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Abstract
Trefoil peptides are small secretory proteins characterized by three intrachain disulfide bonds 
forming the trefoil motif or P-domain. They are abundantly expressed on mucosal surfaces, 
especially of the gastrointestinal tract. In pathological conditions such as ulcers, metaplasia 
and neoplasia, their expression is upregulated. Three human trefoil peptides have been 
described: the estrogen-inducible pS2 protein, the spasmolytic protein and the intestinal tre
foil factor. Recently, their role in the maintenance of surface integrity and ulcer healing was 
discussed. We already mapped the corresponding three genes (BCEI, SML1, TFF3) to the 
same genomic region (2 lq22.3). In this paper, we show that the three genes are clustered in a 
tandemly orientated fashion within 50 kb on a bacterial artificial chromosome (BAC) recom
binant. This cluster is located adjacent to D21S19 and the locus order is cen-D21S212-TFF3- 
SML1-BCEI-D21S19-tel, whereas transcription of all three genes is directed towards the cen
tromere. The gene structure of SML1 exhibits four exons, two of which encode the two sepa
rate trefoil motifs. TFF3 and BCEI, both containing one trefoil motif, are composed of three 
exons each, suggesting gene duplication and exon-shuffling events during evolution. The 5'- 
flanking region of SML1 was compared to the corresponding region of other trefoil genes. 
Two motifs with identical sequence and positions are shared between SML1 and BCEI, thus 
presenting possible targets for stomach-specific gene regulation. Two other motifs are shared 
within all known human and rat trefoil genes, suggesting a coordinated regulation and/or a 
common locus-controlling region. Using RT-PCR, a change in the pattern of trefoil gene 
expression is detected in tissue samples from normal gastric mucosa, hyperplastic polyps, 
gastric cancer, and gastric cancer cell lines, respectively.
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Introduction precise physiological role is not understood, recent in 
vitro models propose that the peptides are involved in the 
maintenance of mucosal integrity and may accelerate 
ulcer healing, presumably by enhancing cell migration 
after wounding [4, 5]. Transgenic mice that overexpress a 
human trefoil peptide exhibit increased resistance to 
intestinal damage [6].

The human pS2 gene, found under estrogen transcrip
tional control in a subclass of breast cancer cells, was 
reported to be expressed in normal stomach surface epi
thelial cells, whereas additional gastrointestinal tissues, 
such as pancreas and colon, do not produce pS2 at all [7], 
Estrogen-independent expression in various tumors of the 
human gastrointestinal tract, like carcinoma of the stom-

In the last few years a new cysteine-rich structural 
motif of approximately 50 amino acid residues, known as 
either the trefoil motif or the P-domain, has been de
scribed [1, 2]. The conserved six cysteine residues form 
three intramolecular disulfide bridges resulting in three 
loops which are responsible for the trefoil-like shape and 
its resistance against proteolytic degradation. P-domains 
were discovered in mucins of Xenopus skin as well as in 
porcine, rodent and human gastrointestinal peptides [for 
a review, see ref. 3], P-domain-containing peptides dis
play very distinctive expression patterns in normal as well 
as in pathological gastrointestinal tissues. Although their
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PCR Analysis
Oligonucleotides were designed from cDNA or genomic se

quences of all three trefoil genes [2,15, 19]. Products listed in table 1 
were amplified from 10 ng BAC DNA using Gold Star polymerase 
(Eurogentech, Belgium) or the Expand Long Template PCR System 
(Boehringer Mannheim Biochemicals) according to standard condi
tions recommended by the manufacturers.

ach, pancreas, colon and biliary tract, was noted [8-11]. 
The mechanism of pS2 gene activation and its biological 
role in carcinogenesis remains to be elucidated.

A remarkable sequence homology exists between pS2, 
a porcine pancreatic spasmolytic protein (PSP), and its 
subsequently isolated human counterpart, hSP [2], Like 
the pS2 gene, the hSP gene (also termed human spasmoly- 
sin; SML1) is expressed in stomach mucosa, but not in 
any other tissue of the normal gastrointestinal tract. In 
stomach, pancreas and biliary tract carcinomas, however, 
the presence of the regular pS2 mRNA is strongly corre
lated with hSP/SMLl expression [8-10] as well as in 
ulceration-associated cell lineage in Crohn’s disease [12], 
Interestingly, both genes were localized in the same chro
mosomal region 21 q22.3 [13].

