby inhibit re-
epithelial barrier is achieved by keratinocytes migrating fronepithelialization. Nevertheless, owing to the fact that in this
the wound edge into the wound site. These keratinocytdgrockout mouse the T@@Fsignaling pathway via Smad3 is
originate in a proliferative burst at the wound edge (Garlickabrogated in all cells but may take place via Smad2, it is
and Taichman, 1994b; Matoltsy and Viziam, 1970). Bothdifficult to distinguish primary and secondary effects on
proliferation and migration of keratinocytes, are influenced byeratinocytes (Ashcroft et al., 1999). To circumvent this
TGHB (Garlick and Taichman, 1994a; Hebda, 1988; Tsuboi gproblem, we have investigated wound healing of full thickness
al., 1992). However, the role of TERn re-epithelialization  excisional wounds in a mouse model with an interruptedBlr GF
is unclear. On the one hand, in vitro experiments wittsignaling pathway specifically in keratinocytes. We and others
keratinocytes have shown that T@&F stimulates the have previously shown that the expression of a dominant
expression of integrins, primarilg5B1, avB6 and avfB5, negative type Il TGE receptor in keratinocytes impairs the
which enable epidermal cells to migrate over the provisional GF3 signal-transduction pathway in the epidermis (Amendt
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et al., 1998; Wang et al., 1997). Owing to the use of the bovinejected with 3Qug of BrdU per gram body weight and sacrificed after
keratin 5 promoter, the signal transduction pathway i labeling period of 1 hour. Fixation and processing of the samples
disrupted in keratinocytes with proliferative potential. Thiswere performed according to the manufacturers instructions. BrdU
defined interruption of TGF signaling gives us the unique indices were determined by photographing sections and counting
opportunity to differentiate between direct and secondar{pbeled nuclei in a 64 mhfield. Detection and guantification of
effects of TG on keratinocytes. rogrammed cell death in the epidermis was performed usinig the

. . . Situ Cell Death Detection Kit, FLUOS (Boehringer Mannheim,
In this study, we have confirmed that Tg&knpairs re- Mannheim, Germany). Fresh cryosections were treated as

eplth_ellahzatlon by inhibiting keratinocyte _prollferatlon. IN recommended by the supplier, counterstained for keratin 14, and
addition, we could demonstrate that resistance to fTGFanalyzed by fluorescence microscopy, essentially as described
reduces keratinocyte apoptosis. Furthermore, we demonstrgBeuhahn et al., 2000). The number of apoptotic cells in the basal
that the expression of the transcription factor, early growtlepidermal layer was determined and related to 100 total basal cells.
response gene 1 (Egrl) is upregulated in late phases of wouNdclei were stained with DAPI (#-diamidino-2-phenylindole;
healing. Moreover, we could show that this raised expressidpoehringer Mannheim, Mannheim, Germany). Numbers given for
of Egrl in late phase wounds is induced by BGEgrl is a analysis of apoptosis are mean values obtained from at least four

member of the immediate-early gene family and has beeqi'fferent animals and numbers given for BrdU-labeling experiments

shown to be induced shortly after injury (Khachigian et al are mean values obtained from at least three different animals.

1996; Pawar et al., 1995). Egrl, also known as NGFI-A,
zif268, tis8 and Krox24, is the prototype member of the earlyistology and immunohistology

growth response gene family (Egrl-Egr3) (for reviews, se€ryosections were cut at Him thickness and fixed in 4%
Gashler and Sukhatme, 1995). Members of this family arparaformaldehyde in neutral buffered saline for 20 minutes at
rapidly induced by a variety of extracellular stimuli including room temperature. Neutrophils and mast cells were detected by
growth factors and cytokines, hypoxia, physical forces andistochemical staining of the sections with naphthol-ASD-
injury (Khachigian et al., 1996; Lemaire et al., 1988;chloroacetate-esterase. Treatment of samples for immunohistological

Schwachtgen et al., 1998; Yan et al., 1999). During injury, Egrmrocedures has been described previously (Breuhahn et al., 2000). In
is considered to be a major transcription factor for gene is study, an antibody directed to Mac-1 (CD11b, 1:100; Pharmingen,

encoding crucial cytokines and growth factors in injury repair>cmany. Catalog No. 01711D) was used for the detection of

. ; : macrophages. Immunolocalization of Egrl was carried out by
such as interleukin 2 (IL2), tumor necrosis faaiofTNFa), using anti-mouse anti-Egrl antibody (C-19, 1:100, Santa Cruz

platelet-derived growth factors A and B (PDGF-A and PDGFgjgtechnology, Catalog no. sc-19) (Ghanem et al., 2000). Incubation
B), basic fibroblast growth factor (0FGF) and TBYBiesiada  with the primary antibodies was performed overnight°ar. 4

et al., 1996; Khachigian et al., 1996; Liu et al., 1996; Skerka

et al.,, 1995; Yao et al.,, 1997). Our finding that Egrl is . .

upregulated by TGF in keratinocytes at late stages of the RNA isolation and northern blot

wound healing process provides new insights into the specifi®tal RNA was isolated using Tri Reagent (Sigma-Aldrich Chemie
function of TG signaling in keratinocytes: the induction of GmPH, Taufkirchen, Germany). Aliquots (~3@) of RNA were

master regulators for essential factors of tissue repair arfdectrorhoresed on 1% agarose formaldehyde gels and subsequently
remodeling otted onto nylon membranes (Hybond N, Amersham,

Braunschweig, Germany). Filters were processed at high stringency
as described (Church and Gilbert, 1984). For analysis of wound
. specimens, RNA obtained from three different animals was pooled.
Materials and Methods Probes used were either cDNA-fragments or generated by RT-PCR
Wounding and preparation of wound tissue with the following primers.

