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Defects in keratinocyte activation during wound
healing in the syndecan-1-deficient mouse
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Summary

Mice lacking syndecan-1 are viable, fertile and have dermabrasion. Despite increased cell proliferation rates
morphologically normal skin, hair and ocular surface in the uninjured syndecan-1/-epidermis and the corneal
epithelia. While studying the response of these mice to epithelium, morphologically normal epithelial thickness
corneal epithelial and skin wounding, we identified is maintained prior to injury; however, wounding is
defects in epithelial cell proliferation and regulation of accompanied by prolonged hypoplasia in both tissues.
integrin expression. mRNA profiling of corneal epithelial ~ Analyses of integrin protein levels in extracts from full
tissues obtained from wild-type and syndecan-t- mice  thickness skin, revealed increased levels af3 and a9
suggest that these defects result from differences in integrins both prior to injury and after hair removal
overall gene transcription. In the cornea, syndecan=t- in syndecan-I’~ mice but no increase 2 days after
epithelial cells migrate more slowly, show reduced dermabrasion. These data for the first time show
localization of a9 integrin during closure of wounds involvement of a9 integrin in skin wound healing and
and fail to increase their proliferation rate 24 hours demonstrate essential roles for syndecan-1 in mediating
after wounding. In the skin, we did not document a cell proliferation and regulation of integrin expression in
migration defect after full thickness wounds but did normal and wounded epithelial tissues.

observe cell proliferation delays and reduced localization

of a9 integrin in the syndecan-i~ epidermis after  Key words: Syndecan-1, Wound healing, Cell proliferation, Integrins

Introduction many different molecules, including tetraspanins, growth

Syndecans are a family of four heparan sulfate proteoglycaf@ctor receptors, membrane-associated proteinases and
(HSPGs) expressed on all adherent cell surfaces and are knogyfidecans. These associations can alter integrin function
to function as co-receptors for various growth factors an@ither by clustering signaling molecules, altering integrin
matrix molecules (Perrimon and Bernfield, 2000; Park et alinternalization and turnover and/or by directly increasing
2000b; Rapraeger, 2000; Perrimon and Bernfield, 200digand binding. The primary syndecan expressed by
Rapraeger, 2001; Woods, 2001). Syndecan-1 (syndl) keratinocytes is syndl with lower amounts of syndecan-4
abundant in normal epithelial cells and tissues, localizing t¢synd4) also expressed. Since syndecans can act as co-
both basal and suprabasal cell layers. Furthermore, synd1 afgeptors with integrins for matrix molecules, the loss of synd1
other HSPGs are known to play roles in wound healing, witigould affect integrin-mediated functions.
gene expression upregulated in response to injury and shedThe heparan sulfate side chains present on syndecan
syndl ectodomain accumulating in the wound fluid, where igctodomains associate with growth factors and extracellular
is involved in mediating protease activity (Kainulainen, V. etmatrix molecules. Extracellular growth factor:syndecan
al., 1998; Fitzgerald et al., 2000; Park et al., 2000a). Disruptioassociations can either stimulate or inhibit tissue-specific
of syndl expression in cultured cells leads to an epitheliakellular functions depending on the cellular context. Normally
mesenchymal transformation, with associated changes in celyndecans bring growth factors close to the cell surface and
polarity, cell-cell adhesion and altered epithelial-specific gen@crease their association with receptors; however, if syndecan
expression (Dobra et al., 2000; Rapraeger, 2001). is shed from the cell surface by the action of proteases,
Previous studies have shown that the expression arile growth factor:syndecan interaction will reduce the
localization of keratinocyte integrins are upregulated inconcentration of growth factors at the cell surface. Shed
response to both skin (Hertle et al., 1992; Kainulainen, T. etyndecan ectodomains are found in the wound fluid after skin
al., 1998) and corneal (Stepp et al., 1996; Stepp and Zhu, 199¥punding (Park et al., 2000a), and the shedding of synd1 and
wounding. Integrins within the cell membrane associate witlsynd4 has recently been demonstrated to be regulated by the



4518 Journal of Cell Science 115 (23)

action of TIMP-3-specific metalloproteinases (Fitzgerald et al.(synd1ko) mice appear healthy and otherwise normal; however,
2000). The most extensively studied syndecan:growth factavhen we studied the ability of these mice to heal wounds, we
associations are those involving fibroblast growth factor (Fillabserved healing defects after both corneal and skin wounding.
et al., 1998; Kusano et al., 2000) and hepatocyte growth factdo begin to determine the mechanism behind the healing
(Cornelison et al., 2001; Derksen et al., 2002). Although theefects, additional in vivo experiments were performed to
integrin-syndecan interaction has been suggested by seveeaisess cell proliferation, barrier function and the localization
studies (Couchman and Woods, 1999; Saoncella et al., 199%nd expression of several molecules implicated in epithelial
Kusano et al., 2000), direct association between syndl améll migration. In addition, mMRNA expression profiles of
integrin has not been demonstrated. Syndecans can alsowounded and wounded wild-type (wt) and syndlko
interact with proteins of the ADAMs (a disintegrin and keratinocytes were assessed in the cornea.
metalloproteinase) family; the ADAM-12—syndecan interaction Additional studies using syndlko mice have shown syndl
leads to integrin activation and cell adhesion (Iba et al., 2000nediates Wnt-1-induced mammary tumor progression
Others have studied the roles played by the cytoplasmi@lexander et al., 2000), resistance to bacterially mediated lung
domain of the syndecan core protein (Grootjans et al., 199hfections (Park et al., 2001), leukocyte adhesion to endothelia
Hsueh and Sheng, 1999; Grootjans et al., 2000; Hsueh et dlGotte et al., 2002) and increased susceptibility to growth-
2000). All four syndecan family members have cytoplasmidactor-induced angiogenesis (Gotte et al., 2002). This report is
tails that contain binding motifs of the PDZ type. PDZthe first providing a description of the generation of syndlko
domains, named after the first three protein families shown tmice and defects present within their epithelial tissues. A
contain these motifs — the PSD-95, Disc-large (dlg) and Zonularevious report showed skin wound healing and cell migration
occludens — are known to organize protein complexes at tliefects in the syndecan-4 knockout (synd4ko) mouse
cytoplasmic face of the cell membrane and to mediate th@chtermeyer et al., 2001). Although healing problems in the
interaction of the actin cytoskeleton with these complexes. synd4ko mouse appear to result primarily from defects in
The dogma that heavily modified core proteins, includingibroblast migration, results presented in this study show that
syndecans and other HSPGs, are functional exclusively outsitlee delayed healing in the syndlko mouse results from
cells is beginning to be questioned. It is clear that cellémpaired functioning of keratinocytes.
expressing syndl, including epidermal and corneal
keratinocytes, retain most of their synd1 within intracellular
compartments. The retention of large heavily glycosylated/aterials and Methods
proteins and proteoglycans was once believed to be due to th®iaterials and chemicals
long transit time through the endoplasmic reticulum and Golgihe majority of chemicals used in these studies were obtained from
apparatus, but several lines of evidence suggest intracellulgigma Chemical Co. (St. Louis, MO), including ethylene glycol
functions. Brockstedt and colleagues have begun to look at tlaminoethyl ether tetraacetic acid, bovine serum albumin (BSA),
role of syndl in tubulin-mediated events (Brockstedt et alsodium dodecyl sulfate (SDS) and horse serum. Ketamine was
2002), including stabilization of the mitotic spindle andpurchased from Fort Dodge Veterinary Supplies (Fort Dodge, IA),
tubulin-mediated transport of growth factors to the nucleugY/azine from Vedco (St. Joseph, MO) and sodium pentobarbital from
The mechanism whereby synd1 mediates transport within th&terinary Laboratories, '”(;' (Lenexa, KE’)' T'Ssue.”Tek I ocT
cytoplasm probably involves transmembrane and cytoplasmcom'oOunOI was obtained from Lab Tek (Naperville, IL), and

