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Abstract: Regulation and expression of E-cadherin and other adhesion molecules were evaluated
after exposure to a selective inhibitor of the Src family of tyrosine kinases and inducer of E-cadherin,
PP2. E-cadherin is located within the intercellular junction, and it is involved in the management of
paracellular permeability of various epithelial barriers in the body. Epithelial cell lines HCT-116, HT29,
Caco-2, LS174T, and ARPE-19 were examined for morphological, functional, protein, and mRNA
changes following 20 uM PP2 treatment. PP2 treatment caused cell clustering in Caco-2, HT29, and
HCT-116 cells. E-cadherin also redistributed to the points of cell contact in Caco-2 cells. These
changes suggest increased E-cadherin-dependent cell adhesion. Studies evaluating transepithelial
electrical resistance, an established measurement of paracellular permeability, displayed increases
in resistance for the Caco-2 cells following PP2 treatment, which correlates with our microscopy
data. In addition, E-cadherin protein levels increased for all cells except HCT-116. ARPE-19 cells did
not express E-cadherin at the protein or mRNA level. Expression of adhesion molecules varied for the
cell lines, and only Claudin 3 mRNA expression was significantly increased in the three intestinal cell
lines treated with PP2. Overall, our data suggest that E-cadherin is positively regulated by inhibition
of Src tyrosine kinases at the functional and protein expression levels within these epithelial cell lines.

Keywords: E-cadherin; paracellular drug delivery; adhesion molecules; epithelial cells; PP2; SRC
inhibitors
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been shown to be influential in the expression and regulation lation of p120 angB-catenin and the subsequent loss of epi-
of E-cadherirf:> Changes in E-cadherin interactions have an thelial barrier function during chemical anoXfaPP2 ef-
impact on the integrity of the epithelial barrier and in turn fectively inhibits the Src family members Fyn, Lck, and Hck
on the paracellular permeability of small, hydrophilic drdgs. at nanomolar concentrations in vitro and at higher concentra-
The Src family of kinases, one of the largest and most tions in intact cell$® Moreover, treatment with 20M PP2
examined subfamilies of nonreceptor tyrosine kinases, hasresulted in a 46:50% growth inhibition in HT29 cell$} PP2
been identified as a disruptor of E-cadherin-dependent-cell  selectively targets the Src family kinases, and it binds to the
cell adhesion8.The Src family consists of nine members, hydrophobic pocket near the ATP-binding site on the en-
which share a similar structure and common pathways of zyme, which is specific to the Src kinase familyHowever,
regulation and functio®® Only three of the nine members this compound also interferes with the catalytic activity of
of the Src family are found in epithelial cells, and these in- the PDGF receptor at low concentrations, which is not a con-
clude Src, Fyn, and Yes, which are ubiquitously expre8sed. cern for our work since only the ARPE-19 cells express the
The multiplicity of substrates for Src contains proteins with PDGF receptor, and no changes were found in our work for
a variety of functions that either interact directly with Src this gene following PP2 treatment in the ARPE-19 c#ifS.
or have been shown to be phosphorylated in Src transformed Although others have evaluated the effects of PP2 in
cells?~11 This list is too large to include here; however, of certain epithelial cell lines, our work is a comprehensive
particular significance are E-cadherin ghdatenin, two im- study evaluating five epithelial cell lines after exposure to
portant cell adhesion molecules of the adherens junction, PP2. A comparison of four intestinal cell lines and one retinal
which are known substrates of Src. Src phosphorylates theepithelial cell line that lacks E-cadherin was performed. Our
E-cadherin complex and induces its ubiquitination causing hypothesis was that intercellular junction regulation of
a disruption of ceHl-cell contacts in MDCK celld? Investi- E-cadherin via Src kinases is similar among epithelial cells.
gators have also shown that inhibition of c-Src increases theln this study, the effects of treatment with 201 PP2 for
adhesive nature of the E-cadherin/catenin complex and in-48 h were evaluated at the morphological, functional, protein,
hibits metastasi¥®4 Recent reports indicate that the pyra- and gene expression levels. This dose regimen was utilized
zolopyrimidine PP2, a selective inhibitor of the Src family for all studies due to the significant morphological effects

of tyrosine kinases, prevents the Src-dependent phosphorythat it produced in our preliminary studies for nearly all cell
lines after 48 h of treatment. Although our work focuses

mainly on the effects on E-cadherin within these cells, we
were also able to examine the regulation of genomic
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family kinases by PP2 through the use of microarray blocked fo 1 h atroom temperature with 10% normal goat
technology. Surprisingly, mMRNA expression did not correlate serum (Gibco) in PBS. The chambers were then washed
between the studied epithelial cell lines, and only the Claudin twice with PBS. A 1:50 solution of the DECMA-1 clone of
3 gene displayed an increase after treatment for all thethe rat anti-mouse E-cadherin antibody (Sigma) in PBS/1%
intestinal cell lines. In general, inhibition of Src caused an normal goat serum was added to all cell chamberd fo at
increase in cell adhesion regulated by E-cadherin in mostroom temperature followed by two washes with PBS. The
epithelial cell lines. Understanding the influences of Src goat anti-rat Alexa Fluor 488 conjugated antibody (Molecular
kinases on the integrity of epithelial barriers is crucial for Probes, Eugene, OR) was incubated with the cells for 30
effective paracellular drug delivery and in the design of min at room temperature. This secondary antibody was
specific modulators of this process. diluted 1:1000 in PBS/1% normal goat serum. Following two
Methods washes wi'Fh PBS, images were acquired on a LSM510
Cell Culture. The following cell lines were purchased confocal microscope (Carl Zeiss, Thornwood, NY) with a

from ATCC (Rockville, MD): ARPE-19, Caco-2, HCT-116, 25x Plan-neofluor 0.8 numerical aperture lens with the
HT29, and LS174T. All cell lines utilized in this work are  correction collar adjusted for water immersion. Fluorescence

human epithelial cell lines with adherent growth properties. Was imaged using 488-nm argon laser excitation and a 505-
The ARPE-19 cells are derived from normal retinal pig- ™M long-pass emission filter. The transmitted light image
mented epithelium while the other four cell lines originate Was captured simultaneously in a second detector using
from colorectal adenocarcinoma cells. All experiments were differential interference contrast (DIC) optics.

