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Abstract. Previously we found that a3p1 integrin—defi-
cient neonatal mice develop micro-blisters at the epi-
dermal-dermal junction. These micro-blisters were as-
sociated with poor basement membrane organization.
In the present study we have investigated the effect of
a3B1-deficiency on other keratinocyte integrins, actin-
associated proteins and F-actin organization. We show
that the absence of a3B1 results in an increase in stress
fiber formation in keratinocytes grown in culture and at
the basal face of the basal keratinocytes of a3-null epi-
dermis. Moreover, we see a higher concentration of
actin-associated proteins such as vinculin, talin, and
a-actinin at focal contact sites in the a3-deficient kera-
tinocytes. These changes in focal contact composition
were not due to a change in steady-state levels of these

proteins, but rather to reorganization due to a3p1 defi-
ciency. Apart from the loss of a331 there is no change
in expression of the other integrins expressed by the
a3-null keratinocytes. However, in functional assays,
a3B1 deficiency allows an increase in fibronectin and
collagen type IV receptor activities. Thus, our findings
provide evidence for a role of a3B1 in regulating stress
fiber formation and as a trans-dominant inhibitor of the
functions of the other integrins in mouse keratinocytes.
These results have potential implications for the regula-
tion of keratinocyte adhesion and migration during
wound healing.
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known as keratinocytes. In normal skin, kerati-

nocyte proliferation is restricted to the basal layer
of the epidermis and cells undergo differentiation as they
migrate up through the suprabasal layers. Basal kerati-
nocytes adhere to the underlying basement membrane via
the extracellular matrix receptors known as integrins, a
family of heterodimeric glycoproteins each composed of
an a- and a B-subunit. Heterodimer composition confers
extracellular matrix ligand specificity (Hynes, 1992). Kera-
tinocytes express a subset of integrins. These include:
a2fB1, a receptor for collagen; a3B1, a receptor for laminin
5; a5B1, a fibronectin receptor; avB5, known to be a recep-
tor for various substrates including vitronectin and fi-
bronectin; a6B4, another laminin-5 receptor known to be

T HE epidermis is composed of multiple layers of cells
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important in hemidesmosome formation (for review see
Watt and Hertle, 1994); and o981, a tenascin receptor
(Palmer et al., 1993).

Cultured keratinocytes adhere to substrates via at least
two structures: focal contacts and stable anchoring con-
tacts (SACs),! the in vitro “equivalent” of hemidesmo-
somes (Carter et al., 1990b; Stepp et al., 1990). Focal
contacts are defined as clusters of integrins whose extra-
cellular domains adhere to the extracellular matrix and
whose cytoplasmic tails are linked to a concentration of
actin-associated proteins that in turn link to actin filament
bundles (Burridge et al., 1988). The B1 and av integrins
link the extracellular matrix outside the cell with the actin
cytoskeleton inside the cell via a network of focal contact-
associated proteins including talin, vinculin, and a-actinin
(Otey et al., 1993; Clark and Brugge, 1995; Johnson and

1. Abbreviations used in this paper: F-actin; filamentous actin; FN, fi-
bronectin; Coll IV, collagen type IV; LM1 laminin 1; LMS laminin 5; SAC,
stable achoring contact.
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Craig, 1995). On the other hand, hemidesmosomes can be
defined as electron-dense units containing a high concen-
tration of a6B4 integrins whose cytoplasmic tails associate
with cytoplasmic plaque proteins that in turn link to kera-
tin filaments (Carter et al., 1990b; Borradori and Sonnen-
berg, 1996). So, although focal contacts and SACs are dis-
tinct structures on the keratinocyte surface both are
essential for effective adhesion to a common ligand, lami-
nin 5.

In addition to being a receptor for laminin 5, a3p31 has
been implicated as a weak receptor for fibronectin (FN),
collagen type IV (Coll 1V), and laminin 1 (Gelson et al.,
1988; Elices et al., 1991) and is recruited to focal contacts
in cells cultured on these proteins (Grenz et al., 1993;
DiPersio et al., 1995). Adhesion-blocking assays using an-
tibodies specific for a3B1 have suggested a variety of func-
tions for a3B1 (Wayner and Carter, 1987; Wayner et al.,
1988; Carter et al., 1990a). For example, it has been re-
ported that function-blocking antibodies to a3B1 can in-
hibit long-term keratinocyte—substrate adhesion and cell-
cell contact (Carter et al., 1990a), and that blocking a331
function induces keratinocyte differentiation (Symington
and Carter, 1995). It has also been shown that antibodies
to 31 may increase migration on FN and Coll IV (Kim
et al., 1992). Studies in vivo have indicated changes in
a3B1 integrin expression patterns during wound healing
(Hertle et al., 1992; Cavani et al., 1993), psoriasis (Hertle
et al., 1992; Pellegrini et al., 1992), and tumorigenesis
(Bartolazzi et al., 1994). Taken together, these data sug-
gest multiple roles for a3p1.

In this report we have used a3 integrin—deficient mice to
address directly the roles of a3B1 in keratinocytes. a3-
deficient mice suffer kidney and lung abnormalities with
basement defects in the kidney (Kreidberg et al., 1996).
We have shown that the a3-deficient mice form epider-
mal-dermal blisters that are associated with basement
membrane defects (DiPersio et al., 1997). Mice deficient in
a6 (Georges-Labouesse et al., 1996) or B4 integrin sub-
units (Dowling et al., 1996; van der Neut et al., 1996) also
display blistering at the epidermal-dermal junction and
are models for the human blistering disease Junctional
Epidermolysis Bullosa with pyloric atresia (Niessen et al.,
1996; Ruzzi et al., 1997). These mice have normal base-
ment membranes, but hemidesmosomes are absent with
alterations in associated keratin cytoskeletal morphology.
Since a3p1 links to the actin cytoskeleton, we hypothe-
sized that there might be alterations in the actin filament
morphology in the a3-deficient mice.

We have analyzed the skin and isolated keratinocytes
from the a3-deficient mice to explore further the roles of
a3B1 in keratinocytes. Here we show that the absence of
a3B1 results in a change in filamentous actin (F-actin)
bundling both in keratinocytes grown in culture and in
basal keratinocytes of a3-null epidermis. Moreover, we
see a higher concentration of actin-associated proteins at
focal contact sites in the a3-deficient keratinocytes. In ad-
dition, there is an increase in FN and Coll IV receptor ac-
tivity in the a3-null keratinocytes. Our results suggest a
role for a3B1 as a regulator of the actin cytoskeleton, focal
contact composition, and as a trans-dominant inhibitor of
fibronectin and collagen type IV integrin receptors in ke-
ratinocytes.
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Materials and Methods

Antibodies

Rabbit sera against the cytoplasmic domains of human «5, B1, and
chicken a3 A integrin subunits were prepared as described (Marcantonio
and Hynes, 1988; Hynes et al., 1989; DiPersio et al., 1995). Rabbit antise-
rum against a9 was a donation from Dr. D. Sheppard (University of Cali-
fornia, San Francisco, CA) and the rabbit polyclonal antibodies to the
cytoplasmic domain of a2 and a6 were gifts from Drs. M. Hemler (Dana-
Farber, Boston, MA) and V. Quaranta (Scripps Research Institute, La
Jolla, CA), respectively. Rabbit antiserum against the av integrin subunit
cytoplasmic domain was purchased from Chemicon International (Temec-
ula, CA). Rat mAbs against mouse a5 and B1 extracellular domains were
kind donations from Dr. B. Chan (University of Western Ontario, Can-
ada), and rat mAb against mouse B4 was donated by S. Kennel (Oak
Ridge National Laboratory, Oak Ridge, Tennessee). The rat anti-mouse
a6 extracellular domain-specific mAb GoH3 was purchased from Immu-
notech (Westbrook, ME), and the mouse anti-human o3 mAb P1B5 was
purchased from Gibco Laboratories, (Grand Island, NY).

