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Abstract 
Background/Aims: The trefoil factor family (TFF) peptide TFF1 is typically secreted by gastric 
surface mucous cells. These cells are also the major players in gastric restitution, i.e., repair 
of the stomach mucosa by cell migration after injury. Methods: An established in vitro model 
of gastric restitution, i.e., migration of the non-transformed rat gastric cell line RGM-1 after 
scratch wounding, was investigated by expression profiling of selected genes from separated 
stationary and migratory cells. Also semi-quantitative immunocytochemistry was performed. 
Furthermore, RGM-1 cells were transfected with stealth RNAiTM duplexes targeting Tff1 and 
relative cell migration rates were analyzed. Results: Surprisingly, Tff1 expression was up-
regulated in migratory cells. No unequivocal signs of the epithelial-mesenchymal transition 
were detectable in migratory cells. Transfection of RGM-1 cells with Tff1-siRNAi duplexes 
negatively influenced migration of these cells. Conclusion: This clearly points to a function of 
Tff1 as a motogen. A possible up-regulation of TFF1 synthesis in migratory surface mucous 
cells also in vivo would be an ideal mechanism to specifically enhance gastric restitution only 
where topologically needed and to minimize eventual negative side effects of TFF1 such as 
cell scattering and invasiveness.
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Introduction

The peptide TFF1 (previously named pS2), together with TFF2 and TFF3, is a member 
of the trefoil factor family (TFF; for reviews, see refs. [1-4]). TFF1 is typically secreted by 
gastric surface mucous cells (SMCs) together with the mucin MUC5AC [5, 6]. Human TFF1 
contains 7 cysteine residues and exists in different molecular forms, such as a disulfide-
linked TFF1-gastrokine 2 (GKN2) heterodimer [7, 8] and probably also as a monomer and 
a homodimer [9, 10]. Recombinant TFF1 has been reported to form monomers [11] or 
homodimers [12, 13]. 

Tff1 is responsible for a number of pleiotropic effects (for review, see [2]). Recombinant 
TFF1 is motogenic, with the Cys58 homodimer being more active than the TFF1 monomer, 
i.e., the Ser58 mutant [14, 15]. Furthermore, anti-proliferative and anti-apoptotic effects [16] 
as well as a pro-apoptotic activity have been reported for recombinant TFF1 [17]. TFF1 
also acts as a pro-angiogenic factor [18]. Stable expression of TFF1 induced scattering and 
invasiveness of cells [19-21] and increased anchorage-independent growth of premalignant 
adenoma cells in soft agar [22]. Thus, TFF1 has been discussed as a tumor progression factor 
[23, 24].

Tff1-deficient mice (Tff1KO) obligatory develop antropyloric adenoma, and 30% 
progress to gastric carcinomas [25]. Here, the loss of Tff1 typically leads to an inflammatory 
response followed by the classical dysplasia-adenocarcinoma sequence [26]. In line with this, 
celecoxib, a selective Cox-2 inhibitor and non-steroidal anti-inflammatory drug disturbed 
the integrity of the adenoma by promoting ulceration and inflammation [26, 27]. Moreover, 
chemically induced tumorigenesis in Tff1KO mice led to higher tumor incidence, e.g., in the 
mammary gland when compared with the wild-type animals [21]. This clearly showed that 
TFF1 does not exhibit oncogenic properties but rather reduces tumor development [21]. 
Tff1KO mice also show dysregulated gastric self-renewal with an expanded SMC population 
at the expense of parietal cells in the fundic units [28] and amplification of SMCs and antral 
gland cells in the antral units [29]. Thus, TFF1 influences cell differentiation as also shown 
for the respiratory tract [2, 21, 30]. Tff1 deficiency has also been demonstrated to activate 
the unfolded protein response indicating a possible role for TFF1 in protein folding and/or 
secretion [31].

In contrast, transgenic mice that over-express Tff1 have an increased resistance 
to intestinal damage [32]. Intragastric administration of Tff1 by a genetically modified 
Lactococcus lactis also prevented induced colitis in mice [33]. 