performed using cells within 20 additional passages of that ~ Transepithelial Electrical Resistance (TER) and Man-
received from ATCC. The culture medium for each cell line Nitol Flux Determination. ARPE-19 and Caco-2 cells were
was made as recommended by ATCC. Media componentsPlated on 6-well Corning Costar Transwell plates (Corning,
were purchased from Gibco (Carlsbad, CA). Cells were NY) at a density of 1x 10° cells per well and 650000 cells
grown in 150 cr Corning cell culture flasks (Corning, NY)  Pper well, respectively. Cells were grown for 8 days and
at 37°C and 5% CQ. Cells were fed every other day. At allowed to form confluent monolayers prior to treatment with
confluency, the cells were dissociated with trypsin-EDTA 204M PP2, and the transepithelial electrical resistance (TER)
(Gibco) per ATCC subculturing protocol and seeded in Was measured on days 4, 7, and 8 with a chopstick apparatus

6-well Corning Costar polystyrene plates (Corning) at a Using a voltmeter (Millipore, Bedford, MA). Measurements
density of 1x 10° cells per well. were taken from three individual monolayers in triplicate

Cells were grown for 24 h after seeding in the 6-well for each treatment condition. The TER was determined after

plates. A 2QuM PP2 (Calbiochem, San Diego, CA) solution subtracting the TER value from the Transwell without cells.
was added to these subconfluent cells at the 24-h mark afterThe medium with PP2 for the treated cells and medium
seeding (dose 1). The PP2 solution was exchanged 24 hwithout PP2 for the control cells were exchanged every 24
following the first dose (dose 2) and was removed 24 h later. N starting on day 9, and the TER was measured daily for
Two doses were administered, and the total exposure timeSeveral days beginning with day 10 of growth. Statistical
to 20M PP2 was 48 h for all cell lines except the Caco-2 analysis was performed using a paitetest and two-factor
cells, which were also treated for 96 h. These dosing ANOVA with replication.
schedules were used for the evaluation of protein and mRNA A mannitol flux study was performed on the Caco-2 cells
levels following PP2 treatment. In the morphological studies, following 15 days of growth. The Transwells were washed
additional exposure time to PP2 was evaluated. The PP2 wagwice prior to the start of the study. A solution &fC-
dissolved in DMSO (Sigma, St. Louis, MO) and further radiolabeled mannitol (0.26Ci/mL in 10 mM HEPES/PBS)
diluted with the appropriate medium for each cell line; the was placed on the apical side of the transwell, and the flux
final concentration of DMSO was 0.1% for the PP2 and the over time was determined as the basolateral compartment
control medium. Light microscope images of the cells were was sampled and counted using a Packard 1900 CA liquid
taken at various time points using a Leica DMRBE micro- scintillation analyzer (Palo Alto, CA) at 30, 60, and 120 min.
scope (Bannockburn, IL) using a %5.eica lens. Images  These studies were performed in triplicate.
were captured using a Nikon DXM1200 digital camera  RNA and Protein Isolation. After 48 h of treatment with
(Melville, NY) utilizing the Nikon imaging program Act-1. 20 uM PP2 or control treatment, RNA and protein were
Adobe Photoshop 7.0 was used to adjust the brightness andsolated from the 6-well plates. The RNA isolation was
contrast of the images. performed using the Qiagen Rneasy kit (Valencia, CA)
Confocal Imaging. Caco-2 cells were seeded on Lab-Tek according to the manufacturer’s protocol. RNA samples were
Il coverglass chambers, No. 1.5 (Nunc, Rochester, NY), on isolated in duplicate. The total RNA extracts were quantified
day zero at a density of 100000 cells per well. After 24 h of using a spectrophotometer and Softmax software. The
growth, either PP2 or the control medium was added to the integrity of the RNA was verified using the Agilent 2100
well and exchanged daily for 96 h of total exposure to 20 Bioanalyzer (Palo Alto, CA) with the Eukaryote Total RNA
uM PP2. The PP2 and control medium were prepared asassay. The RNA extracts were stored-80 °C until needed.
described in the previous section. Prior to the experiment, Protein was isolated from treated and control wells. The
the chambers were washed twice with PBS (Gibco) and thenmedium was aspirated, and the cells were washed with PBS
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(Gibco). Lysis buffer containing 50 mM Tris, pH 7.0, 1% Western Blotting. Equivalent amounts of protein were
Triton X 100, and one tablet of Complete Mini Protease prepared under reducing conditions (with NuPage LDS
Inhibitor (Roche, Indianapolis, IN) was then added for 15 sample and NuPage reducing buffer) and boiled for 2.5 min.
min while the plates were kept on ice. The wells were scraped A Bio-Rad (Hercules, CA) Criterion precast gel 7.5% Tris-
using a Nalgene Nunc No. 23 cell scraper (Rochester, NY) HCI 1.0 mm was used to separate the proteins using-SDS
and then transferred to clean vials. The lysate was sonicated®AGE. One gel was stained with Coomassie blue (Biorad,
before DNase (Qiagen, Valencia, CA) was added. The total Hercules, CA) for 20 min and then destained overnight with
protein concentration was determined using a Pierce BCA Bio-Rad destain solution. This Coomassie blue-stained gel
Protein Assay kit (Rockford, IL). The protein extracts were verified equal protein loading (data not shown). The Hoefer
kept at—80 °C until analyzed in the Western blotting studies. Easy Breeze drying frame (San Francisco, CA) was used to

