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Abstract

Mucous epithelia represent a major barrier to the

outside world and are capable of undergoing rapid

repair after injury by cell migration, a process called

“restitution”. Here, a sensitive RT-PCR method was

applied allowing systematic gene expression analy-

sis of separated stationary and migratory non-trans-

formed IEC-18 and IEC-6 cells after scratch wound-

ing. The focus was on genes related to cell-cell con-

tacts. Furthermore, the effect of epidermal growth

factor (EGF) on gene expression was studied. Most

of the genes investigated here were down-regulated

in migratory cells. Many of the alterations are ex-

pected to affect the permeability of tight junctions.

Also the nectin-afadin complex of adherens junctions

was modulated as well as the expression of both the

chemokine receptor CXCR4 and the EGF receptor.

Of note, restitution was not accompanied by the epi-

thelial-mesenchymal transition (EMT). EGF treatment

severely affected the expression of genes important

for cell-cell contact and cell communication such as

selected tight junction components, CXCR4, and

TFF3. Many of these genes are known to be involved

in EMT and metastasis. Of special note, most of the

expression changes induced by EGF are in contrast

to the changes observed in migratory cells.

Introduction

Mucous epithelia cover the delicate surfaces of our

body such as the respiratory, the alimentary, and the

urogenitary tracts. Here, they represent highly interactive

barriers allowing essential communication with the

environment as well as ensuring the physical integrity of

these surfaces. Major elements of the barrier are

specialized epithelial cell-cell contacts such as tight

junctions (TJs), adherens junctions, and desmosomes [1].

Furthermore, a series of defense mechanisms have

developed in order to protect, regenerate and repair these

epithelial barriers following constant exposure to a variety

of noxious agents. The various defenses are of special

importance in preventing chronic inflammation, which is

a critical component of cancer progression [2]. For
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example, some 90% of fatal malignancies in adult humans

are of epithelial origin. An important component in the

early stages of mucosal repair is a process called

“restitution”, which starts within minutes following a

superficial damage [3, 4]. Here, re-epithelialization is

driven by migration of neighbouring cells into the wounded

area.

Cell migration is essential not only for wound healing

by restitution, but also for embryonic development,

immunity (including inflammation), angiogenesis, and

tumor metastasis [5]. While cells of the immune system

may be considered constitutive migratory cells, most other

cells are only migratory in a specific phase.

Under certain circumstances, epithelial cells may

undergo an epithelial-mesenchymal transition (EMT) to

become migratory [6]. Typical examples are migration

processes during embryonic development and tumor

progression (metastasis). The EMT is characterized by

trans-differentiation of epithelial cells to fibroblastoid,

motile cells, which is accompanied by a change to a

mesenchymal gene expression program [7, 8]. Hallmarks

are down-regulation of epithelial-specific genes (e.g.,

tight- and adherens-junction proteins such as occludin and

E-cadherin, respectively) and induction of various

mesenchymal genes such as vimentin, N-cadherin, and

-smooth muscle actin ( -SMA) [9-11]. It has been

established for some time that transforming growth factor

 (TGF ) and epidermal growth factor (EGF) are key

regulators of the EMT [9, 12] and both stimulate EMT

even synergistically [13].

However, in spite of the many similarities there are

a few crucial differences between cell migration processes

during epithelial wound repair and cancer [14]. One major

difference is that the EMT is not complete in wound repair

[14]. This picture has been confirmed recently by studying

mucosal restitution in vitro using the non-transformed

rat intestinal cell line IEC-18 [15]. Both this cell line and

the related cell line IEC-6 belong to the best studied in

vitro models for restitution [16]. These cell lines share

features of undifferentiated crypt cells and retain the

potential to differentiate into the different intestinal cell

lineages, i.e., enterocytes, goblet, Paneth and

enteroendocrine cells. A method was developed allowing

a systematic gene expression analysis of separated

stationary and migratory IEC-18 cells after scratch

wounding [15]. Of special note, full EMT was not

detectable in migratory cells. However, motile cells

reversibly lost markers of terminal differentiation [such

as stromal cell-derived factor (SDF-1) and lysozyme] and

changed to a phenotype that assists the process of

restitution by up-regulating the expression of genes such

as plasminogen activator inhibitor-1, transforming growth

factor  (TGF ), heparin-binding EGF-like growth factor

(HB-EGF), -SMA, ornithine decarboxylase, and

glyceraldehyde-3-phosphate dehydrogenase (GAPDH)

[15].

