Human Enterocyte (Caco-2) Migration Is Modulated In Vitro
by Extracellular Matrix Composition and Epidermal Growth Factor
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Abstract

The modulation of enterocyte sheet migration was studied us-
ing Caco-2 cells, a well-differentiated human colonic cell line.
Although Caco-2 cells attached and spread equivalently over
collagen types I, IIL, IV, and V and laminin, migration over
laminin was significantly slower than migration over the colla-
gen types. Fibronectin was a poor substrate for attachment,
spreading, and migration. Epidermal growth factor (EGF ) stim-
ulated migration over laminin but did not alter Caco-2 migra-
tion over collagen or fibronectin. This effect was independent of
cell proliferation, which was stimulated equivalently on both
laminin and collagen I. Expression and organization of cell sur-
face receptors for matrix (integrins ) were studied using antibod-
ies specific for 8 and « integrin subunits. Integrin surface ex-
pression was assessed by immunoprecipitation of surface '*io-
dinated control and EGF-treated cells. 81 surface pools did not
change substantially in any condition studied. a1 subunit pools
were decreased after EGF treatment on collagen I but a1 pools
increased after EGF treatment on laminin. Surface pools of a2
subunits were increased following EGF treatment whether cells
were cultured on laminin or collagen 1. However, traditional
immunofluorescent and laser confocal imaging demonstrated
substantial differences in the character of a2 subunit organiza-
tion between collagen and laminin in the migrating cell front.
Furthermore, a functional antibody to the a2 subunit inhibited
EGF stimulation of migration over laminin without substantial
effects on basal migration over laminin or collagen I. Thus,
EGF appears to exert a matrix-specific effect on enterocyte
migration by modulation of integrin expression and organiza-
tion. (J. Clin. Invest. 1992. 90:15-23.) Key words: collagen ¢
epithelial cell » growth factor ¢ integrin « laminin

Introduction

The regulation of epithelial sheet migration in the gastrointesti-
nal tract is of clinical as well as biological relevance. Processes
as diverse as the normal maintenance of gut integrity, resurfac-
ing of gastric erosions, healing of anastomoses, and resolution
of inflammatory bowel disease all require mucosal restitution
(1). Although migratory phenomena have been previously
studied in mesenchymal and epithelial cells (2-4), the regula-
tion of enterocyte sheet migration is unknown.
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Epithelial sheet migration is a complex process in which
cells in the migrating front undergo morphological changes
which result in adoption of a migratory phenotype. These cells
form focal contacts of increased strength at their migrating
edge and transmit a deforming physical force to the less tightly
adherent submarginal cells of the monolayer via cell-cell con-
tacts and cytoskeletal elements (5). The regulation of sheet
migration is likely to be as intricate as its mechanism. Patterns
of distribution of matrix proteins have been hypothesized to
determine pathways of cell migration in a variety of embryolo-
gic processes (6) while varying matrix substrates have been
shown to modulate sheet migration in dermal epithelial, mesen-
chymal, and endothelial cells (2-4).

Growth factors such as transforming growth factor-3
(TGF-8)! and platelet-derived growth factor have also previ-
ously been demonstrated to affect mesenchymal and endothe-
lial cell sheet migration in vitro (7) and dermal reepithelializa-
tion in vivo (8). A growth factor that seems likely to be in-
volved in the regulation of enterocyte migration is epidermal
growth factor (EGF). This 53 amino acid polypeptide was origi-
nally isolated from mouse submaxillary glands and subse-
quently from human urine. EGF is present throughout the gas-
trointestinal tract (9-11) together with the related peptide
TGFa which appears to activate the same receptor (12). Fur-
thermore, the mucosal injury produced by peptic ulcer disease
or Crohn’s disease induces gastrointestinal stem cells to differ-
entiate into an EGF-secreting lineage (10) while peptic ulcer
disease may be associated with increased salivary secretion of
EGF (13). Both EGF and EGF receptor immunoreactivity
have been reported to be increased within the oxyntic mucosa
of rats in which ischemic gastric ulceration had been induced
(14). Long known to potentiate epithelial healing in the skin
(15, 16), EGF has, in addition, been reported to promote gas-
trointestinal mucosal wound healing in animal models (13,
17). The mechanism of the EGF effect in the gut is unclear,
and has previously been attributed to mitogenicity (17) or to
“cytoprotection.” The latter term reflects a poorly understood
phenomenon described as gastroduodenal mucosal resistance
to injury occurring at EGF concentrations below those re-
quired to inhibit gastric secretion (18). EGF is known to be a
chemoattractant for individual rat intestinal epithelial cells
(19), but its effect on the sheet migration of enterocytes re-
leased from contact inhibition in the absence of a concentra-
tion gradient has not previously been investigated.