Moreover, the human cDNA sequence [14], and ge
nomic sequences of human and rat [ 15,16] were presented 
for the third P-domain peptide, the intestinal trefoil factor 
(hITF). In contrast to stomach specific expression of pS2 
and hSP, hITF is found in the human intestine. Most 
recently, we also mapped the genomic locus for hITF to 
21q22.3 [17] and found that all three trefoil peptide genes 
are clustered within a region of less than 100 kb [18],

With the coordinated cell- and tissue-specific gene 
expression in mind, we show here the head-to-tail organi
zation of the gene cluster of the three trefoil proteins, com
pare their 5'-flanking regions and present evidence for a 
cell-specific and coordinated transcriptional regulation. 
The structural organization of the genes provides a frame
work to study gene regulation as a response to gastrointes
tinal pathological conditions such as defense against 
pathogens, ulcer healing and carcinogenesis.

Sequence Analysis
Cycle sequencing with ThermoSequenase (Amersham Life 

Science) using either 32P-primer labeling or 35S-dATP internal label
ing was performed according to the manufacturer’s protocol. Se
quence data were processed by BLASTN, FACTOR, and SIMILARI
TY algorithms of the GCG Wisconsin package.

Gene Expression Study by RT-PCR
For RT-PCR studies we used paraffm-embeded material from 

two samples of normal mucosa of the stomach, and four gastric 
hyperplastic polyps. Frozen material of two cases of gastric carcino
ma and material from cell lines GP220 and GP202 were also used 
[20]. RNA was extracted according to the method described by 
Chomczynski and Sacchi [21]. First-strand synthesis was made by 
random 6-mer primer using M-MLV-reverse transcriptase at 42 ° C 
for 15 min in the presence of 7 mM MgCL. For PCR we used Taq 
polymerase in the presence of 2 mM MgCL. Specific primers for hSP 
(5'-GGATCAGTGCTGCATGGAG and 5'-GTTGGAGAAGCAG- 
CACTTCC), pS2 (PS1 and PS2, table 1) and hITF (HITFF and 
HITFR, table 1) were chosen. Cycle conditions were 95 °C, 4 min; 
95°C, 1 min (30 cycles); 64°C or 55°C (for hSP) 1 min; 72°C, 
1 min. PCR controls without the addition of reverse transcriptase 
were routinely performed to exclude genomic DNA contamination.

Results

Orientation of the Contig
We have previously reported the isolation of clones 

coding for the three trefoil peptides from a human 
genomic BAC library [18]. These contiguous genomic 
fragments were ordered by Hindlll restriction finger 
printing, determining overlapping segments after hybridi
zation of BAC 921F4 and BAC 801B4 (fig. 1). The size of 
each BAC determined by comparison of fragments pro
duced by rare cutters {Noti, Sail, Mini, Nrul, AgrAI) after 
PFGE is concordant with data obtained by summarising 
//indili fragments. Thus, the contig spans a region of 350 
kb. In addition, all seven BACs were probed independent
ly by PCR and hybridization with the well-mapped mark
ers D21S19 and D21S212. Only BACs 843E9 and 43A9 
were positive for D21S19 (fig. 2). The known relative map 
position of BCEI and D21S19 allowed the chromosomal 
orientation of the whole cluster. BCEI was placed 40- 
65 kb proximal to D21S19. D21S212 was not localized 
within the 350-kb BAC contig.

Materials and Methods

Restriction Analysis, Southern Blotting and Hybridization of
BAC DNA
BAC DNA was prepared by standard alkaline lysis and purified 

by phenol/chloroform and ethanol precipitation, //indili restriction 
digests were separated on 0.7% agarose-TAE gels. Digests by rare 
cutting enzymes were separated by PFGE on 1 % agarose gels in 0.25 
X TBE using an LKB 2015 electrophoresis unit, as described [18]. 
DNA was transferred in alkaline buffer for 2 h to Nytran membrane 
(Schleicher & Schiill) by downward blotting. DNA probes were 
labeled with 32P-dATP by random priming (Boehringer Mannheim 
Biochemicals). A 1-kb fragment of the 5'-flanking region of BCEI 
(-90 to -1100) was isolated from the plasmid pS2-cat. A 300-bp 
cDNA fragment of SML1 was isolated from pGEM-hsp200 [2]. Both 
plasmids were kindly provided by Dr. M.-C. Rio, Strasbourg. All oth
er probes for hybridization were generated by PCR with the oligonu
cleotides listed in table 1. Probes were hybridized at 650 C overnight 
in 7% SDS, 0.5 M sodium phosphate buffer.
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Table 1. Oligonucleotides used forPCR

Localisation1Name Sequence PCR Annealing 
product, bp temp.