d . h . ilabl iic ad oparacain eye drops and erythromycin ophthalmic ointment were
omain sequences that remain available to cytosolic adaptQifiained from Baush & Lomb (Tampa, FL). We purchased coverslips

and docking proteins after endocytic vesicles have budded ofhq paraformaldehyde from Fisher Scientific (Somerville, NJ). Slides
from the ER to make their way to the plasma membrane. Thgere obtained from Shandon (Pittsburgh, PA), pap pen from Electron
cytoplasmic and transmembrane domains of synd1 have bemiicroscopy Sciences (Washington, PA) and anti-fade mounting media
shown recently to mediate a non-coated pit endocytic pathwdyom Vector Labs (Burlingame, CA). All images were printed on a
involving detergent-insoluble rafts (Fuki et al., 2000). TheTektronix (Dallas, TX) laser 450 DS printer.

kinetics of the synd1-mediated pathway are rapid, withoa t

of 1 hour _and requiring inta(?t actin microfilaments Q”d aCti\./eConstruction of the synd1-targeting vector and generation of
tyrosine kinases. Detergent-insoluble rafts mediate mtegratmgi,ndl_deﬂciem mice

of signal transduction by growth factor receptors and integrln§he mouse syndl1 gene structure was described previously (Hinkes et
after ac_t'vat'on (Zajchowski and R,Obb'ns’ 2_002)' Thg idea thaél., 1993). Th)é targgeting vector used was a 7.Mkap/Sal fragyn‘fent
rafts might also regulate endocytic traffic, in part, via syndlisojated from a mouse 129 synd1 genomic DNA fragment containing
mediated events, is interesting and requires further study. TlgA homologous to the endogenous gene that included 1.4 kb of the
absence of synd1 might well affect the overall ability of cellss' flanking sequence, the entire 0.3 kb of the first exon and 5.3 kb of
to regulate raft-mediated signal integration, which is essentigihe large first intron. A PKG neo-positive selection marker was
for the propagation ofa6B4-integrin-mediated signals inserted into a unique restriction site to disrupt the signal peptide
(Mainiero et al., 1997; Mariotti et al., 2001). sequence, making it unlikely that the mature proteins would reach the
Using our knowledge of the syndl mouse gene (Hinkes I surface._ A _negative selection marker, MC1 thymidine kinase,
al., 1993), we designed a targeting vector to disrupt th anked_the f!rst intron sequences at ther®l of the construct. _
ex, ressior; of svnd1 in mice. Given the abundance of synd1 The linearized targeting vector was transfected by electroporation
pres Ol Sy : yr eﬁ@o J1 mouse 129 embryonic stem (ES) cells (Li et al., 1992). A
stratified epithelia and the known roles syndecans play in C&llsjtive-negative selection strategy using G418 and gancyclovir was
migration, we postulated that the loss of synd1 from the surfaggnpioyed, and ES cell colonies were evaluated for homologous
of corneal and skin epithelial cells would affect the ability ofrecombination by Southern blot analysis (Thomas and Capechi,
these tissues to respond to injury. Syndecan-1-knockou©87). Following karyotype analysis, one of the targeted ES cell
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clones (1G7) was microinjected into C57B1/6 and BALB/canaesthetized with general anesthesia and their eyes numbed with a
blastocysts. Chimeric mice were maintained, and subsequently thepical anesthetic. Corneas were then scraped with a dull scalpel to
syndl mutation appeared in the germ line. Breeding of theemove the epithelium within a 1.5-mm central corneal area, which
heterozygous offspring resulted in animals homozygous for théad been demarcated with a dull trephine. Animals were sacrificed by
syndl-targeted mutation. ES cell clones and mice were genotyped Bthal overdose at times ranging from 12 hours to 12 weeks. To
standard Southern blot techniques (Laird et al., 1991) Btjl determine the timing of wound closure, corneas were stained with a
digests of genomic DNA and a 760 bp syndl genomic probe that istal dye at various times after wounding, then evaluated under the
external to the targeting construct and located in the first intron. Thidissecting microscope and determined to be ‘opened’ or ‘closed’ on
probe identifies a 7.1 kb fragment from the endogenous allele andtlae basis of whether the dye had stained the central cornea. The
8.6 kb fragment from the PGK neo-containing targeted allele. numbers of animals used per time point for wound closure analyses

The expression of synd1 and synd4 mRNAs in synd1ko and wildwere as follows: 12 hours: (7 wildtype and 6 synd1ko), 18 hours (10
type mouse skin was assessed by northern blots as describeddtype and 17 synd1ko), 24 hours (14 wildtype and 25 synd1ko),
previously (Kim et al., 1994). 10g each of total RNA obtained from 36 hours (8 wildtype and 16 synd1ko), 48 hours (no wildtype and 13
adult syndlko and wild-type mouse skin were run on a 1%yndlko), and 60 hours (no wildtype and 4 syndlko). Data were
formaldehyde gel and blotted onto nitrocellulose membranes, usingamalyzed for statistical significance using the Mantel-Haenszel Chi-
vacuum blotter. Probes for northern blots comprised cDNAs encodin§quare Test. After the eyes were assessed under the dissecting
the ectodomains of syndl and synd4 labeled wihdRTPs, using  microscope for scarring and neovascularization, they were enucleated
the Rediprime Il Kit (Amersham Pharmacia; Piscataway, NJ) an@nd frozen in Tissue Tek Il OCT compound for immunofluorescence
were labeled to a specific activity equal to or greater thel®® and confocal microscopy. For both whole mount and cryostat-
cpmiug. Blots were hybridized using Rapid-Hyb hybridization sectioned immunofluorescence studies, at least three eyes from three
solution (Amersham Pharmacia; Piscataway, NJ) for 1 hour at 68°@ifferent animals were used per time point.
and were then washed twice inx$5C-0.1% SDS at room For mRNA profiling, after sacrifice, corneal epithelial sheets were
temperature, and once in 83SC with 0.1% SDS at 60°C for 30 harvested from unwounded mice and from mice at 18 hours after
minutes. Blots were exposed overnight. wounding, by scraping and immediate freezing in liquid nitrogen. The

debrided epithelia from no fewer than 20-25 unwounded and 15-20

) wounded corneas were pooled to obtain sufficient RNA for RNA
Animal protocols profiling. Frozen tissues were used to extract RNA for cDNA array
For full-thickness skin wound-healing experiments, mice wereanalyses using the Atlas 1.2 mouse cDNA array (Clontech; Palo Alto,
anaesthetized with Avertin, and two full-thickness, 3 mm diamete€CA). Comparisons were made between unwounded and wounded
wounds were made using a sterile biopsy punch on the shaved awdd-type RNAs, between unwounded wild-type and unwounded
disinfected backs of 25 syndlko and 25 wild-type mice, at 4-6 weeks/ndlko RNAs, and between unwounded syndl and wounded syndl
of age. Wounds were left undressed, and all mice were housd&tNAs using Atlas Image 1.0 (Clontech; Palo Alto, CA).
separately after wounding. At various times after wounding, mice To determine the barrier function of the corneal epithelium after
were sacrificed using a Metofane anesthetic overdose, and wourngsunding in the synd1ko mice, a surface biotinylation procedure was
with a 1 cm unwounded skin border were harvested and processed faed (Xu et al., 2000). Wt and syndlko mice were wounded and
histochemistry. The time points analyzed included 2, 3, 4, 5 and &8llowed to heal for 4 weeks. After sacrifice, eyes were removed and
days post-injury. placed in 1 mg/ml sulfo-NHS-LC-biotin (Pierce Chemical, Rockford,