TFF1 expression is dysregulated in inflammatory diseases and many neoplastic 
conditions (for reviews, see refs. [1, 3, 4, 24, 34]. For example, it is ectopically expressed in 
distal ductular and surface elements of the ulcer-associated cell lineage (UACL) [35, 36]. In 
contrast, TFF1 is down-regulated in the neoplastic human stomach [34].

Gastric SMCs, which are the typical source of TFF1, originate from progenitor cells of 
the isthmus by self-renewal (for reviews, see [37, 38]) and are the major players during 
"restitution", i.e., the rapid repair of superficial lesions by cell migration (for reviews, see 
refs. [39, 40]. Restitution represents one component of the complex network of gastric 
mucosal defense mechanisms, which are also involved in the healing of gastric ulcers (for 
reviews, see ref. [41, 42]). Restitution is strictly dependent on the glycolytic pathway [43] 
and TFF peptides are known to enhance mucosal restitution (for review, see ref. [44]). The 
non-transformed rat gastric cell line RGM-1 [45] is a well-established in vitro model for 
gastric restitution [46, 47, 48]. 

In the past, we have developed a sensitive method for analyzing the gene expression of 
separated stationary and migratory cells after in vitro wounding [49]. Here, we apply this 
method to analyze systematically RGM-1 cells. Surprisingly, we found that Tff1 expression is 
up-regulated in migratory cells.
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Materials and Methods

Culture of RGM-1 cells
The non-transformed rat gastric epithelial cell line RGM-1 [45] (kindly provided by Dr. S. J. Hagen, 

Boston, USA) was maintained in 75-cm2 cell culture flasks with filter caps (Greiner, Frickenhausen, Germany) 
at 37°C in a humidified atmosphere with 5% (v/v) CO2. Dulbecco’s modified Eagles medium (DMEM) 
with 4.5 g/L glucose (GE Healthcare Life Sciences, USA) was routinely used as cell culture medium and 
supplemented with 1% (v/v) 100x non-essential amino acids, 1 mM sodium pyruvate (both from Biochrom, 
Berlin, Germany), 2 mM glutamine (Life Technologies GmbH, Darmstadt, Germany), and 10% (v/v) fetal 
calf serum (FCS; GE Healthcare Life Sciences, USA). For the migration experiments, cells between the 10th 
and 20th sub-cultivation were used. Before scratch-wounding, cultures were incubated in serum-free, 
supplemented growth medium for 12-15 h. 

Anti-mTff1 antiserum
A polyclonal rabbit antiserum was generated against the synthetic peptide FHPMAIENTQEEECPF 

representing the C-terminus of mouse Tff1. This sequence has already been used successfully as antigenic 
determinant [28]. The peptide was purified using reversed phase-HPLC and its identity was confirmed by 
MALDI-MS. The peptide was coupled to keyhole limpet hemocyanin (KLH) via glutaraldehyde and used 
to immunize a rabbit (Charles River Laboratories, Sulzfeld, Germany). The corresponding antiserum 
was termed anti-mTff1-1 and used for immunocytochemistry (1:500 dilution). Affinity purification was 
performed as previously described [50].

The specificity of the staining with anti-mTff1-1 was tested by competition with the corresponding 
synthetic peptide, i.e., 1 mL anti-mTff1-1 antiserum (1:500 dilution) was pre-adsorbed with 10 μg synthetic 
peptide FHPMAIENTQEEECPF at 4°C overnight and then used for immunocytochemistry. Methods used for 
Western blot analysis of tissue extracts have previously been described [8].

Immunocytochemistry after in vitro wounding
RGM-1 cells were detached with trypsin/EDTA (0.05% trypsin and 0.53 mM EDTA, Life Technologies 

GmbH, Darmstadt, Germany) from the culture flasks and re-suspended in fully supplemented growth 
medium (plus 10% v/v FCS). Sterile glass cover slips (22 x 22 mm, Gerhard Menzel GmbH, Braunschweig, 
Germany) were first placed in 6-well plate (Greiner Bio-One GmbH, Frickenhausen, Germany). Then 4.5 x 
105 cells were seeded in each well and cultured with 2.5 mL fully supplemented growth medium (plus 10% 
v/v FCS). Once the cells were confluent, the medium was replaced with 2.5 mL serum free medium. After 
12 h incubation, the cell monolayer was scratched under sterile conditions with Cell Lifter (19 mm blade, 
Corning® Inc. Costar, Tewksburg/MA, USA). Routinely, 2 wound sites (~ 18-19 mm) were created on each 
cover slip. The wounded cell cultures were carefully rinsed with serum free medium to remove residual cell 
debris. Cells were further incubated in 2.5 mL fresh serum free medium for 24 h and were then used for 
immunocytochemistry. 