The anti-mouse keratin 14 antibody was a donation from Dr. E. Fuchs
(University of Chicago, Chicago, IL). The anti-actin rabbit antibody
(751.1) was a generous donation from P. Matsudaira (Whitehead Institute,
Massachusetts Institute of Technology, Cambridge, MA). Anti-vinculin
and talin antibodies were obtained from Sigma Chemical Co. (St. Louis,
MO) and the anti-a-actinin antibody was obtained from ICN Biochemi-
cals (Costa Mesa, CA). All fluorescently conjugated secondary antibodies
were obtained from TAGO BioSource (Camarillo, CA). The FITC-conju-
gated phalloidin was obtained from Sigma Chemical Co. (St. Louis, MO).

Extracellular Matrix Components

Purified human laminin 5 was a generous donation from Dr. R. Burgeson
(Harvard/Massachusetts General Hospital, Charlestown, MA). Rat fi-
bronectin was obtained from Gibco Laboratories and human collagen
type IV and mouse laminin 1 were obtained from Collaborative Biomedi-
cal Products (Bedford, MA).

Preparation of Tissue for Histology

Animals were killed by CO, narcosis and limbs removed. Tissue for paraf-
fin embedding was fixed in 4% formaldehyde solution for 24 h at room
temperature. Tissue for cryosectioning was snap frozen in OCT. Micros-
copy was carried out on a Zeiss Axiophot microscope (Carl Zeiss, Inc.,
Thornwood, NY).

Isolation and Culture of Primary Mouse Keratinocytes

Epidermal keratinocytes were prepared from neonatal mice essentially as
described previously (Dlugosz et al., 1995). In brief, newborn mice were
killed by CO, narcosis, washed in 0.01 N iodine in PBS for 10 min, rinsed
with PBS, washed in 70% ethanol for 10 min, and then rinsed in PBS.
Tails were used for genotyping by PCR (as described in DiPersio et al.,
1997), and limbs were prepared for frozen skin sections (see above). Skins
were removed from the torso and head, and then floated on 0.25% trypsin
solution (Gibco Laboratories) overnight at 4°C, with the epidermis facing
upward. Skins were then transferred to a dry, sterile surface with the epi-
dermis facing down, and the dermis was separated from the epidermis.
The epidermis was minced, suspended in growth medium (see below), and
then agitated to release keratinocytes. Suspensions were passed through a
sterile, 70-pm nylon filter (Becton Dickinson, Franklin Lakes, NJ) to re-
move cornified sheets. Keratinocytes were seeded onto tissue culture
plates coated with 30 pg/ml denatured rat tail collagen (Collagen Corp.,
Palo Alto, CA) at a density of ~2—4 X 10° cells/cm?. To prevent differenti-
ation of keratinocytes, cultures were grown in low calcium medium con-
sisting of MEM (BioWhittaker, Walkersville, MD) supplemented with
4% FBS (Intergen Co., Purchase, NY) from which Ca?* had been re-
moved by chelation (Brennen et al., 1982), 0.05 mM CacCl,, “HICE” mix
(5 pg/ml insulin [Sigma Chemical Co.], 0.5 pg/ml hydrocortisone [Calbio-
chem-Novabiochem Corp., La Jolla, CA], 1071 M cholera toxin [ICN
Biomedicals, Costa Mesa, CA], 10 ng/ml EGF [Upstate Biotechnology
Inc., Lake Placid, NY], 2 X 10~° M T3 [Sigma Chemical Co.]), 100 units/
ml penicillin, and 100 pg/ml streptomycin (Gibco Laboratories). Mouse
keratinocytes were cultured at 33°C, 7.5% CO,.
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Immunofluorescence Microscopy

Unfixed neonatal mouse limbs were embedded in OCT and snap-frozen
in chilled isopentane in liquid nitrogen. The following procedure was used
for the immunostaining of 8-wm cryosections. Sections were fixed either in
4% formaldehyde in PBS for 20 min at room temperature when staining
for F-actin, a3, a6, or B4 integrin subunits or in 100% acetone for 10 min
at —20°C when staining for 81, a5, or a9 integrin subunits. When staining
for av integrin subunits, sections were treated with 0.1% NP-40 in PBS for
10 min at room temperature, and then fixed in 4% paraformaldehyde
(PFA) in PBS for 20 min at room temperature. All sections were blocked
with 0.1% BSA, 0.2% Triton X-100 in PBS for 1 h before 1-h incubations
with primary antibodies. Sections were washed in PBS and incubated with
secondary antibodies at a 1:200 dilution in block solution. Finally, sections
were washed in PBS, and then distilled water and mounted in Gelvatol
containing the anti-bleaching agent, DABCO.

When staining for integrins at focal contacts, keratinocyte cultures
were first cross-linked in 0.4 mM BS? (Pierce Chemical Co., Rockford, IL)
10 min at room temperature, washed in 10 mM Tris-HCI, pH 7.4, in PBS,
extracted in 0.5% NP-40 in PBS for 10 min and fixed in 4% PFA in PBS
for 10 min before blocking and antibody incubations as described above
(Enomoto-Iwamoto et al., 1993; DiPersio et al., 1995). To stain for fila-
mentous actin, keratinocyte cultures were first permeabilized with 0.5%
Triton X-100 in PBS for 5 min followed by 20 min in 4% formaldehyde in
PBS before incubating in a 1:1,000 dilution of rhodamine-conjugated phal-
loidin. To stain keratinocyte cultures for cytoplasmic focal contact pro-
teins, cells were fixed in 4% PFA for 20 min, permeabilized with 0.5%
NP-40 for 10 min, and then blocked for 1 h before incubation with the ap-
propriate antibodies.

Interference Reflection Microscopy

Keratinocytes were cultured on glass coverslips coated with denatured rat
tail collagen (Vitrogen, Palo Alto, CA) and were photographed for inter-
ference reflection microscopy on a Zeiss Photo Microscope III (Carl
Zeiss, Inc.).