GeneChip Eukaryotic Expression Arrays.The isolated dry this gel. The electrophoresed proteins from the second
total RNA was used with the GeneChip Sample Cleanup gel were transferred to an Immun-Blot PVDF membrane
Module to prepare biotinylated eukaryotic cRNA to hybridize (Bio-Rad); then nonspecific binding was blocked with 5%
to the GeneChip expression probe arrays according to thenonfat dried milk solution (Bio-Rad). The blot was cut in
manufacturer’s protocol (Qiagen). Briefly, double-stranded half, and each half was probed with the appropriate antibod-
cDNA was prepared from the isolated RNA using the ies. One half was probed with mouse anti-human E-cadherin
Invitrogen Life Technologies (Carlsbad, CA) SuperScript antibody (clone 36, Transduction Laboratories, Lexington,
system with a T7-(d ) primer. This double-stranded cDNA  KY) at 1:2500 dilution and the other half with mouse anti-
was utilized to make the biotin-labeled cRNA by in vitro actin monoclonal antibody (Chemicon International, Te-
transcription using a labeling kit from Enzo (Farmingdale, mecula, CA) at 1:8000 dilution overnight af@ with gentle
NY). The biotinylated cRNA was fragmented for 35 min at rocking. The secondary antibody, a goat anti-mouse IgG:
94 °C in the provided fragmentation buffer and then horseradish peroxidase conjugate (Transduction Laboratories)
hybridized to the Affymetrix GeneChip U95Av2 (Santa at 1:5000 dilution, was used fd h atroom temperature.
Clara, CA) arrays for 16 h at 48C. The hybridization Amersham Biosciences ECL Western blotting detection
mixture also contained the following internal controls to reagents (Piscataway, NJ) were used to detect the signal as
ensure hybridization efficiency: control oligonucleotide B2 indicated. The blot was exposed to Hyperfilm within a
50 pM, bioB 1.5 pM, bioC 5 pM, bioD 25 pM, cre 100 pM, Hypercassette by Amersham Pharmacia Biotech (Piscataway,
and herring sperm DNA 0.1 mg/mL. Each probe array was NJ) for various times. A Konica SRX-101A film processor
then washed and stained prior to being scanned in duplicate(Scarborough, ME) was used to develop the film.
using the GeneArray Scanner according to the manufacturer’s
procedures (Affymetrix, Santa Clara, CA). Results

Analysis of GeneChip Data Affymetrix Microarray Suite PP2 Causes Morphological Changes and Redistribution
5.0 software was used to examine expression data. The chFQf E-Cadherin in Subconfluent Cells.The inhibition of the
data file was analyzed to determine the absent or presentSrc family of tyrosine kinases plays an important role in cell-
call from the detection algorithm, which signifies the absence to-cell adhesion. It has previously been shown that morpho-
or presence of a particular mRNA. The signal data were logical changes occur in HT29 cells following treatment with
normalized by magnitude adjustment (Fostel and Vidmar, PP2% We hypothesized that regulation of the intercellular
in preparation), and the fold change was determined for thejunction would be similar across epithelial cell lines. Our
treated and control cells for each of the cell types except for study was performed to determine if PP2 would elicit similar
LS174T. A change of 2-fold or more was the criterion for a morphological changes in the five epithelial cell lines that
significant change. The GeneChip data were summarized inwe were evaluating. The morphologies of model intestinal
the form of a list of changes in gene expression for adhesioncell lines as well as a retinal epithelial cell line were evaluated
molecules from the tight junction, adherens junction, and in subconfluent cells after exposure to 20 PP2 for 48 h.
desmosomes as well as for Src family members. The In Figure 1, the images of the HCT-116 cells are depicted.
GeneChip operating software was used to determine theln this cell line, the effects of PP2 were seen after only 3 h
detection call of each of the probes, and the software of exposure (top left panel). The treated cells begin to cluster
indicated a “present” call when the transcript was reliably whereas the control cells continue to spread to form a
detected or an “absent” call when it was not detected. This complete monolayer. No clustering was seen in any of the
was performed using the detection algorithm within the other cell lines after 3 h, and some differences in cell
Affymetrix software. These detection calls were used within morphology were seen after 24 h for the treated and control
Table 1 to indicate a change in expression, and a gene was<ells for the HCT-116, HT29, and Caco-2 cells (data not
not labeled as present unless a “present” call for each of theshown). The greatest morphological changes were seen after
duplicate microarrays was found by the GeneChip operating 48 h for all cell lines. After 48 h of treatment with PP2, the
software. A hierarchical clustering using cosine correlation differences were more evident for the HCT-116 cells (Figure
as the distance metric and the complete linkage joining 1c,d). The treated HCT-116 cells show extensive cell
method was performed using Spotfire Functional Genomics clustering and many spaces between the cells, but the control
software (Somerville, MA). cells are able to form a complete monolayer.
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Table 1. Gene Expression Summary for the Selected Genes?
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a A = absent, no expression in treated or control cells; P = present, gene expressed in treated and control cells; A/P = absent in PP2-treated
and present in the control cells; P/A = present in PP2-treated cells and absent in control cells. + indicates at least a 2-fold increase in expression
after treatment with PP2 compared to control cells; — represents at least a 2-fold decrease in expression following PP2 treatment compared to
control cells. The Caco-2 data is presented for the 48- and 96-h PP2 treatments. (See Methods section for a more detailed description of the
determination of gene expression.)

Cells were evaluated again at the 72-h point, and few not show the same response as the other cells after incubation
changes were seen between the treated cells at 48 and 72 Wwith PP2. These cells were found not viable following 48-h
(data not shown). After 96 h of treatment, a statistically incubation with 20uM PP2. The control LS174T cells
significant difference in the transepithelial electrical resis- continue to spread to form a monolayer and show a slow
tance was seen in the Caco-2 monolayers. Consequently, thigrowth rate, which was normal for this particular cell line
prompted us to assess the morphology of the Caco-2 cells(Figure 2C,D).
and the distribution of E-cadherin in these cells after 96 h  Figure 3 displays the morphological changes in the HT29
of treatment. The Caco-2 cells treated with PP2 for 96 h and ARPE-19 cells. The HT29 cells form cell clusters after
also show a clustering effect. The control cells, depicted in treatment with PP2 as previously reported by other investiga-
Figure 2B, are a confluent monolayer. The LS174T cells do tors!® The control cells for HT29 formed a confluent
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a TREATED AFTER 3 HOURS b CONTROL AFTER 3 HOURS
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c TREATED AFTER 48 HOURS d CONTROL AFTER 48 HOURS