The cells on the glass cover slips were fixed with cold methanol at -20°C for 5 min in the 6-well plates. 
The cover slips were then washed with PBS (pH 7.4, 20°C, 3 x 5 min). Next, non-specific antibody binding 
sites were blocked with blocking buffer: PBS (pH 7.4), 10% goat serum (v/v) (PAA, GE Healthcare Life 
Sciences, Piscataway/NJ, USA), 0.3% (v/v) Triton-X100, and 0.1% (v/v) NaN3 (both from Sigma-Aldrich 
Chemie, Taufkirchen, Germany) at 20°C for 1 h. The primary antibody anti-mTff1-1 was diluted (1:500) in 
blocking buffer. Incubation with the primary antibody was carried out at 4°C overnight. Then, the cover slips 
were rinsed with PBS (pH 7.4, 20°C, 3 x 5 min), incubated with the secondary antibody (Cy3-labeled anti-
rabbit-IgG F(ab’)2 fragment from sheep antiserum, Sigma-Aldrich Chemie, Taufkirchen, Germany; dilution: 
1:200 in blocking buffer) at 20°C for 1 h (this incubation and all subsequent steps were carried out in the 
dark) and rinsed again with PBS (pH 7.4, 20°C, 2 x 5 min). 

The cell nuclei were stained with 4',6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma-
Aldrich Chemie, Taufkirchen, Germany) at 20°C for 5 min using a DAPI stock solution (0.1 mg/ml) in a 
1:1000 dilution (in PBS, pH 7.4). Subsequently, the cover slips were rinsed twice with PBS (pH 7.4, 20°C) for 
5 min and once with ultrapure water for 5 min. Finally, the cover slips were embedded on the microscope 
slides using fluorescent mounting medium (DAKO Deutschland GmbH, Hamburg, Germany). 
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The slides were photographed with an Axiophot microscope equipped with an AxioCam digital camera 
(Carl Zeiss MicroImaging GmbH, Jena, Germany). The following filter sets were used: 01 (DAPI; excitation: 
BP 365/12, beamsplitter: FT 395, emission: LP 397) and 15 (Cy3; excitation: BP 546/12, beamsplitter: 
FT 580, emission: LP 590). The images were processed with the AxioVision software package (Carl Zeiss 
MicroImaging GmbH, Jena, Germany).

For quantitative Tff1 analysis, pictures were taken (objective: 20x) which always contained both 
stationary and migratory cell regions. Then, for each picture the total Tff1 immunofluorescence signal 
(Cy3 label) was analyzed by measuring the integrated pixel intensity within a rectangular standardized 
area of stationary and migratory front cells, respectively, using the GeneTools analysis software (Syngene 
Bioimaging, Synoptics Ltd., Cambridge, UK) which automatically corrected for the background. Always pairs 
of standardized areas (within the stationary region and the migratory front, respectively) parallel to the 
scratch wound were analyzed from the same picture (see Fig. 2A). This value obtained was divided by the 
number of cells (after DAPI staining of cell nuclei) in order to calculate the relative Tff1 immunofluorescence 
per cell.

RNA interference and scratch wound assays
Three different non-overlapping stealth RNAi™ duplexes designed for rat Tff1 (NM_057129.1) were 

purchased from Invitrogen (Life Technologies Corporation, Carlsbad/CA, USA): site 1 (Tff1-siRNA1), site 2 
(Tff1-siRNA2), and site 3 (Tff1-siRNA3). Sequence information for the three stealth RNAi™ duplexes as well 
as the corresponding stealth RNAi™ negative control used in this study is provided in Table 1. Stealth RNAi™ 
compounds are 25-mer dsRNA molecules containing proprietary chemical modifications that enhance 
nuclease stability and reduce off-target effects by limiting sense strand activity [51]. 