Transfection of Primary Keratinocytes

An o3 expression plasmid was constructed by inserting an Xbal restriction
fragment encompassing the cDNA for the human o3 integrin subunit
(provided by M. Hemler, Dana Farber Cancer Institute, Boston, MA) into
the Xbal site of the plasmid pcDNA3.1/Zeo(+) (Invitrogen Corporation,
Carlsbad, CA). Primary keratinocytes were transfected using Lipofect-
ACE reagent according to the manufacturer’s directions (Gibco Labora-
tories). In brief, 2 pg of the a3 expression plasmid was mixed with 12 pl of
LipofectACE reagent (Gibco Laboratories) in 1 ml of Optimem and
added to subconfluent cultures of keratinocytes on 35-mm plates. After a
6-h incubation at 33°C, the cells were fed with normal culture medium and
grown for an additional 48 h, and then prepared for immunofluorescence
as described above.

Adhesion Assays

96-well bacteriological plates (Nunc Inc., Naperville, IL) were coated with
10 pg/ml of fibronectin, collagen type IV, EHS laminin (laminin 1), or
laminin 5 in PBS overnight at 4°C. The plates were washed briefly and
then blocked in 10 mg/ml BSA in PBS for 2 h at 37°C. Cells were
trypsinized, washed in MEM medium containing 10% serum, and then re-
suspended at 3 X 10* cells/100 pl of serum-free medium containing 25 pM
cycloheximide. 3 X 10* cells were plated per well for 1 h at 37°C. Non-
adherent cells were washed off in PBS and the remaining adherent cells
were fixed and stained in 0.1% methylene blue in H,O and counted.

Phagokinetic Assays

Phagokinetic assays were carried out as described by Albrecht-Buehler
(1977). In brief, 8-chamber Nunc slides were coated in BSA and colloidal
gold (prepared from gold chloride from Sigma Chemical Co.). The colloi-
dal gold was then coated in 50 wg/ml of either fibronectin, collagen type
IV, EHS laminin, or laminin 5 overnight at 4°C. 103 cells were plated in se-
rum-free medium overnight at 33°C (the temperature of mouse kerati-
nocyte culture), fixed in 4% formaldehyde, and then viewed under dark
field on an inverted Zeiss IM35 microscope. Using a Hamamatsu CCD
camera linked to a Hamamatsu Argus 10 image processor (Hamamatsu
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Phototonics, Bridgewater, NJ) the area translocated per cell per hour was
calculated.

FACS® Analysis of Surface Integrins

Keratinocytes were trypsinized, washed in medium containing serum, and
then resuspended in PBS containing a 1:100 dilution of antibody for 30
min at 4°C. Cells were then washed three times in PBS and incubated with
a suitable FITC-conjugated secondary antibody for 30 min at 4°C, washed
three times in PBS and resuspended in PBS-containing propidium iodide,
and then analyzed on a FACScan® from Becton Dickinson.

Surface Iodination and Immunoprecipitation
of Integrins

Monolayers of mouse keratinocytes that had been passaged once were
surface labeled with 1 mCi/10 cm plate of Na-['*I] (New England Nu-
clear, Boston, MA) using the lactoperoxidase-glucose oxidase method
(Hynes, 1973). Cells were washed four times with 50 mM Nal in PBS/
Ca?*/Mg*" and lysed for 15 min on ice in 1 ml of a detergent buffer con-
taining 200 mM octyl-B-p-glucopyranoside (Calbiochem-Novabiochem
Corp.), 50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM CaCl,, 1 mM MgCl,,2 mM
PMSF (Sigma Chemical Co.), 0.02 mg/ml aprotinin (Sigma Chemical Co.),
and 0.0125 mg/ml leupeptin (Calbiochem-Novabiochem Corp.). Lysates
were sedimented for 10 min at 10,000 g. Supernatants were preincubated
with 100 pl of protein A-Sepharose (1:1 slurry; Pharmacia Biotech, Inc.,
Piscataway, NJ) for 1 h and the beads sedimented for 2 min at 10,000 g.
Protein concentrations of supernatants were determined using a Bio-Rad
kit. To compare the relative amounts of each integrin between wild-type
and o3-null cells an equal amount of lysate was immunoprecipitated with
each anti-integrin antibody as described (Marcantonio and Hynes, 1988).
In brief, BSA was added to lysates (60-100 g total protein) to a final con-
centration of ~5 mg/ml, followed by 5-10 pl of antiserum. After incuba-
tion at 4°C for 1 h, 50 pl of protein A-Sepharose (1:1 slurry preabsorbed
with 10 mg/ml BSA in lysis buffer) were added, and reactions were incu-
bated overnight at 4°C. Samples were washed extensively with cold lysis
buffer plus protease inhibitors, and then suspended in sample buffer (5%
SDS, 80 mM Tris-HCI, pH 6.8, 2 mM EDTA, 10% glycerol and bro-
mophenol blue) and boiled for 5 min. Non-reducing SDS-PAGE was per-
formed by the method of Laemmli (1970) using 5% acrylamide and a 3%
stacking gel.

Analysis of the Levels of F-Actin in
Keratinocyte Cultures

Keratinocytes from wild-type or a3-null mice were grown to 75% conflu-
ency in 60-mm dishes as described above. Cells were stained for F-actin as
described in “Immunofluorescence Microscopy.” The adherent cells were
then washed in PBS and extracted in 600 pl of 100% methanol for 2 h at
room temperature in a humidified box. The extract was then read on a flu-
orescent plate reader (Titertek Fluoroskan II). Unstained, equivalent
plates were fixed in 4% formaldehyde, stained in 0.1% crystal violet, ex-
tracted in 10% acetic acid, and then read at 600 nm on a Titertek Multi-
scan Plus plate reader. These readings were used to determine protein
concentrations of the samples and indicate relative cell numbers. Results
were calculated as fluorescent units for equal cell numbers from wild-type
or a3-null cells.

Western Blotting

Keratinocytes were grown in 10-cm dishes, extracted in 1 ml of radioim-
munoprecipitation assay buffer (2% Triton X-100, 2% NaDOC, 0.2%
SDS, 316 mM NaCl, 20 mM Tris-HCI, pH 7.3, 2 mM EDTA with protease
inhibitors (as for surface iodinations) on ice for 10 min, extracts were cen-
trifuged and protein concentration assessed by Bio-Rad “D.” Protein As-
say. 5 wg of each sample mixed with non-reducing sample buffer were
boiled and run on a 7.5 or 5% acrylamide gel (Laemmli, 1970). Samples
were then transferred onto nitrocellulose (Schleicher & Schuell, Keene,
NH), blocked (5% “Marvel,” 0.1% Tween-20 in PBS) overnight at 4°C,
incubated with primary antibody in block solution for 2 h at room temper-
ature, washed in 0.1% Tween-20 in PBS, incubated with appropriate
HRP-conjugated secondary antibody, washed again, and then bands de-
tected by chemiluminescence (Renaissance NEN, Life Science Products).

For Western blotting of integrin immunoprecipitations, unlabeled ly-
sates from wild-type or a3-null keratinocyte cultures were prepared in 200
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mM octyl-B-p-glucopyranoside buffer, preabsorbed, and then immuno-
precipitated as described above. For each immunoprecipitation, 565 pg of
lysate were incubated with 5-10 pl of rat mAb against the 31 (PharMin-
gen, San Diego, CA), a6 (GoH3), or B4 integrin subunit, followed by 100 pl
of goat anti-rat IgG conjugated to Sepharose-4B (ICN Biomedicals, Costa
Mesa, CA); 1:1 slurry preabsorbed with 20 mg/ml BSA in lysis buffer; con-
trol reactions contained Sepharose beads only. Inmunoprecipitates were
resolved on non-reducing, 7% polyacrylamide gels, and assayed by West-
ern blotting, as described above, with an antiserum against the cytoplas-
mic domain of the a6 integrin subunit.