We postulated that physiologically relevant concentrations
of EGF would stimulate sheet migration of mucosal entero-
cytes even in the absence of a concentration gradient. In addi-
tion, since migration is known to be matrix dependent in other
cell types (4), we further hypothesized that such an effect
would be coregulated by enterocyte interaction with extracellu-

1. Abbreviations used in this paper: ANOVA, analysis of variance;
EGF, epidermal growth factor; TGF-g, transforming growth factor-3.
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lar matrix. Cells interact with matrix by well characterized re-
ceptors known as integrins. Integrins are heterodimeric cell
surface receptors composed of o and 8 subunits that bind ma-
trix with specificity determined jointly by both subunits (20).
The integrins contain short transmembrane and cytoplasmic
domains and may anchor to the cytoskeleton by association
with talin (21). We therefore formulated a secondary hypothe-
sis that alterations in expression or organization of integrins in
response to varying matrix substrates and to the addition of
EGF might contribute to alterations in the rate of enterocyte
sheet migration.

The Caco-2 line was chosen for study. Although the Caco-2
cell line derives from a human colonic adenocarcinoma, it is
remarkably well differentiated (22), expressing a luxuriant mi-
crovillar brush border with a full complement of intestinal hy-
drolases (23, 24), tight junctions (22), polar sorting of endoge-
nous membrane proteins (22), and apically directed secretion
(25). Morphologically resembling fetal colonic mucosa or
adult small intestinal mucosa, the Caco-2 cell has frequently
been used to model normal human intestinal mucosa (25, 26).
The effect of matrix substrates and physiologically relevant
concentrations of EGF on the rate of Caco-2 sheet migration
were investigated using a “fence” migration assay previously
developed and characterized in our laboratory (4). The poten-
tial mediation of the EGF effect by alterations in integrin cell
surface pools was investigated by immunoprecipitation of sur-
face-labeled cell lysates using integrin subunit-specific antibod-
ies. The contribution of alterations in the a2 subunit was fur-
ther tested by specific blockade using a functional antibody.
Finally, EGF modulation of integrin organization was studied
using traditional immunofluorescent and confocal imaging
techniques.

Methods

Cells. The Caco-2 cells used for these studies represented a clonal sub-
population which were a generous gift of Dr. Mark Mooseker ( Depart-
ment of Biology, Yale University, New Haven, CT). The cells were
maintained at 37°C in 5% CO, in Dulbecco’s minimal essential me-
dium containing 10% fetal calf serum, 10 pg/ml transferrin
(Boehringer Mannheim Corp., Indianapolis, IN), 2 mM glutamine, 1
mM pyruvate, 10 mM Hepes, 100 U/ml penicillin G, and 0.1 mg/ml
streptomycin. All studies were performed on cells within eight pas-
sages. The EGF used for these studies was human recombinant EGF
(Upstate Biotechnology, Inc., Lake Placid, NY).

Matrix proteins. Laminin and type IV collagen were purified from
lathyritic murine Engelbreth-Holm-Swarm tumor (27). Collagen
types I, III, and V were isolated and purified as previously described
(27), and plasma fibronectin was purified from fresh human plasma by
gelatin-Sepharose and molecular sieve chromatography (27). Fibrino-
gen was obtained from Calbiochem-Behring Diagnostics (La Jolla,
CA). Bacteriologic plastic dishes (Falcon Labware, Becton, Dickinson,
& Co., Oxnard, CA) were coated with saturating concentrations of
matrix substrates as previously described (27).

Antibodies. For an initial survey of the Caco-2 integrin set, a battery
of antiintegrin antibodies was employed for immunoprecipitation stud-
ies. Antibodies to the 81 and 84 integrin subunits were generous gifts of
Drs. C. Buck (Wistar Institute, Philadelphia, PA) (28) and S. J. Kennel
(Oak Ridge National Laboratory, TN) (29). Antibodies to the 83 inte-
grin subunit were raised in rabbits against the COOH-terminal 37
amino acids of the human integrin subunit. Antibodies to the ! inte-
grin subunit were a generous gift from Dr. Martin Hemler (Dana
Farber Cancer Institute, Boston, MA) (30). Antibodies to the a2 and
a3 subunits were purchased from Telios Pharmaceuticals Inc. (San
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Diego, CA). Antibodies to a4 were a gift from Dr. M. Gallatin (ICOS,
Bothell, WA). Two antibodies to a5 were tested, gifts of Drs. K. Ya-
mada (National Institutes of Health, Bethesda, MD) (31) and C.
Damsky (University of California, San Francisco, CA) (32). Antibod-
ies to a6 were gifts from Dr. Damsky and Dr. A. Sonnenberg (Nether-
lands Red Cross Blood Transfusion Service, Amsterdam, The Nether-
lands) (33). For functional studies of migration, the antibody to a2
was used at a dilution of 1:1,000 (at an approximate protein concentra-
tion of 1 ug/ml) and reapplied in fresh media every second day. Con-
trol studies were performed with normal mouse IgG at 1 ug/ml protein
concentration. For double labeling immunocytochemical studies, a
rabbit polyclonal antibody to the a2 subunit was employed, a generous
gift from Dr. Buck. A goat anti-rabbit secondary antibody conjugated
to tetramethyl rhodamine (Cappel Laboratories, Malvern, PA) was
employed for this purpose. A mouse antivinculin antibody (Sigma
Chemical Co., St. Louis, MO) was used to stain for vinculin, with
secondary labeling via a goat anti-mouse antibody conjugated to fluo-
rescein (Cappel).