One day before transfection, RGM-1 cells were seeded in 100 mm cell culture dishes (Greiner Bio-One 
GmbH, Frickenhausen, Germany) at 2 x 106 cell density in fully supplemented growth medium (plus 10% v/v 
FCS). This medium was replaced by 15 mL Opti-MEM (Life Technologies GmbH, Darmstadt, Germany) 4 h 
before transfection. Cells were then transfected with either 125 nM stealth RNAi™ for Tff1 or stealth RNAi™ 
negative control, respectively, using the cationic lipid-based transfection reagent Lipofectamine 2000 (Life 
Technologies GmbH, Darmstadt, Germany) at 1 μg/mL according to the manufacturer’s instructions. After 8 
hours, 10% FCS was added to the transfection mix. At 24 hours after transfection, the medium was replaced 
with normal growth medium, fully supplemented including 10% (v/v) FCS. Cells were cultured for another 
48-72 h. Once the cells were confluent, the medium was replaced with 15 mL of serum free medium. After 
12 h incubation, the cell monolayers were scratched under sterile conditions with Cell Lifter (19 mm blade, 
Corning® Inc. Costar, USA). 

Routinely, 5 rectangular wound zones (~ 5 x 40-80 mm) were created on each culture dish according 
to the pattern marked on the outer bottom surface of the cell culture dishes. The scratch wounded cells 
were carefully rinsed (3-5 times) with 37°C serum free medium to remove residual cell debris and then 
further incubated in 15 mL of fresh serum free medium for 24 h. The wound areas were photographed 
immediately (0 h) and 24 h after the scratch at the exactly same positions according to the pattern on the 
bottom. The growth area between the two time points (0 h and 24 h) was analyzed using Adobe Photoshop 
7.0 by counting the pixel numbers. 

Table 1. Sequences of the stealth RNAi™ duplexes
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Isolation of stationary and migratory cells, RT-PCR analysis
After being photographed at 24 h, the cells were sorted for RT-PCR analysis by detaching first the 

“stationary cells” as described previously in detail [49]. RNA isolation was performed using 450 µL lysis 
buffer from the ISOLATE I (or II) RNA mini Kit (Bioline GmbH, Germany) according to the manufacturer's 
instructions. 

Then, all remaining stationary cells as well as the migratory cells close to the stationary cells were 
removed using a 4-5 mm fragment of double edge stainless-steel razor blades as previously described 
[49, 52]. The remaining cells were rinsed gently with 37°C serum free medium (~ 5 times), so that only a 
population of pioneer cells were left over (i.e., about 10 rows of cells directly behind the migratory front). 
After a short rinse with PBS (pH 7.4, 20°C), total RNA was also isolated from these “migratory cells”. All 
procedures of cell wounding and cell sorting were controlled using a microscope. 

Total RNA was digested with DNAse (Thermo Fisher Scientific, Fermentas Walldorf, Germany) at 37°C 
for 45 min using 1 unit/0.3 μg RNA. The concentration and purity of the RNA was estimated with a Nanodrop 
ND-1000 spectrophotometer (Thermo Fisher Scientific, Fermentas Walldorf, Germany). 

First strand complementary DNA (cDNA) synthesis was performed with 0.3 μg RNA primed with 
oligo(dT)12-18 using RevertAid H Minus Reverse Transcriptase (Thermo Fisher Scientific, Fermentas Walldorf, 
Germany) according to the manufacturer’s instructions. The relative expression level of selected genes 
was monitored by RT-PCR analysis using the DreamTaq Green DNA Polymerase (Thermo Fisher Scientific, 
Fermentas Walldorf, Germany) [(i) 3 min at 95 °C; (ii) 25 - 38 amplification cycles: 45 s at 57°C /60 °C, 45 s 
at 72 °C, 45 s at 95 °C; (iii) 45 s at 57°C/60 °C, 5 min at 72 °C]. Also a semi-quantitative analysis of the bands 
was performed using the GeneTools analysis software (Syngene Bioimaging). As a control for the integrity of 
the cDNA preparations, β-actin transcripts were amplified in parallel reactions. The cDNA was also checked 
for contaminating chromosomal DNA by amplification of a promoter sequence from the β-actin gene. The 
specific primer pairs used in this study are listed in Table 2. Primers for Acta2, Cxcl12, and Actb promoter 
have previously been described [49]. The PCR products were separated on 1.2% agarose gels and stained 
with ethidium bromide and visualized under ultraviolet light (254 nm). 