Figure 1. Light microscopy images of HCT-116 cells. (a) This image, captured after 3 h of treatment with 20 uM PP2, depicts
the early stages of cell clustering in subconfluent cells. (b) The control HCT-116 cells at 3 h are seen in this panel. Cells are
spreading to form a monolayer. (¢c) HCT-116 cells after 48 h of PP2 treatment show more defined cell clusters. (d) These control
cells of HCT-116 after 48 h have formed a complete monolayer. (Magnification of 2.5x for all images.)

monolayer after 48 h of growth. The ARPE-19 treated and cluster of cells with a greater thickness than that of the control
control cells (Figure 3c,d) showed no visual difference when cells, and the E-cadherin staining was more intense on the
imaged by light microscopy. borders of the cells as seen in the fluorescent image and
As mentioned previously, the functional changes in the throughout the z-stack (Figure 5). These data suggest that
Caco-2 cells following 96 h of treatment with PP2 triggered this clustering is a result of cells growing on one another
further evaluation of these cells. To determine if these changesand of the redistribution of E-cadherin to the points of cell
were attributable to E-cadherin, additional microscopy studies contact inhibiting cell motility, which is necessary for the
were performed. The distribution of E-cadherin in the Caco-2 spread of cells and the formation of monolayers.
cells was examined by confocal microscopy following 96 h ~ PP2 Exposure Results in Changes in Paracellular
of treatment with 2Q«:M PP2 (Figure 4 z-stack flat image). Permeability in Confluent Monolayers. Functional char-
The control cells grew as a thin monolayer of cells over the acterization of these cells after treatment with PP2 was
entire surface of the Lab-tek Il chamber, and the immun- performed using transepithelial electrical resistance (TER)
ostaining with the DECMA-1 clone of the anti-E-cadherin and mannitol flux evaluation to determine paracellular
antibody shows a diffuse staining over the surface of the permeability in confluent monolayers. These measurements
cells. The diffuse staining was apparent throughout the sliceswere taken to determine if PP2 treatment would result in a
of the z-stack performed on this sample (Figure 5 depicts decrease in paracellular permeability due to an increase in
z-stack full image). The PP2-treated Caco-2 cells formed acell to cell adhesion. The results of these studies are illus-
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Al PP2 TREATED FOR 96 HOURS . CONTROL 96 HOURS
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C. PP2 TREATED FOR 48 HOURS D. CONTROL 48 HOURS

Figure 2. Light microscopy images of Caco-2 cells. (A) Subconfluent Caco-2 cells treated for 96 h with PP2 fail to form a
complete monolayer, and cell clusters are seen. (B) Control Caco-2 cells form a confluent monolayer after 96 h of growth. (C)
LS174T cells treated with PP2 were found to be not viable after 48 h of treatment. (D) Control LS174T cells after 48 h continue
to spread to form a monolayer. (Magnification of 2.5x for all images.)

trated in Figure 6. The Caco-2 cells were chosen for these The opposite was detected in the Caco-2 confluent
studies because they are model intestinal cells that developmonolayers (Figure 6b). PP2 treatment produced an increase
into tight monolayers. Conversely, the ARPE-19 cells form in TER for the Caco-2 monolayers with a statistically
looser monolayers with lower TER values than the Caco-2 significant differenceff < 0.01) found on day 12 of growth
cells, and they lack E-cadherin in the early stages of their after 96 h of treatment. The average TER for the control
growth. The other cell lines in this study did not form cells was 83Qt 51 Q-cnv for the course of the studyn (=
monolayers with measurable TER values; thus, they are not3). The increase in TER continued for the treated cell
useful for evaluating paracellular permeability in this manner. monolayers throughout the study. The ANOVA indicated
The ARPE-19 confluent monolayers (Figure 6a) show a that there was a statistically significant differenpe<(0.01)
decrease in TER following treatment with 2eM PP2 between the treated and control monolayers. At day 15 of
compared to the control cells. The average TER for the growth, the Caco-2 cells were used to further evaluate the
control cells 6 = 3) on day 8 was 147.% 31.6 Q-cnv, paracellular permeability with a mannitol flux assay. Man-
and it continued to increase to nearly 1:8®3 Q-cnv¥ over nitol flux results show that Pe= 4.07 x 10" £ 3.64 x
the next 6 days. A statistically significant differenge <€ 1078 for PP2-treated cells and Pe2.48 x 10" £+ 1.84 x
0.01) was observed on day 11 between control cells and cells10°8 for control monolayersr( = 3). In each case, the
treated for 48 h with PP2. The TER was measured through effective permeability was low; however, the control cells
day 14 of growth, and the trend continued for the remainder display statistically significantly less permeability € 0.05).
of the study. Statistically significant differencgs € 0.01) E-Cadherin Protein Expression Is Increased in Two
were found between PP2-treated and control monolayers andCell Lines Following PP2 Treatment.As a result of our
between the TER values determined on the five treatmentprevious findings that E-cadherin redistributes to the points
days using a two-factor ANOVA with replication. of cell contact and that cell adhesion is enhanced, we
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b CONTROL 48 HOURS

ot

c 'PP2 TREATED 48 HOURS ' d  CONTROL 48 HOURS

Figure 3. Light microscopy images of subconfluent HT29 and ARPE-19 cells. (a) HT29 cells treated for 48 h with PP2 form cell
clusters. (b) After 48 h, control HT29 cells formed a complete monolayer. (c) ARPE-19 cells treated for 48 h with PP2 are
depicted. (d) Control ARPE-19 cells after 48 h of growth are shown. No visible differences can be found between panels ¢ and
d. (Magnification of 2.5x for all images.)

determined whether PP2 would cause any alterations in theTreated with PP2. Since its inception, great advances have
expression of E-cadherin. Total protein was isolated from been made in oligonucleotide microarray technology. Its
the various treated and control cells, and the levels of rapid development was triggered by the joining of photoli-
E-cadherin protein expression were compared (Figure 7). Thethography and solid-phase synthesis to produce the Gene-
E-cadherin expression level was normalized to the actin Chip, which can interrogate a complex mixture in a highly
control for each cell line. The E-cadherin signal for the PP2-

treated cells was approximately half that _of the HCT—116 (20) Fodor, S. P.: Read., J. L.: Pirrung, M. C.: Stryer, L Lu, A. T.
control cells. The cellular levels of E-cadherin were increased Solas, . Light-directed, spatially addressable parallel chemical
for the treated HT29 cells and the Caco-2 cells treated for synthesis Sciencel991 251 (4995), 767-773.