A +/+ B
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Results

o3 Integrin Deficiency Is Associated with Changes in
F-Actin Localization in Basal Keratinocytes

Previous work showed that deficiency in «3B1 integrin re-
sulted in areas of disorganized basement membrane and
microblister development at the epidermal-dermal junc-
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Figure 1. o3 integrin deficiency leads to blister
formation at the epidermal-dermal interface and
reorganization of the actin cytoskeleton. (A and
B) Low power photographs of foot pads from
newborn wild-type (A) and «3-null (B) mice.
18% of the a3-null mice display blood-filled blis-
ters (arrowheads in B). (C-F) Hematoxylin and
eosin-stained sections of neonatal skin from wild-
type (C), heterozygous (D), and a3-null mice (E
and F). Blisters were not observed in either wild-
type or heterozygous animals. However, they
were seen in 80% of a3-null feet (E) and some of
these were filled with blood (arrow in F). (G-K)
Immunofluorescence staining using antibodies to
keratin 14 (G and H) or F-actin using phalloidin
(I-K) of skin cryosections; wild-type (G and I)
and o3-null skin (H, J, and K). Keratin 14 expres-
sion was normal in the a3-deficient skin (H).
However, F-actin showed increased concentra-
tion at the basal face of basal keratinocytes in
both blistering (/) and non-blistering (K) areas of
a3-deficient skin. Double-headed arrows, blis-
ters; arrowheads, dermal-epidermal junction.
Bar, 50 pm.



tion (DiPersio et al., 1997). Here, we examine the nature
of the skin defects in further detail with a focus on the ex-
pression and function of integrins, cytoskeleton, and focal
contact proteins in the a3-null keratinocytes.

Newborn mice from a3+/— crosses were examined im-
mediately after birth for skin defects. At the microscopic
level micro-blisters were observed in 80% of a3-null neo-
nate feet and ~15% of these were blood-filled blisters
(Fig. 1, A-F). From previous work it was not clear whether
the blisters in the a3-null mice were caused by handling
the pups during examination. The presence of blood-filled
blisters on live newborn mice demonstrates that the blis-
ters observed in the a3-null mice are not due to post-mor-
tem trauma (Fig. 1, A and B). Wild-type and heterozygous
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a3-knockout mice had indistinguishable and normal skin
morphology (Fig. 1, C and D). However, in the o3-knock-
out mice, microblisters were evident at the epidermal-der-
mal interface (Fig. 1, E and F). Note the presence of blood
in the blister shown in Fig. 1 F. We did not observe any ab-
normalities in epidermal stratification or proliferation in
the a3-deficient mice.

The cytoplasmic tails of a6B4 integrins are linked via
hemidesmosomal proteins to the keratin cytoskeleton.
Mice deficient in a6 and 4 integrins develop blisters that
are associated with altered keratin expression (Dowling et al.,
1996; Georges-Labouesse et al., 1996; van der Neut et al.,
1996). Since the cytoplasmic tail of a3B1 is associated with
focal contact-associated proteins such as talin, vinculin,

Figure 2. Loss of a3 integrin en-
hances formation of stress fibers
and focal contacts. Wild-type (A,
C, E, G, I, and K) and a3-defi-
cient (B, D, F, H,J, and L) kera-
tinocytes were grown under nor-
mal culture conditions and
examined for F-actin (A and B);
by interference reflection micros-
copy for focal contacts (C and
D) and by immunofluorescence
for vinculin (E and F), talin (G
and H), a-actinin (/ and J) and
phosphotyrosine (K and L).
Staining of F-actin with phalloi-
din showed larger stress fibers in
the «3-null keratinocytes (B)
than in the wild-type (A) cells
(basal-most confocal images).
Interference reflection micros-
copy shows darker and larger fo-
cal contacts in the a3-null cells
(D) than in the wild-type cells
(C). The levels of vinculin, talin,
a-actinin, and phosphotyrosine
were all increased in the focal
contacts of the «3-null kerati-
nocytes (F, H, J, and L) when
compared with the wild-type cells
(E, G, I, and K). Bars, 10 pm.
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and a-actinin, which link integrins with the actin cytoskel-
eton, we explored the possibility that a3 deficiency would
be associated with changes in actin cytoskeletal morphol-
ogy. In Fig. 1, G-K we show that there are no changes in
keratin 14 localization in the basal keratinocytes, but that
there are changes in the actin cytoskeleton.

Immunostaining of cryosections from skin showed that
expression of keratin 14 (Fig. 1, G and H) and keratin 5
(data not shown) were restricted to the basal keratinocytes
and appeared normal in both non-blistering and blistering
regions of the skin of a3-null mice. Since keratin 14 or 5
were not observed in suprabasal layers, or split between
the roof and the floor of the blisters, the results show that
neither hyperproliferation nor basal keratinocyte lysis oc-
curred in the a3-null blisters and that cleft formation was
truly at the epidermal-dermal interface.

Using rhodamine-conjugated phalloidin, F-actin had a
pericellular distribution in all layers of the epidermis of
both wild-type (Fig. 1 /) and a3-deficient skin (Fig. 1,/ and
K). In addition, F-actin staining was also concentrated at
the basal face of the basal keratinocytes in the a3-null skin
but not in the wild type. Increased concentration of F-actin
in the basal keratinocytes was observed not only over blis-
tering regions of the a3-nulls (Fig. 1 J), but also in intact
areas of skin (Fig. 1 K, arrowheads). These results sug-
gested that a3B1 integrin regulates the expression pattern
of F-actin in the epidermis.
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a3 Integrin Deficiency Results in Enhanced F-actin
Stress Fibers and Focal Contacts

Since F-actin localization was altered in a3-null skins, we
investigated the effect of o3 integrin deficiency on the
distribution of F-actin and focal contact proteins in ke-
ratinocytes grown in culture (Fig. 2). In wild-type cells,
phalloidin-stained actin bundles appeared thin and cob-
web-like (Fig. 2 A). In contrast, F-actin in the a3-null kera-
tinocytes was arranged into thick stress fibers especially at
the basal face of the cells (Fig. 2 B). This was reminiscent
of the altered F-actin staining seen in skin sections, where
it also appeared to be concentrated at the basal face of the
basal keratinocytes in the a3-null mice (see Fig. 1, J and K).

F-actin stress fibers in cultured cells are known to termi-
nate at focal contact sites. Therefore, we asked whether
the increase in stress fiber thickness in the a3-null kerati-
nocytes was associated with any changes in focal contacts.
Interference reflection microscopy revealed that focal
contact sites in the a3-null keratinocytes (Fig. 2 D) were
darker and larger than those observed in the wild-type
cells (Fig. 2 C). This result implies that a3B1 deficiency
leads to closer apposition of the ventral cell surface to the
substrate at focal contact sites and also suggests that the
focal contacts in the a3-null keratinocytes may be structur-
ally different from wild-type focal contacts.