PS 1 BCEI exon 1, f 
BCEI exon 2, r 
BCEI exon 3, f 
SML1 exon 1, r 
BCEI exon 3, f 
SML1 exon 1, r 
SML1 prom, f 
SML1 exon 1, r 
SML1 prom, f 
SML1 exon 1, r 
SML1 exon 1, f 
SML1 exon 2, r 
SML1 exon 2, f 
SML1 exon 3, r 
SML1 exon 1, f 
SML1 exon 3, r 
SML1 exon 1, f 
SML1 exon 3, r 
SML1 exon 3, f 
SML1 exon 4, r 
TFF3 prom, f 
TFF3 exon 1, r 
TFF3 exon 1, f 
TFF3 exon 2, r 
TFF3 exon 2, f 
TFF3 exon 2, r 
TFF3 exon 2, f 
BAC vector 
TFF3 exon 2, f 
BAC vector

TTT GGAGCAGAGAGGAGGCAATG
ACCACAATTCTGTCTTTCACGGGG
GGCTT CCT GAGCT GGG AT AC AAG
GGAGCT GGGCGT CT CGCCGT
CTCGC AG AGGTT CT GC ATCTT CTG
CCAGGACGAGGAGCGCTGCC A
CAGACTGGCAACCCCCTGTC
GGAGCT GGGCGT CT CGCCGT
GTCACAGGCTACTCCGCTGACC
GGAGCT GGGCGT CT CGCCGT
GC AG AC AT GGGACGGCG AG A
AC ACT GGTC ACT GGT GATTCC
C ACC AGT GACC AGT GTTTT GAC
GTT GG AGAAGC AGC ACTT CCG
GCAGACATGGGACGGCGAGA
GTT GG AGAAGC AGC ACTT CCG
GCAGACATGGGACGGCGAGA
CTT AAAGAAATT AT AT GTT AAACCATT G
TCTCGGAAGTGCTGCTTCTCC
T AAGGCGAAGTTT CTTTCTT GG
ACTT AGG AGGCT G AGGT GGG AG
TGACCACCGTGGGCTCCGGGA
CTCCAGGGATCCTGGAGTC
CAGTCCTGAGCTGCGTCCC
GT GG ACT GCGGCT ACCCCC AT
CCAAGGCACTCCTAGGGATCCT
CATGCTCCACCCGAGGACAGTTC
ATTT AGGT GAC ACT AT AG
CAT AT CT GGAGCCT GAT GTCTT AAC
ATTT AGGT GAC ACT AT AG

3,200 55
PS 2
R2 12,000 65
T1
R22 12,000 65
Til
SLPR2 900 60
T1
SLPR 600 60
T1
SLA 1,000 60
SLAR
SMLF 2,600 60
SLM
SLA 3,300 60
SLM
SLA 4,500 55
SLE
SML1 1,000 55
SL2
HITFA 950 58
HI
XSP66
XSP67
HITFF
HITFR

1,700 60

90 65

H2 1,700 47
SP6L
H22 1,700 47
SP6L

l ‘f and ‘r’ refer to the ‘forward’ and ‘reverse’ orientation with respect to the transcriptional direction.

Distances and Orientation of Genes 
The three trefoil genes BCEI, SML1 and TFF3, encod

ing pS2, hSP, and hITF, respectively, were mapped in 
detail by PCR with appropriate primers (table 1 ) using the 
six BACs shown in figure 2. The genes’ positioning was 
verified by hybridizing gene probes to restriction frag
ments generated by rare cutting enzymes (fig. 2). Whereas 
BAC 1125H6 was positive for TFF3, exclusively, BACs 
548B9 and 90E5 in addition contained SML1. BACs 
921F4, 843E9 and 43A9 yielded signals with all three 
gene probes (fig. 2).