Table 2. Oligodeoxynucleotides used for RT-PCR analysis and calculated size of the products. Actb: β-actin; 
Acta2: α-smooth muscle actin; Birc5: survivin; Ccna2: cyclin A2; Gkn2: gastrokine 2; Muc16: mucin 16; Pgc: 
pepsinogen C; Sdf1: stromal cell-derived factor-1/Cxcl12; Vim: vimentin

http://dx.doi.org/10.1159%2F000354501
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Statistical analyses
The statistical analyses using the Student's t-test were performed using the Excel 2003 software 

package (Microsoft, USA). The error bars in the Figures 1, 2, 4 and 5 represent ± SEM. Significant differences 
between the mean values of the different experimental groups are indicated by asterisks (P ≤ 0.05: 
significant, one asterisk; P ≤ 0.01: highly significant, two asterisks; P ≤ 0.001: extremely high significant, 
three asterisks). 

Results

Expression profiling of stationary and migratory RGM-1 cells
Fig. 1 shows a typical expression profile of separated stationary and migratory RGM-

1 cells concerning 11 selected genes as well as β-actin as a control. Many of these genes 
represent terminal differentiation markers of gastric epithelial cells. As a hallmark, the 
expression of Tff1 is much stronger in migratory cells when compared with stationary cells. 
This characteristic pattern is also observed for the expression of α-smooth muscle actin 
(α-SMA/Acta2) and in a diminished form also for cyclin A2 (Ccna2) and survivin (Birc5). 
In contrast, the expression of gastrokine 2 (Gkn2), pepsinogen C (Pgc), stromal cell-derived 
factor-1 (SDF-1/Cxcl12) and Lgr5 is reduced in migratory cells. Both Tff3 and mucin 16 
(Muc16) expression is variable with a tendency to reduction in migratory cells. Vimentin 
(Vim) and β-actin (Actb) expression is comparable in stationary and migratory cells.

Because of the elevated Tff1 transcript levels in the migratory RGM-1 cells (Fig. 1) 
also the Tff1 peptide levels were compared in stationary and migratory cells. Thus, the re-
populated zone of migratory cells and the zone of stationary cells were analyzed by the 
help of immunofluorescence studies 24 h after scratch wounding (Fig. 2). Generally, strongly 

Fig. 1. RT-PCR analysis. α-SMA/Acta2, cyclin A2 (Ccna2), survivin/Birc5, Tff1, gastrokine 2 (Gkn2), Tff3, 
pepsinogen C (Pgc), mucin 16 (Muc16), stromal cell-derived factor-1 (Sdf1/Cxcl12), Lgr 5, and vimentin 
(Vim) expression was monitored in RGM-1 cells 48 h after scratch wounding (3 parallel experiments; on 
the left side). Both the stationary (s) and migratory (m) cells were isolated and analyzed separately. The 
integrity of the cDNAs was tested by monitoring the transcript levels for β-actin. The number of amplification 
cycles is given in parentheses. On the right side, the corresponding semi-quantitative RT-PCR analyses are 
shown where the transcript levels were normalized against β-actin (relative gene expression levels). The 
significance of the differences between stationary and migratory cells is indicated by asterisks.
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Tff1 positive cells were detected mainly in the migratory zones where Tff1 is probably 
localized in secretory granules (Fig. 2C). A semi-quantitative analysis of the relative Tff1 
immunoreactivity per cell revealed that Tff1 staining is mainly localized in migratory RGM-1 
cells and that the difference is extremely high significant when compared with stationary 
cells (Fig. 2B).