There are no systematic data concerning modulation

of cell-cell contacts during restitution in vitro so far. Thus,

studying cell-cell contacts in stationary and migratory cells

would be a very promising goal because epithelial cells

undergoing restitution in vivo gradually interconvert

between two types of cell polarity, i.e., they change from

polarized epithelial cells (with apical-basal polarity) to

polarized migrating cells (with planar polarity) [17].

Recently, we reported that EGF treatment of

scratch-wounded IEC-18 cells resulted in enhanced cell

migration with a significantly increased number of

fibroblastoid cells in the migratory zone and an increased

internalization of E-cadherin [18]. Similar results were

reported for gastric cells [19]. This is indicative of the

EMT [20]. Thus, the work presented here focuses on

two major questions: How are cell-cell contacts changed

during restitution and what are the effects of EGF? These

goals were achieved by systematic expression analysis

of selected genes (many of them were related to cell-cell

contacts) in both separated stationary as well as migratory

cells.

Materials and Methods

Culture and scratch wounding of the non-transformed

IEC-18 cell line (from the ileum of newborn rats) as well as RT-

PCR analysis of separated stationary and migratory cells (i.e.,

about 10 rows of cells directly behind the migratory front) was

as described in detail previously [15]. In short, cells were seeded

at a density of 300.000 cells per culture dish (10 cm diameter) at

day 0, medium was changed on day 2 and was replaced with

“starvation medium” on day 5. Scratch wounding was on day

7 when cells showed differentiation and clear formation of cell-

cell contacts. Stationary as well as migratory cells were collected

on day 9.

Alternatively, also the non-transformed epithelioid IEC-6

cell line from the crypts of the intestine of adult rats [21] was

included in this study, which was purchased from the

„Deutsche Sammlung von Mikroorganismen und Zellkulturen

GmbH“ (DSMZ; Braunschweig, Germany). Culture conditions

were similar as for IEC-18 cells, with the exception that these

cells were supplemented with 5% AC2 (Cell Concept, Umkirch,

Germany) instead of 5% fetal calf serum. „Starvation medium“

contained a reduced AC2 content (0.2% v/v). IEC-6 cells were

seeded at a density of 600.000 cells per culture dish (10 cm

diameter).

Znalesniak/HoffmannCell Physiol Biochem 2010;25:533-542



535

Table 1. Oligodeoxynucleo-

tides used for RT-PCR analysis

and calculated size of the

products. F11r = Jam1,

Gja1 = connexin 43, Jup =

gamma catenin = plakoglobin,

Marvel = tricellulin, Mrps18a =

mitochondrial ribosomal

protein S18A, Myo6 =

MyosinVI, Pvrl1 (poliovirus

receptor-related 1) = HveC =

Nectin-1, Tjp = zonula

occludens (ZO).

Cell-cell Contacts during Restitution and EGF Effects Cell Physiol Biochem 2010;25:533-542
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In the present study, scratch wounded cells were also

treated with EGF on day 7 as follows. The wounded cell cultures

were rinsed gently and repeatedly (up to 5 times) with starvation

medium to remove residual cell debris and then incubated at

37°C with 10 ml of fresh starvation medium supplemented with

5 nM EGF [Mr: 6222; purchased from Sigma, Taufkirchen,

Germany; stock solution at 50 μg/ml in EGF vehicle (EGFV), i.e.,

10 mM acetic acid and 0.1% bovine serum albumin]. In the case

of the control cells, the supplement was omitted and replaced

by adequate volumes of solvents (i.e., PBS or EGFV). Then, the

cells were incubated in 6.5% (v/v) CO
2
 at 37°C for 48 h. The

cells were washed with starvation medium (lacking EGF) at the

end of the migration period, i.e. day 9, and sorted for RT-PCR

analysis as described previously.