Using outward-directed primers derived from the 
known cDNA sequences, long range PCR was performed 
to determine the intergenic distances of the three genes. A 
12-kb product was specifically generated using primers

T1 and R2 derived from the 3'-end of BCEI and the 5'- 
end of SML1. The product was verified by a second PCR 
with nested primers Tl 1 and R22. Thus the orientation of 
both genes is organized in tandem (head to tail) and tran
scription is directed towards the centromere. The orienta
tion and location of BCEI were further verified using 
Southern hybridization. A single Nrul site, localized in 
intron I, created restriction fragments of 45 and 55 kb, 
which hybridized specifically with a probe harboring the 
promoter (-1100 to -90) and a probe harboring exon II, 
respectively. Attempts to generate a PCR fragment be
tween SML1 and TFF3 failed, presumably because of the 
large distance (30-35 kb). To determine the localization 
and orientation of TFF3, BAC 921F4 was probed by PCR 
with vector primers and primers corresponding to the 3'-
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Fig. 1. Fingerprint analysis of a contig of 
7 BACs. 1 pg of BAC DNA was digested 
with Hindlll, Southern blotted to duplicate 
filters and hybridized with labeled BAC 
801B9 (left) and BAC 921F2 (right).

TEL CENBCEI SML1 TTOD21S19

SdrAl
Nrul : sail NnjlI li I ii

Natl 50 kb
Sail 43A9

843E9
921F2

J—L

90E5I I

548B9 
1125H6

801B4

Fig. 2. Genomic organization of the gene 
cluster of trefoil peptides within a BAC con- 
tig located on 21q22.3 (upper part), and 
restriction enzyme mapping, gene order, 
orientation, and exon-intron structure of tre
foil peptides on BAC 921F2 (lower part). 
Small upper bars indicate Hindlll sites as 
determined by Southern hybridization with 
various probes, lower bars and hatched 
boxes indicate gene exons.

MkjlSail Natl Mkjl Mul SgrAl Mlul SdìNrul

J11

BCEI SML110 kb ITO
hrrtron 1 
900 bp

Intron 3 
860 bp2300 bp

and TFF3 was estimated to be 32 kb, as calculated from 
the sizes of the intergenic ///«dill fragments (fig. 1).

as well as the 5'-end of hITF cDNA. A 1.7-kb PCR prod
uct, specifically amplified with the vector primer (SP6L) 
and the 3'-end-specific primers (H2 and H22, table 1), 
verified that TFF3 is orientated in the same direction as 
SML1 and BCEI (head to tail), and is localized 30-35 kb 
downstream from SML1, as judged by PFGE using rare 
cutters (data not shown). To confirm these results, the 20- 
kb Sail restriction fragment of BAC 921F4 was isolated, 
further digested with BamHl, EcoRl, and ///«dill, and 
hybridized with cDNA probes of hSP and hITF, respec
tively (not shown). The intergenic region between SML1

Exon-intron Mapping of SML1 and Translational 
Initiation
The genomic organization of SML1 was of special 

interest, since this gene codes for a protein with two P- 
domains, in contrast to the genes BCEI and TFF3 that 
code for only one P-domain. Using the cDNA-derived 
primer pairs (SLA-SLAR, SLMF-SLM, and SML1-SL2), 
we amplified introns of 900, 2,300 and 850 bp, respec-
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SMLl
SMLl
SMLl

CAGACTGG -880
CAACCCCCTGTCATTTCCCTGGCGTGGGGAACTTCGGGTCCCCTCTGTCCTTCCCACCAC -8 2 0 
ACTTTTCCCTCTTTCTTTCCGGGTGTCTACTCTCTGGCTTCTGTCTTCTCTGTCAGGTCC -7 6 0