Consistent with the increased stress fiber formation and

Figure 3. Reconstitution of a3p1-expression
in a3-null keratinocytes reduces the thick ac-
tin bundles. «3-null primary keratinocytes
were transiently transfected with a recombi-
nant plasmid expressing the a3-subunit. Two
examples of cells transfected with o3 are
given. Cells were double labeled for o3 inte-
grin (mADb P1B5) and F-actin (A and C, and B
and D, respectively), or for a3 integrin (poly-
clonal antiserum) and vinculin (£ and F, re-
spectively). Arrows, transfected cells. Un-
transfected cells (arrowheads) served as
controls within the same fields. Transfection
with a3 reduced both the thick actin bundles
and vinculin localization to focal contacts.
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focal contact apposition to substrate in the a3-null kerati-
nocytes, all the focal contact-associated proteins tested,
including vinculin (Fig. 2, E and F), talin (Fig. 2, G and H),
and «-actinin (Fig. 2, I and J), were more concentrated in
the focal contacts of the a3-null keratinocytes than in the
wild-type cells. In addition, PY20 staining for phosphoty-
rosine in the focal contacts was stronger in the a3-null ke-
ratinocytes than in wild-type cells (Fig. 2, K and L). Thus,
in the a3-null keratinocytes there is a change in focal con-
tact composition. The increase in phosphotyrosine expres-
sion in the focal contacts of the a3-null keratinocytes
likely reflects a change in focal contact signaling activities.

To verify that the change in actin cytoskeletal organiza-
tion observed in o3-null keratinocytes was due to a defi-
ciency in a3p1 integrin, o3-null primary keratinocytes
were transiently transfected with a recombinant plasmid
expressing the a3 subunit. Double-label immunofluores-
cence revealed that ~80% of cells expressing the exoge-
nous a3 (Fig. 3, A and C), no longer displayed the thick
stress fibers typical of a3-null keratinocytes (Fig. 3, B and
D). These a3-transfected keratinocytes also showed re-
duced vinculin staining in focal contacts (Fig. 3, E and F).
These results support a role for a3B1 integrin in regulating
the organization of the actin cytoskeleton.

The Enhancement in Stress Fibers and Focal Contacts
in the a3-null Keratinocytes Is Due to
Redistribution and Not Elevated Levels of Proteins

We wished to determine whether the altered F-actin and
focal contact protein staining patterns observed in the a3-
null keratinocytes were due to changes in protein levels.
To compare the levels of F-actin in the a3-deficient and
wild-type keratinocytes, cultures were stained with fluo-
rescently conjugated phalloidin, washed, and then the
bound phalloidin extracted and quantified. The results
showed that for equal protein concentrations of wild-type
and a3-null keratinocytes the levels of F-actin were the
same (Fig. 4 A). Combined with the immunofluorescence
staining of F-actin (Fig. 2), this result indicated that the in-
creased stress fiber formation in a3-null keratinocytes is
not due to an increase in F-actin assembly, but rather to a
redistribution of existing F-actin.

Western blot analyses of protein extracts from a3-defi-
cient (—) and wild-type (+) keratinocyte cultures showed
that, although the a3-null cells were indeed a3 integrin de-
ficient, the levels of total actin, vinculin (Vn), talin (Tn),
and a-actinin (a-act) were each the same in the a3-null
and wild-type keratinocytes (Fig. 4 B). Once again, these
results, in combination with the immunofluorescence stud-
ies of focal contact-associated proteins (Fig. 2), demon-
strate that o3 integrin deficiency results in a redistribution
of existing proteins rather than increased steady state lev-
els of these proteins.

Expression of Other Integrins Is Normal in a3-deficient
Skin and Keratinocytes in Culture

Since integrins are known to be critical in regulating focal
contact functions, one might predict that a3-deficiency
could result in changes in other integrins that may com-
pensate for the absence of a3B1. The effect of o3 integrin
deficiency on the expression patterns of other integrins in
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Figure 4. The expression levels of focal contact-associated pro-
teins in the «3-null keratinocytes are normal. (A) The levels of
fluorescent-phalloidin-labeled F-actin in the «3-null and wild-
type keratinocytes were the same. Student’s ¢ test showed no sta-
tistical difference in three experiments for a total of 11 samples.
(B) Western blots of a3 integrin, actin, vinculin, talin, and a-acti-
nin. The a3-subunit (a3, 150 kD) was absent in the a3-null kera-
tinocytes. The levels of total actin (actin, 42 kD), vinculin (Vn,
110 kD), talin (Tn, 220 kD), and a-actinin (a-act, 100 kD) were
all the same in the wild-type (+) and a3-null keratinocytes (—).
Molecular weight markers represented in kD (kD). All cells were
grown on vitrogen-coated plates.

the skin was investigated by immunofluorescence micros-
copy. Cryosections from wild-type and o3-null mice were
stained with antibodies to various integrin subunits includ-
ing a3, av, B1, and B4 (Fig. 5, A-H). As expected, a3 was
present on all surfaces of the basal keratinocytes in wild-
type epidermis (Fig. 5 A) and was completely absent from
a3-null skin (Fig. 5 E). There were no detectable differ-
ences in distributions of the other integrins tested in the
skins of the wild-type or a3-null mice. av and $1 subunits
were confined to the basal keratinocytes in both wild-type
(Fig. 5, B and C, respectively) and o3-null skin (Fig. 5, F
and G). B4 integrins were concentrated at the basal face of
the basal keratinocytes in both wild-type (Fig. 5 D) and
o3-null skin (Fig. 5 H). It should be noted that, although
a6B4 expression was strongest on the basal face of the
basal keratinocytes, faint «a6B4 staining was occasionally
also observed on the lateral faces of basal keratinocytes in
the a3-deficient mice.

The distributions of integrin subunits were also tested
on keratinocytes grown in culture (Fig. 5, I-P). a3 integrin
was present in the focal contacts of wild-type (Fig. 5 I), but
not a3-null cells (Fig. 5 M, nuclei showed background
staining). The expression of all the other integrins tested
was normal in the a3-null cells. av and B1 subunits both lo-
calized to focal contacts (Fig. 5,/ and N, and K and O, re-
spectively). a6B4 distribution was also normal in the «3-
null keratinocytes, localizing to structures known as SACs.

Cells were also stained for o2, a5, and 9. o2 and a5
showed very low or undetectable levels of expression with
no differences between wild-type and a3-null cells in vivo
and in vitro (data not shown). a9 staining was confined to
the basal layer of keratinocytes and was normal in wild-
type and a3-null skin (data not shown). However, a9 was
not detectable in wild-type or a3-null cells in culture. The
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distribution of the a6-subunits was identical with the 34
staining patterns both in vivo and in vitro.

a3 Integrin Deficiency Does Not Result in Changes in
the Surface Expression of Other Integrins

To investigate whether there were any changes in process-
ing and surface expression levels of other integrins, pri-
mary and secondary passage mouse keratinocyte cultures
from wild-type and a3-null mice were either stained with
anti-integrin antibodies and used in flow cytometric assays
(Fig. 6 A) or were surface iodinated and immunoprecipi-
tated with anti-integrin antibodies (Fig. 6, B and C).