The two previously characterized transgenic lines GAPDH: GAPDH-1, 5CAA CTA CAT GGT CTA CAT GTT C-
TgN(K5dkTbRII)114Mbl and TgN(K5dkTbRII)54Mbl were used 3 (position 159-181; GenBank Accession Number M32599); and
(Amendt et al., 1998). Both lines express the human type lIBTGFGAPDH-2, 3-ACC AGT AGA CTC CAC GAC-3(position 340-322;
receptor, which lacks the cytoplasmic domain, under the control dbenBank Accession Number M32599)

the bovine keratin 5 promoter, which drives the expression of the Egrl: EGR-1, 5 AGC ACC TGA CCA CAG AGT CC-3(position
transgene in the epidermis and in follicular cells. Keratinocytes fron578-597); and EGR-2,'5AGG TCT CCC TGT TGT TGT GG-3
these transgenics show resistance to [F@fediated growth (position 1078-1059; GenBank Accession Number NM_007913)
restriction, as demonstrated BH]thymidine incorporation assays. cDNA probes were used for detection of the human dominant
However, homeostasis was unaltered in normal skin. The lines weregative type Il TGB receptor (human TGF type |l receptor,
maintained as heterozygotes on a FVB/N background. Littermatesccession Number NM_003242) and for keratin 5 (bovine cytokeratin
were used as controls. Full thickness excisional wounds were inflictdtl, Accession Number K03536). Expression levels were quantified
on the back of 8-week-old mice using a biopsy punch of 8 mnusing a Phosphorimager System (Molecular Dynamics STORM 860
diameter. Biopsy specimens were obtained at days 3, 5, 7, 10, 11, Bystem) and the Image Quant Software (Molecular Dynamics,
13 and 14 after wounding. Biopsies were either embedded in tissBunnyvale, USA). The band intensities of different mRNA species
freezing medium (Tissue Tek, Miles, IN) and immediately frozen inwere related to the band intensities of the housekeepingGpgeth
liquid nitrogen or directly frozen in liquid nitrogen for RNA

preparation. ) )
Genomic expression arrays
_ _ cDNA array analysis was performed by using Atthsviouse 1.2
BrdU-labeling and apoptosis Arrays (CLONTECH, Heidelberg, Germany) that contain a total of
BrdU-labeling experiments were performed using limeSitu Cell 1176 cDNA segments spotted on a nylon membrane. Probing of

Proliferation Kit, AP (Boehringer Mannheim, Mannheim, Germany)cDNA arrays was performed as described in the CLONTECH Atlas
essentially as described (Amendt et al., 1998). In brief, mice wereDNA Expression Arrays User Manual (PT3140-1). Briefly, RNA was
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extracted from 7-day-old wounds of three different animals using
Atlas™ Pure Total RNA Labeling System according to the Us
Manual (PT3231-1). The RNA was pooled and radiolabeled avith
P32-dATP from Amersham. After hybridization, the array membral
was washed and analyzed by using Phosphorimager Sys
(Molecular Dynamics, Sunnyvale, USA). For normalization, cDN/
that did not show variable intensities and were located near the clC
of interest were used.

Cell culture and transfection of HaCaT cells

HaCaT cells (Boukamp et al., 1988) were maintained in GC-Medi
supplemented with 0.5% FCS (Vitromex, Weirdo, Germany). Sta
DNA transfections were carried out using the calcium phosph
procedure (Graham and van der Eb, 1973). The expression ve
pHbAPTr-1 consists of a 4.3 kb fragment of the hurfdactin gene
promoter, a polylinker derived from pSP64 and the vector backb
derived from pcDV1, including the AmpR gene and NeoR ge
(Leavitt et al., 1984; Melton et al., 1984; Okayama and Berg, 19¢
The cDNA of the dominant negative type Il receptor was cloned i
the polylinker (Brand et al., 1993). The transfectants were selecte
medium containing 1 mg/ml G418. For RNA-preparation, cells we
lysed directly in Tri Reagent 45 minutes after addition of 5 ng/
TGH31 (Strathmann Biotec AG, Hamburg, Germany).

Data is shown as meanzs.d. Statistical significance in the differencesy. 1. Re-epithelialization of full thickness excisional wounds of

between two groups was analyzed using Studete'st and values of  wild-type and transgenic mice at day 11 after wounding.

P<0.05 were considered significant. (A) Hematoxylin-Eosin stained cryosection through the mid-point of
a wound from a wild-type animal showing an incomplete re-
epithelialization. The wound edges were marked by arrow heads.

Statistics

Results (B) Section through the mid-point of a wound from a transgenic
Re-epithelialization animal where the re-epithelialization process is already completed.
Bars, 10Qum.

In the present study, we have investigated the role offliGF
re-epithelialization of cutaneous wounds using a transgenic
mouse model with an interrupted T@Bignaling pathway
specifically in keratinocytes (Amendt et al., 1998). Weand the number of hematopoietic cells were quantified in a 64
monitored the re-epithelialization of full thickness excisionalmn® field (Fig. 2). Ten days after wounding, no significant
wounds on the back of transgenic and non-transgenic mice lojfference in the numbers of hematopoietic cells was evident
histological examination of wound sections from day 10 to dayFig. 2E). But at day 14, the number of hematopoietic cells in
13 post wounding (Table 1). The re-establishment of théhe wound was markedly decreased in the transgenic animals
epidermis was completed at day 11 in transgenic mice, whereasmpared with the control animals (Fig. 2E; 1.6-fold reduction,
in non-transgenic mice the wounds still exhibited a gap in the<0.02). To further clarify which blood-derived cells were
epithelium (Fig. 1). In non-transgenic mice, the re-retained in the wounds of non-transgenic animals, we
epithelialization was completed 1 day later at day 12. We digerformed immunohistochemical staining for macrophages,
not detect any differences in granulation tissue formation in thesing the macrophage-specific marker Mac1l, and for mast cells
transgenic mice compared with non-transgenic mice (Fig. 1)and neutrophils, using naphthol-ASD-chloroacetate-esterase
staining, in two transgenic and non-transgenic animals (Fig. 3).
. In 14-day old wounds of transgenic animals we found fewer
Remodeling macrophages and mast cells or neutrophils (Fig. 3A,C) when
The accelerated re-epithelialization process in the transgentompared with non-transgenic animals (Fig. 3B,D). The earlier
mice correlated with an earlier loss of hematopoietic cells frondisappearance of the hematopoietic cells in the wound site of
the wound site (Fig. 2). Sections of wound specimens from dhe transgenic animals correlates with the accelerated wound
least four different animals were Giemsa stained, photographetbsure.