For dermabrasion experiments, the procedure described by Wojcik) in Hank’s media supplemented with 1 mM Ca@nd 2 mM
and colleagues was followed (Wojcik et al., 2000). 10 syndlko antfgCl,. After 30 minutes at room temperature, tissues were rinsed in
10 wt mice between 7-9 weeks-of-age were anaesthetized and the RBS and frozen in OCT for sectioning. To determine the extent of
on their backs trimmed with scissors and removed using depilatonyenetration of biotin, tissue sections were incubated with rhodamine-
cream (Nair creme depilatory; 1 minute, Carter-Wallace Inc., Nevavidin (Vector Labs, Burlingame, CA) for 1 hour and slides
York, NY). Skin was disinfected and allowed to dry. Cellophane tapeoverslipped and viewed using the confocal microscope. To visualize
(Scotch brand; 0.5 in width) was then applied and removed quicklZonula occludens (ZO-1) localization and biotin penetration
eight times centrally on the backs of mice. Dermabraded areas wesgnultaneously, tissues were incubated first in primary antibody alone
treated with Betadine solution and allowed to recover for either 2 diollowed by Alexa Fluor 488 (Molecular Probes, Eugene, OR)

5 days. Two hours prior to sacrifice, mice were injected with BrdUconjugated secondary antibody and rhodamine-avidin.

solution; after sacrifice by anaesthetic overdose, full-thickness skin

tissues were dissected free from underlying fascia, rapidly frozen in ) ) ]

liquid nitrogen and processed for either immunofluorescence dfmmunohistochemical studies

immunoblotting. For immunofluorescence, the frozen skin tissue€orneal or skin tissues were sectionedu(), and unfixed frozen
were trimmed to approximately 1 érand then embedded in tissue- sections used for immunofluorescence microscopy as described
embedding medium. For Western blotting, frozen skin tissues werngreviously (Stepp and Zhu, 1997). Synd1 localization was evaluated
ground to a fine powder using a mortar and pestle kept frozen witlssing a rat monoclonal antibody against the synd1 core protein (281-
liquid nitrogen. Powdered skin was extracted as described previousB; now commercially available from Pharmingen, cat # 09341D; San
(Stepp et al., 1996). For immunoblotting, control tissues were of tw®iego, CA) and the synd4 core protein. Polyclonal anti-peptide sera
types: skin taken from mice whose hair had been removetecognizinga9 and 4 integrins were characterized as described
immediately after sacrifice (control) and skin taken from mice whosereviously (Sta. Iglesia et al., 2000). The rat monoclonal against
fur had been removed 2 days prior to sacrifice but whose skin had noD-1 was obtained from Chemicon (cat # MAB1520; Temecula, CA).
been subjected to dermabrasion (unwounded). For wounded tissu&gcondary antibodies were obtained from Molecular Probes (Eugene,
2 mm areas of skin tissue surrounding the involved skin wer©R); Alexa Fluor 488 and/or Alexa Fluor 568 were used for double
obtained. labeling experiments.

All corneal wound healing experiments on mice were conducted Whole mounts were performed on eyes that were fixed immediately
in compliance with the recommendations of the Association forfter sacrifice in 70% methanol/DMSO for 2 hours followed by 100%
Research in Vision and Ophthalmology. Manual debridement woundsethanol overnight (as a minimum length of time). After fixation,
were created on the corneas of 8-week-old syndlko and wild-typeorneas were dissected away from the back of the eye, rehydrated,
mice, as described previously (Stepp and Zhu, 1997). Mice werglocked and processed fo® integrins. After the final wash after the
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secondary antibody, tissues were processed for with propidium iodireéstablish that both syndl alleles had been disrupted, the level
prior to mounting en face, for viewing via confocal microscopy.of syndl mRNA was assessed by northern blot analysis (Fig.
Images were viewed and captured by confocal scanning lasarC). The syndiko mice lacked syndl mRNA, whereas synd4
microscopy using an inverted Olympus BX60 fluorescencgnrNA was present in equal amounts in both synd1ko and wt
microscope (OPELCO, Dulles, VA) equipped with the Biorad MRC mice
1024ES laser system, Version 3.2 (Bio-rad, Hercules, CA). All images Th. . _ :
- - ; e progeny resulting from=23 matings of heterozygous
\(/:vir)(.e imported into Adobe Photoshop 5.0 (Adobe Systems; Palo Alt%arents' from eith_er_ C57BL/6 or BALB/C lines showed a
Mendelian transmission pattern, with 24% homozygotes, 46%
heterozygotes and 30% wildtype, suggesting that the disruption
Bromodeoxyuridine (BrdU) cell proliferation analyses of the syndlgene does not alter mouse viability or cause
Cell proliferation was assessed using the BrdU Labeling anémbryonic lethality. Reproductive capacity was unchanged, as
Detection Kit | (Roche Diagnostics; Indianapolis, IN), asno significant difference in litter size was observed between
recommended by the manufacturer. Corneas were wounded pggatings of homozygous-null and wild-type mice of both
described above, and after sacrifice, eyes were immediately placed@s 7B /6 and BALB/c strains. No histological differences
a BrdU-containing labeling solu_tion co_nsisting of com_plete MEMpeatween tissues of the syndlko and wild-type mice were
(Stepp et al., 1997). After 30 minutes in labeling solution, the eyep?t])servecI at either 6 weeks or 6 months of age. Routine serum
C

were washed three times and allowed to incubate for an additional . - . .
minutes in MEM without BrdU. emistry and hematologic studies revealed no differences

For dermabrasion studies, skin was obtained from mice injecteB€tween wild-type and syndlko mice. )
with BrdU 2 hours prior to sacrifice. Uninvolved and involved skin  The characteristics of syndlko epidermis and corneal
was removed from the backs of the mice, gently stretched an@pithelia were assessed by immunofluorescence (Fig. 1D). In
flattened on a glass surface and rapidly frozen with liquid nitrogerwild-type skin and cornea, syndl was most abundant within
For corneal studies, intact eyes, and for skin studies, 12pimwes  the cytoplasm at perinuclear locations as well as at cell-cell
of skin were embedded in OCT an@i® sections cut. Sections were membranes. It was not present at the apical squames or at the
pH-2, for 20 minutes at —20°C. After fixation, S.'eCtiO“OS were .i”‘?Ubateo f the hemidesmosomes, was present primarily at the basal cell
in PBS twice for 2 minutes each, incubated with 2.5% trypsin in 0.1 Basal membranes in both the wt and the syndlko cornea and