Assays. Cell adhesion was measured as previously described (4).
Adhesion assays were performed using 35-mm bacteriologic plastic
dishes which had been precoated with saturating quantities of matrix
substrate and then blocked with heat-inactivated bovine serum albu-
min. Cell area was measured using morphometric analysis software to
directly quantify cell area after staining with hematoxylin and eosin.
DNA synthesis was assessed by [ *H]thymidine uptake and counting of
nuclei with overlying silver grains after a photographic emulsion coat-
ing (Iliford K5.D; Polysciences Inc., Warrington, PA ) was applied and
developed. Migration was quantitated as previously described (4).
Briefly, cells were plated to confluence within stainless steel “fences”
placed on matrix-precoated 35-mm bacteriologic plastic dishes. After
the cells had achieved confluence the fences were removed, permitting
outward migration. After 6 d, cells were fixed in situ and the area of the
confining fence was subtracted from the area covered by the cells.

For investigations of integrin surface pool expression and organiza-
tion, Caco-2 cells grown on collagen I and laminin were pretreated for
12 h with a dose of EGF (30 ng/cm?®) previously identified as maximal
in stimulation of Caco-2 migration. Cycloheximide pretreatment,
when used, was with 500 uM cycloheximide for 30 min before EGF
treatment and then simultaneously with EGF exposure.

By methods previously described (34), surface iodination was per-
formed with Na'?I and lactoperoxidase and cells were then lysed and
immunoprecipitation was performed using Sepharose-conjugated pro-
tein A or G (Pharmacia LKB, Uppsala, Sweden ). Surface biotinylation
and immunoprecipitation for «2 integrin subunit was performed in
suspended cells by the protocol recommended by the supplier of the
antibody ( Telios Pharmaceuticals ). Inmunoprecipitates were resolved
under nonreducing conditions by SDS-PAGE using a 6% gel with a
3.5% stacking gel. Autoradiographic exposures employed Kodak AR-5
film at —70°C for 1-10 d. All exposures quantitated were within the
linear range of the film and exposure.

Staining techniques. For immunofluorescent staining, cells were
fixed with periodate-lysine-paraformaldehyde fixative and permeabi-
lized with 0.2% Triton X-100. After nonspecific staining had been
blocked with 4% bovine serum albumin and normal mouse IgG, pri-
mary antibodies to the integrin a2 subunit and to vinculin were applied
and then visualized using fluorescein-conjugated anti-mouse IgG
(Cappel) or a goat anti-rabbit secondary antibody conjugated to tetra-
methyl rhodamine (Cappel) as appropriate and examined using a Zeiss
Axiophot Photomicroscope. All photomicrographs were taken using a
standard 60-s exposure. Confocal imaging and interference reflectance
microscopy were performed using a confocal microscope (CRC 600;
Bio-Rad Laboratories, Richmond, CA).

Statistics. For assessments of cell adhesion, spreading, and migra-
tion, statistical analysis was performed by unpaired ¢ test or analysis of
variance at 95% confidence where appropriate, using the PC-SAS soft-
ware package (Statistical Analysis Institute, Chicago, IL). Band inten-
sity in autoradiographs after immunoprecipitation and SDS-PAGE
were quantitated using a digitizing scanning densitometer (Bioimage;



Figure 1. Differential
adhesion of Caco-2 cells
to matrix substrates.
Adherent cells per X40
microscope field (8.64
X 10™* mm?) were
r:l - l=-=| counted 1 h after plating
P ——— of Caco-2 cells on colla-
gen types L, III, IV, and
V, and on laminin
(Ln), fibronectin (Fn), fibrinogen (Fb), and tissue culture plastic
(P). Data represent meanzstandard error (n = 30).
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Hoefer Scientific Instruments, San Francisco, CA). All immunopre-
cipitation experiments were repeated at least three times with similar
results. Changes < 10% were considered insignificant. Numerical data
are reported here as meanzstandard error for cell culture experiments
and as absolute range for autoradiographic densitometry.