Table 1. Re-epithelialization

10 days post wounding 11 days post wounding 12 days post wounding 13 days post wounding
Re-epithelializaton completed
Yes No Yes No Yes No Yes No
Animal transgenic 1 5 4 1 4 0 4 0

Wild type 0 5 1 4 4 0 4 0
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Fig. 2. Hematopoietic cells in the granulation tissue. Giemsa stained cryosections of 10-day-old wounds (A,B) and 14-day-old Wyunds (C,
At day 10, the number of giemsa stained cells is similar in both transgenic (A) and non-transgenic (B) animals, whetehdlat dayber

of giemsa stained cells is clearly reduced in transgenic animals (C) in comparison with non-transgenic animals (D). Aimdicheadswly
formed epidermis; arrows indicate hematopoietic cells. Bargnb(E) Quantification of hematopoietic cells. Counting of giemsa stained cells
in 64 mn# fields of a photograph from wounds of at least four different animals revealed a significantly reduced number in transgenic anima
compared with non-transgenic animals at day 14 after wounB#®@2). Error bars represent the standard deviation.

Keratinocyte proliferation and apoptosis Table 2. Epidermal BrdU labeling indices

To test if the interrupted TGF signaling pathway in 3 days post 5 days post 7 days post
keratinocytes leads to a relaxed cell cycle control and thus =~ Animal wounding wounding wounding
a higher proliferation rate in the wound edge of transgeni  Line 114 439 32+1 334
mice, we performed BrdU-labeling experiments with at leas  Line 54 34+7 307 344
three different animals per group (Fig. 4). At days 3, 5 and 7 Wild type 23+4 i 23+4

mice of the transgenic line 114 showed significantly increase

numbers P<0.05, Student's-test) of labeled nuclei in the

wound edge compared with non-transgenic animals (Table 2)f transgene expression in these two lines (Amendt et al.,

Similarly, transgenic mice of line 54, which shows a lowerl998). These results demonstrate that the accelerated re-
level of transgene expression than line 114, also displayezpithelialization in transgenic mice could be attributed at least

elevated BrdU labeling indices in comparison with controlsjn part to an increased proliferation rate in keratinocytes at the

albeit these differences were less pronounced than in line 1ibund edge.

(Table 2). This finding correlates well with the different levels It had been shown that the decrease of cellularity in the

Fig. 3. Characterization of hematopoietic
cells in the granulation tissue.
Immunohistochemistry using Macl
(CD11b)-antibody for detection of
macrophages (A,B), and naphthol-ASD-
chloroacetate-esterase histochemistry for
detection of neutrophils and mast cells
(C,D). Transgenic mice (A,C) exhibited
significantly fewer numbers of
macrophages (A), as well as neutrophils
and mast cells (C) in cryosections of 14-
day-old wounds when compared with the
non-transgenic controls (B,D,
respectively). Arrows indicate
macrophages (A,B), and mast cells or &
neutrophils (C,D); arrowheads indicate the "= "~
epidermal/dermal junction (A-D). Bars, ;@f?"‘:él"'_“l
50 pm. Ry
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Fig. 4. Keratinocyte proliferation during wound
healing. (A-F) At least three mice of every group
were injected intraperitoneally with BrdU and
sacrificed after a labeling period of 1 hour. Skin
sections were stained for detection of BrdU-labeled S
phase nuclei (green, arrows) and for keratin 14
marking the epidermis (red). Transgenic animals
(A,C,E) exhibit a higher number of labeled nuclei at
the wound edge at 3, 5 and 7 days post wounding
compared with wild-type animals (B,D,F). 3 days
post wounding (A,B); 5 days post wounding (C,D);
and 7 days post wounding (E,F). Bars pf50.

remodeling phase during wound healing invo
apoptosis (Desmouliere et al., 1995). As TX
induces programmed cell death in various
types (Lomo et al., 1995; Nass et al.,, 19
we tested if apoptosis was modulated
keratinocytes during the late phase of wa
healing. Apoptotic cells in 13-day-old wour
were marked by TUNEL labeling and coun
versus total number of basal cells in at least
different transgenic and non-transgenic anit
(Fig. 5). In transgenic animals, a significal
lower number of apoptotic cells were fou
in comparison with wild-type animals. Or
0.42+0.16% basal epidermal cells in transg
animals undergo apoptosis, whereas in wild-
animals 0.77+0.10% of the basal epider
cells were apoptoticR<0.005, Student's-test).
RNAse protection assays using RNA fr