Furthermore, the specificity of the antiserum anti-mTff1-1 was tested by Western blot 
analysis. Clearly, this antiserum detected Tff1 from both the mouse and the rat stomach and 
the immunoreactivity could be competitively inhibited by the synthetic peptide used for 
immunization (Fig. 3).

RNA interference targeting Tff1 negatively influences migration of RGM-1 cells
In the past, TFF1 has been reported to act as a motogen in vitro [14, 15, 21]. Because 

Tff1 expression is mainly restricted to migratory RGM-1 cells (Fig. 1) this is also a strong 
indication for Tff1 having a role for cell migration. Thus, it was tempting to test whether the 
inhibition of Tff1 expression with the help of three different RNAi duplexes targeting Tff1 
(Tff1-siRNA1, Tff1-siRNA2, Tff1-siRNA3) would affect migration of RGM-1 cells.

RGM-1 cells were transfected with the siRNA duplexes or the negative control siRNA, 
respectively, and were analyzed after in vitro scratch wounding by counting the repopulated 

Fig. 2. Localization of Tff1 in stationary and migratory RGM-1 cells. Scratch-wounded RGM-1 cells were 
allowed to migrate for 24 h. Immunofluorescence with anti-mTff1-1 antiserum and Cy3-labeled secondary 
antibody; nuclei were counterstained with DAPI. (A) Both the stationary (s) and the migratory zones (m) 
were imaged and the total Tff1 immunofluorescence was measured within a pair of rectangular standardized 
areas (s and m, respectively). The cell number within these areas was counted after DAPI staining. The 
scratch wound is indicated by a white dotted line. (B) The relative Tff1 immunofluorescence per cell as 
calculated in stationary (s) and migratory cells (m). For each group (s, m), 16 pictures from 5 different cover 
slips were analyzed. The difference between stationary and migratory cells is extremely high significant (P 
= 5.22 x 10-13). (C) Typical Tff1 immunofluorescence in migratory cells (Cy3 label, red). Nuclei appear in blue 
(DAPI). Scale bars in A and C: 20 μm.
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area after 24 h. Tff1-siRNA2 was somewhat more active than the other siRNAs. Tff1-siRNA2-
treated cells showed diminished migratory activity resulting in a smaller repopulated area 
and this effect was extremely high significant when compared with the negative control 
(Fig. 4).

Furthermore, the cells transfected with Tff1-siRNA2 were also analyzed by expression 
profiling of stationary and migratory cells (Fig. 5). Here, Tff1 expression was suppressed 
when compared with RGM-1 cells transfected with the negative control siRNA. Of note, the 
expression level of gastrokine 2 was elevated in cells transfected with Tff1-siRNA2; whereas 
α-SMA expression was reduced in these cells and β-actin expression remained constant. 

Discussion

Expression profiling of stationary and migratory RGM-1 cells: increased Tff1 synthesis in 
migratory cells
Many of the genes selected for the expression profile (Fig. 1) encode gastric 

differentiation markers (for reviews, see refs. [37, 38]). Of note, many other known gastric 
differentiation markers were not detectable (data not shown). Tff2 expression was either 
very weak or not detectable (data not shown). The expression levels of gastrokine-2 (typical 
mainly of SMCs), and pepsinogen C (typical of mucous neck and antral gland cells) are down-
regulated in migratory RGM-1 cells (Fig. 1). This is in line with the expectations for genes, 
which are characteristic for terminal differentiation [49].

Fig. 4. RNA interference and analysis of cell migration rates. RGM-1 cells treated either with 125 nM stealth 
RNAiTM negative control or 125 nM Tff1-siRNA2 were scratched and allowed to migrate in serum-free medi-
um for 24 h. The wound areas of both the negative control group and the Tff1-siRNA2 group were photogra-
phed 0 h and 24 h after the scratch at the exactly same positions. Left side: in a typical experiment, the area 
of the re-populated zone covered with cells is schematically marked in black (24 h); whereas the stationary 
cells zone is hatched (0 h); the non-populated area is shown in white. On the right side, the re-populated 
areas as calculated by their pixel numbers are shown (for each group 46 photographs from 3 different expe-
riments were analyzed). The difference between the stealth RNAiTM negative control and Tff1-siRNA2 shows 
extremely high significance (P = 3.62 x 10-6).