Total RNA was isolated using Trizol Reagent (Invitrogen,

Karlsruhe, Germany) and digested with DNAse. RNA

concentration was determined with a Nanodrop ND-1000

spectrophotometer (Thermo Fisher Scientific, Peqlab Erlangen,

Germany). The relative expression levels of selected genes was

monitored using the specific primer pairs as listed in Table 1.

As a control for the integrity of the cDNA preparations,

transcripts for -actin or mitochondrial ribosomal protein S18A

were amplified in parallel reactions. The cDNA was also checked

for contaminating chromosomal DNA by amplification of a

promoter sequence from the -actin gene (oligonucleotides

MB1510 and 1511; see Table 1).

For selected transcripts a semi-quantitative analysis of the

bands was performed in 4-9 independent experimental series.

The images of the ethidium bromide-stained agarose gels were

recorded with a camera (Herolab E.A.S.Y. 429K, Herolab GmbH,

Karlsruhe, Germany) and the intensity of the bands was analyzed

with Genesnap software (Syngene Europe, Cambridge, UK).

The subsequent statistical analyses of the densitometric data

was realized with the Excel 2003 software package

(Microsoft.Office, USA) using the Student’s t-test. The error

bars in Figure 3 represent +SEM. Significant differences

between the mean values of the experimental groups are

indicated by asterisks (P  0.05: one asterisk, P  0.01: two

asterisks, P  0.001: three asterisks).

Results

The following genes known for their direct role in

cell-cell contact formation were selected for RT-PCR

analysis: occludin, claudins-1-12/14-20/22/23, junction

adhesion molecules (JAMs) 1/2/3, tricellulin, ZO-1/2/3,

cingulin; N-cadherin, LI-cadherin, nectin 1, afadin-6, -

catenin, -catenin, -catenin; connexin 43. Furthermore,

additional genes were included in this study such as the

chemokine receptor CXCR4, the EGF receptor, EGF,

TFF1-3, tenascin C, fibronectin 1, myosin light chain

kinase (Mylk3/MLCK), and myosin 6. For comparison,

transcripts for -SMA, GAPDH or -actin were

amplified. The expression profiles of these genes were

monitored in IEC-18 cells 48 h after scratch wounding

(EGF-treated cells as well as control cells treated with

PBS or EGFV, respectively). Both the stationary cells as

well as the migratory cells were isolated and analyzed

separately. The results of a typical experimental series

performed in plastic culture dishes are shown in Fig. 1.

RT-PCR profiles are shown only for those genes that

gave clear and reproducible results (some of the genes

investigated resulted in only very weak or non-detectable

RT-PCR signals, e.g., many claudins). Furthermore, some

of these genes were analyzed also in IEC-6 cells in order

to demonstrate specific EGF effects (Fig. 2).

Transcripts for -actin were amplified as a control

for the amount and integrity of the cDNAs. All samples

Znalesniak/HoffmannCell Physiol Biochem 2010;25:533-542
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showed comparable -actin transcript levels or a slight

increase in migratory cells. In contrast, both -SMA and

GAPDH transcripts were markedly elevated in all

migratory cells when compared with the corresponding

stationary cells.

Characteristic expression patterns were obtained

when stationary and migratory IEC-18 cells were

compared (Fig. 1). Generally, many genes were

consistently down-regulated in migratory cells such as

claudins-2, 6, 11, 12, 18, 19, 20, JAM2, ZO-1, 3, cingulin,

LI-cadherin, nectin-1, afadin-6, -catenin, connexin 43,

CXCR4, EGF receptor, EGF, TFF3, tenascin C, Mylk3/

MLCK, and myosin 6. Furthermore, the following genes

showed a tendency to be weakly down-regulated in motile

cells: claudin-1 and 15, tricellulin, and ZO-2. In contrast,

a second group of genes did not show consistent

differences in the expression levels of stationary and

migratory cells. Genes belonging to this group are

occludin, JAM1 and 3, N-cadherin, -catenin, -catenin,

fibronectin 1, and -actin. A third group of genes was

selected as controls because these genes were already

known to be up-regulated in migratory cells [15]. This

control group consisted of -SMA and GAPDH only.