CaCb in PBS for 3 minutes at room temperature, briefly washed i, . -
PBS and then transferred to a solution containing 4 M HCI for kin. Synd1, as expected, was absent from the skin and cornea

minutes at room temperature. Sections were washed again twice fof the syndlko mice. Despite the presence of synd4 mRNA in
5 minutes each in PBS and then transferred to blocking solution (1%ild-type and synd1lko mouse skin, synd4 protein was below
BSA and 0.1% horse serum in PBS). Slides were then processed fd¢tection in both wild-type and syndlko skin and cornea, and
immunofluorescence. To quantify proliferation rates after cornealvas not upregulated in synd1ko epithelia (data not shown). The
wounding, the numbers of labeled cells per unit area of the basapithelial integrinsx3 anda9, as well as E-cadherin and ZO-
membrane surface of the basal cells were determined using were also assessed in the skin and cornea of the wild-type
morphometry. No feWer than flVe ViSUal f|e|ds were Counted per t|mand Syndlko mlce and were found to be Iocallzed to the
point. At least two corneas from two different experimentalexpected sites in the syndlko mouse tissues. Alth@4gh
procedures and two slides for each time point studied were used f tegrin localized to the basement membrane zone, ZO-1 was

these studies. For skin, the numbers of labeled cells per visual fie . o .
at 20x magnification were assessed. Five wild-type and five syndlk@OSt abundant at the apical-surface of stratified epittela.

mice were assessed for data obtained 2 days after dermabrasion; @09 integrins were localized to the apical, lateral and basal
wild-type and two synd1ko mice were used for data obtained 5 daygell membranes of basal keratinocytes in skif. integrin

after wounding. The numbers of labeled cells in at least three differef@calization in the cornea was restricted to the limbal basal
sections from each mouse were counted. Data were analyzed foells, whereas 3 integrin was expressed equally in the limbus
significance using the unpairédest. and central cornea. The similarity between these wild-type and
syndiko epithelial tissues in terms of localization of markers
for epithelial tissue polarity indicated that the synd1ko tissues

Results are normal.

Syndecan-1-deficient mice show no embryonic lethality

and develop and reproduce normally

Genomic clones encoding the murgysmdlgene were targeted Syndlko mice do not re-epithelialize corneal wounds

in strain 129 ES cells, with a construct containing a 7.0 kiproperly

fragment of DNA sequence interrupted in exon 1 by &yndl is highly regulated during the repair of skin wounds, with

neomycin resistance cassette driven by a PGK promoter (Figxpression increasing in both the epidermis and dermis, and
1A). Following electroporation of the vector, positive-negativeshed ectodomain accumulating in the granulation tissues and
selection was used to isolate targeted clones, and homologousund fluid (Bernfield et al., 1999). To determine whether the

recombination was detected by Southern blot in 14 of 126yndlko mouse epithelial tissues can repair wounds normally,
clones. ES cells with a normal karyotype derived from a singleve first used a corneal epithelial debridement model, which
clone were injected into C57BL/6 and BALB/c blastocysts,involves the manual removal of a circular patch of epithelial

which were then placed into pseudopregnant dams. Chimeraslls at the center of the cornea, leaving the underlying
were identified by coat color, and germline transmission of thbasement membrane zone intact and native (Fujikawa et al.,
disrupted allele was observed in both C57BL/6 and BALB/c1984; Gipson et al., 1984). Corneal debridement wounds in the
mice. Crosses of syn#ft heterozygous parents resulted in syndlko mice re-epithelialized at a slower rate than those in the
mice homozygous for the mutasyndlgene (Fig. 1B). To wildtype, with differences becoming statistically significant
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A C Fig. 1.Synd1ko mice express no
[——GhiES ) 2. Syndl synd4 synd1l mRNA or protein, and their
e~ i‘“"”' e irie b TR epithelial tissues appear normal.
e L4 Lot | |-l- (A) The targeting vector was a
- - - = Mboal/Sal fragment with
homology to the endogenous gene
. and includes 1.4 kb of thé 5
flanking sequence, the entire 0.3
kb first exon and 5.3 kb of the
.k,.ﬂ. S oo et first large intron. Positive (PGK
e . ™ — NI neo) and negative (MC1-tk)
. 86Kb i selection markers were used. The
disrupted allele was 8.6 kb versus
B the wild-type allele, which was
i i T 74 7 By 7.1 kb. (B) Using a'3orobe,
Southern blot analyses of tail
8.6 Kb — - - DNA isolated from two litters of
7.1Kb - - - . . mice included wildtypes+(*),
heterozygotes*() and
homozygotes") for the
disrupted gene. (C) Northern blots
show that, when equal amounts of
RNA isolated from wild-type and
~~mouse skin are run out on gels
and transferred to nitrocellulose, the synd1ko mice have no
detectable synd1 mRNA, whereas the wild-type mice do. Replicate
blots probed with a synd4 cDNA, serving as a positive control for
RNA quality, confirm the presence of synd4 mRNA in both wild-
type and-~tissues, but there is no upregulation in the synd1ko
tissues. RNA sizes are indicated on the right; synd1l mRNA is present
as two discrete bands of 2.6 and 3.4 kb, whereas synd4 mRNA is 2.6
kb. (D) Using confocal microscopy, skin and corneal tissues from
wild-type and synd1ko mice were evaluated to determine the degree
of colocalization of synd1 arfg¥ integrin,a3 integrin and E-
cadherin o9 integrin and ZO-1. Merged images are presented.
Although E-cadherin is expressed at the lateral membranes of basal
cells, it is less abundant at this site, and the large amoa3 of
integrin in basal cells makes it difficult to document E-cadher®—
integrin co-expression in the basal cells in these merged images. For
thea9/Z0-1 merged images of the corneal limbal region, the central
cornea is located to the left and the conjunctiva is to the right. No
differences in the localization of integrins, E-cadherin or ZO-1
between wild-type and syndiko tissues are observed. Bar in D,
90 pm.

=

Targeting
Construct

wounding (Fig. 2D). During migration, the leading edge
extended normally in both wild-type and syndlko mice;
however, there appeared to be more inflammatory cells beneath
the leading edge in the healing synd1lko corneas. Although the
wild-type corneas appeared morphologically normal 1 week
after wounding, at 2 weeks, the epithelium of the syndlko
corneas showed evidence of hypoplasia.

Cell proliferation abnormalities are present in the

syndlko corneal epithelial cells before and after

wounding

To determine whether there were differences between cell
proliferation in the syndlko and wild-type corneal epithelial

(P<0.05) by 24 hours after wounding (Fig. 2A,B). Data showedells, cell proliferation was assessed using BrdU (Fig. 2C).
that, whereas 50% of the corneal wounds were closed at &urprisingly, the syndlko corneal epithelial cells showed a
hours in the wild-type mice, it took 30 hours for 50% of thehigher cell proliferation rate prior to wounding than did the

syndlko wounds to close. Routine histology was performed twild-type cells. For wild-type mice, the proliferation rate was

assess the morphology of the corneal epithelial cells afteignificantly elevated 24 hours after injury, when the majority




4522 Journal of Cell Science 115 (23)

A B C
100 ——forel — 35
90
20 E 30 . +H
*
g g 25 ] -
§ il i 20
z 50 | 8 *
2af § 154
& 30+ & 10
=]
20 | =
I g s
10 ! !
0 ~ - 0 T T T T
0 10 20 30 40 50 60 70 80 cont. 18 24 48 72
Time after wounding, hr Time after wounding, hr

Fig. 2. The absence of synd1 leads to delayed closure of corneal epithelial scrape wounds, which is associated with a failaeedellincrea
proliferation after wounding. The numbers of open wounds and corneas used to generate these data are presented in ¢etionethods s

(A) Representative photomicrographs obtained after wounding at the indicated times (d, day) are depicted. The delay fiepitmiia o
wounds is statistically significan®€0.05) at 24 and 36 hours (asterisk) as determined using the Mantel-Haenszel Chi-Squared test. (B) Data
from the experiment described in A were used to create a graph showing the time (hr, hour) of 50% wound closure. Thereridelny8in

the 50% wound closure time in synd1ko mice compared with wild-type mice. (C) Cell proliferation was assessed using Brdiw Datia sh
although wild-type corneal epithelial cells increase proliferation at 24 hours after wounding, the synd1lko animals failddadisp corneal
wound by increasing their proliferation rate at any time point analyzed. Data for the synd1ko are signfic@r@if) @ifferent from wildtype

at 24 hours. Surprisingly, there is also a significRrD(05) increase in proliferation rate in the unwounded synd1ko mice compared with that
in unwounded wild-type mice. Data are compared using the unpdist and asterisks indicate significant differences between groups.