Results

Attachment, spreading, and migration of Caco-2 cells are modu-
lated by extracellular matrix proteins. Caco-2 cells demon-
strated similarly good adhesion (Fig. 1) and spreading (Fig. 2)
on collagen types I, III, IV, and V and on laminin. Adhesion
and spreading were more modest over fibronectin and tissue
culture plastic while adhesion to fibrinogen was poor (Figs. 1
and 2). In contrast to adhesion and spreading on laminin,
Caco-2 cell migration over laminin was 68.3+1.6% (significant
by analysis of variance (ANOVA) at P < 0.05) of that over
collagen I in initial characterizations of the effect of matrix
substrate on the rate of enterocyte sheet migration. Migration
over collagen I was similar to that of Caco-2 cells over the other
collagen types studied (Fig. 3). Similar differential rates of mi-
gration were observed after pretreatment with a replication-in-
hibiting dose of mitomycin C (20 pg/cm? for 2 h) (laminin/
collagen I = 76.3+4.2%), consistent with previous studies in
other cell types (2, 7) and suggesting that the effect of matrix on
Caco-2 migration was independent of proliferation.

EGF selectively modulates Caco-2 cell migration. EGF
stimulated Caco-2 migration over laminin in a dose-dependent
manner with maximal 2.1+0.2-fold increase at 30 ng/cm?
(Fig. 4). After mitomycin C pretreatment (20 ug/cm? for 2 h)
to inhibit proliferation, 20 ng/cm?® EGF nevertheless produced
a 2.6x0.1-fold increase in migration. In contrast, epidermal
growth factor had no effect on Caco-2 migration over collagen I

) Figure 2. Rates of indi-
o0 {  vidual Caco-2 cell
o ¥ spreading on different
w w0 I matrix substrates. Indi-
E —~ vidual cell areas were
3 ] Fo  measured at 1, 4, and
1000 ] P 18 h after plating on
m  various matrix sub-
° A = strates using morpho-

metric analysis software
to directly quantify cell
area after staining with hematoxylin and eosin. Abbreviations are as
in Fig. 1. Data represent meanzstandard error (n = 100).
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Figure 3. Caco-2 sheet

migration on different

matrix substrates. Area

covered by enterocyte

sheet migration varies
o significantly (P < 0.05
by ANOVA) between
cells grown on collagen
types L III, 1V, and V
and cells grown on lam-
inin (Ln), fibronectin
(Fn), fibrinogen (Fb),
P and tissue culture plas-
Matrix tic (P).
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or fibronectin. Specifically, migration during treatment with
30 ng/cm? EGF resulted in 86.0+7.2% of untreated migration
over collagen I and 78.6+11.5% of untreated migration over
fibronectin (P > 0.05 for both). Strikingly, although EGF did
not stimulate migration over collagen I, EGF did stimulate
[*H]thymidine uptake (proliferative activity) equivalently on
both collagen I and laminin (Fig. 5, a and b).

EGF selectively modulates Caco-2 cell integrin expression.
Since stimulation of Caco-2 migration by EGF appeared ma-
trix dependent, we hypothesized that this process might be me-
diated by EGF effects on Caco-2 integrin expression or organi-
zation. Initial characterization of the Caco-2 integrin repertoire
using antibodies specific for the 81, 83, and 84 subunits demon-
strated only the 81 integrin subunit (data not shown). Immu-
noprecipitation with probes specific for the al, a2, a3, a4, a5,
and a6 subunits demonstrated intense bands for a1 and 2 and
a very weak band for a6 which required prolonged autoradio-
graphic exposure times for visualization. The a1 subunit was
present as a doublet which may represent precursor and native
forms (35, M. H. Hemler, personal communication). No im-
munoreactivity could be precipitated using an antibody to the
a4 subunit. Faint bands visualized using antibodies to a381
and a581 could have represented small amounts of these inte-
grin heterodimers on the cell surface (data not shown). After
Sepharose beads (Pharmacia LKB) conjugated to collagen I
and laminin had been incubated with '*iodinated cell lysates,
elution from each matrix with 2 M NaCl yielded proteins
which could be immunoprecipitated by antibodies to a1 and
a2 integrin subunits (data not shown). Thus, both a181 and
201 integrin heterodimers present on Caco-2 cells are capable
of binding to collagen I or laminin.

Figure 4. Stimulation of
Caco-2 sheet migration
over laminin by EGF.
Treatment with increas-
ing concentrations of
EGF for 6-d results in a
) dose-dependent increase
in migrated area. Stim-
ulation with all concen-
trations = 10 ng/cm®
EGF resulted in signifi-
cant increases in migra-
tion compared with
control (P < 0.05 by
ANOVA).
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Figure 5. EGF stimulation of [*H ]thymidine uptake by Caco-2 cells
on collagen I and laminin. Treatment of Caco-2 cells on collagen I
(A) and laminin (B) with EGF results in equivalent increases in DNA
synthesis, assessed by [ *H]thymidine uptake and counting of nuclei
with overlying silver grains after a photographic emulsion coating had
been applied and developed. Data represent mean+standard error,

n = 100.