SMLl
BCEI

ACAGAATCCTTCTCCAGCACATCCTACCCCAGGAAGGCCATGGGCTGGGTCCCAGGTGCC -7 0 0 
AAGTGATTCTCCTGACTTAACCTCCAGAGTAGCTAGGATTAC -7 01

SMLl
BCEI

ATCTTTCAGAAGATGTAGAGCATTCCCATGGAACAAAAATAACCCATTTCAGGGGTTGGC - 6 4 0 
AGGCACCCGCACCATGCCTGGCTAATTTTTGTATTTTTTTTTTTTGTAGAGACGGGGTTT -641 

motif I
TGAAAATGAACTTATTAAAACCTGCCTGTCACAGGCTACTCCGCTGACCCTGTCAGCCTC - 5 8 0 
CGGCCATGTTGGCCAGGCTAGTCTCAAACTCCTGACTTTAAGTGATCCGCCTGCTTTGGC - S 81 
ATTTCATCCACTTATTAAAATGTAGTTACTAATTTTTAGGGGAGAAAGCAAAAAGGAAAG - 5 3 4 
TTAAATATGTTTTATTAAAATACATTTCAGCCATTAAAGTGTAGCTAACGATAAAAAATG - 415

SMLl
BCEI
TFF3
rITF

SMLl
BCEI

ATCTCCATGGAGAGCAGCCCCTCCTGCTGAAGATGGGACAAAGGGCATCGTGCTGCGGTT - 5 2 0 
CTCCAAAGTGTTGGGATTACAGCGTGAGCCACTGCGCCAGGCCTACAATTTCATTATTAA - 5 21

motif II
GGGGAGGCTCTAACCACAGCCCTGGGAGCAGTCTCTTACCTCCTCTGAGATGCTTCCCTT - 4 6 0 
AACCAATTCCACTGTAAAAGAATTAGCTTAGGCCTAGACGGAATGGGCTTCATGAGCTCC -4 61

SMLl
BCEI

ERE
SMLl
BCEI

CCTCAGGGAGGGGACTTTTCCATGCTATCTGCTGGCCTGTACATTTTCCCCAGTAAACTT -4 0 0 
TTCCCTTCeCCCTGCAAGGS’CACGGTGGCCACCCCGTGAGCCACTGTTGTCAGGCCAAGC -4 01

SMLl
BCEI

GGCCCTAATATTTTCTAAATTCCTGTGGTCCCTGCCCACTCTATCAATAGAAATGCATAG -340 
CTTTTTCCGGCCATCTCTCACTATGAATCACTTCTGCAGTGAGTACAGTATTTACCCTGG -341

me
CTTATCCCTTCCTGGGTGTGACCCTGTGTGTGCCCAGCCCCAGACCTGCACGTGGCCGGT -280 
CGGGAGGGCCTCTCAGATATGAGTAGGACCTGGATTAAGGTCAGGTTGGAGGAGACTCCC -281

PEA3
TTTCCACGCTGGCAGCCTGGCATGACCCAACTCTCTGTCCAGGGCAGGAAGAGGTATCAC -220 
ATGGGAAAGAGGGACTTTCTGAATCTCAGATCCCTCAGCCAAGATGACCTCACCACATGT -221

PEA3
CGAGCAGGGAGAGAGTCACCCTGGCCCGGAAGCCTCGCCTGCACAGGGCACAGCTGCCTC -160 
CGTCTCTGTCTATCAGCAAATCCTTCCATGTAGCTTGACCATGTCTAGGAAACACCTTTG -161

motif III
TTGCCTCCTCTTCGCCTCCACGGTGGAAGGGCTGGGGCCACGGGGCAGAGAAGAAAGGTT -100 
ATAAAAATCAGTGGAGATTATTGTCTCAGAGGATCCCCGGGCCTCCTTAGGCAAATGTTA -101 
AAAGGCATGCAGGAGAGAACAGGAGCAGCCACAGCCAGGAGGGAGAGCCTTCCCCAAGCA - 95 

motif IV
ATCTCTGCTTGTTGGACAAACAGAGGGGAGATTATAAAACATACCCGGCAGTGGACACCA - 4 0 
TCTAACGCTCTTTAAGCAAACAGAGCCTGCCCTATAAAATCCGGGGCTCGGGCGGCCTCT - 41 
AACAATCCAGAGCAGCTGTGCAAACAACGGTGCATAAATGAGGCCTCCTGGACCTGAAGC -3 5 
CAGAGTCCGCAGAACCCAGCCAAACACATGGCTATAAAAGGGCTTTCCTTGCGACCCCAC -3 3