(D) Histology shows that migration in the synd1ko mouse cornea is associated with a transient increase in inflammatdrg celiséalt

stroma and a failure to restratify properly by 2 weeks. 18 hours after wounding, more inflammatory cells are observecebaigratinth
syndlko epithelial sheet than in the wildtype. Arrows indicate the leading edge, and the arrowheads indicate inflammalioeg ol sif

cell migration is from left to right. Bar, §0m.

of the wounds were closed; by 48 hours, the proliferation ratmRNA profiling was performed using a mouse cDNA array on
was back to that observed in unwounded wild-type corneatotal RNA isolated from both unwounded and wounded wild-
Although the rate of proliferation in the synlko corneas wasype and syndlko epithelial tissues (Table 1). mRNA was
higher before wounding, it did not increase significantly at angxtracted from corneal epithelial tissues obtained by manual
time after wounding. Thus, the cellular signal required tadebridement of the ocular surface of unwounded mice
trigger increased cell proliferation after wounding was eithermmediately after sacrifice or mice at 18 hours after wounding
not transmitted or not recognized in corneal epithelial cells ir a time when the majority of epithelial cells were still
the absence of synd1. migrating but prior to the onset of wound-induced cell
Proliferation rate differences among cells generally reflegproliferation in wt corneas. Only mRNAs whose expression
differences in steady-state MRNA levels. To determine if therearied three-fold or greater are listed in Table 1. Several
were any overall differences in steady-state mRNA levelgjifferences between mRNAs expressed in unwounded synd1ko
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and wild-type corneal epithelia were observed, including Table 1. mRNA profiling data
mMRNAs that encoded proteins important in cell signaling an
transcriptional regulation (Table 1A). These differences

A. Unwounded synd1ko/unwounded wildtype

probably underlie the increase in cell proliferation observed iyrnas ‘f:;"x”;"r‘;‘;;‘i'o”n
the unwounded syndilko corneal epithelial cells. In wild-type58 kDa inhibitor of RNA-activated protein kinase 3
corneal epithelial cells, wounding resulted in a three-fold 0gyndecan-1 _45
greater induction of six mMRNAs, some of which encodecsTaT-1 -6
proteins implicated in cell signaling and migration, such@s Apolipoprotein E -5
integrin. There was also a reduction in expression of foug‘lﬁz‘t’rt‘ig'r']%agetgﬁSfera565/GST . —4 .
MRNASs (Table 1B). During migration, only one mRNA, which -
encodes keratin 14, normally upregulated in wild-type . .
epithelial cells, was also upregulated in syndlko epithelict: Wounded wildtype/unwounded wildtype Variation in
cells. By comparison, six mRNAs were upregulated in wild-mrnaAs expression
type corneas, while only three mRNAs were detected at levey, g ain 14 10
three-fold or greater during migration in extracts from thegarly growth response protein 6
syndlko corneas, with nine mRNAs found at levels at leaswc-myc 6
three-fold lower (Table 1C). Among those mRNAS, whosed6 integrin 4
expression was reduced in the synd1ko corneal epithelial celé;ﬁgnslig L brecursor 33
were several whose proteins are involved in regulation of gerEndotﬁe"al p';s domain protein 1 7
transcription. Taken together, the mRNA profiling data and thGlutathione-S-transferase5/GST-mu -5
lack of an increase in cell proliferation in syndlko epithelial34/67 kDa Laminin receptor/40s ribosomal protein SA -3
tissues after wounding indicate that synd1ko corneal epitheliProtease nexin-l -3
cells fail to activate appropriately after wounding. The alterec
expression of several mMRNAs prior to injury further suggest®- Wounded syndlko/unwounded syndlko o
that the lack of the synd1 HSPG alters cellular homeostasis a Variation in
! ! . “MmRNAs expression
results in the elevated cell proliferation rate observed b ratin 14 5
quiescent synd1lko corneal epithelial cells. Phospholipase A2 3
Ornithine decarboxylase 3
PAX-6 4
Transient differences in the localization of a9 integrin are High-affinity glutamate transporter -4
observed immediately prior to wound closure in the Fos-related antigen-2 ) -4
cornea CD44 antlgen_pre_cursor/l—!ermes antigen/HUTCH1 -4
CaCCC box hinding protein BKLF -3
To begin to determine the specific proteins responsible fcb-box binding protein -3
delayed cell migration in the synd1ko mice, the localization oSemaphorin B _ -3
a number of proteins implicated in cell migration and/orT-cell death associated protein 51 2.6x -3
Interferon regulatory factor (IRF1) -3

epithelial cell-cell adhesion were evaluated during and after re
epithelialization, when the tissue normally restratifies and th  vajues shown were obtained from analysis of total RNA isolated from four
cells repolarize. The proteins evaluated include: cytoskeletidifferent variables (unwounded wildtype, wounded wildtype, unwounded
proteins (actin, vinculin, talin, and-actinin); integrins @2, syndiko and wounded synd1ko), which were used for analysis of MRNA
a3, a4, a5, a6, a9, av, Bl! and[34); molecules involved in profiles as d_escrlbe_d in the methods section. Only mRNAs, yvhlch were

- : - - expressed differentially at levels above three-fold as determined by
mediating cell-cell adhesion (E-cadherin, ZO-1, occludin, aNlatlasimage are shown. Negative numbers indicate that a gene is
connexin 43); and matrix proteins including tenascin, laminindownregulated.
5, perlecan, and entactin.

The localization ofa6B4 integrin and syndl has been
reported to be altered during corneal and skin wound healingtegrin localization observed in the syndlko corneas were
(Hertle et al., 1992; Stepp et al., 1996; Kainulainen, T. et alidentical to those seen in wild-type mice; the timing of the shift
1998). In our wild-type corneas, syndl afid integrin in localization ofp34 integrin from basal to more lateral cell
localization overlapped within basal cells (Fig. 3A). Syndl inmembranes was also similar. Previously, we and others have
wild-type corneas was expressed in multiple cell layers but washown that the shift o4 integrin from exclusively basal to
absent from the apical squames. Upon woundsdgintegrin ~ basal and suprabasal cells was associated with the loss of
was no longer polarized exclusively to the basal cell membranégemidesmosomes at the basal cell membranes (Sta. Iglesia and
of basal cells but was found instead at lateral and apic&tepp, 2000).
membranes and away from the leading edge, at suprabasal celAlthough no differences in the localization @4 integrin
locations. Although botiB4 integrin and syndl were excluded were observed before, during or after migration, differences in
from the tip of the leading edge, syndl was present a sharellular organization and9 integrin were seen in en face
distance back from the leading edge, proving that shedding sfews of whole mounts of corneal tissues immediately prior to
synd1 into the wound site was restricted to the first few cells atound closure (Fig. 3B). Unwounded wild-type corneas had
the leading edge after corneal debridement wounding. no a9 integrin within the cornea but brightly labeled cells were