To investigate EGF modulation of cell surface integrin
pools, Caco-2 cells cultured on collagen I or laminin were sur-
face iodinated and lysed without or with 12-h EGF (30 ng/
cm®) pretreatment. Initial studies used immunoprecipitation
with an antibody to the 81 subunit, which coprecipitated all
associated a subunits. SDS-PAGE, autoradiography, and densi-
tometric quantification revealed only a 37-41% increase in the
B1 subunit pool following EGF treatment on laminin and no
substantial change after EGF treatment on collagen I (Fig. 6
A). However, substantial alterations of cell surface immunore-
activity for «l and a2 on both matrices were observed after
immunoprecipitation with antibodies specific for these « inte-
grin subunits. Densitometric assessment of the « integrin sub-
unit surface pool revealed an 80-81% decrease with EGF treat-
ment in cells cultured on collagen I, but «1 increased after EGF
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Figure 6. Alterations of 81, al, and a2 surface pools in Caco-2 cells
with matrix substrate and EGF treatment. Caco-2 cells were grown

on collagen I (I) and laminin (Ln) in the absence and presence of 30
ng/cm® EGF (IE and LnE). After surface 'iodination, cell lysis,
and immunoprecipitation with antibodies specific for integrin 81, al,
and a2 subunits, integrins were resolved by SDS-PAGE and imaged
by autoradiography. Although total 81 surface pools do not change
dramatically (4), a1 surface pools ( B) decrease after EGF treatment
on collagen I but increase on laminin while a2 surface pools (C) in-
crease after EGF treatment on both matrix substrates.
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Figure 7. Effect of cycloheximide on basal and EGF-stimulated a2
integrin subunit pools. Caco-2 cells were grown on laminin in the
absence and presence of 30 ng/cm® EGF or 500 uM cycloheximide.
After suspension and surface biotinylation, cell lysis, and immuno-
precipitation with antibodies specific for the integrin a2 subunit, in-
tegrins were resolved by SDS-PAGE. The proteins were transferred

to nitrocellulose by electroblotting and visualized by avidin-biotin
staining. a2 pools increase in response to EGF, but this increase does
not occur in EGF-treated cells which have also been exposed to cy-
cloheximide.

treatment in cells cultured on laminin (1.6-5.7 fold increase,
Fig. 6 B). In contrast, 2 band intensity increased with EGF
treatment on both collagen I and laminin (1.6-2.0-fold in-
crease on collagen I; 2.9-4.4-fold on laminin, Fig. 6 C).

To control for differential accessibility of integrins on free
and adherent cell surfaces, the ability of EGF to increase a2
integrin subunit surface immunoreactivity in Caco-2 cells on
laminin was confirmed using biotinylation to surface label
Caco-2 cells which had been suspended after culture on la-
minin and EGF treatment (Fig. 7). Furthermore, pretreatment
for 30 min with cycloheximide followed by simultaneous EGF
and cycloheximide exposure substantially inhibited the EGF
effect on a2 surface immunoreactivity.

Antibodies directed against a281 integrin selectively modu-
late Caco-2 cell migration. The availability of a specific func-
tional antibody to the a2 integrin subunit permitted further
analysis of the role played by alterations in the 281 hetero-
dimer in EGF-stimulated migration. This antibody did not sig-
nificantly alter Caco-2 migration over laminin (97.7+0.6% of
untreated migration) but substantially inhibited EGF-stimu-
lated migration (63.5+3.1% of unblocked EGF-stimulated mi-
gration, P < 0.001, Fig. 8). Migration over collagen I in the
presence of the antibody was 88+10% of migration without the
antibody. This was not statistically significant. After treatment
with EGF, antibody-blocked Caco-2 migration over collagen
I was 77.2+4.4% of unblocked EGF-treated migration (P
< 0.001, Fig. 8). Parallel studies using normal mouse IgG at
similar protein concentrations failed to inhibit migration in
any condition (data not shown).

Caco-2 morphology and integrin organization are modu-
lated by extracellular matrix and EGF. Organization of the a2
subunit was investigated by light microscopy and immunofluo-
rescent staining of static and migrating monolayers on collagen
I and laminin without and with 30 ng/cm?® EGF. Confocal
laser scanning microscopy was also used to distinguish basal



= Figure 8. Effect of a2
T blockade on Caco-2 mi-
gration. The effect on
monolayer expansion of
blockade with a func-
tion antibody to the in-
tegrin a2 subunit
(hatched bars) was
compared to unblocked
migration (open bars)
in Caco-2 monolayers
grown on laminin (Ln)
and collagen I (/) in the.
absence and presence of 30 ng/cm? EGF (+ EGF). Data are normal-
ized to unstimulated migration over laminin and collagen I respec-
tively and represent mean:standard error, n > 12. Effects of a2
blockade are significant by unpaired ¢ test for conditions LE (P
<0.001) and IE (P < 0.05).
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from apical and intracellular staining. Staining for a2 was ob-
served in all conditions in a perinuclear distribution. In static
monolayers and within the center of the migrating monolayers,
cell morphology appeared similar at the light level and cyto-
plasmic a2 staining was observed in a granular and pan-cyto-
plasmic pattern which did not vary substantially with matrix or
EGF treatment (data not shown). However, marked differ-
ences were demonstrated in morphology and a2 staining pat-
terns in cells at the migrating front.