+ 1M G R R D A
TGCATTCTGC-AAGCCACCCTGGGGTGCAGCTGAGCTAGACATGGGACGGCGAGACGCCC +19 
CATCCCTGACTCGGGGTCGCCTTTGGAGCAGAGAGGAGGCAATGGCCACCATGGAGAACA +19
------------GAGTCCTGAGCTGCGTCCCGGAGCCCACGGTGGTCATGGCTGCCAGAGCGCTCT +19
---------------- GCATCCTCGGGATACCGAAGTTTGCCTGCTGCCATGGAGACCAGAGCCTTCT +19
PLLAVLLVLGLHALVEG E K P 
QLLAALLVLGLCALAGSEKP 
AGCTCCTGGCAGCGCTCCTCGTCCTGGGGCTATGTGCCCTGGCGGGGAGTGAGAAACCCT +79

SPCQCSRLSP 
gt aagtgaagga-9 0 Obp-tctttccacagCCCCCTGCCAGTGCTCCAGGCTGAGCCCCC +12 9 
HNRTNCGFPGITSDQCFDNG 
ATAACAGGACGAACTGCGGCTTCCCTGGAATCACCAGTGACCAGTGTTTTGACAATGGAT +189 
CCFDSSVTGVPWCFHPLPKQ 
GCTGTTTCGACTCCAGTGTCACTGGGGTCCCCTGGTGTTTCCACCCCCTCCCAAAGCAAG +249 

intron II
gtaatcttccag-2400bp-tcccatggcagAGTCGGATCAGTGCGTCATGGAGGTCTCA +29 8 
DRRNCGYPGISPEECASRKC 

GACCGAAGAAACTGTGGCTACCCGGGCATCAGCCCCGAGGAATGCGCCTCTCGGAAGTGC +359 
CFSNFIFEVPWCFFPKSVE 

TGCTTCTCCAACTTCATCTTTGAAGTGCCCTGGTGCTTCTTCCCGAAGTCTGTGGAAGgt +419
D C H Y

aacgtcgctg-850bp-taaacttct agACTGCCATTACTAAGAGAGGCTGGTTCCAGAG +469 
GATGCATCTGGCTCACCGGGTGTTCCGAAACCAAAGAAGAAACTTCGCCTTATCAGCTTC +529 
ATATTTCATGAAATCCTGGGTTTTCTTAACCATCTTTTCCTCATTTTCAATGGTTTAACA +589

SMLl
BCEI

SMLl
BCEI

SMLl
BCEI

SMLl
BCEI
TFF3

SMLl
BCEI
TFF3
RITF

SMLl
BCEI
TFF3
RITF

mSP
SMLl

intron I
SMLl

SMLl

SMLl
ESDQCVMEVS

SMLl

SMLl

SMLl
intron III * * *

SMLl
SMLl
SMLl

3
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tively (fig. 2, 3). The exon-intron junctions were deter
mined by sequence analysis of the corresponding PCR 
products (EMBL accession No. X97790, X97791, 
X97792, X97793) revealing that the two trefoil motifs of 
SML1 are encoded by exons 2 and 3 (fig. 3). Thus, each 
P-domain is encoded by a single exon. An additional cyto- 
sin base at position 56 was found in contrast to the pre
viously published sequence of hSP [2], As a consequence, 
the corrected human sequence exhibits high amino acid 
homology to the mouse signal peptide (22 identical resi
dues out of 30, see fig. 3). Thus, both signal peptides com
prise basic amino acid residues followed by a cluster of 
hydrophobic residues.

Moreover, the translational initiation sequences of all 
trefoil peptides are homologous. In positions -2 and +4, 
a common G is obvious, although the sites exhibit 
marked differences to the Kozak consensus sequence site 
(ACCATGG; fig. 3). Nevertheless, this consensus site is 
present three codons downstream of the presumed trans
lational initiation site of BCEI and therefore might con
tribute to an enhanced translation of the pS2 protein.