Fig. 3. SDS-PAGE under reducing condi-
tions and subsequent Western blot analysis. 
(A) Extracts of the gastric corpus (C) and 
antrum (A) from the rat and the mouse, re-
spectively, were analyzed using the affinity-
purified anti-mTff1-1 antiserum. (B) Analy-
sis after competition with the synthetic pep-
tide FHPMAIENTQEEECPF. The molecular 
weight standard is shown on the left.
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Also down-regulated in migratory RGM-1 cells are the transcript levels of Cxcl12/Sdf1 
and Lgr5. SDF-1 is an α-chemokine, which together with its receptor CXCR4 is also typically 
expressed in various mucous epithelia [53]. This pair contributes to mucosal wound healing 
by enhancing restitution [54]. Of note, the down-regulation of Sdf1 in migratory RGM-1 cell 
is comparable with the situation in the non-transformed intestinal cell line IEC-18 [49].

Lgr5 is a stem cell marker typical also of a population of gastric stem cells located 
mainly at the base of antral glands [55]. The expression of Lgr5 is an indication for the 
undifferentiated character of the non-transformed RGM-1 cell line. The down-regulation 
of Lgr5 in migratory cells is reminiscent to the down-regulation of a stem cell marker in 
migratory IEC-18 cells [49] and it speaks against the acquisition of stem cell characteristics 
in these migratory cells. As a consequence, this also suggests that migratory RGM-1 cells do 
not undergo the epithelial-mesenchymal transition (EMT) because EMT has been reported 
to generate cells with stem cell properties [56]. The view that migratory RGM-1 cells do not 
undergo EMT is also supported by the vimentin expression profile, which does not differ 
between stationary and migratory cells (Fig. 1). Increased vimentin expression has been 
described as a marker for EMT [57]. Also the increased cyclin A2 expression in migratory 
cells is an indication against EMT [58]. The only hint for maybe a partial EMT might the 
down-regulation of Muc16 in migratory cells [59]. Generally, the lack of detectable EMT in 
migratory RGM-1 cells is comparable with the situation in another non-transformed cell 
line, i.e. IEC-18 [49].

Genes up-regulated in migratory RGM-1 cells are α-SMA, cyclin A2, survivin, and Tff1 
(Fig. 1). α-SMA expression is typical of migratory cells and is associated with the generation 
of increased contractile forces and stress fiber formation [49, 60]. Cyclin A2 plays a key role 
in cell cycle regulation by controlling both the S phase and the G2/M transition in association 
with Cdk2 and Cdk1, respectively; furthermore, it also negatively controls cell motility by 
promoting RhoA activation [61]. Thus, up-regulation of cyclin A2 expression in migratory 
RGM-1 cells is not expected to enhance cell motility, but is rather due to progression of 
migratory cells through the cell cycle, whereas cyclin A2 is rather down-regulated in 
confluent stationary cells [62, 63].

Fig. 5. RT-PCR analysis. RGM-1 cells were pre-treated with the stealth RNAiTM negative control or Tff1-siR-
NA2. Then, Tff1, gastrokine 2, and α-SMA expression was monitored 24 h after scratch wounding (3 parallel 
experiments). Both the stationary (s) and migratory (m) cells were isolated and analyzed separately. The 
integrity of the cDNAs was tested by monitoring the transcript levels s for β-actin. The number of amplifica-
tion cycles is given in parentheses. Also shown are semi-quantitative RT-PCR analyses where the transcript 
levels were normalized against β-actin (relative gene expression levels). The significance of the differences 
is indicated by asterisks.
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Survivin is expressed predominantly in SMCs [64]. Interestingly, also gastric exfoliated 
epithelial cells of preterm infants, which are probably SMCs, do express high amount of 
survivin [65]. In the past, surviving protein was also localized to the nuclei of cultured RGM-
1 cells [66]. Survivin inhibits apoptosis, regulates cell division, and a role in cell motility has 
also been described [67]. Survivin is expressed only during mitosis [68]. Thus, up-regulated 
expression of survivin in migratory cells is perfectly in line with its inhibitor function of 
apoptosis and regulation of the cell cycle, since cell migration is coupled to a suppression of 
apoptosis [69].