On conventional light microscopy of migrating Caco-2 cells
on collagen I, the cells comprising the migrating front were
observed to have spread substantially in the direction of migra-
tion and to have developed scalloped edges (Fig. 9 a). After
exposure to EGF on collagen I, migrating Caco-2 cells ap-
peared similar to untreated cells on collagen I (Fig. 9 b). On
laminin, cells at the migrating front did not appear to spread as
much as cells on collagen I (Fig. 9 ¢). However, after EGF
treatment, the cells at the migrating front over laminin spread
substantially more than in the unstimulated state (Fig. 9 d).

Immunofluorescent study of a2 staining patterns within
the cells of the migrating front on collagen I (Fig. 10 a) demon-
strated a predominantly perinuclear granular staining pattern
similar to a distribution within the endoplasmic reticulum-
Golgi apparatus. Faint punctate fluorescence was observed
throughout the cytosol toward the leading edge of the cells.
After EGF treatment, increased immunofluorescent staining
for a2 was observed both in the perinuclear distribution and
within the cytoplasmic compartment. Some punctate staining
was observed in the leading lamellopodia of the migrating cells
(Fig. 10 b). Immunofluorescent o2 staining in Caco-2 cells
migrating over laminin (Fig. 10 c) revealed perinuclear stain-
ing and weak granular staining was observed throughout the
cytosol of the lamellopodia. After EGF treatment, however,
staining increased in intensity but also appeared to change in
organization (Fig. 10 d). Increased staining was observed in
both the perinuclear and cytosolic distribution. However, in
addition, marked staining was observed at areas of contact be-
tween cells at the migrating front as well as substantially in-
creased staining at the spread lamellopodial edges of the mi-
grating cells.

Laser confocal scanning microscopy was used to confirm
the basal localization of the observed 2 integrin subunit stain-
ing (data not shown). To further assess the relevance of the

observed immunofluorescent a2 integrin subunit staining, in-
terference reflectance microscopy and double labeling studies
with vinculin were performed. The basal a2 integrin staining
appeared concentrated in areas of focal contact between cells
and matrix by interference reflectance microscopy (data not
shown ). Furthermore, double immunostaining for the o2 inte-
grin subunit and vinculin demonstrated colocalization of the
cytoplasmic «2 staining with vinculin staining (Fig. 11, a
and b).

Discussion

The Caco-2 line is remarkably well differentiated (22) and re-
sembles primary enterocytes (25, 26). The integrin repertoire
of Caco-2 cells is consistent with normal human intestinal mu-
cosa (36, 37). Thus, the Caco-2 line seems a reasonable model
from which cautious inferences may be drawn about normal

physiology.

Figure 9. Altered morphology of migrating Caco-2 cells with matrix
substrate and EGF. Distinctively spread morphology of migrating
Caco-2 cells by light microscopy (X200) is depicted on collagen I
without (4), and with treatment with 30 ng/cm?® EGF (B). On la-
minin (C), cells at the migrating front spread very little. However,
after treatment with 30 ng/cm? EGF, Caco-2 cells at the migrating
front on laminin spread much more substantially (D). Arrows in
panel D indicate the thinly spread margin of a migrating cell. Scale
bar represents 50 um.
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Figure 10. Altered organization of a2 integrin subunit with matrix
substrate and EGF. Patterns of a2 integrin immunostaining in mi-
grating Caco-2 cells imaged by immunofluorescent microscopy are
shown on collagen I (4), collagen I after treatment with 30 ng/cm?
EGF (B), laminin (C), and laminin after treatment with 30 ng/cm®

EGF (D). Scale bar represents 50 um.

Epithelia generally resurface by sheet migration, which is
likely to differ substantially from movement of isolated cells.
Epithelial sheet migration is a complex process in which cells at
the leading edge of a migrating front adhere to the underlying
matrix differently than submarginal cells, exerting tension on
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the monolayer via cell-cell adhesions and cytoskeletal linkages
and expanding the monolayer over the epithelial defect (5).
Others have investigated motility (38) and chemotaxis (19) of
individual cells. Previous attempts to model sheet migration
have generally involved the radial migration of cells from tissue
explants (39-41) or the creation of wounds in cell monolayers
(42, 43) or intact tissues (8, 13-17, 43). Studies of intact tissue
or tissue explants may be difficult to control while cell injury
occurring in wounding may release intracellular bioactive
agents which confuse the assay (42). Barrandon (3) described
growth of cultured epidermal cell colonies but studied small
proliferating colonies. The “fence” migration assay is designed
to investigate sheet migration over time under controlled con-
ditions without cell injury.