48 and 96 h. The HT29 cells showed an increase of 50%, (21) Fodor, S. P.; Rava, R. P.; Huang, X. C.; Pease, A. C.; Holmes,
which was similar to the results for the Caco-2 cells treated C. P.; Adams, C. L. Multiplexed biochemical assays with
for 96 h. The Caco-2 cells treated for 48 h showed the biological chips.Nature 1993 364 (6437), 555-556.

greatest increase in E-cadherin protein expression. On thel22) Chee, M.; Yang, R.; Hubbell, E.; Berno, A.; Huang, X. C.; Stern,
other hand, no E-cadherin signal was detected for either the D+ Winkler, J.; Lockhart, D. J.; Morris, M. S.; Fodor, S. P.

. Accessing genetic information with high-density DNA arrays.
treated or control ARPE-19 cells, respectively (see lanes 9 Sciencel996 274 (5287), 610-614.

and 10 in Figure. 7). ) ) (23) Lipshutz, R. J.; Fodor, S. P.; Gingeras, T. R.; Lockhart, D. J.
Gene Expression Analysis Shows an Increase in Clau- High-density synthetic oligonucleotide arraj$at Genet 1999
din 3 mRNA Levels for Three of the Intestinal Cell Lines 21 (Suppl. 1), 26-24.
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Figure 4. Confocal images of Caco-2 cells. Subconfluent Caco-2 samples were imaged on a confocal microscope following 96 h of treatment. This figure depicts the flat
z-stack image. Top panels depict the control sample, while the bottom panels represent the PP2-treated samples. Green corresponds to anti-E-cadherin staining. The
differential interference contrast (DIC) panel is the corresponding transmitted light image of the fluorescence panel. Images shown are from the same experiment taken with
identical instrument settings for comparative purposes and are representative of separate experiments. Contrast was enhanced and the figure composed using Adobe
Photoshop. The bar represents 50 um in all panels.
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Figure 5. The top panel is the full z-stack image of the control sample, and the bottom panel shows the PP2-treated sample
in the full z-stack image. The bar represents 50 um.

parallel mannef®22 This robust technology was the perfect indicates the patterns in gene expression profiles across the
choice for the evaluation of the effects of this Src kinase different experimental conditions. The dendrogram represent-
inhibitor on the gene expression of several human adherenting the experimental conditions shows that three major
epithelial cell lines. The effects on each individual cell line groups were found. Clusters are formed for the cell lines
as well as a comparison of all cell lines were evaluated. Due which show similar gene expression for all the probe sets
to the cytotoxicity of PP2 in the LS174T cells, only the (>12000) on the microarray. The Caco-2 cells, which were
control cells were analyzed with microarrays. treated for 48 and 96 h, as well as the controls for each con-
The hierarchical clustering, a popular technique for dition were clustered to form the first group. The next group
clustering microarray data, is presented in Figure 8. This was made up of the remaining intestinal cell lines, indicating
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Figure 6. Transepithelial electrical resistance (TER) responses to PP2 exposure. (a) ARPE-19 confluent monolayers show a
decrease in TER following treatment with PP2. (b) Confluent monolayers of Caco-2 cells treated with PP2 show an increase in
TER after 96 h of treatment. PP2 (20 uM) was added to the confluent monolayers after 9 days of growth and exchanged daily
thereafter. TER values of PP2-treated cells (n = 3) were compared to TER values of control cells (n = 3) and presented as % of
control. The statistically significant difference between the control and treated samples was determined using a paired t-test for
each time point.

that these cell lines have similar gene expression patternstreatment did not change gene expression so dramatically
The last group contains the ARPE-19 retinal epithelial cells. across all the probe sets for these cell lines.

First of all, the dendrogram shows that the gene expression After normalizing the data by magnitude adjustment,
patterns for the treated and control Caco-2 cells are unrelatedanalysis was begun by searching for trends in the data.
to those of the other three intestinal cell lines as the Caco-2 Profiles were searched using the Spotfire software, and no
cells form their own cluster. This occurrence is quite surpris- uniform response was displayed to the treatment with PP2
ing. This dendrogram also displays that for all experimental in the epithelial cell lines studied. Table 1 displays the
conditions the duplicate microarrays form clusters, indicating expression data for a list of adhesion molecules from the
that that the results were reproducible. Interestingly, the PP2-tight junction, adherens junction, and desmosomes, regulators
treated results for a given cell line always formed a larger of cell—cell adhesion, and the Src family members. This chart
cluster with its untreated controls. This suggests that the PP2indicates expression of the genes for each cell type and any
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Figure 7. Western blot for E-cadherin (120 kDa) and beta actin (42 kDa) after PP2 treatment. (a) The total protein loaded was
4.5 ug per lane. The legend below indicates the samples present within each lane. No signal was detected for E-cadherin in
lanes 9 and 10, which corresponds to the ARPE-19 samples. (b) The comparison of the E-cadherin signal for control and treated
cells is presented in this graph. HCT-116 cells show a decrease in total E-cadherin after PP2 treatment for 48 h. Increases in
protein levels of E-cadherin were seen in HT29 cells treated for 48 h, Caco-2 cells treated for 48 h, and Caco-2 cells treated
with PP2 for 96 h.