Fig. 4. Example of trefoil gene expression by RT-PCR analyzed 
on a 5% PAA-TBE stained with ethidium bromide using primers spe
cific for TFF3 (hITF; lanes 2-5), SML1 (hSP; lanes 6-9), and BCEI 
(pS2; lanes 10-13), respectively. RNA samples were from normal 
gastric mucosa (lanes 2, 6, 10), hyperplastic polyp (lanes 3, 7, 11), 
gastric tumour (lanes 4, 8, 12) and cell line GP220 (lanes 5, 9, 13). 
Lane 1 = molecular DNA marker (GibcoBRL No. 15615-024).

homologous motifs shared by the promoters of the trefoil 
genes revealed some interesting features which underline 
the concept of coordinated gene expression. Although 
there is no overall homology among the promoters, some 
common signals with almost identical spacing with re
spect to the TATAA box were found (fig. 3). Motifs II and 
III are shared only by SML1 and BCEI. Motif II, a pyri- 
midin-rich region TGAGA/CTG/CCTTCCCTTCC) is 
located adjacent to the estrogen-responsive element 
(ERE) of the pS2 gene. Remarkably, SML1 exhibited no 
ERE. Another consensus sequence, AAAG/TGTTATCT 
is located at almost identical positions (-106, -107) just 
upstream to the TATAA box. A consensus sequence 
(CAAACA, motif IV) located 12-16 bases upstream of the 
TATAA box is found in all human trefoil genes as well as 
the rat ITF gene. This motif is extended to CAACAGAG 
in SLM1 and BCEI. Finally, a consensus sequence (motif 
I; TTATTAAAA; fig. 3) located at position No. -628 is 
found in all trefoil gene promoters at similar positions. 
This consensus sequence partially overlaps with a 14-bp 
homeodomain-like sequence found also at a comparable 
position in the 5'-flanking region of the rat intestinal fatty 
acid binding protein [22] with partial homology to the 
Pit-1 homeodomain [23].

Promoter Sequence of SML1 and Comparison of Gene
Regulatory Sequences
Since the 5'-flanking regions of BCEI and TFF3 were 

already published, only the corresponding region of 
SML1 was analyzed. Using primers T1 and Til, the 
nucleotide sequence of this region was determined up to 
position - 887 by sequencing of BAC 921F2 DNA using a 
primer walking strategy (EMBL accession No. X97790). 
At this position, the downstream primer designated 
SPLR2 (table 1) was designed to amplify the promoter 
region. The nucleotide sequence was confirmed by se
quencing the PCR product. A TATAA box is present 67 
bases upstream of the ATG codon, a feature shared with 
the BCEI but not with the TFF3 promoter. We found 
potential binding sites for several transcription factors 
(Myc; PEA3, a Ets-like factor; fig. 3) whose involvement 
in regulation remains to be determined. A search for

Fig. 3. Sequence of the SML1 gene and partial comparison with 
other trefoil peptide genes. The 5'-flanking region of SML1 is dis
played up to position -887 with respect to the translational start 
codon (+1). Introns sequences are indicated by small letters. Trans
lated codons are denoted by single code amino acid residues. The 
resulting signal sequence of hSP is presented in italics and aligned 
with the homologous sequence of mSP. Possible regulatory targets 
are either underlined or printed in bold letters. Canonical target 
sequences of Myc, Pea3 (Ets-like transcription factor) and the ERE 
are indicated in bold and italics. rITF denotes the corresponding 
gene sequences of rITF.

Expression Pattern in Gastric Tissue 
To study the expression of trefoil peptides on the level 

of transcription, we used RT-PCR as a sensitive tool 
(fig. 4). In two paraffin-embedded samples from normal 
superficial mucosa we detected pS2 (BCEI) mRNA, but
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not hITF (TFF3) or hSP (SML1) mRNA. In four paraffin 
samples from hyperplastic polyps of stomach mucosa pS2 
and, surprisingly, hITF was present. Frozen material from 
two different gastric carcinomas of the diffuse type exhib
ited expression of all three trefoil peptides, also noted in 
two gastric tumor cell lines, GP220 and GP202.

promoters of genes coding for mammalian trefoil pep
tides, two motifs are identified which share similar se
quences and spacings. They may present targets for un
known regulatory DNA-binding proteins. In fact, motif I 
overlaps with a 14-bp homeodomain-like sequence 
(ATTAAAATACATTT) present at a corresponding posi
tion in the 5'-flanking region of the rat intestinal fatty acid 
binding protein [22] with partial homology to the Pit-1 
homeodomain [23],