Using the Caco-2 cell, we therefore investigated the regula-
tion of enterocyte migration by extracellular matrix and EGF
and the modulation of the EGF effect by alterations in integrin
expression and organization. This study demonstrates that
Caco-2 enterocyte sheet migration is slower over laminin, fibro-
nectin, or fibrinogen than over collagen I, III, IV or V. Mitomy-
cin pretreatment studies and the matrix-independence of prolif-
eration demonstrated that this modulation of sheet migration
was not due to an effect of matrix on cell proliferation. Human
EGF stimulated Caco-2 migration over laminin, but not over
other matrix substrates. This phenomenon was independent of
the mitogenic effect of EGF, which is independent of matrix
and which was blocked by mitomycin without inhibiting the
EGF effect on migration. The effect of EGF on migration ap-
pears related to modulation of the a2 subunit since a functional
antibody to a2 blocks the EGF effect.

Although integrin modulation of enterocyte migration or
adhesion has not previously been investigated, modulation of
migration by matrix is not surprising since cells must bind to

Figure 11. Colocalization of a2
integrin subunit and vinculin.
Caco-2 cells grown on laminin in
the presence of EGF were permea-
bilized and stained simultaneously
with antibodies to the a2 integrin
subunit and to the cytoskeletal el-
ement vinculin. Secondary anti-
bodies conjugated to Texas red
and fluorescein were visualized by
laser scanning confocal micros-
copy. A represents staining for the
a2 integrin subunit and B repre-
sents staining for vinculin in the
same cell. The scale bar represents
10 um and the pattern of pseudo-
color staining is represented in the
color wedge with the most intense
staining corresponding to the top
of the color wedge.



and exert tension on their substratum in order to move (44).
Enterocytes thus resemble human epidermal cells which, al-
though they bind differently to matrix than enterocytes, are
also likely to interact with matrix via integrins. The a231 inte-
grin has been implicated in human epidermal cell adhesion to
collagen and laminin (45) and may also be important for cell-
cell adhesion (45, 46). This would be consistent with the local-
ization of a2 to the lateral margins of migrating enterocytes
observed on laminin after EGF treatment. Organization of 81
integrins into focal contacts accompanies development of mi-
gratory competence in primary human keratinocytes with se-
rial passage, but the a subunits associated with the 81 subunit
were not investigated in that study (47). That matrix regulates
migration independently of proliferation is also consistent
with previous findings that mucosal restitution in vivo is too
rapid to be mediated by proliferation (1) and that epidermal
migration occurs from human skin explants during mitotic
arrest (48).

The effect of EGF on enterocyte sheet migration has not
previously been studied. However, this demonstration that
EGF can stimulate enterocyte sheet migration independently
of proliferation is compatible with previous studies of entero-
cyte chemotaxis and epidermal cell motility. EGF has been
shown to attract isolated rat enterocytes (19) as well as an oral
epithelial cell line (49). EGF promotes migration of epithelial
cells from rabbit corneal explants and porcine skin explants
(40) and human epidermal cell colony expansion (3). Such
phenomena occur too rapidly for proliferation as the sole expla-
nation, suggesting that EGF truly alters cell motility (3). This
study suggests that EGF promotes enterocyte sheet migration
primarily by altering cell interaction with underlying matrix.

EGF is known to promote adhesion of some nonenterocyte
cell lines to plastic or fibronectin substrata (50) while in other
cell lines EGF has been reported to promote anchorage-inde-
pendent growth (51). The effects of integrins and matrix pro-
teins on these processes has not been well investigated.

The matrix-specific effect of EGF on laminin suggests me-
diation by alterations in the cell surface receptors for matrix.
Since both a181 and «2431 integrins may serve as collagen and/
or laminin receptors in different cell types (45, 52), differential
modulation of surface pools and organization of either hetero-
dimer by EGF could account for a differential stimulation of
migration. The specificity of individual integrin heterodimers

could also be altered in response to environment and cell status

(53), although this was not investigated in this study.

That antibody to the a2 subunit inhibits EGF-stimulated
migration over laminin without altering basal migration impli-
cates a2 in EGF stimulation of Caco-2 migration. A contribu-
tion of a1 cannot be ruled out, absent a functional antibody to
human al. The a681 integrin is a laminin receptor (32), but
its slight cell surface immunoreactivity in Caco-2 cells suggests
that little «631 is present on their surface.