=

0.9 %
0.8
0.7
0.6
0.5
0.4
0.3
0.2

% apoptotic cells

Fig. 5. Apoptosis in the epidermis of 13-day-old wounds. (A,C) Apoptotic cells in the newly formed epidermis, which is stainediby an an
keratin 14 antibody (red), were marked by TUNEL-labeling (green; arrow heads). (B,D) All cell nuclei were stained with @ARh(hbn-
transgenic animals (A,B), a significantly higher number of apoptotic cells were detected compared with transgenic aninf&sTkgeD).
percentage of apoptotic cells. Only 0.42+0.16% basal epidermal cells in transgenic animals undergo apoptosis, whergpe emiilels
0.77+0.10% basal apoptotic cells are found. Non-transgenic animsélsransgenic animals=4; *P<0.005. Bars, 5Qm.
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pooled wounds obtained from three different animals at 3 dayesponse factor 1, a transcription factor, was markedly
and 5 days after wounding showed that the Bcl2 familydownregulated (sevenfold) in transgenic animals compared
members Bcl2, Bcl-X, Bax, Bak, Bad and Al were notwith non-transgenic animals (Fig. 6A). We confirmed the
differentially regulated on the RNA level between transgenidinding that Egrl is upregulated in controls even at this late
and wild-type animals (data not shown). phase of the wound healing process using northern blot
analysis of 13-day-old wounds. For this analysis pooled RNA
from three different animals were used. In unwounded skin, the
Target genes expression of Egrl mRNA was low in both transgenic and non
To find TGH target genes in keratinocytes during woundtransgenic animals. Whereas in 13-day-old wounds, the
healing, we performed a cDNA array hybridization. cDNAexpression in non-transgenic animals was 4.8-fold (mean
from pooled wounds of at least three transgenic and nomf three independent experiments) higher compared with
transgenic animals collected at day 7 post wounding were usedwounded skin. By contrast, in 13-day-old wounds of
as probes. We found that the gene encoding early growthansgenic animals, only a 1.5-fold upregulatidP@.05,
Student'st-test) of Egrl expression was detected (Fig. 6B,C
show one representative experiment).
A The cells mainly accounting for Egrl expression in response
to wounding are keratinocytes, as demonstrated by Egrl
wt tg immunostaining in 13-day-old wounds (Fig. 7). Keratinocytes
of the newly re-epithelialized epidermis showed strong Egrl
staining, mainly in the cytoplasm (Fig. 7A). By contrast, in
unwounded areas, Egrl expression in keratinocytes was not

R .- detectable (Fig. 7B).
’ . For further confirmation of an impaired upregulation of Egrl
N o O & - egr-1 in keratinocytes by an interrupted T@&signaling pathway, we
* + stably transfected the human keratinocyte line HaCaT with an
. # GAPDH expression vector containing the dominant negative type Il

TGF3 receptor (Fig. 8). The expression of the dominant

negative type Il TGP receptor in two transfected HaCaT

B od 13d clones was analyzed by Northern Blot analysis (Fig. 8A).

wt tg wt tg Clone 1 expressed the dominant negative type Il IGF
receptor at high levels, in contrast to clone 2, which is used as

1 vector control (neo). The induction of Egrl mRNA in response
W * egr-

..1" GAPDH

@)

wt
mtg

s & @
—1 o H"
°© L] =l

realtive mRNA levels
(ratio to GAPDH)
e
=
-

‘im Am
od

13d

Fig. 6. Expression of Egrl in wounds. (A) A cDNA-array was

probed with cDNA derived from 7-day-old wounds of transgenic a e R LI Ao T . e
non-transgenic animals. Egrl expression (arrows) was reduced 7 /‘-’%& K ﬂ\.-” AN e \*1
times in transgenic animals compared with non-transgenic animal * 2 * ' 3

(B) Northern blot analysis for Egrl using RNA form 13-day-old "‘B » *

wounds. In normal skin, Egrl expression (3.2 kb) is low, whereas g
13-day-old wounds Egrl expression is elevated in comparison wit.,

unwounded skin only in non-transgenic animals. GAPDH expressioffrig. 7.Immunodetection of Egrl in wounds. Cryosections of 13-day-

(1.3 kb) was used as loading control. (C) Quantification of the old wounds from wild-type animals were stained with an antibody
northern blot analysis by Phosphorimager system. In 13-day-old  against Egrl. Keratinocytes in the newly formed epithelium at the
wounds, the expression level of Egrl is threefold higher in non- wound margin exhibit strong induction of Egrl (A), whereas distal to

transgenic animals in comparison with unwounded skin. By contrasthe wound margin, hardly any upregulation is seen (B). Arrowheads
no upregulation is found in transgenic animals. indicates the epidermal/dermal junction. BarspB0
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P=0.0005, Studentstest). This confirms the assumption that
the dominant negative type Il T@Feceptor is able to abolish

A 1 2
] ; or reduce induction of Egrl expression in keratinocytes.
"% dnTGFpRII
- T

it Discussion
Owing to its multifunctionality, TGE is involved in nearly
. Keratin 5 every aspect of wound healing (O’Kane and Ferguson, 1997;
Roberts and Sporn, 1996). It stimulates chemotaxis and
— proliferation, and modulates gene expression that is dependent
upon cell type and differentiation. One important step during

B -TGF-B1  + TGF-f1 cutaneous wound healing is the re-establishment of the
wt  dn wt dn epithelial barrier. The role of T@Hn the re-epithelialization
process appears to be contradictory. On the one hand3, TGF
Eor-1 which is upregulated in keratinocytes after wounding, is a
: gr strong inhibitor of keratinocyte proliferation (Coffey et al.,

1988; Sellheyer et al., 1993). This could interfere with the
supply of keratinocytes from the wound edge needed to cover
the wound bed. On the other hand, PGkduces the
GAPDH expression of integrins necessary for keratinocyte migration
over the provisional fibronectin matrix (Gailit et al., 1994;
Zambruno et al., 1995). In most studies investigating the role

C of TGH3 in re-epithelialization, it was not possible to
35, Tt distinguish between direct and indirect effects of BGFhe
30 i interruption of the TGP pathway in keratinocytes of the

= e W b2
th =

relative mRNA level
(ratio to GAPDH)
=

type Il TGH3 receptor in keratinocytes of transgenic mice

resulted in increased keratinocyte proliferation at the wound

edges of full thickness excisional wounds, which in turn led to
~TGE A + TG accelerated re-epithelialization. This result is in agreement

Fig. 8. Expression of Egrl in wild-type HaCaT cells and HacaT ~ With @ wound healing study using mice that have a partly
cells transfected with an expression vector for the dominant-negativélisrupted TGB signaling pathway, owing to lack of Smad3
type || TG receptor. (A) Expression of the dominant negative type (Ashcroft et al., 1999). Similarly, keratinocyte proliferation at