In FACS® analysis (Fig. 6 A) pools of either wild-type or
a3-null cultured keratinocytes were labeled with anti-inte-
grin extracellular domain—specific antibodies to B1, B4, or
av, or with IgG2a as a negative control. The levels of B1
expression were considerably reduced in the a3-null cells.
This reflects the fact that a3B1 constitutes a large propor-
tion of the B1 integrins on the keratinocyte cell surface. 34
and av showed no consistent changes in levels of surface
expression (Fig. 6 A).

Surface iodination and immunoprecipitation with anti-
bodies to integrin subunits a3, B1, a2, a5, av, or a6 was
carried out on wild-type (+) and «3-null (—) kerati-
nocytes (Fig. 6 B). Immunoprecipitations with anti-a3
and anti-B1 antibodies confirmed the absence of a3B1 in
the a3-null keratinocytes and the expected reduction of
B1. There were no detectable differences in surface ex-
pression of a2, a5, av, or a6p34 between the wild-type and
o3-null cells.
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Figure 5. Immunofluorescence
patterns of integrins in vivo
and in vitro. Integrin expres-
sion patterns were examined
by immunofluorescence mi-
croscopy in wild-type (A-D
and [-L) and o3-deficient
(E-H and M-P) skin sections
(A-H) and in keratinocytes
grown in culture (/-P). Im-
munofluorescence staining of
a3 (A, E,I,and M), av (B, F,
J, and N), B1 (C, G, K, and
0), and B4 (D, H, L, and P).
Apart from the loss of a3, the
staining patterns for other in-
tegrins in the o3-deficient
skin and cells were normal.
Bars: (H) 100 pm; (P) 10 pm.

Thus, the surface iodination and immunoprecipitation
data confirm the absence of detectable differences be-
tween wild-type and a3-null cells in the surface expression
of the different integrin subunits. The a6 integrin subunit
can also pair with the B1 subunit in some cell types, and
a6B1 can function as a weak receptor for laminin 5. West-
ern blot analysis demonstrated that the loss of 31 from
the surfaces of a3-null keratinocytes resulted in an in-
crease in the intracellular pool of B1 (data not shown);
therefore, it seemed possible that some of the excess 1
might dimerize with endogenous a6 (normally dimerized
with B4) and cause an upregulation of 631 on the cell sur-
face. Although the immunoprecipitation data in Fig. 6 B
do not support this idea, we addressed this possibility di-
rectly by immunoprecipitation of 81 integrins followed by
immunoblotting with antiserum against the a6 subunit.
For both wild-type and «3-null keratinocytes a6 was
present in immunoprecipitates of either a6 or B4 integrins,
but was not detected in immunoprecipitates of B1 inte-
grins or in control immunoprecipitations lacking antibody
(Fig. 6 C). Similar immunoblots with antiserum against the
B1 subunit confirmed the presence of B1 in immunopre-
cipitates of 1 integrins, and the absence of 1 from immu-
noprecipitates of a6 integrins (data not shown). These re-
sults confirm the absence of detectable levels of a6B1 in
both wild-type and a3-null keratinocytes. Thus, although
a3 deficiency affects F-actin and focal contact protein re-
cruitment to focal contact sites, it has no effect on the ex-
pression patterns or levels of the other integrins in kerati-
nocytes.
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Figure 6. Expression levels of integrin subunits in wild-type and
a3-null keratinocytes. (4) FACS® profiles of wild-type (solid
line) and a3-null (dotted line) keratinocytes stained with antibod-
ies to various integrins. The negative control shows background
levels of staining. B1 levels were reduced in the o3-null kerati-
nocytes, probably corresponding to deficiency of a3-subunits in
the mutant cells. 34 and av levels were normal. (B) Surface io-
dination and immunoprecipitation of integrins from wild-type
(+) and o3-null (—) keratinocytes. There was no a3B1 detectable
on the «3-null keratinocytes. The B1 immunoprecipitation
showed decreased levels of surface B1 and coprecipitating a-sub-
units corresponding to the loss of surface a3. The surface expres-
sion of a2, a5, av, and a6B4 remained the same in the a3-null
keratinocytes. (C) Immunoprecipitation and Western blots illus-
trate the absence of detectable a6B1 in wild-type and a3-null ke-
ratinocytes. Immunoprecipitation and Western blotting of a6
integrins from wild-type and a3-null keratinocytes. Whole cell ly-
sates were immunoprecipitated either with mAbs specific for the
B1, a6, or B4 integrin subunits as indicated, or without primary
antibody (—), separated on a non-reducing, 7% polyacrylamide
gel, and then immunoblotted with a rabbit antiserum against the
cytoplasmic domain of the a6 subunit. The a6 subunit (~150 kD,
arrow) was detected in immunoprecipitations for the a6 and B4
subunits, but not in that for 1 or in the control reaction, indicat-
ing the absence of a6B1 from these cells. Positions for 147-kD
and 241-kD MW markers are indicated at left.
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Figure 7. Adhesive and mi-
gratory behavior of «3-null
and wild-type keratinocytes
on various substrates. (A)
Adhesion assays. Cell adhe-
sion was measured as the per-
centage of cells adherent
compared with the number of
a3-null cells adherent to
fibronectin (FN). A signifi-
504 cantly higher number of
o3-null  keratinocytes ad-
hered to fibronectin (FN),
and collagen type IV (Coll
o 1V) when compared with
FN ColllV LM-1 LM-5 . .

wild-type keratinocytes (P =
0.01 and P = 0.05, respectively). The numbers of wild-type and
o3-null keratinocytes that adhered to either laminin 1 or laminin
5 were indistinguishable. When adhesion to laminin-5 was carried
out in the presence of an a6p4 blocking antibody (GoH3), adhe-
sion of the «3-null keratinocytes was significantly reduced
whereas adhesion of the wild-type cells was not (P < 0.005). Re-
sults are an average of four experiments each done in triplicate.
(B) Migration assays. Cell migration was measured as the area
cleared by a single cell per hour. The a3-null keratinocytes mi-
grated significantly further than wild-type cells on FN (P < 0.005)
and Coll IV (P < 0.005). The migration of a3-null keratinocytes
and wild-type cells on laminin 1 was not significantly different. In
contrast, wild-type keratinocytes migrated significantly better
than o3-null keratinocytes on laminin 5 (P < 0.005).
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The Presence of o331 Inhibits Fibronectin and
Collagen Type IV Receptor Functions

We have demonstrated that «3 integrin deficiency en-
hances accumulation of actin-associated proteins to focal
contacts, but does not change other integrin expression
patterns. To examine the effect of a3 integrin deficiency
on keratinocyte behavior, secondary passage wild-type
and a3-null keratinocytes were tested in adhesion and mi-
gration assays. The numbers of a3-null or wild-type kerati-
nocytes able to adhere to laminin 1 (LM-1) or laminin 5
(LM-5) were the same. This result implied that, in the ab-
sence of a3 integrins, a6B4 (another receptor for LM-5)
was sufficient to allow cell attachment to LM-5. Saturating
concentrations of GoH3 (an anti—a6 integrin function-
blocking antibody; Sonnenberg et al., 1987) had no effect
on the number of wild-type cells adherent to LM-5 since
a3p1 is sufficient for adhesion (Delwel et al., 1994; DiPer-
sio et al., 1997). In the presence of GoH3, a3-null kerati-
nocytes were completely inhibited from adhering to LM-5
(Fig. 7 A) demonstrating that either a3p1 or a6p4 is suffi-
cient for adhesion to LM-5. Surprisingly, the numbers of
a3-null cells able to adhere to FN and Coll IV were signifi-
cantly higher than the numbers of wild-type cells able to
adhere (P = 0.01 and 0.05, respectively) (Fig. 7 A). That is,
the fibronectin and collagen receptors are more active in
the a3-null cells.