For selected genes, such as claudins and various EGF

Fig. 1. RT-PCR analysis (IEC-18 cells). Gene

expression concerning tight junction

components [occludin, claudins, junction

adhesion molecules (JAM), tricellulin],

adherens junction components [N-cadherin,

LI-cadherin, nectin-1], the gap junction

component connexin 43, adaptor/scaffold

proteins [zonula occludens (ZO), cingulin,

afadin 6, catenins], miscellaneous proteins

[Cxcr4, EGF receptor, EGF, Tff3, tenascin C,

fibronectin 1, myosin light chain kinase

(MLCK), myosin 6], and various controls [ -

smooth muscle actin ( -SMA),

glyceraldehyde-3-phosphate dehydro-

genase (GAPDH), and -actin] was

monitored in EGF-treated IEC-18 cells and

control cells (C
PBS

 and C
EGFV

) 48 h after scratch

wounding. Both the stationary (s) and

migratory (m) cells were isolated and

analyzed separately. The integrity of the

cDNAs was tested by monitoring the

transcripts for -actin.

Fig. 2. RT-PCR analysis (IEC-6 cells). Gene expression

concerning claudin-1, claudin-2, E-cadherin, Tff1, Tff2, Tff3, -

smooth muscle actin ( -SMA), -actin, and mitochondrial

ribosomal protein S18A was monitored in EGF-treated IEC-6

cells and control cells (C
PBS

 and C
EGFV

) 48 h after scratch

wounding. Both the stationary (s) and migratory (m) cells were

isolated and analyzed separately. The integrity of the cDNAs

was tested by monitoring the transcripts for -actin.

Cell-cell Contacts during Restitution and EGF Effects Cell Physiol Biochem 2010;25:533-542
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regulated genes (LI-cadherin, afadin-6, CXCR4, TFF3,

and tenascin C), a semi-quantitative RT-PCR analysis

was performed using 4-9 independent experimental series

(Fig. 3). For comparison, the two known up-regulated

genes ( -SMA and GAPDH, [15]) were included.

Clearly, down-regulation was significant for all the selected

genes, with the exception of claudin-1. Furthermore, as

expected, up-regulation of -SMA and GAPDH

transcripts was also significant.

EGF treatment of IEC-18 cells also changed the

expression profile characteristically (Fig. 1). Some genes

were consistently up-regulated by EGF, such as claudin-

1 and 18, tricellulin, N-cadherin, LI-cadherin, afadin-6,

CXCR4, EGF receptor, EGF, tenascin C, Mylk3, and

myosin 6. Significance of up-regulation was demonstrated

by semi-quantitative RT-PCR analysis for selected genes

(claudin-1 and 18, LI-cadherin, afadin-6, CXCR4, and

tenascin C) in 4-9 independent experimental series (data

not shown). Markedly down-regulated by EGF were

claudin-2 and TFF3 expression (significance was

demonstrated by semi-quantitative RT-PCR analysis of

7 and 4 independent experimental series, respectively;

data not shown). A similar picture appeared after studying

IEC-6 cells (Fig. 2). Here, additionally TFF2 expression

was up-regulated by EGF (in contrast, TFF2 transcripts

were not detectable in IEC-18 cells). Furthermore, the

-SMA transcript level was down-regulated by EGF (in

contrast to IEC-18 cells).

Discussion

Modulation of Gene Expression during Intestinal

Restitution

A number of genes playing a direct role in cell-cell

contact formation were down-regulated in migratory

IEC-18 cells (Figs. 1 and 3). These genes include

components of tight (claudins-2, 6, 11, 12, 18-20, JAM2)

and adherens junctions (LI-cadherin, nectin-1), their

respective adaptor and scaffold proteins (ZO-1, 3, cingulin,

-catenin, afadin-6) as well as gap junctions (connexin

43). Furthermore, claudin-1 and 15 transcripts show a

tendency to be down-regulated in motile cells. However,

other components of tight (occludin, JAM1 and 3,

tricellulin) and adherens junctions (N-cadherin) as well

as some adaptor proteins (ZO-2, -catenin, -catenin)

did not show marked alterations during restitution.