Tff1 transcripts are typical of terminally differentiated gastric surface mucous cells and 
maybe also their precursors [70]. Thus, the up-regulated expression of Tff1 in migratory 
RGM-1 cells (Fig. 1) is unusual because migratory cells normally lose markers of terminal 
differentiation [49]. However, this result has been clearly confirmed also on protein level 
(Fig. 2B). The antiserum anti-mTff1-1 used here recognized also Tff1 from rat stomach on a 
Western blot analysis and the specificity was demonstrated by competitive inhibition with 
the synthetic peptide used as antigen (Fig. 3). Also the specificity of the Tff1 immunostaining 
of RGM-1 cells was positively checked by competitive inhibition (data not shown).

Furthermore, it is somewhat astonishing that the expression levels of Tff1 and 
gastrokine-2 in stationary versus migratory RGM-1 cells are not parallel but rather contrary 
(Fig. 1). One would have expected co-expression because human TFF1 has been reported 
to be able to form disulfide-linked heterodimers with gastrokine-2 [7, 8]. Such a Tff1-Gkn2 
heterodimer is also detectable in the rat stomach (data not shown). One explanation for the 
discrepancy would be that in RGM-1 cells Tff1 exists also in other, different molecular forms 
(e. g., monomers, homodimers). This assumption is supported by analysis of human TFF1, 
which gave clear indications for the existence of additional forms [8, 9, 10].

The reciprocal regulation of Tff1 and Tff3 expression in stationary and migratory RGM-
1 cells, respectively, might be due to the fact that Tff1 and Tff3 are not co-expressed in the 
gastric mucosa in vivo. In human, TFF1 expression is detectable in terminally differentiated 
SMCs of both the corpus and the antrum; whereas TFF3 is preferentially expressed in deeper 
lying SMCs of the gastric antrum (i.e. the proliferative zone) and is hardly detectable in the 
corpus [70-72]. This special origin might also explain the variable expression of Tff3 in the 
RGM-1 cell line. Furthermore, TFF1 and TFF3 have probably different molecular functions. 
Gastric TFF3 forms TFF3-FCGBP heteromers, which are structural mucus components [70, 
73]; whereas TFF1 is mainly not associated with gastric mucus [8].

Taken together, the up-regulated expression of Tff1 in migratory RGM-1 cells might be 
an indication that secretory Tff1 directly supports cell migration by an autocrine/paracrine 
mechanism. This assumption is in line with the observation that migratory IEC-18 cells 
up-regulate the expression of genes which support cell migration in many ways, such as 
plasminogen activator inhibitor-1, transforming growth factor α, heparin-binding EGF-like 
growth factor, ornithine decarboxylase, and α-SMA [49].

Tff1 plays a role for restitution in vitro
In order to test this concept functionally, RGM-1 cells were transfected with three 

different siRNA duplexes targeting Tff1 and scratch wounding assays were performed. All 
three siRNA duplexes reduced in vitro restitution with Tff1-siRNA2 being somewhat more 
active (extremely high significance, Fig. 4). This effect increased with the concentration of 
the siRNA duplexes (data not shown). Tff1 expression was dramatically reduced in these 
cells as expected (Fig. 5). Interestingly, also α-SMA expression was significantly down-
regulated in Tff1-siRNA2 transfected cells indicating that the differentiation of RGM-1 cells 
into a migratory phenotype was negatively affected by Tff1-siRNA2 (Fig. 5).

Lowering endogenous Tff1 in RGM-1 cells strongly decreased their migration. This 
result is in agreement with that of TFF1 knockdown experiments using shRNA analyzing 
the migration of MCF7 and ZR75.1 cells in Transwell chambers [21]. Taken together, Tff1 
is a motogenic factor, which probably has a function in vivo during restitution of the gastric 
mucosa by SMCs and also during self-renewal. Particularly, a possible up-regulation of TFF1 
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synthesis in migratory SMCs also in vivo would be an ideal mechanism to specifically enhance 
restitution only where topologically needed and to minimize eventual negative side effects of 
TFF1 such as cell scattering and invasiveness.
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