Il TGFP receptor in two transfected HaCaT clones. The northern blothe wound edge was elevated in both models accompanied by
was probed with cDNA of the dnT@RII and with keratin 5 cDNA.  an increased rate of re-epithelialization. Together with our
Lane 1 shows HaCaT clone dn, which has a high expression level ofesults, this provides strong evidence that B@feed impairs

the dnTGIBRII (2.4 kb). Lane 2 shows the very low expressing clonere-epithelialization at least in part by repressing keratinocyte
neo. Keratin 5 expression (2.6 kb) was used as loading control. - proiferation. The less pronounced effect on re-epithelialization
(3) Northern .blot analys[s of RNA from HaCaT cells transfected in our model compared with th®mad3null mice could be

with the dominant-negative type Il T@feceptor (wt) and attributed to the restricted expression of the dominant negative

transfectants (dn). Without addition of TRE the expression of . ! L
Egrl in wild-type and transfectant cells is very low. Forty-five type Il receptor only in keratinocytes. Thus, beneficial effects

minutes after addition of 5 ng/ml TGE, the expression of Egrl (3.2 Of @ loss of TGB signaling on other cell types must exist (e.g.
kb) is strongly induced in untransfected HaCaT cells only. GAPDH granulation tissue) that also lead to an accelerated wound
expression (1.3 kb) was used as loading control. (C) Quantification healing (Ashcroft et al., 1999). As a consequence of
of the northern blot analysis by Phosphorimager system. The accelerated wound closure in transgenics, we also observed an
expression level of Egrl after addition of 5 ng/ml BER+TGH1) accelerated clearance of the dermis, in particular from
is elevated 24-fold in.HaCaT cells and neo cpntrols. By contrast, in macrophages and mast cells or neutrophils.
HaCaT cells expressing the dominant-negative type Il receptor at Members of the immediate-early gene family, which are
high levels (dn), only a ninefold increase is found. expressed instantly after injury, regulate and orchestrate the
tissue repair process (Khachigian et al., 1996; Liu et al., 2000b;
Wang and Deuel, 1992). Because of this, studies investigating
to TGH3 was measured by northern blot analysis andhe role of Egrl, a member of this immediate-early gene family,
subsequent quantitative evaluation was performed using during injury have focused on monitoring the expression of
Phosphorimager system (Fig. 8B,C). In wild-type HaCaT cell&grl for only a short period after wounding (Bryant et al.,
and in the transfected control cells (neo), the expression @000; Khachigian et al., 1996). We demonstrate that Egrl
Egrl mRNA was strongly induced by T@F (25-fold). By  upregulation in wounds is predominantly seen in keratinocytes.
contrast, HaCaT cells, which express the dominant negativEhe cytoplasmic pattern of staining correlates with
type Il TGH3 receptor at high levels showed a markedlyobservations from kidney epithelial cells from Wilms tumors
reduced upregulation of Egrl mRNA (ninefold=3, (Ghanem et al., 2000).

_ |
' epidermis in our transgenic mice enabled us to addres§ TGF
involvement in a cell type-specific manner. In the present study,
. we have shown that the expression of the dominant negative
= !

o
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Using a cDNA array and northern blot analysis, we found afick, 1994; Liu et al., 2001; Muthukkumar et al., 1995; Nair
elevated expression level of Egrl in late phase wounds of wilekt al., 1997; Preston et al., 1996; Woronicz et al., 1994). The
type animals. This novel finding of late-stage Egrl expressioreduced Egrl expression found in 13-day-old wounds in
during wound healing is of significance in consideration of théransgenic animals correlated with a reduced rate of apoptosis
observed functions of Egrl in developmental and differentiatiom the epidermis. This suggests that PadRduced Egrl also
processes (Milbrandt, 1987; Sukhatme et al., 1988). Moreoveglays a role in the resolution phase of wound repair by inducing
we could demonstrate that this late upregulation of Egrl duringpoptosis in keratinocytes.
wound healing is caused by T@ERvhich is upregulated during
wound repair with peak levels as early as 1-2 days post- This work was funded by the Boehringer Ingelheim Foundation and
wounding (Frank et al., 1996). Transgenic animals with affaifor. We are indebted to Prof. Galle for support and
interrupted TGP signaling cascade show no upregulation oféncouragement.

Egrl expression. This T@Fdependent Egrl upregulation in
keratinocytes is further confirmed by our finding thatggaferences

interr_uption of the .TGE signal pathway in the _huma_m mendt, C., Schirmacher, P., Weber, H. and Blessing, M(1998).
keratinocyte cell line HaCaT also leads to impaired gxpression of a dominant negative type Il TGF-beta receptor in mouse skin
upregulation of Egrl. Hence, there is the possibility that Egrl results in an increase in carcinoma incidence and an acceleration of
expression is regulated by an autocrine loop. On the one sidecarcinoma developmenncogenel?, 25-34. ' '

Egrl is induced by Tqun various cell lines such as the Ashcroft, G. S., Yang, X., Glick, A. B., Weinstein, M., Letterio, J. L., Mizel,

. . . R D. E., Anzano, M., Greenwell-Wild, T., Wahl, S. M., Deng, C. et al.
OSteObIaSt'C_ Cel! line MC3T3’ the ﬂbrObIaSt, cell line NIH 3T3 (1999). Mice lacking Smad3 show accelerated wound healing and an
and the epithelial cell line NMuMG (Koskinen et al., 1991; impaired local inflammatory respons¥at. Cell Biol.1, 260-266.