Expression of the classical adherens junction protein

E-cadherin was not significantly changed neither during

restitution of IEC-6 (Fig. 2) nor IEC-18 cells [15].

Interestingly, the E-cadherin transcript level was much

higher in IEC-6 cells than in IEC-18 cells (data not shown)

which might be indicative of a more differentiated state

in IEC-6 cells. However, the reduced expression of the

atypical cadherin LI-cadherin as well as the nectin-afadin

complex, and connexin 43 clearly indicate that adherens

and gap junctions were selectively altered in motile cells.

Of note, afadin-6 serves as a scaffold protein between

cell membrane-associated proteins and the actin

cytoskeleton and a reduction in afadin-6 levels has been

reported to accelerate epithelial wound closure due to

impaired E-cadherin-dependent intercellular adhesion [22].

Thus, reduction of afadin-6 expression levels in migratory

IEC-18 cells is expected to enhance restitution.

Of note, also myosin 6 expression is down-regulated

in migratory IEC-18 cells. Myosin 6 is required for E-

cadherin-mediated cell migration [23]. In contrast to most

other motor proteins it is trafficking towards the minus

end of the actin filament.

Generally, the data indicate that tight junctions were

markedly modified during restitution of IEC-6 cells

particularly by down-regulation of all claudins detectable

(Fig. 3) as well as JAM2. Claudins are the major

determinants of the barrier function of tight junctions with

Fig. 3. Semi-quantitative RT-PCR analysis (IEC-18 cells). Shown

are the transcript ratios of selected genes in migratory and

stationary cells both normalized against -actin (relative gene

expression levels), i.e. (gene/ -actin)
migr
/(gene/ -actin)

stat
, based

on the data from 4-11 independent experiments. Values below 1

indicate declined expression of the selected gene in migratory

cells (black bars); whereas values above 1 are characteristic of

up-regulation in migratory cells (grey bars). The relative

expression level of the following genes was investigated:

claudins, cadherin17/LI-cadherin, afadin-6, Cxcr4, Tff3, tenascin

C, Acta2/ -SMA, and glyceraldehyde-3-phosphate

dehydrogenase (GAPDH). Significant differences between

stationary and migratory cells are indicated by asterisks: ***

extremely high significance (P  0.001), ** high significance (P

 0.01), * significance (P  0.05).

Znalesniak/HoffmannCell Physiol Biochem 2010;25:533-542
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a complex expression pattern along the intestine and they

create highly selective paracellular pores (channels) for

specific ions [24]. Most pronounced were down-regulation

of claudin-2 and 6. Interestingly, claudin-2 is known for

inducing lower transepithelial resistance and claudin-6

overexpression induces a barrier dysfunction [25]. Down-

regulation of specific claudins in migratory cells could be

related with that of ZO-1 because ZO-1 plays a specific

role for claudin polymerization during formation of TJs

around the adherens junctions [26, 27]. Down-regulation

of ZO-3 might also be connected with that of ZO-1

because both proteins appear to be associated and even

co-immunoprecipitate [26]. Specific down-regulation of

JAM2 is also interesting, because only this JAM is solely

enriched in apical ZO-1-positive regions and it is known

for its heterophilic interactions with JAM3 as well as

various integrins [28]. Furthermore, ZO-1 is indispensable

for cingulin to be recruited to TJs [26]. Thus, down-

regulation of cingulin in migratory cells could well be

related with that of ZO-1. However, down-regulation of

cingulin is also of special interest because it is a critical

player in linking TJ signaling and gene expression,

particularly that of claudin-2 and ZO-3 [1].

The observation that occludin is not down-regulated

in migratory IEC-18 cells argues strongly against EMT

during restitution. This view is in agreement with a

previous study [15].

Other genes, whose expression is markedly down-

regulated in migratory IEC-18 cells, are those encoding

TFF3 and MLCK. This is in agreement with the reduced

terminal differentiation of migratory cells [15] because

TFF3 is a typical secretory product of intestinal goblet

cells [29] and MLCK is normally restricted to well

differentiated enterocytes [30]. MLCK expression is low

in proliferating intestinal crypt cells [30]. Particularly,

down-regulation of MLCK is highly interesting because

MLCK is known to effect cell migration and TJ

permeability. For example, activated MLCK catalyzes

the activation of MLC enhancing cell migration [31].