. . . . 1. CACO 96HR PP2 1
significant changes in expression. An “A” represents absence 2. caco 9Hr pp2 2
and no expression, while “P” indicates presence and gene ex->- SAC0 48HR PPa 1 Hierarchical Clustering

4. CACO 48HR PP2 2

pression. A 2-fold change was used as the criterion for signif- 5. CACO 96HR CON1
. . . . 6. CACO 96HR CON2
icant gene expression changes. Treatment with PP2 did cause. caco 4sur cont
some changes in gene expression within these cells; however S 48K CON2

most changes were less than the 2-fold criterion. Claudin 3 0. HCT-110PP2 2
showed a 2-fold increase after treatment with PP2 in the 12 rct-116 cona
HCT-116, HT29, and Caco-2 cells treated for 48 h. In the !>-LSI74T1

14.LS174T 2

HT29 cells, desmoplakin also showed an increase in expres—}g ggggg !

sion following treatment with PP2. In the ARPE-19 cells, 17 ur20 cont
there was a 2-fold decrease in expression in integrin alpha 1.5 {22 0%

For certain genes, exposure to the PP2 caused their genggigggjg?&ﬁ
expression to be absent, although expression was detectedz ARPE-19coN2 12 34 56 78 910 111213141516171819202122
in control cells for these genes. A designation of A/P was
used, indicating that the gene was absent for the treated cellsFigure 8. Hierarchical clustering of all microarrays using
yet present for the control cells. Alpha actin, YES, and HCK cosine correlation as the distance metric and the complete
are three genes that displayed this behavior in the HT29 cells.linkage joining method. Hierarchical clustering using cosine
Protein kinase 2 beta is another gene in Caco-2 cells treatectorrelation as the distance metric and the complete linkage
for 96 h that was absent after treatment. The HCT-116 cellsjoining method was performed using Spotfire Functional
exhibited the opposite effect for protein kinase 2 beta and Genomics software to identify patterns in the microarray data,

FYN in which exposure to PP2 caused gene expression towhereby three groups demonstrated significantly different
occur, designated as P/A. gene expression profiles. Cell lines with similar gene expres-

sion patterns are clustered together to form a group. Group

. . one, located on the left, contains all the Caco-2 treatments.

Discussion Group two consists of the remaining intestinal cell lines, and

Many compounds have been tested for selective inhibition the last group is the ARPE-19 cells. The numbers below the
of the Src family member&:?> Cell type dictates the  dendrogram indicate the sample identification.
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expression of Src family members; several Src kinases are PP2 effects on E-cadherin were further investigated by
expressed ubiquitousRPP2 has been shown to be a potent confocal microscopy. Caco-2 cells treated for 96 h with PP2
and selective inhibitor of several Src family members at showed a redistribution of E-cadherin to the points of cell
nanomolar ranges in vitro and low micromolar concentrations contact. Cells grew as a thick cluster whereas the control
in intact cells; however, PP2 cannot differentiate between cells formed a thin monolayer with diffuse staining of
the various members of the Src famifyinvestigators have  E-cadherin. Similar results were reported in human epidermal
shown that treatment with 20M PP2 caused 4050% keratinocytes treated with the tyrosine kinase inhibitor,
growth inhibition in HT29 cells3 These factors prompted PD162531%* ARPE-19 control cells were also immun-
the use of 2tM PP2 in our studies to investigate the effects ostained with the E-cadherin antibody DECMA-1 after 7 days
in several other epithelial cell lines. All subconfluent of growth (data not shown); however, a very low fluores-
intestinal epithelial cells treated with PP2 showed similar cence signal was obtained even at the highest concentrations
patterns in cell clustering when examined with light micros- of antibody. The lack of morphological changes seen in the
copy. The retinal epithelial cell line, ARPE-19, did not show ARPE-19 cells, the lack of staining for E-cadherin, and the
any morphological changes after PP2 treatment. This sug-lack of a signal for E-cadherin in the Western blot and
gests that the effects of PP2 may not be similar in all microarray studies indicate that E-cadherin was not present
epithelial cell lines at this concentration and dose schedule.within these cells including those grown for 7 days. Dif-
This phenomenon has been reported previously by otherferentiation of ARPE-19 cells occurs within-38 weeks after
investigators as Src effects have been shown to be cell-typereaching confluenc§® Previous investigators report that
specific. In particular, in primary keratinocytes isolated from E-cadherin expression occurs in late confluence in cells that
double knockout mice for Src and Fyn, cell adhesion is already express N-cadherin and only in a subset of epithelioid
defective, indicating the same type of role for Src and Fyn cells#! therefore, E-cadherin would not be expected to be
in adhesion processésPP2 was found to be cytotoxic to  found in our cells. The ARPE-19 cells have been a useful
the LS174T cells. This observation is consistent with the tool in understanding the importance of E-cadherin in the
effects of Src inhibitors in other cell lines. Inhibitors of Src inhibition of Src.
cause inhibition of cell growth and the induction of apoptosis The increase in TER in confluent Caco-2 m0n0|ayer5 with
in A431 cells?” mitotic arrest was reported in breast cancer the inhibition of Src is consistent with the increase in cell
cell lines following treatment with another selective tyrosine adhesion. The decrease in the ARPE-19 cells may be due to
kinase inhibito? Recent studies report that the inhibition a decrease in N-cadherin which is constitutively expressed
of both focal adhesion kinase (FAK) and Src leads to in these cells regardless of confluency time and since
apoptosis in colon cancer cefs.Our microarray data  E-cadherin is not present. The mRNA levels of N-cadherin
suggests that the LS174T cells express the lowest amounijecreased by 2.3-fold after treatment with PP2, and no other
of FAK Compared to the other intestinal cell lines and that adhesion molecule expressed in ARPE-19 cells shows a
PP2 treatment causes FAK to increase in expression in thesjgnificant change in expression. The mannitol flux data is
other intestinal cell lines. It is possible that the LS174T cells not consistent with the increase in TER for the Caco-2 cells:
may be more susceptible to apoptosis or mitotic arrest duehowever, flux assays are not as sensitive to small changes
to the low expression of FAK, which induces PIBK-AKT  in permeability, and they possess lower time resolution
dependent anti-apoptotic pathways; however, the exactcompared to TER measuremefitdt has been reported that
mechanism is unknown at this time. changes in TER do not always correlate with flux studé3.
Changes in the intercellular space where E-cadherin is located
(25) Bain, J.; McLauchlan, H.; Elliott, M.; Cohen, P. The specificities . . . : T

of protein kinase inhibitors: an updatBiochem J. 2003 371 assay, the tight junction serves as the first barrier for the

(Part 1), 199-204. permeation of mannitol, and changes in the intercellular space
(26) Calautti, E.; Grossi, M.; Mammucari, C.; Aoyama, Y.; Pirro, M.; may not affect the permeability of the tight junction. The

Ono, Y.; Li, J.; Dotto, G. P. Fyn tyrosine kinase is a downstream control cells show less paracellular permeability than the
mediator of Rho/PRK2 function in keratinocyte cell-cell adhesion.
J. Cell Biol. 2002 156 (1), 137-148.