Transcriptional activity of the trefoil genes is known to 
be tissue specific. In the normal gastrointestinal mucosa, 
BCEI and SML1 are expressed in the superficial and glan
dular area of the stomach, respectively, whereas TFF3 is 
expressed in goblet cells of the intestinum. Aligning of the 
genes’ 5'-flanking regions reveals two motifs exclusively 
shared by the stomach-specific genes BCEI and SML1. 
They provide a first hint for testing stomach-specific gene 
regulation by reporter gene technology. The transcrip
tional regulation of the pS2 gene has been studied in great
er detail. A variety of factors are known to be involved in 
the transcriptional regulation [27], but up to now, studies 
have been focussed on the estrogen-responsive MCF7 
breast cancer cells. In this respect, we find it interesting to 
assess the influence of the pyrimidin-rich motif II (TGA- 
GA/CTG/CCTTCCCTTCC), localized close to the ERE, 
for both SML1 and BCEI transcription in gastrointestinal 
tumor cell lines.

Finally, the expression of trefoil peptides is associated 
with changes of the physiological status of the cell, and is 
upregulated in pathological conditions of the gastrointes
tinal tract, like damage of the mucosa, ulcerative lesions 
and cancer [ 12,28], In several cancers of the gastrointesti
nal tract, we have previously identified coordinated regu
lation of pS2 and hSP at the mRNA and protein level [8- 
10]. Here we show that different pathological and mor
phological stages of the stomach mucosa, are associated 
with alterations in the pattern of trefoil peptide expres
sion. In normal mucosa, only pS2 is found, whereas in 
hyperplastic polyps, a premalignant stage of gastric muco
sa, pS2 and, surprisingly, hITF mRNA are present. All 
three trefoil peptides are expressed in tumors of this tissue 
as well as tumor cell lines. Additionally, a role for the 
intestinal trefoil factor has been recently proposed in the 
development of the mouse brain [29],

Although the physiological relevance of this switch of 
expression pattern is not known, our results suggest a 
coordinated gene regulation of trefoil peptides, which is 
also supported by the genomic structure and sequence 
comparison of the 5'-flanking regions of the correspond
ing genes. In this respect, probing promoters by transient

Discussion

The data presented provide some interesting factors 
that shed light mainly on the regulation of the genes cod
ing for all yet known human trefoil peptides, and may 
eventually elucidate their physiological function. The or
der and distances of the corresponding genes are now 
mapped within a physically defined region on 21q22.3 
(cen-D21S212-TFF3-(32 kb)-SMLl-(12 kb)-BCEI-(40-65 
kb)-D21S19-tel). The location of BCEI and D21S19 was 
previously assigned to adjacent Noti fragments 400 kb 
and 440 kb in size, respectively [24]. Since D21S212, the 
BCEI proximal marker located on the 400 kb Noti frag
ment, is not present on our genomic contig, it is likely to 
be located 270-400 kb adjacent to BCEI, towards the cen
tromere. Recently, the clustering of genes encoding the 
trefoil peptide family was also reported by others [25], 
without presenting the gene order, distances and chromo
somal fine mapping. This gene cluster in 21q22.3 is posi
tioned within a CpG-rich region.

Analysis of the exon-intron boundaries of SML1 re
vealed that the two P domains are encoded by two differ
ent exons. The exon structure of the three trefoil peptides 
are very similarly organized. The first exon encodes the 
secretion signal sequence, the second exon (and third 
exon of SML1) encodes the P-domain or trefoil motif, and 
the third exon (fourth exon of SML1) encodes three to 
four residues of the carboxy terminus. This conserved 
structural organization may have evolved by gene dupli
cation and exon shuffling.

The main data presented here support the idea of a 
coordinated regulation of gene expression of the trefoil 
peptides. Besides gene clustering, the transcriptional 
orientation of all three genes is identical. More interest
ingly, the genes’ 5'-flanking regions share several motifs 
with almost identical sequences and spacings. This is rem
iniscent of a situation found for ß-globin genes, which are 
directed by a cis-located locus-controlling region. In this 
case, a developmental switch of gene expression is me
diated by consensus sequences shared by the genes’ 5'- 
flanking regions that compete for binding to the distant 
locus-controlling region [26], For the presently known
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transfection in different cell lines should elucidate regula
tion steps in inflammatory and preneoplastic processes, 
and contribute to understanding the yet unclear role of 
trefoil peptides.
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