In the synd1ko mouse corneas, the localizatigiahtegrin ~ present at the limbal region. A similar pattern was observed for
was also polarized at the basal cell layer and enhanced at bagél integrin in unwounded syndlko corneas. When wounds
membranes (Fig. 3A). After wounding, the changef3dn were matched not by time after wounding but for similar sizes
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of remaining wound bed, it became apparent that wild-typeersistent, we assessed the localizatiododnda9 integrins
corneal epithelial cells expressed mar@ integrin in and at times up to 12 weeks after wounding by double labeling
around the leading edges and at sites where the margins of t&@ng an antibody against ZO-1 to indicate the apical-most cell
epithelial sheets merged (Fig. 3B). In addition, the propidiumbayers. Typical data for tissues obtained 12 weeks after
iodide-stained nuclei are larger than those of the wildtypeyounding are shown in Fig. 4A. Age-matched unwounded
suggesting that the cells are flatter and more spread out in tberneas were included in the analyses to control for the
syndlko cornea compared to the wildtype. Twelve hours aftgrossibility of age-related defects in the syndlko mice. The
wounding,a9 integrin was not observed in the epithelial cellslocalization ofa9 integrin at the limbal region was not affected
of the migrating sheet, and by 48 hours9 integrin in the syndlko mouse by aging or wounding. Aging in the
localization in the central cornea had decreased to backgroumdld-type and syndlko corneas resulted in an increas®in
levels in the cornea in both wild-type and syndlko corneamtegrin within numerous corneal basal cells that appears to be
(data not shown). Other than these differences9rnntegrin  independent of wounding34 integrin remained polarized to
localization immediately prior to wound closure, nothe basal aspect of the corneal epithelial basal cells in the
differences in the localization of other integrin®2(a3, a4,  wounded syndlko mice. The localization of ZO-1 was
a5, av andpl), cytoskeletal proteins (actin, vinculin, talin, and polarized to the apical-most cell layers of the limbus and
a-actinin), E-cadherin or matrix proteins (tenascin, laminin-5cornea of both the age-matched unwounded syndlko and the
perlecan, and entactin) accompanied the delayed revounded wild-type mice. However, in the wounded syndlko
epithelialization rate in the synd1ko mouse corneas. corneas, ZO-1 staining was diffuse and more wide spread. The
failure of ZO-1 to repolarize properly in the syndlko central
o o cornea after wounding did not extend to the limbus. Tissues
Defects persist in synd1ko corneas after injury taken at time points ranging from 48 hours to 8 weeks
To determine whether corneal healing defects were transient confirmed defects in ZO-1 relocalization in the corneas of the

Fig. 3. Although 34 integrin A

localization appears normal 4/ syndl /B4
during migration, subtle
differences in the localization
of a9 integrin emerge betwes
the wild-type and syndlko
corneas immediately prior to
wound closure.

(A) Unwounded tissues and
tissues taken at 18 hours aft:
wounding are double-labelec
to detect synd1 anf$4 integrin
simultaneously. Asterisks
indicate the regions shown a
higher magnification at the
right — both as doubly and
individually labeled images tc
allow for better determinatior — QiTakygaIbiti
of the regions of overlap.
Arrows indicate the tip of the
leading edge; migration occu
from left to right. Bar, 8um
in lower magnification image:
at the left and 25im in higher B

magnification images at the /PI
right. (B) En face views of +/+ unwounded +/+ ~wounded -/-
whole mounts of corneas frol £ ol i B ; o o
control or wounded mice hav
been treated with propidium
iodide to highlight nuclei and
simultaneously stained with ¢
antibody to detea9 integrin.
a9 integrin is absent from the
central corneas of unwounde
wild-type animals but presen
at the limbal region as seen i
the inset. Similar results are
seen in the synd1ko mouse. : . .

When matched for the size of the remaining wound, wild-type corneas showvaghimtegrin around epithelial cells close to the leading edge
(asterisks) as well as at sites where seams form as advancing epithelial sheet edges merge (arrows) compared to theeasdlriapging

of sera at the leading edge within wound opening occurs in some samples and is not specificuBar, 150
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syndlko mice (data not showfl integrin remained polarized pronounced hypoplasia of the epithelial tissues within the
to the basal aspect of the corneal epithelial basal cells in theound bed of the syndlko mice was seen, which persisted 9
wounded syndlko mice. days after wounding. The adherent palisaded layer of epithelial
The mislocalization of ZO-1 to multiple cell layers after cells observed in the wild-type mouse skin 9 days after
wounding in synd1ko corneas reflects a persistent loss of tigiounding was absent from the synd1ko mouse wound bed. The
junctions in these tissues. To determine whether this was tlsgnd1lko epidermis was thin, and basal cells remained flattened
case, the barrier function in these tissues was assessed usirand did not regain their normal columnar morphology. No
biotin penetration assay. Typical data obtained from mice differences in the expression ai-smooth-muscle actin
weeks after wounding indicate that, despite the diffusexpression in cells in the healing dermis were observed at any
localization of ZO-1, the barrier function was
intact, and biotin had not penetrated the col %

epithelium of the synd1ko mice (Fig. 4B). "
. Y (Fig. 48) limbus /70-1 cornea

+/+

Cell proliferation defects and altered
integrin expression were also observed
during the healing of cutaneous wounds in
the synd1ko mouse

To determine whether the synd1ko mice wc
also show defects in the repair of skin wou
we first made 3 mm full-thickness skin wou
on the backs of synd1ko animals and comp
healing to that of wild-type animals. Typi
histological data for 5 and 9 days are show
Fig. 5. Although no differences in the rate
wound closure could be observed before d:

Fig. 4. Tight junctions are functional after wounding
in the synd1ko mouse cornea despite the persistent unwounded
failure of ZO-1 to relocalize exclusively to the P
apical-most cell layers in the wounded synd1ko
corneas. (A) Immunofluorescence microscopy was
performed to colocalize ZO-1 an® integrin, and
Z0-1 andp4 integrin at 12 weeks after wounding in
wild-type and synd1ko tissues. Age-matched
unwounded synd1ko corneas were also analyzed.
For all corneas shown, the limbal images are =
oriented with their conjunctiva to the left and their
central cornea to the right. The central cornea of a
wild-type mouse 12 weeks after wounding and the
unwounded, age-matched, synd1ko mouse cornea
5 months of age show polarized localization of ZO-
1. However, in both of the synd1ko corneas shown
12 weeks after wounding, ZO-1 can still be seen at
non-apical cell layers19 integrin is upregulated in
response to aging in wild-type and synd1ko corneal jiis
epithelial basal cells, and this occurs with or without
wounding.34 integrin is present at the basal cell unwounded
basement membrane zone in the central cornea in

both unwounded and wounded wild-type and B

syndlko mice. Bar, 7m. (B) Biotin penetration /Z0O-1
was assayed in wild-type and synd1ko corneas 4 +/+ =i
weeks after wounding as an indication of tight
junction integrity. Biotin was detected with
rhodamin-avidin, and sections were simultaneously
stained for ZO-1 using a goat anti-rat secondary
antibody conjugated with Alexa 488. To facilitate
comparison with the results presented for ZO-1 in A
Adobe Photoshop was used to invert the colors of
the rhodamin-avidin to green and the Alexa-488 to
red. In both wild-type and synd1ko corneas, biotin
did not penetrate past ZO-1-positive cell layers,
indicating that tight junctions were functional in the
syndlko corneas. Bar, T6n.
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Fig. 5. Synd1ko mice show delayed re-epithelialization of full-thickness cutaneous wounds. Histology performed on fixed tissues slsows th
soon as 5 days (d) after wounding, signs of defective re-epithelialization are detected in the synd1ko mice compared.thawldtyp
magnification shows wound margins 5 days after wounding, and high magnification shows the poor overall morphology of thtessyad1ko
compared with wild-type at 5, 7 and 9 days after wounding. Ban.80i the lower magnification image at day 5, baniB0in images at

days 5 and 7, and bar, @& in the images at day 9.