(27) Karni, R.; Levitzki, A. pp60(cSrc) is a caspase-3 substrate and is (30) Dunn, K. C.; Aotaki-Keen, A. E.; Putkey, F. R.; Hjelmeland, L.

(24) Lawrence, D. S.; Niu, J. Protein kinase inhibitors: the tyrosine-

essential for the transformed phenotype of A431 c#lisl. Cell M. ARPE-19, a human retinal pigment epithelial cell line with
Biol. Res Commun200Q 3 (2), 98-104. differentiated propertieExp. Eye Res1996 62 (2), 155-169.

(28) Moasser, M. M.; Srethapakdi, M.; Sachar, K. S.; Kraker, A. J.; (31) Burke, J. M.; Cao, F.; Irving, P. E.; Skumatz, C. M. Expression
Rosen, N. Inhibition of Src kinases by a selective tyrosine kinase of E-cadherin by human retinal pigment epithelium: delayed
inhibitor causes mitotic arres€ancer Res1999 59 (24), 6145- expression in vitrolnyest Ophthalmol Visual Sci 1999 40(12),
6152. 2963-2970.

(29) Golubovskaya, V. M.; Gross, S.; Kaur, A. S.; Wilson, R. I.; Xu, (32) Yap, A. S.; Mullin, J. M.; Stevenson, B. R. Molecular analyses
L.-H.; Yang, X. H.; Cance, W. G. Simultaneous Inhibition of Focal of tight junction physiology: insights and paradox@sMembr.
Adhesion Kinase and Src Enhances Detachment and Apoptosis Biol. 1998 163 (3), 159-167.
in Colon Cancer Cell Linegviol. Cancer Res2003 1 (10), 755~ (33) Mitic, L. L.; Anderson, J. M. Molecular architecture of tight
764. junctions.Annu Rev. Physiol 1998 60, 121-142.
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treated cells. This also suggests that the effects of inhibiting various circumstances, including posttranslational modifica-
Src are less prominent when the cells are more mature.tions, degradation, posttranslational splicing, and messenger
Studies indicate that endocytosis of E-cadherin is decreasedstability 36
in confluent MDCK I cells compared to preconfluent céfls. Only one adhesion molecule, Claudin 3, showed such an
Protein expression levels of E-cadherin are increased inincrease for all the intestinal cell lines treated with PP2 for
HT29 and Caco-2 cells following treatment with PP2. Nam 48 h. There was no change, however, in the gene expression
et al. reported similar results for HT29 celfslt is possible of Claudin 3 in ARPE-19 cells. Claudin 3, a component of
that the inhibition of Src prevents the internalization of the tight junctions consisting of four transmembrane domains,
E-cadherin and its subsequent proteolysis. PP2 treatment mayvas recently discovered.The importance of the claudin
also cause transcriptional activation of E-cadherin or its family in the regulation of the tight junctions has recently
posttranslational modifications. Further studies are necessarypeen demonstrated. Investigators have shown that the three
to determine which mechanism is responsible for the membrane associated guanine kinases (MAGUKSs), ZO-1,
increase. In the HCT-116 cells, there is a decrease in theZO-2, and ZO-3, are still recruited to the tight junctions in
total protein levels of E-cadherin. Our microarray data for occludin-deficient mice and that these MAGUKSs, which
HCT-116 shows a decrease of nearly 1.5-fold in gene cross-link the tight junctional proteins to the actin filaments,
expression fon-catenin. Studies by Hinck et al. show that also bind to the carboxy terminal of claudins in addition to
adhesion can be restored in human lung cancer cells whichbinding to occludir®® Introduction of Claudin 2 into MDCK

lack a-catenin but express E-cadherin by transfectincate- | cells converted these cells into a more permeable or leaky
nin into these cell® This suggests that the interaction cell type; however, no decrease in paracellular permeability
between E-cadherin and-catenin is vital for celt-cell was reported when Claudin 3 was add&dhis indicates

adhesion. A decrease w-catenin would cause E-cadherin that expression of Claudin 3 may increase cell adhesion.
to be easily removed from the lateral surface of the cells Thus, our findings suggest a possible relationship between
because there would be no linkage to the actin cytoskeleton.Src inhibition and Claudin 3 expression. Phosphorylation

Differences in cell types may account for the decrease in Plays a critical role in the interactions within the tight
this cell line. The effects of PP2 may not be as prevalent in junction. Tyrosine phosphorylation of ZO-1 increases fol-
this cell line after prolonged exposure. As mentioned |0Wing oxidative StreSS, and studies implicate this tyrosine
previously, the ARPE-19 cells would not be expressing Phosphorylation in disrupting the interaction between the

E-cadherin at this stage of their growth, and this was found occludin-ZO-1 complex and actin cytoskeleton, leading to
in the Western blot results. an increase in paracellular permeabititf'he exact relation-

2 ship between Claudin 3 and Src family members is yet to

Inhibition of the Src family of tyrosine kinases by PP , ) X .
produced very few changes at the gene expression level forbe, established; however, this work suggests that one might