Furthermore, MLCK is well established in the regulation

of intestinal TJ permeability, particularly in absorptive

enterocytes [30]. Here, a reduction of MLCK levels

decreased TJ permeability [30]. Thus, MLCK is expected

to be a major player during restitution.

Furthermore, migratory IEC-18 cells show

decreased transcript levels of the chemokine receptor

CXCR4 as well as the EGF receptor which would also

be in line with reduced terminal differentiation regulated

by TJ signaling [1]. Expression of CXCR4 has been

observed in enterocytes as well as in IEC-6 cells [32,

33]. Interestingly, down-regulation of CXCR4 in migratory

cells parallels that of its major ligand SDF-1 [15].

Furthermore, also EGF is down-regulated in

migratory IEC-18 cells. This is somewhat surprising

because other EGF receptor ligands such as TGF  and

HB-EGF are up-regulated in migratory IEC-18 cells [15].

Thus, EGF seems to differ in its function by rather

promoting differentiation of IEC-18 cells; whereas TGF

and HB-EGF enhance restitution [15].

EGF Induces Expression of Genes Involved in

EMT and Metastasis

From the time-lapse studies of scratch-wounded

IEC-18 cells [18] the question arises whether the typical

motogenic and morphogenic effects of EGF are

accompanied by specific changes in gene expression,

particularly in migrating cells.

As a hallmark, EGF treatment caused a

characteristic inverse regulation of the tight junction genes

claudin-1 and 2 in IEC-18 cells. Claudin-1 was strongly

up-regulated in EGF-treated cells; whereas claudin-2 was

markedly down-regulated. The latter is in agreement with

the observation that MAPK signaling is known to down-

regulate claudin-2 expression [24]. The differential

regulation of claudin expression by EGF is not

accompanied by altered expression of the tight junction

protein occludin which is in complete agreement with

previously published results [34]. The observed inverse

change in claudin expression in IEC-18 cells after EGF

treatment would be well placed to increase synergistically

the transepithelial electrical resistance [25, 34] and is

contrary to the change observed in patients with ulcerative

colitis [35]. Paradoxically, claudin-1 up-regulation has been

found in colorectal cancer and claudin-1-overexpressing

cells produced more metastasis than cells expressing low

levels of claudin-1 [25]. This effect is explained by

misregulated tight junction assembly. Other TJ genes up-

regulated by EGF are claudin-18 and tricellulin. Claudin-

18 represents a typical gastric claudin [36]; whereas the

transmembrane protein tricellulin participates in the

epithelial barrier and organization of not only tricellular

but also bicellular TJs [24]. In this context it is also

interesting that MLCK expression is up-regulated in EGF-

treated cells because MLCK is well established in the

regulation of intestinal TJ permeability [30]. Taken

together, EGF-treatment is expected to change

dramatically TJ permeability and transepithelial resistance

of IEC-18 cells by regulating the expression of a variety

of crucial genes.

LI-cadherin (also known as cadherin-17) is also up-

Cell-cell Contacts uring Restitution and EGF Effects Cell Physiol Biochem 2010;25:533-542d
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regulated by EGF. This atypical cadherin is associated

with metastasis of gastric carcinoma to the lymph nodes

and its expression correlates with tumor invasion and poor

prognosis in gastric cancer [37]. Thus, the increased

expression of LI-cadherin could also be responsible for

the tendency of EGF-treated IEC-18 cells to leave the

formation and to migrate as individual cells with a

fibroblast-like morphology [18].

EGF treatment also resulted in a markedly increased

afadin-6 expression. Afadin-6 is a negative regulator of

Rap-induced cell adhesion and overexpression of afadin-

6 has been reported to inhibit cell adhesion to fibronectin

[38]. Of note, fibronectin 1 has been localized in IEC-6

cells exclusively in regions of cell-cell contacts [39]. Also

the myosin 6 expression is up-regulated by EGF. This

actin-based motor protein is required for E-cadherin

mediated cell migration.

Furthermore, N-cadherin expression slightly

increased in EGF-treated cells when compared with

control cells. This could be a sign for a gradually increased

EMT when compared with untreated cells.