Ohba et al., 1994). On the other side, Egr-1 induce31Gly Biesiada, E., Razandi, M. and Levin, E. R(1996). Egr-1 activates basic
binding to GC-rich binding sites in the promotor region of fibroblast growth factor transcription. Mechanistic implications for astrocyte

; L proliferation.J. Biol. Chem271, 18576-18581.
TGFBL (Kim et al,, 1994; Liu et al., 1996). Blobe, G. C., Schiemann, W. P. and Lodish, H. F2000). Role of

Two recently published wound-healing studies have transforming growth factor beta in human disea&w Engl. J. Med342,
demonstrated the importance of Egrl in early wound healing. 1350-1358.
The de|ivery of the cDNA for Egrl by a gene gun in a fullBoukamp, P., Pe_trussevska, R. T, Breitkreutz,_D:, H_ornu_ng,J., Markham,
excisional wound model in mice leads to accelerated Wound.A' and Fusenig, N. E.(1988). Normal keratinization in a spontaneously

- . . . . immortalized aneuploid human keratinocyte cell liheCell Biol.106, 761-
healing, owing to induction of cytokines such as vascular ;7,1

endothelial growth factor (VEGF), PDGF-A and TEF Brand, T, MacLellan, W. R. and Schneider, M. D.(1993). A dominant-
(Bryant et al., 2000). A DNA-based enzyme that degrades Egrlnegative receptor for type beta transforming growth factors created by
mRNA resulted in impaired wound healing of arterial deletion of the kinase domaid. Biol. Chem268 11500-11503.

P . . reuhahn, K., Mann, A., Miller, K., Wilhelmi, A., Schirmacher, P., Enk,
neointima mjured by a balloon Cath.Eter (S_antlag(_) etal, 199 *A. and Blessing, M.(2000). Overexpression of GM-CSF in the epidermis
In contrast to the function of Egrl in the immediate response of transgenic mice induces both keratinocyte proliferation and apoptosis.
to injury, very little is known about the function of Egrl cCell Growth Diff.11, 111-121.
expression in late phases of wound repair. But consistent wiftiyant, M., Drew, G. M., Houston, P., Hissey, P., Campbell, C. J. and

; ; ; R Braddock, M. (2000). Tissue repair with a therapeutic transcription factor.
its role in developmental and differentiation processes, as weIIHum_ Gene Thetl 5143.2158,

f"ls in the control of cell grOWth,’ Egrl is Ve,ry prObany aNchurch, G. M. and Gilbert, W. (1984). Genomic sequencingroc. Natl.
important factor for the remodeling and termination phase of Acad. Sci. US/81, 1991-1995.

the wound healing process (Dinkel et al., 1998; Krishnaraju etoffey, R. J., Jr, Bascom, C. C., Sipes, N. J., Graves-Deal, R., Weissman,
al., 2001; McMahon et al., 1990; Santiago et al., 1999). The B. E. and Moses, H. L(1988). Selective inhibition of growth-related gene

o . . . expression in murine keratinocytes by transforming growth factorMeta.
finding that Egrl is expressed more continuously in -, Biol. 8, 3088-3003,

developmental and differentiation processes favors thigesmouliere, A., Redard, M., Darby, I. and Gabbiani, G(1995). Apoptosis
hypothesis (Milbrandt, 1987; Sukhatme et al., 1988). mediates the decrease in cellularity during the transition between
Additional support for this assumption is the finding that in_granulation tissue and sc&m. J. Pathol146 56-66. _
chronic wounds like atheriotic lesions, levels of EgriPinkel A, Wamatz, K., Ledermann, B., Rolink, A., Zipfel, P. F., Burki,

. . . K. and Eibel, H. (1998). The transcription factor early growth response 1
expression rema'n,ellevated' In these lesions, Egrl seems t(?Egr-l) advances differentiation of pre-B and immature B cklBExp. Med.
repress the transcription of the type Il Tfeceptor and thus 188 2215-2224.
contributes to acquired resistance of the lesional cells to effeds, B., Fu, C., Kent, K. C., Bush, H., Jr, Schulick, A. H., Kreiger, K.,
of TGFB (Du et al., 2000; McCaffrey et al, 2000)_ C?lllins, IT a_nd IVIIICCaffrey, _T._ A. II(2000). EIevatﬁd Egr—:&t in _human A

H H . atherosclerotic cells transcriptionally represses the transforming growt
Furthermore, Egrl is able to induce the expression Of ¢ .o e tyoe if receptod. Biol. Chem275 39039-39047.
flbroncetln In Ce” ||neS derlved from a gIlobIastoma and aEStUS, S, Zaks, W. J., Freeman, R. S., Gruda, M., Bravo, R. and Johnson,
fiborosarcoma and of metalloproteinases in endothelial cellsE. M., Jr (1994). Altered gene expression in neurons during programmed
(Haas et al., 1999; Liu et al., 1999; Liu et al., 2000a). This cell death: identification of c-jun as necessary for neuronal apoptoSisll

N . P iol. 127, 1717-1727.
:‘g(rjlg?te?’spw;;elzsg(;% \;\?O(lﬁ%arbelgaﬁ transactivating genes relevalprgnk, S., Madlener, M. and Werner, S(1996). Transforming growth factors

; - . . betal, beta2, and beta3 and their receptors are differentially regulated during
Resolving the wound repair process is another crucial stepnormal and impaired wound healindy.Biol. Chem271, 10188-10193.

in wound healing that involves apoptosis in order to decreasgxilit, J., Welch, M. P. and Clark, R. A. (1994). TGF-beta 1 stimulates

cellularity (Desmouliere etal., 1995)_ Egrl and other members expression of keratinocyte integrins during re- epithelialization of cutaneous

k . s . wounds.J. Invest. Dermatoll03 221-227.
of the immediate-early gene family have been linked tQ,, "5 A and Taichman, L. B. (19944). Effect of TGF-beta 1 on re-

apoptosis i_ndL"Ction WherEby Myc, Fos and Egrl medi?-te the epithelialization of human keratinocytes in vitro: an organotypic mddel.
proapaptotic signal via p53 (Estus et al., 1994; Hermeking andinvest. Dermatol103, 554-559.



Keratinocyte resistance to TGF3 2197

Garlick, J. A. and Taichman, L. B. (1994b). Fate of human keratinocytes  High-level expression of Egr-1 and Egr-1-inducible genes in mouse and

during reepithelialization in an organotypic culture modab. Invest.70, human atherosclerosi3. Clin. Invest105 653-662.