time point after wounding, and wound contraction appearedn epithelial cell proliferation rather than migration. We found
normal (data not shown). These data show that while rehat dermabraded skin healed more slowly in the syndlko
epithelialization took place, restratification of closed woundsnice, at both 2 and 5 days after wounding. In addition, synd1ko
was defective in the synd1ko skin. dermabrasions appeared deeper and tissues more inflamed than
The above results show that poor healing after corneal aridose of wild-type controls (Fig. 6A). Cell proliferation was

skin wounding in the syndlko mouse is associated witlassessed using BrdU, and epidermal keratinocytes from the
hypoplasia. To assess cell proliferation and integrin expressi@yndlko mice were found to proliferate at a significantly
after skin wounding, we focused our efforts on a dermabrasiofiP<0.05) higher rate prior to dermabrasion (Fig. 6B). At 2 days
rather than a full-thickness skin wound model. The rationalafter wounding, there was only a slight increase in cell
for changing wound healing models was to focus our attentioproliferation in the synd1ko skin cells, whereas, in the wt skin,
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Fig. 6. Cell proliferation and integrin expression are altered in syndko mice during wound healing in response to dermabrasion.

(A) Dermabrasion was performed on wild-type and synd1ko mouse back skin after removal of hair; and mice were sacrificeay2 aftelr5 d
hair removal. Synd1ko mouse have deeper and more inflamed wounds at both 2 and 5 days compared with the wildtype. (By&hprolif
was analyzed in unwounded mouse back skin from which hair had been removed 2 or 5 days previously and in dermabradect®use skin
and 5 days. Although the variation among both individual mice and within the same mouse after wounding is substantiadf analy88s

visual fields per sample for 2 days and over 30 visual fields for the 5-day samples yield data that are sRifio&hiaf both 2 and 5 days

by the unpaired-test. Further, unwounded synd1lko and wild-type skin have significantly different cell proliferation rates at both 2 and 5 days
after hair removal. (C) Colocalization aB integrin and ZO-1 indicates that unwounded skin from which hair had been removed 2 days
previously has a normal distribution of ZO-1. Both wild-type and synd1ko mouse back skin show basal cell localizeiantdgrin. This
distribution is similar to that observed in control skin taken from the lip, as shown in Fig. 1D. 2 days after dermateasisrarttincrease in

the number of cell layers expressmg integrin in the wild-type skin. The increase is less dramatic in the wounded skin of synd1ko mice. In
both wild-type and syndilko skin, ZO-1 localization over the involved skin areas is discontinuous. (D) Colocalifatimnegfrin with synd1,
anda3 integrin with E-cadherin, is shown in wounded skin 2 days after dermabrasion in wild-type and synd1ko mice. Thereerenoediff

in the localization of34 integrin, and synd1 is not present in the synd1ko tiss3esitegrin and E-cadherin are also not differentially affected

by wounding in synd1ko mice. Bar in C and D,#B. (E) Immunoblots of skin tissue extracts from unwounded and dermabraded mouse skin
show differences in integrin expression after wounding. Samples were normalized on the basis of their protein concestregiovere

extracted from two mice per variable, and dermabrasion repeated twice. cont., extracts from tissues immediately aftandaerifmel of

hair; u, extracts from tissues from which hair had been removed 2 days prior to sacrifice; w, extracts from tissues fraimeahiacbieen
wounded 2 days prior to sacrifice.