To compare the migration of wild-type and o3-null ke-
ratinocytes, phagokinetic assays were performed (Fig. 7
B). The phagokinetic assays involved plating cells on an
even field of matrix-coated, colloidal gold particles and al-
lowing the cells to attach and migrate over the substrate.
As the cells migrate they phagocytose the gold particles;
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the area of the particle-free traces was measured and
quantitated as described in Materials and Methods. The
o3-null keratinocytes migrated significantly further on FN
and Coll IV than did the wild-type cells (P = 0.005 and
0.005, respectively). In contrast to the migration on FN the
average area cleared by the a3-null keratinocytes on LM-1
was not significantly different between the o3-deficient
and wild-type keratinocytes. The o3-null keratinocytes
showed a significantly reduced level of migration on LM-5
when compared with wild-type cells (P = 0.005). This was
consistent with our previous observation that a3-null kera-
tinocytes do not spread well on LM-5, but the wild-type
cells do (DiPersio et al., 1997). Thus, although the a3-null
cells can adhere as well as the wild-type cells to LM-5, they
do not migrate as well.

Taken together, these data suggest that the changes in
focal contact protein composition observed in the a3-null
keratinocytes may be associated with the functional upreg-
ulation of fibronectin and collagen type IV receptors in
these cells.

Discussion

o3B1 is an abundant integrin on the surfaces of kerati-
nocytes. However, to date, the precise roles of a3B1 in
skin biology have been unclear. The generation of o3 inte-
grin knockout mice has permitted us to isolate a3-defi-
cient keratinocytes, which we have used to investigate the
roles of a3B1. Comparison of the characteristics and func-
tional behaviors of these cells with those of wild-type kera-
tinocytes has shed light on novel functions of o331 as a
regulator of cytoskeletal organization and as a trans-domi-
nant inhibitor of other integrins. Our major findings are as
follows: (a) a3B1-deficient mice show an enhanced con-
centration of F-actin at the basal face of the basal kerati-
nocytes; (b) in a3-null keratinocytes there is an increase in
stress fiber formation and actin-associated protein local-
ization to focal contacts, and this is associated with in-
creased levels of phosphotyrosine in focal contacts, and (c)
in functional assays the absence of a331 in the a3-null ke-
ratinocytes permits increased function of fibronectin and
collagen receptors when compared with wild-type cells,
implying a novel role of 331 as a trans-dominant inhibi-
tor of other integrins.

The blisters observed in the «3-null mice are small
compared with the extensive blistering found in the
a6- (Georges-Labouesse et al., 1996) or B4-knockout mice
(van der Neut et al., 1996; Dowling et al., 1996) and are
particularly evident on the foot pads where they are some-
times filled with blood (Fig. 1). Mutations in o634 and
laminin 5 have been shown to be causes of severe human
blistering disorders such as Junctional Epidermolysis
Bullosa with pyloric atresia (for review see Burgeson and
Christiano, 1997). However, the etiologies of many other
human blistering diseases are still unknown. It will be of
interest to determine whether mutations in a331 may also
contribute to human blistering disorders.

o381 Deficiency Results in F-Actin Reorganization
That Is Reminiscent of Wound Healing

Although a6B4 and «3B1 integrins are both receptors for
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laminin 5, they differ in that the cytoplasmic tails of a6p34
interact with the keratin cytoskeleton, whereas the o331
cytoplasmic tails interact with the F-actin cytoskeleton. At
the ultrastructural level, the a6- and B4-knockout skins
have altered keratin filament organization (Dowling et al.,
1996; Georges-Labouesse et al., 1996; van der Neut et
al., 1996). Our immunofluorescence studies show that,
although keratin 14 expression patterns are similar in
a3-null and wild-type skin, the pattern of F-actin changes.
In the a3-null epidermis F-actin was concentrated at the
basal face of the basal keratinocytes in both blistering and
non-blistering areas (Fig. 1, I-J). These observations were
reflected in cultured keratinocytes where thin fibers of
F-actin became concentrated into thick bundles in the ab-
sence of a3B1 integrins (Fig. 2, A and B). Reconstitution
of a3Bl-expression in a3-null keratinocytes reduced the
thick actin bundles typically presented in these cells (Fig. 3).

Our findings both in vivo and in vitro show a striking
resemblance to the patterns of reorganized F-actin seen
during epithelial and corneal endothelial wound healing
(Gabbiani et al., 1978; Brock et al., 1996; Gordon and
Buxar, 1997) and suggest that the basal keratinocytes in
the o3-null skin may be mimicking some kind of wound
healing process. We postulate that deficiency for a3B1 re-
sults in a wound healing-like response, which in turn is
manifested by the repeated deposition of basement mem-
brane proteins during epidermal development, thus giving
rise to the “layered” appearance of the basement mem-
brane in the o3-null skin (DiPersio et al., 1997).

o381 Is a Trans-dominant Inhibitor of Fibronectin and
Collagen Type 1V Receptor Function

In the a3-null keratinocytes the changes seen in F-actin or-
ganization are also associated with an increased recruit-
ment of actin-associated proteins such as vinculin, talin
and a-actinin to focal contacts (Fig. 2). Immunochemical
data show that this increased recruitment is not due to an
increase in production of these proteins, but rather to
changes in localization (Fig. 4). A similar change in actin
organization was also observed in corneal epithelial cells
during wound healing with no change in actin synthesis
(Gordon and Buxar, 1997). The phenomenon of enhanced
focal contacts in the o3-null keratinocytes implies that,
when o3B1 is present, it prevents these events from occur-
ring (Fig. 2, C-L). This is a novel function for a3p1, but
the mechanism is unclear.