916-924. McMahon, A. P., Champion, J. E., McMahon, J. A. and Sukhatme, V. P.
Gashler, A. and Sukhatme, V. P(1995). Early growth response protein 1 (1990). Developmental expression of the putative transcription factor Egr-1

(Egr-1): prototype of a zinc-finger family of transcription factd®sog. suggests that Egr-1 and c-fos are coregulated in some tiBgwetdopment

Nucleic Acid Res. Mol. Biob0, 191-224. 108 281-287.

Ghanem, M. A., Van der Kwast, T. H., Den Hollander, J. C., Sudaryo, M.  Melton, D. A,, Krieg, P. A., Rebagliati, M. R., Maniatis, T., Zinn, K. and
K., Oomen, M. H., Noordzij, M. A., Van den Heuvel, M. M., Nassef, S. Green, M. R.(1984). Efficient in vitro synthesis of biologically active RNA
M., Nijman, R. M. and Van Steenbrugge, G. J(2000). Expression and and RNA hybridization probes from plasmids containing a bacteriophage
prognostic value of Wilms’ tumor 1 and early growth response 1 proteins SP6 promoteiNucleic Acids Resl2, 7035-7056.

in nephroblastomzClin. Cancer Ress, 4265-4271. Milbrandt, J. (1987). A nerve growth factor-induced gene encodes a possible
Graham, F. L. and van der Eb, A. J.(1973). Transformation of rat cells by ~transcriptional regulatory factdBcience238 797-799.

DNA of human adenovirus %irology 54, 536-539. Mustoe, T. A., Pierce, G. F., Morishima, C. and Deuel, T. £1991). Growth
Haas, T. L., Stitelman, D., Davis, S. J., Apte, S. S. and Madri, J. £.999). factor-induced acceleration of tissue repair through direct and inductive

Egr-1 mediates extracellular matrix-driven transcription of membrane type activities in a rabbit dermal ulcer modal.Clin. Invest87, 694-703.

1 matrix metalloproteinase in endotheliuth. Biol. Chem.274, 22679- Muthukkumar, S., Nair, P., Sells, S. F.,, Maddiwar, N. G., Jacob, R. J. and

22685. Rangnekar, V. M. (1995). Role of EGR-1 in thapsigargin-inducible
Hebda, P. A.(1988). Stimulatory effects of transforming growth factor-beta  @poptosis in the melanoma cell line A375-@#ol. Cell Biol. 15, 6262-

and epidermal growth factor on epidermal cell outgrowth from porcine skin 6272.

explant culturesl. Invest. Dermatol91, 440-445. Nair, P., Muthukkumar, S., Sells, S. F,, Han, S. S., Sukhatme, V. P. and
Hermeking, H. and Eick, D.(1994). Mediation of c-Myc-induced apoptosis ~ Rangnekar, V. M. (1997). Early growth response-1-dependent apoptosis is
by p53.Science265 2091-2093. mediated by p53J. Biol. Chem272 20131-20138.

Khachigian, L. M., Lindner, V., Williams, A. J. and Collins, T. (1996). Egr- ~ Nass, S. J., Li, M., Amundadottir, L. T., Furth, P. A. and Dickson, R. B.
1-induced endothelial gene expression: a common theme in vascular injury. (1996)- Role for Bel-xL in the regulation of apoptosis by EGF and TGF beta
Science271, 1427-1431. 1 in c-myc overexpressing mammary epithelial ceéimchem. Biophys.

Kim, S. J., Park, K., Rudkin, B. B., Dey, B. R., Sporn, M. B. and Roberts, [Res. Commurg27, 248-256. )
A. B. (1994). Nerve growth factor induces transcription of transforming©’K@ne, S. and Ferguson, M. W(1997). Transforming growth factor beta s

rowth factor-beta 1 through a specific promoter element in PC12 ells. _ and wound healingnt. J. Biochem. Cell Biok9, 79-89.
giol. Chem.269 3739_3743 P P Ohba, M., Shibanuma, M., Kuroki, T. and Nose, K.(1994). Production of

Koskinen, P. J., Sistonen, L., Bravo, R. and Alitalo, K(1991). Immediate hydrogen peroxide by transforming growth factor-beta 1 and its involvement

early gene responses of NIH 3T3 fibroblasts and NMuMG epithelial cells ilr10;3n8duction of egr-1 in mouse osteoblastic cellsCell Biol. 126, 1079-

to TGF beta-1Growth Factorsb, 283-293.

Krishnaraju, K., Hoffman, B. and Liebermann, D. A. (2001). Early growth
response gene 1 stimulates development of hematopoietic progenitor cells
along the macrophage lineage at the expense of the granulocyte a
erythroid lineagesBlood 97, 1298-1305. 565

084, Molecular cloning and charseterization of mutant and wid-ype?"eSIoN: G- A, Lyon, T. T, ¥, Y, Lang, J. €., Solomon, G, Annab, L.,
human. beta-actin genddol. Cell Biol. 4, 1961-1969 Srlnlvas_an, D. G, Alcorta, D. A. and_Barrett, J. C.(1996). Induction of

: " . apoptosis by c-Fos proteillol. Cell Biol. 16, 211-218.

- genes encocing polenial transcrption factors with identical DNA-bindingR021S: A B and Spor, M. B(1996). Transformin growth faci@-In The
g > %‘pt db wih fp forS | tured d@ Natl. Acad 9 Molecular and Celluar Biology of Wound Repéd. R. A. F. Clark), pp.
omains are activated by gro actors in cultured deftsc. Natl. Acad. 275-308. New York: Plenum.

Sci. USA85, 4691-4695. :

. ' e Sant ,F. S., Lowe, H. C., Ki , M. M., Chest , C. N., Baker,
Liu, C., Adamson, E. and Mercola, D.(1996). Transcription factor EGR-1 a: lagtc:(ins D oeweand Khacﬁ}/guig;]aL M (1993)5 e,\rlr:VaVnDNA enz?meer

suppresses the growth and transformation of human HT-1080 fibrosarcoma, yeting Egr-1 mRNA inhibits vascular smooth muscle proliferation and

cells by induction of transforming growth factor betaPtoc. Natl. Acad. regrowth after injuryNat. Med.5, 1264-1269.