cell proliferation increased over three-fold. These significanalso found in multiple cell layers of healing wild-type
differences in cell proliferation between wt and syndlko skirepidermis. In the syndlko skin, there was also an increase in
persisted at 5 days after wounding. localization ofa9 integrin adjacent to the involved skin, but it
To determine whether any differences in integrin, E-cadheriappeared to be more modest, affecting fewer cell layers. This
or ZO-1 localization occurred after dermabrasion in syndlkeesult was consistent with the results observed immediately
mouse skin, tissues taken from unwounded and wounded skimior to wound closure in the cornea, where there also appeared
2 days after dermabrasion were used in colocalization studiés be lessa9 integrin localization after wounding in the
(Fig. 6C,D). As had occurred after wounding in both wild-typesyndlko than in the wild-type tissues (Fig. 3B). Furthermore,
and syndlko corneag9 integrin localization increased in the there were no changes observed in eith@rintegrin or E-
keratinocytes after dermabrasion. Although it was restricted toadherin localization after dermabrasion. Similgi#integrin
the basal cell layer in unwounded epidermi8,integrin was remained localized to the basal-most cell membrane adjacent
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to the basement membrane, and we saw no evidence thie syndl HSPG in regulation of both gene transcription in
increased localization o84 integrin in either wild-type or quiescent keratinocytes and in keratinocyte activation after
syndlko skin after dermabrasion. wounding. Differences in integrin expression, although subtle,
To confirm biochemical changes in integrin expressiorsuggest defective integrin function in the absence of synd1l.
in wild-type and syndlko mouse skin in response tolaken together, our data confirm essential roles for the
dermabrasion, analyses of integrin expression were conductegndecan family of heparan sulfate proteoglycans in wound
in wild-type and syndlko wounded and unwounded full-healing and in the regulation of cell proliferation in epithelial
thickness skin tissues using immunoblots (Fig. 6E). Theissues.
relative expression levels off9 and a3 integrins were Surprisingly, there were no differences detected in the
compared in protein extracts obtained from three differenibcalization of cytoskeletal proteins, including filamentous
variables. Proteins were extracted from the control back skiactin, vinculin, talin andx-actinin in syndlko corneas. Both
(c), skin from which hair had been removed 2 days before but31 and a6B4 laminin-binding integrins have been
had not been dermabraded (u), and involved skin dermabradedplicated in mediating epithelial cell migration in response to
2 days previously (w). For samples that had been dermabradisjury (Belkin and Stepp, 2000), and their ligand, laminin-5,
(w), extracted tissues included a 2 mm region surrounding thend its cleavage play a role in facilitating stable or transient
involved wound bed. Data show tlee® anda9 integrins were integrin-mediated cellular attachment (Gianelli et al., 1997,
present in higher amounts in syndlko skin regardless ddoldfinger et al., 1998; Goldfinger et al., 1999934 protein
whether or not it had been subjected to hair removal 2 dayxpression increases in wild-type mice after corneal scrape
prior to sacrifice. Hair removal alone stimulate8 integrin ~ wounding (Stepp et al., 1997), and in this study, we show a
expression in both wild-type and syndilko skin but decreasezbmparable increase in the wounded synd1ko mouse corneas.
a9 expression. At 2 days after wounding, there was no increastowever, after induction of cell proliferation in skin by
in eithera3 ora9 integrin expression observed in extracts fromdermabrasionf34 integrin localization was unaltered in the
the involved skin. Although confocal microscopy does nowild-type and syndlko basal cells, suggesting that the
show any difference in integrin expression and localization imnhanced expression afi6B4 after full thickness skin
the skin of the syndlko and wild-type mice (Fig. 1D), thesavounding maybe related more to the disassembly of
biochemical studies suggest that expression of some integrihemidesmosomes and induction of cell migration than to
is enhanced in the absence of syndecan-1. After dermabrasiamjuction of cell proliferation.
confocal microscopy data show increased localization Df Although we demonstrated cell migration delays in the
integrin in both wild-type and, to a lesser extent, in syndlkeyndlko corneal keratinocytes, full-thickness skin wounds did
keratinocytes adjacent to the involved wound bed (Fig. 6Chot show delayed migration; however, it is possible that
The immunoblots used whole skin extracts. Afterthe complexity of wound healing after full-thickness skin
dermabrasion, degeneration of the epidermis (Fig. 6A) resultsounding masked the difference in keratinocyte migration. Re-
in lower levels of epithelial proteins overall in wounded tissuegpithelialization after a full-thickness skin wounding involves
and probably masked differences in integrin expression in thepithelial cell migration as well as wound contraction and the
skin next to the wound site. Thus, although the immunoblogrowth of new blood vessels into the wound site. Keratinocyte
data do not provide direct support for enhanced expression pfoliferation and differentiation are known to be subject
09 integrin protein during healing, they do show that integrirto regulation by paracrine secretion of factors by both
expression within skin is altered in the absence of syndecanséeratinocytes and dermal fibroblasts (Werner and Smola,
2001). Synd1 expression is normally upregulated in both the
] ) dermis and the epithelium after skin wounding. Defects in both
Discussion stromal cells and keratinocytes could contribute to the overall
In this study, we demonstrate that there is a defect in healingound healing phenotype observed in the syndlko mice. The
in both corneal epithelial and cutaneous wounds in the syndlkese of the corneal model for studies of re-epithelialization
mouse. In the cornea, this defect appears to result from bogtiminates several extrinsic factors present in the skin-healing
delayed re-epithelialization and failed activation of cellmodel that complicate assessment of migration rates, since it
proliferation after wounding. mRNA profiles of wounded andwas developed to minimize activation of stromal fibroblasts
unwounded corneal epithelial cells confirm differences irand allow cells to migrate over a native basement membrane
mMRNAs between wild-type and synd1ko mice both before andone in the absence of induction of neovascularization.
after wounding. In the skin, we confirm delayed healing usingiowever, even in the corneal model, defects in stromal
a full-thickness skin wound-healing model. Although nofibroblast secretion of cytokines could contribute to the healing
differences in the migration rate could be observed after fullphenotype observed.
thickness skin wounding in the syndlko mice, wounds did A dermabrasion wound model was used as it is less invasive
show a failure to restratify, and wounded areas remained ththan a full-thickness wound model and involves primarily
and poorly differentiated. Using a dermabrasion model td&eratinocytes, thus leaving the basal cell-basement-membrane
induce epithelial cell proliferation, we went on to demonstratdhemidesmosome interaction intact. Moreover, dermal
that cell proliferation defects also exist in the skin prior to andesponse following dermabrasion is minimal; therefore, this
after wounding. Further, after wounding in both cornea antype of wound is ideal for assessing keratinocyte cell
skin, the syndlko tissues expressed teksntegrin than was proliferation. To perform dermabrasion, the hair overlying the
observed in wild-type mice, although other cell adhesiorarea to be wounded was removed, inducing quiescent hair
molecules appeared to be expressed at similar levels compafetlicles to enter the active growth stage, anagen. Thus,
to tissues from wild-type mice. These studies suggest roles fproliferation of cells from the hair follicles is a contributing
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factor to the responses to dermabrasion we observethe function of FN alternative splicing in skin and corneal
Although only BrdU-labeled interfolicular keratinocytes werewound healing might be revealed. Further, the reduced
counted for cell proliferation studies, differences in hairlocalization ofa9 integrin in the syndlko corneas prior to
follicle regrowth in the synd1ko mouse might contribute to theclosure and in skin after dermabrasion may be contributing to
healing phenotype. Given the epithelial cell migration andhe healing delay. It is also tempting to suggest that the
proliferation defects revealed in our studies, the known rolemteraction between9 integrin and ADAMs might be altered
played by EGFR and6f4 in mediating both migration and in the absence of syndl, given that ba¢hintegrin (Eto et al.,
proliferation in keratinocytes (Mainiero et al., 1997; Murgia2000) and synd1 (Iba et al., 2000) can interact with ADAM-
et al., 1998; Dans et al., 2001; Mariotti at al., 2001) and th&2. Unfortunatelyp9 integrin expression is not maintained in
ability of syndecans to function as co-receptors with integrinsultured keratinocytes under standard conditions. This explains
for growth factors and matrix proteins (Couchman and Woods)ot only why keratinocytes have not been shown to interact
1999; Saoncella et al., 1999; Woods, 2001), it seems likelyith this alternatively spliced FN isoform but also why the
that altered signaling via thee6p4 integrin is responsible for ligand(s) for this integrin within epithelial tissues remain
some of the phenotypic properties displayed by syndlkanknown.
keratinocytes after wounding. It was initially surprising that synd1ko mice were viable and
09 integrin localization is reduced in the wounded syndlkdad no obvious phenotype. Yet our studies demonstrated that
corneal and epidermal keratinocytes compared with woundetiey are defective in cutaneous and corneal wound healing. Our
wild-type cells. Immunoblots from wild-type dermabradeddata add to those reporting defective leukocyte adhesion and
skin show a reduction im9 integrin in response to hair removal increased angiogenesis in the syndlko mice (Gotte et al.,
as well as no change or a slight increase in the amouwrfd of 2002). Echtermeyer and colleagues deleted the gene encoding
integrin after wounding. The immunoblots also showed that isynd4 in mice and also observed a cutaneous wound-healing
the syndlko sking9 decreases with hair removal and duringdefect (Echtermeyer et al., 2001). Furthermore, these synd4ko
healing. a3 integrin is increased in both the wild-type andmice showed signs of delayed closure and impaired
syndlko cells after hair removal, and wounding causes nangiogenesis, with fibroblasts derived from the synd4ko mice
change ina3 integrin in the wild-type cells and a slight showing slower than normal migration rates as well as poorly
reduction in the syndlko cells. The transient increase9in forming focal adhesions (Ishiguro et al., 2000). In the synd1ko
integrin localization immediately prior to wound closure mouse, the Kkeratinocytes fail not only to activate cell
observed using wounded corneal whole mounts extends resutioliferation in response to wounding but also to revert
we first reported several years ago (Stepp and Zhu, 1997). dompletely back to normal after migration is complete.
closed corneal wounds of wild-type mice 24 hours after Improved primary epithelial cell culture models for both
wounding, we reported a transient increaseath integrin  wild-type and syndlko keratinocytes that mainta®nintegrin
mRNA and protein in the corneal basal cells but no increase expression would be a great aid in determining the role played
a9 integrin 18 or 48 hours after wounding. Using wholeby a9 integrin in mediating the healing defects in the synd1lko
mounts, we show, in the current study, that the increasedouse. In addition, the generation of mice lacking multiple
expression ofa9 integrin does not occur after migration is syndecan family members will allow for the exact
completed but immediately prior to its completion. determination of how each of the syndecan HSPGs interacts
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