The EGF-induced change in a2 immunoreactivity requires
protein synthesis since it is inhibited by cycloheximide. This
may represent true induction of new a2 synthesis or the exis-
tence of another protein which may participate in o2 transport
to the cell surface. EGF has also been reported to selectively
alter mRNA stability (54). If EGF changed integrin subunit
mRNA stability, this could also contribute to the changes in
integrin subunit protein reported here. The matrix-dependent
modulation by EGF of a1 surface pools could also represent
modulation of translation or mRNA degradation, transcrip-

tional effects, alterations in transport to the cell surface or in-
creased active removal of the integrin subunit from the cell
surface, by proteases or internalization. Such mechanisms have
been postulated for other integrins and cells (55-57) but are
beyond this investigation.

While EGF increased 2 subunit surface pools similarly on
collagen and laminin, EGF had a greater effect on o2 organiza-
tion in migrating cells on laminin than on collagen. The ob-
served increase on laminin in lateral o2 staining as well as
lamellopodial edge staining is consistent with keratinocyte a2
organization (45, 46). Colocalization of basal a2 staining with
vinculin and with focal contacts further suggested that basal a2
was significant for cell-matrix interactions.

These findings contrast with previous data in mesenchymal
cells. In vascular smooth muscle and endothelial cells (58),
other growth factors (platelet-derived and TGF (1) modulate
only surface expression of integrins while organization is pri-
marily regulated by matrix. In Caco-2 cells, EGF appears to
modulate both surface pool size and organization of some inte-
grins on collagen I and laminin.

The stimulation of migration by EGF over laminin seems
likely to be physiologically relevant. Laminin is a primary con-
stituent of basement membranes and the significant polymeric
component of some newly formed basement membranes
which lack collagen IV (59). Since embryonic morphogenetic
migration ceases with cell differentiation (6) and since renewed
cell migration during wound healing often coincides with tem-
porary dedifferentiation (60), it is noteworthy that basement
membrane proteins such as laminin have previously been
shown to alter morphology and promote differentiation in vi-
tro of fetal rat enterocytes (61), rat intestinal cell lines (62),
and the colonic cancer line MOSERg (63).

The EGF concentrations studied compare with those which
bathe human gastrointestinal mucosa (13) and which are ac-
tive in other systems (64 ). Wright et al. (10) have reported that
enterocyte stem cells in humans with peptic ulcers or Crohn’s
disease differentiate to a novel EGF-secreting lineage. Duo-
denal Brunner’s glands (9) and intestinal cell lines (11) also
exhibit EGF immunoreactivity. Although luminal EGF does
not promote mucosal hyperplasia in the intact gut (65), a
breach in mucosal integrity facilitates absorption and activity
of luminal EGF (17) which may potentiate the effects of EGF
secreted within the mucosa (10). Indeed, EGF may influence
enterocyte proliferation in an autocrine loop (11). EGF is
therefore potentially significant for the regulation of the gastro-
intestinal response to injury. Beauchamp et al. have demon-
strated that TGF«, which binds the same receptor, is also active
in the gut (12), perhaps also in autocrine fashion (66).

EGF promotes ulcer healing in rats (17) and potentiates
reepithelialization of intestinal serosal patches (67). Such ef-
fects may be mediated by increased enterocyte migration as
well as proliferation. EGF stimulates chemotactic movement
along a chemical gradient (19), but the current data suggest
that an EGF gradient need not be postulated to explain EGF
stimulation of gastrointestinal mucosal sheet migration during
wound healing.

These data therefore suggest that EGF stimulates entero-
cyte sheet migration in a matrix-specific manner in addition to
stimulating proliferation. The effect of EGF on migration
seems likely to be modulated at least in part by modulation of
the surface pool size and organization of the «231 integrin.
Alterations in other integrins by EGF may also prove signifi-
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cant. Rapid sheet migration in response to EGF may therefore
contribute to in vivo potentiation of gut mucosal wound heal-
ing by EGF (13). Elucidation of the mechanism by which EGF
affects integrin organization and pool size awaits better under-
standing of the mechanisms which modulate integrins. Demon-
strations that the EGF receptor phosphorylates such cytoskele-
tal elements as calpactin II (68), a-actinin (6), and myosin
(69) are of considerable interest in this regard, as is evidence
that the cytoplasmic domain of the 81 integrin subunit con-
tains a site homologous to an autophosphorylation site on the
EGF receptor (6) and that phosphorylation at this site alters
integrin affinity for talin (70). Since laminin is a prominent
constituent of gut basement membranes and since both EGF
and TGFa appear active in the injured gastrointestinal tract,
the stimulation of enterocyte sheet migration over laminin by
EGF or TGFa seems likely to contribute to the biological regu-
lation of mucosal wound healing as well as the pharmacologi-
cal activity of EGF. Research into the pathophysiology of gas-
trointestinal mucosal healing should consider the regulation of
migration as well as proliferation and chemotaxis in analysis of
this process.
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