The extracellular matrix protein tenascin C is another

consistently up-regulated gene in IEC-18 cells after EGF

treatment. It is a typical mesenchymal protein induced

by the EMT and plays a crucial role during wound healing

and metastasis [7, 40, 41]. Thus, tenascin C is certainly a

major candidate responsible for the morphogenic effect

of EGF on IEC-18 cells [18]. This view would also be in

line with regulation of tenascin C expression via ERK/

MAPK signaling [40].

One typically up-regulated gene by EGF is that

encoding the chemokine receptor CXCR4. This result is

in line with a recent report concerning fibrocytes [42].

The observed up-regulation of CXCR4 expression is very

important because this chemokine receptor is most widely

expressed in malignancy and it clearly contributes to tumor

metastatic capacity [43]. For example, down-regulation

of CXCR4 resulted in reduced migration and invasion in

vitro and the cells formed fewer metastases in vivo [44].

Furthermore, the expression of the EGF receptor as well

as its ligand EGF were up-regulated by EGF. This

autocrine stimulation of EGF expression is in line with a

previous report on IEC-6 cells [45].

To our surprise, TFF3 expression was markedly

down-regulated in both IEC-6 and IEC-18 cells after EGF

treatment. To our knowledge, this is the first report

describing such an effect. If this effect is of any

physiological or pathological relevance is not clear to date.

However, it might explain decreased TFF3 levels

observed in ulcerative colitis tissues [46]. Furthermore,

the decreased TFF3 expression might also influence the

migration pattern of IEC-18 cells [18]. In contrast, TFF2

expression was up-regulated by EGF in IEC-6 cells only;

whereas TFF1 expression was not altered following EGF

treatment. The up-regulation of TFF2 by EGF is in

agreement with a previous report using AGS-E cells [47].

The corresponding TFF proteins are well known for their

key roles during regeneration and repair of mucous

epithelia, particularly by enhancing restitution [4].

Of special note, most of the expression changes

induced by EGF are in contrast to the changes observed

in migratory cells. For example, expression of claudin-1,

claudin-18, LI-cadherin, afadin-6, CXCR4, EGF receptor,

EGF, tenascin C, MLCK, and myosin 6 was up-regulated

by EGF; whereas migratory cells showed down-regulation

of these genes. Thus, EGF clearly acts as a motogen

enhancing the migration speed of IEC-18 cells [18] but it

Table 2. Gene expression in IEC-18 cells. Shown are genes

which are down-regulated (s>m) or up-regulated in migratory

cells (s<m) as well as EGF-regulated genes (based on results

shown here or previously [15]). The genes were grouped ac-

cording to their functions (cell-cell-contacts,receptors/ligands,

extracellular matrix components, cytoplasmic components, in-

testinal differentiation markers, and regulators of a transcrip-

tion).
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induces an expression pattern which is partly inverse to

the expression pattern of non-transformed migratory IEC-

18 cells. This discrepancy may be the reason why these

cells do not show a cooperative migration pattern and

behave more like metastatic cells [18].

Conclusions

Taken together, there are characteristic changes in

gene expression concerning cell-cell contacts and the

epithelial barrier during restitution of non-transformed

IEC-18 cells in vitro (summarized in Tab. 2). Generally,

the corresponding genes were typically down-regulated

in migratory cells. Many of the alterations are expected

to severely affect the permeability of TJs. Furthermore,

the nectin-afadin complex of adherens junctions is

modulated; whereas the E-cadherin expression was not

significantly changed. Also expression of both the

chemokine receptor CXCR4 and the EGF receptor genes

are down-regulated in migratory cells, as well as

expression of terminal differentiation markers. Of special

note, the results clearly strengthen our previous report

that restitution of IEC-18 cells is not accompanied by the

EMT [15].

Furthermore, EGF treatment severely affected the

expression pattern of crucial genes important for cell-

cell contact and cell communication (summarized in Tab.

2). Particularly concerned were selected TJ components

(such as claudins-1, 2, and 18), the chemokine receptor

CXCR4, and TFF3. Interestingly, most of the effects
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