Since «3B1 is such an abundant integrin on the surface
of keratinocytes and most of it is not concentrated in focal
contact sites (DiPersio et al., 1995), it is possible that a3B1
competes for certain proteins thereby regulating focal con-
tact composition. Hence, when 331 is absent, actin-asso-
ciated proteins may be “free” to localize more readily to
focal contact sites. The increase in PY20 staining at the fo-
cal contacts in the a3-null keratinocytes demonstrates that
there is an increase in tyrosine phosphorylation at these
sites. Elevated tyrosine phosphorylation is associated with
activation of focal adhesion proteins and this in turn with
integrin-mediated cell binding to the extracellular matrix
(Hynes, 1992; Juliano and Haskill, 1993). Thus, in the ab-
sence of a3B1 integrin, such an increase in phosphoty-
rosine at focal contacts may reflect a change in the signal-
ing of other integrins.
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Another way in which a3B1 might regulate stress fiber
and focal contact assembly is via effects on cell polariza-
tion and cadherin function. Antibodies to «3B1 inhibit
cell-cell adhesion (Carter et al., 1990a), so loss of a3p1
could similarly affect cadherin function including recruit-
ment of F-actin and certain focal contact proteins to cell-
cell adherens junctions. This in turn would release these
components for assembly at the basal surface in response
to other integrins. We have observed that E-cadherin is
poorly organized in a3-null epidermis that overlies “dif-
fuse” areas of basement membrane (data not shown). This
preliminary evidence supports the idea that a3 deficiency
may affect keratinocyte polarization in skin and is in ac-
cordance with the disorganized cadherins observed in im-
mortalized kidney epithelial cells (Wang, Z., J.M. Symons,
and J.A. Kreidberg, personal communication). Whatever
the precise mechanism, it is clear that the absence of a331
allows greater recruitment of cytoskeletal components by
other integrins.

Functional assays revealed that o3-null keratinocytes
adhere and migrate better on fibronectin and collagen
type IV than do wild-type controls (Fig. 7). Using P1B5, a
function-blocking anti-a3 antibody, Kim et al. (1992)
showed evidence that blocking a3 integrin function en-
hanced the migration of keratinocytes on FN. However,
they and others (Carter et al., 1990a) have suggested that
P1BS5 blocked keratinocyte adhesion to FN. Our data in-
stead support a role for 331 as a trans-dominant inhibitor
of FN and Coll IV receptor function.

Previous work suggests that occupancy of one integrin
can suppress the functions of other integrins in the same
cell. For example, anti-avB3 antibodies suppress o5B1-
dependent phagocytosis (Blystone et al., 1994) and liga-
tion of 41 inhibits a5B1-dependent expression of metal-
loproteinases (Huhtala et al., 1995). Diaz-Gonzalez et al.
(1996) showed that ligand-specific ligation of a “suppres-
sor” integrin such as aIIbB3 is associated with a blockade
in functioning of “target” integrins such as a5B1. Diaz-
Gonzalez’s work also indicates that allbp3 is dependent
on ligand interaction to inhibit o581 function. Our in vitro
results show that the trans-dominant role of a3B1 can be
independent of ligation with LMS5 and relies on the pres-
ence of a3B1. It should be noted that unlike allbp3, a3p1

REPAIR

l

WOUND

BM

—

Resting skin Migrating

Hodivala-Dilke et al. «381, a Trans-dominant Inhibitor of Integrins

el Repaired skin

appears to be constitutively active in cultured cells in that
focal contact localization may be ligand-independent in
some cases (DiPersio et al., 1995). It is quite possible that
ligation of a3B1 with laminin 5 may enhance a331 activity
to send an inhibitory signal to the FN and Coll IV recep-
tors on the surface of the cell and thus inhibit their func-
tions further.

Potential Implications for Trans-dominant Inhibition
During Wound Healing

Given the results reported here, one can make some hy-
potheses about the role of a3B1 in regulating keratinocyte
behavior in resting skin and during wound healing. In rest-
ing skin a3B1 is prevalent and is engaged with LMS5 in the
basement membrane and the cells are sessile. This situa-
tion would be predicted to lead to a3B1-dependent sup-
pression of the functions of other migratory integrins. At
the time of wounding, o581 and av integrins are upregu-
lated and are believed to promote keratinocyte migration
on the provisional matrix, which is rich in ligands for these
integrins (fibronectin, fibrin, and vitronectin). a2B1-col-
lagen interactions could also play a role (Larjava et al.,
1993). Our results suggest that migration would be en-
hanced if trans-dominant inhibition by a331 were relieved
(Fig. 8). There are several ways in which this could arise.
Metalloproteinases, which are upregulated on wounding
(for review see Clark, 1996) could cleave constituents in
the basement membrane such as LM5 or «3B1 itself. This
might cause uncoupling of the a3p1-LMS5 adhesion sys-
tem, allowing efficient functioning of migratory integrins
(including a5B1, a2B1, and av) and epithelial closure of
the wound. Relief of «3B1 trans-dominant inhibition could
also occur by some form of inactivation of a331 from in-
side the cell (i.e., inside-out signaling). Then, once the
wound is closed, reestablishment of a newly formed base-
ment membrane and of functional a331-LMS interactions,
could be hypothesized to restore trans-dominant inhibi-
tion of the other integrins, bringing migration to an end
and returning the keratinocytes to their sessile state.

In addition to the above hypothesis, «331-LMS interac-
tions may occur in two different modes. The first would be
as a trans-dominant inhibitor just as in the model above

Figure 8. A model for o3B1 integrin as a
trans-dominant inhibitor during wound heal-
ing. In resting skin a3B1 engages LMS and
this results in trans-dominant inhibition of
a5B1 and o2B1 functions. This confers an ad-
herent non-migratory state on the kerati-
nocytes. When skin is wounded, the a3B1-
LMS interactions are altered, due to changes
in a3pB1 and/or LMS, relieving trans-domi-
nant inhibition of the functions of other inte-
grins. a3B1 and/or LMS5 may show changes in
conformation switching a3B1 form an ad-
herent, inhibitory mode to a migratory, non-
inhibitory mode. Once the wound is closed, a
normal basement membrane is reestablished,
a3B1 binds resting LM5 and inhibits o581
and o2B1 functions again.
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and we would suggest that this is the role of this interac-
tion in resting skin and after completion of healing. How-
ever, during migration, a331-LMS5 interactions could also
play a role in migration. This change from a resting, adhe-
sive, and trans-dominant inhibitory state of «3B1 to a mi-
gratory and non-inhibitory state could occur by alterations
in LMS and/or in intracellular regulation of a3B31 function.
Such a model would accommodate a role for the high lev-
els of LMS5 during re-epithelialization (Larjava et al., 1993;
Zhang and Kramer, 1996; Lotz et al., 1997).

Either model invokes a3B1 as a suppressor of kerati-
nocyte migration in non-wounded skin and could explain
the apparent formation of multiple layers of basement
membrane in the a3-null skin (DiPersio et al., 1997). The
models also lead to testable predictions about the behav-
ior of a3-null skin before and after wounding; such predic-
tions could be tested by transplanting neonatal skin (Me-
dalie et al., 1996) from a3-null pups to immuno-deficient
recipient mice. These hypotheses also raise questions
about a3B1 signaling processes which will be readily inves-
tigated using keratinocytes established from wild-type and
a3-null mice and transfected with a3 cDNAs.

In conclusion, using «3-deficient mice and kerati-
nocytes, we have uncovered a novel role for «3p1 in the
regulation of focal contact composition, F-actin organiza-
tion and as a trans-dominant inhibitor of FN and Coll IV
receptor functions. This new role for a3f1 may be impor-
tant in understanding more about the regulation of kerati-
nocyte migration in wound healing physiology.
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