the adhesion molecules studied. A 2-fold change was used®Ist:
as the guideline for significant changes. Others have reported Desmoplakin in the HT29 cells also showed an increase
an increase in E-cadherin mRNA expression in HT29 cells in expression after exposure to PP2. Desmoplakin interacts
after treatment with PP2.In this work, there was a small ~ With plakoglobin within the desmosomes, and plakoglobin
increase in E-cadherin expression in the HT29 cells; however, IS & known substrate of the Src family of tyrosine kinaSes.
it is far less than the 2-fold criterion. For the other intestinal This increase in expression suggests the possibility that the
epithelial cells studied, no changes were found in the
genomic expression of E-cadherin. The results of E-cadherin sg) celis, J. E.; Kruhoffer, M.: Gromova, I.; Frederiksen, C.:
MRNA expression in these three intestinal cell lines were Ostergaard, M.; Thykjaer, T.; Gromov, P.; Yu, J.; Palsdottir, H.;
confirmed by SYBR-green real-time PCR (data not shown). Magnusson, N.; Orntoft, T. F. Gene expression profiling: moni-
The LS174T data is included in Table 1, although it toring transcription and translation products using DNA microar-
represents only the expression level in the control cells and _ rays and proteomics:EBS Lett 200Q 480 (1), 2-16. _
not the comparison of treated and control as in the other 37) Morita, K., Furuse, M., Fujimoto, K. Tsukita, S. Claudin
cell lines due to the cytotoxicity of PP2 to the LS174T cells. multigene family encoding four-transmembrane domain protein
. ’ components of tight junction strand®oc. Natl. Acad Sci U.SA.
The ARPE-19 cells show no mRNA expression of E-cadherin 1999 96 (2), 511-516.
after 48 h of growth; this again confirms the results of the (38) itoh, M.; Furuse, M.; Morita, K.; Kubota, K.; Saitou, M.; Tsukita,
Western blotting. The differences in mRNA and protein S. Direct binding of three tight junction-associated MAGUKSs,

levels of E-cadherin for the other cells could be due to Z0-1, Z0O-2, and ZO-3, with the COOH termini of claudirs.
Cell Biol. 1999 147 (6), 1351-1363.

(39) Furuse, M.; Furuse, K.; Sasaki, H.; Tsukita, S. Conversion of

(34) Le, T. L.; Yap, A. S.; Stow, J. L. Recycling of E-cadherin: a zonulae occludentes from tight to leaky strand type by introducing
potential mechanism for regulating cadherin dynamic<Cell claudin-2 into Madin-Darby canine kidney | cell. Cell Biol.
Biol. 1999 146 (1), 219-232. 2001, 153 (2), 263-272.

(35) Hinck, L.; Nathke, I. S.; Papkoff, J.; Nelson, W. J. Dynamics of (40) Rao, R. K.; Basuroy, S.; Rao, V. U.; Karnaky Jr, K. J.; Gupta, A.
cadherin/catenin complex formation: novel protein interactions Tyrosine phosphorylation and dissociation of occludin-ZO-1 and
and pathways of complex assemhly Cell Biol. 1994 125 (6), E-cadherin-beta-catenin complexes from the cytoskeleton by
1327-1340. oxidative stressBiochem J. 2002 368 (Part 2), 471-481.
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stabilization of plakoglobin requires a greater supply of of components of the tight and adherens junctions and the
desmoplakin for interactions with the intermediate filaments. dissociation of the tight junctions, which increases paracel-
Table 1 also lists one other regulator of cell adhesion that lular permeability.
changed expression levels. This is integrin alpha 1, which  Treatment of epithelial cells with a selective inhibitor of
shows a decrease in ARPE-19 cells. Integrins are able tothe Src family of tyrosine kinases resulted in increased cell
activate Src kinases which, in turn, phosphorylate proteins adhesion in the intestinal cell lines. Caco-2, HT29, and HCT-
involved in integrin-mediated events; investigators also have 116 cells displayed cell clustering and compaction, indicating
shown that Src can function as a scaffold to regulate signalingincreased cell adhesive properties. E-cadherin redistributed
of integrins*! This suggests that the inhibition of Src may g the points of cell contact in Caco-2 cells following PP2
decrease the amount of integrin needed. In regard to the genegeatment. Decreases in TER in ARPE-19 cells following
that were either turned on or turned off by PP2 treatment, it pp2 treatment may be attributed to the lack of E-cadherin
has been suggested that various genes show transcription thadyyression at the early stages of cell growth or possibly the
is positively or negatively regulated by v-Src. Various gecrease in another junctional protein. On the other hand,
transcriptional control elements have been implicated in Src’'s c5c0-2 cells exhibited higher TER values after PP2 treat-
transcriptional activatiof. o _ ment, suggesting that the junctional components, including
The actions of the Src family of tyrosine kinases influence E-cadherin, were enhanced. The total protein levels of
a variety of functions within the body, including cell g cagherin increased for all cells except HCT-116, which

adhesion. Recent discoveries have implicated Src in thegpoyed a decrease. The lack of expression of E-cadherin at
endocytosis of E-cadherin since the phosphorylation by Src o hrotein or mRNA level of the ARPE-19 cells confirmed

triggers the E-cadherin complex to be ubiquitinated by Hakai o jier reports that these cells do not express E-cadherin at
and endocytosed in MDCK cells, a model canine epithelial early growth stages. The ARPE-19 cells do not express

cell? Hakai has been shown to interact only with E-cadherin, E-cadherin after 48 h of growth: however, they do express
and 'StUdliS mtrj]lcatle that this interaction is dependent on .o adhesion molecules. The expression of the adhesion
tyrosine phosphorylation. . molecules varied for the cell lines studied, and only Claudin
Regulgtlon of the E_-cadhenn cpmplex plays acrlt_lcal r(_)le 3 showed a significant increase in three of the cell lines
no:jonly m(;:ehll a<|j_he3|lonh_tz)t_1tt_ also ]:nsmeﬁas;ass, cell l_r:jvasmrln treated with PP2. These studies suggest that Src may regulate
En tV.VOU” ealngli nni ||ohn 0 drc |n” u(rjrr:an_epl t(ra]rma hthe expression of this claudin family member although
eratinocytes results in enhanced cell adhesion througny, qiiona work is necessary to understand this relationship.
E-cadherin even in low calcium concentrations; yet it inhibits Cell type is an important factor in the expression levels of

T
W_ct)rl:pdtr:epagrhm V|trc_>1. Str.c, F?&T’tﬁndt. Yes“::\re d‘f"” prtgsentf adhesion molecules after treatment by PP2. The exact
witnin the agnerens junchion. IS ime, the disruption o relationship between E-cadherin and the Src family of

;ftlrligﬁteél d ?gzes:r)tri]cuall;rt&Zmal?Qregftnhse grzcgéﬂﬂygwennost be tyrosine kinases needs to be elucidated; however, on the basis
b of these results, it seems reasonable to conclude that Src is
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