Sci. USA93, 11831-11836. Schwachtgen, J. L., Houston, P., Campbell, C., Sukhatme, V. and

Liu, C., Yao, J., de Belle, I, Huang, R. P., Adamson, E. and Mercola, D.  gragdock, M. (1998). Fluid shear stress activation of egr-1 transcription in
(1999). The transcription factor EGR-1 suppresses transformation of human ¢ ,iured human endothelial and epithelial cells is mediated via the

fibrosarcoma HT1080 cells by coordinated induction of transforming growth  gyiracellular signal-related kinase 1/2 mitogen-activated protein kinase
factor-betal, fibronectin, and plasminogen activator inhibitai-1Biol. pathway.J. Clin. Invest101, 2540-2549.
Chem.274, 4400-4411. o Sellheyer, K., Bickenbach, J. R., Rothnagel, J. A., Bundman, D., Longley,

Liu, C., Yao, J., Mercola, D. and Adamson, E(2000a). The transcription M. A., Krieg, T., Roche, N. S., Roberts, A. B. and Roop, D. R1993).
factor EGR-1 directly transactivates the _f|bronect|n gene and enhances |nnipition of skin development by overexpression of transforming growth
attachment of human glioblastoma cell line U231.Biol. Chem.275 factor beta 1 in the epidermis of transgenic mitec. Natl. Acad. Sci. USA
20315-20323. 90, 5237-5241.

Liu, J., Grogan, L., Nau, M. M., Allegra, C. J., Chu, E. and Wright, J. J.  skerka, C., Decker, E. L. and Zipfel, P. F(1995). A regulatory element in
(2001). Physical interaction between p53 and primary response gene Egr-1the human interleukin 2 gene promoter is a binding site for the zinc finger
_Int. J. Oncol.18, 863-870. o proteins Spl and EGR-1. Biol. Chem270, 22500-22506.

Liu, L., Tsai, J. C. and Aird, W. C. (2000b). Egr-1 gene is induced by the Sukhatme, V. P., Cao, X. M., Chang, L. C., Tsai-Morris, C. H.,
systemic administration of the vascular endothelial growth factor and the Stamenkovich, D., Ferreira, P. C., Cohen, D. R., Edwards, S. A., Shows,

Okayama, H. and Berg, P.(1983). A cDNA cloning vector that permits
expression of cDNA inserts in mammalian cdllwl. Cell Biol.3, 280-289.
war, S., Kartha, S. and Toback, F. G(1995). Differential gene expression
in migrating renal epithelial cells after woundidgCell Physiol 165 556-

epidermal growth factoBlood 96, 1772-1781. T. B., Curran, T. et al. (1988). A zinc finger-encoding gene coregulated
Lomo, J., Blomhoff, H. K., Beiske, K., Stokke, T. and Smeland, E. B. with c-fos during growth and differentiation, and after cellular

(1995). TGF-beta 1 and cyclic AMP promote apoptosis in resting human B depolarizationCell 53, 37-43.

lymphocytes.J. Immunol.154, 1634-1643. Tsuboi, R., Sato, C., Shi, C. M. and Ogawa, H1992). Stimulation of
Martin, P. (1997). Wound healing-aiming for perfect skin regeneration. keratinocyte migration by growth factors. Dermatol.19, 652-653.

Science276, 75-81. Wang, X. J., Greenhalgh, D. A., Bickenbach, J. R., Jiang, A., Bundman,

Matoltsy, A. G. and Viziam, C. B. (1970). Further observations on D. S., Krieg, T., Derynck, R. and Roop, D. R(1997). Expression of a
epithelialization of small wounds: an autoradiographic study of dominant-negative type Il transforming growth factor beta (TGF-beta)
incorporation and distribution of 3H-thymidine in the epithelium covering receptor in the epidermis of transgenic mice blocks TGF- beta-mediated
skin woundsJ. Invest. Dermatob5, 20-25. growth inhibition.Proc. Natl. Acad. Sci. US84, 2386-2391.

McCaffrey, T. A., Fu, C., Du, B., Eksinar, S., Kent, K. C., Bush, H., Jr, Wang, Z. Y. and Deuel, T. F (1992). An S1 nuclease-sensitive
Kreiger, K., Rosengart, T., Cybulsky, M. I., Silverman, E. S. et al.2000). homopurine/homopyrimidine domain in the PDGF A-chain promoter



2198 Journal of Cell Science 115 (10)

contains a novel binding site for the growth factor-inducible protein EGR-Yao, J., Mackman, N., Edgington, T. S. and Fan, S. T(1997).

1. Biochem. Biophys. Res. Comm8 433-439. Lipopolysaccharide induction of the tumor necrosis factor-alpha promoter
Woronicz, J. D., Calnan, B., Ngo, V. and Winoto, A(1994). Requirement in human monocytic cells. Regulation by Egr-1, c-Jun, and NF-kappaB

for the orphan steroid receptor Nur77 in apoptosis of T-cell hybridomas. transcription factors). Biol. Chem272, 17795-17801.

Nature367, 277-281. Zambruno, G., Marchisio, P. C., Marconi, A., Vaschieri, C., Melchiori, A.,
Yan, S. F, Lu, J,, Zou, Y. S., Soh-Won, J., Cohen, D. M., Buttrick, P. M., Giannetti, A. and De Luca, M.(1995). Transforming growth factor-beta 1
Cooper, D. R., Steinberg, S. F., Mackman, N., Pinsky, D. J. et aL999). modulates beta 1 and beta 5 integrin receptors and induces the de novo

Hypoxia-associated induction of early growth response-1 gene expression.expression of the alpha v beta 6 heterodimer in normal human keratinocytes:
J. Biol. Chem274, 15030-15040. implications for wound healingl. Cell Biol.129, 853-865.



