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Abstract. There is convincing evidence that trefoil fac-
tors (TFFs) do play an important role in tumourigenesis. 
However, their specifi c roles in cancer are not yet clear. 
Recently, TFFs have been shown to interfere with crucial 
biological processes such as cell proliferation, differ-
entiation, apoptosis and angiogenesis. Research on the 

function of TFFs and its relationship with specifi c signal 
transduction pathways has also advanced signifi cantly. 
As a consequence, some ideas about the role of TFFs in 
cancer have started to take shape. The objective of this 
review is to summarize and discuss current knowledge on 
the relationship between TFFs and cancer.
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Introduction

The history of research on trefoil factors (TFFs) is tightly 
connected to cancer. In fact, the fi rst TFF to be identifi ed 
was the TFF1 gene as an oestrogen-responsive gene in a 
breast cancer cell line. In the following years extensive re-
search was conducted on the association between TFFs and 
cancer, making it clear that along with neoplastic transfor-
mation of several epithelial tissues, there are important and 
reproducible changes in the expression of these peptides.
As research on the function of TFFs progressed, it be-
came increasingly clear that one of the main functions of 
these peptides is in mucosal protection and healing. On 
the other hand, impaired healing, when it leads to chronic 
infl ammation-related injury, has long been recognized as 
a key event in tumourigenesis. Research on the rela-
tionship between TFFs and several signal transduction 
pathways has provided a plethora of information about 
the putative role of TFFs in crucial biological processes, 
such as cell proliferation, differentiation and apoptosis. 
The possibility of understanding the role of TFFs in can-

cer by linking these areas has been shaping research on 
this fi eld in the recent years.
The objective of this review is to summarize and discuss 
current knowledge on the relationship between TFFs and 
cancer.

TFF structure and expression in normal tissues

The TFF family encompasses a group of small molecular 
weight, soluble proteins that share as a common feature 
a three-looped trefoil-like structure formed through in-
terchain disulphide bonding [1]. This trefoil domain is 
extremely stable and is the basis for the extraordinary 
resistance of these peptides to hydrolysis and proteolysis 
[2]. Their structure allows them to form dimers, either 
with themselves or with other trefoil proteins. Homo- or 
heterodimers of TFFs were shown to lead to different ef-
fects through different activation status [3, 4].
Three human TFFs have been identifi ed to date: TFF1 
(formerly pS2) and TFF3 (formerly hITF), with one tre-
foil domain each, and TFF2 (formerly hSP), with two tre-
foil domains. TFF1 was originally identifi ed in 1982 as 
the product of an oestrogen-responsive gene in the breast * Corresponding author.
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cancer cell line MCF-7 [5]; TFF2 was discovered in 1990 
as a human homologue of a peptide isolated from porcine 
pancreas, the porcine TFF2 (formerly PSP) [6, 7]; and 
TFF3 was identifi ed in 1993 as a human homologue of 
rat TFF3 [8–10].
All three TFF genes are clustered in a tandemly oriented 
fashion at the genomic region 21q22.3, and have a very 
similar exonic structure [11]. Moreover, the 5′-untrans-
lated region of all TFFs is very similar, sharing several 
regulatory sequence motifs, thus suggesting a common 
or concerted regulation [11]. These motifs are consensus 
sequences for several transcription factors. Among these, 
NFkB [12, 13], GATA-6, USF [14, 15] and C/EBPbeta 
[13, 16, 17] were already shown to regulate the expres-
sion of TFFs in response to several stimuli.
In normal human tissues, TFFs are mainly expressed in 
gastrointestinal epithelial cells, where they are co-pack-
aged in the Golgi apparatus into mucus granules and 
secreted with mucins into the protective layer covering 
the mucosa [18–20].
The main site of expression of TFF1 is the stomach, 
where it is abundantly expressed in the superfi cial and 
foveolar epithelium [18, 21–24]. A high level of expres-
sion of TFF1 has also been described in upper ducts and 
surface cells of Brunner’s glands in the duodenum [25]. 
The small intestine generally appears not to express 
TFF1, although some staining on the tips of villi in the 
ileum and jejunum has been reported [26]. In the normal 
large intestine, TFF1 expression has been demonstrated 
in some goblet cells, particularly in the distal region [27]. 
In the pancreas only a few cells in large ducts appear 
positive [28], and in gall bladder some patchy epithelial 
expression has been described [29]. Salivary glands were 
reported as weakly immunopositive [21]. Outside of the 
gastrointestinal tract, TFF1 expression has been observed 
in the respiratory epithelium [30] and focally in duct lu-
minal cells of normal breast [31].
The expression of TFF2 appears to be highly correlated 
with that of TFF1 in terms of organ specifi city. In normal 
gastric mucosa, TFF2 expression is observed in mucous 
glands of body and antrum [18, 24, 32]. In duodenum, 
TFF2 expression is present in Brunner’s glands acini and 
distal ducts [26]. Some focal expression is also observed 
in duct epithelium of pancreas [28] and in gall bladder 
epithelium [29].
Whereas TFF1 and TFF2 are mainly expressed in the 
stomach, the major site of expression for TFF3 is the in-
testine. TFF3 is expressed in goblet cells throughout the 
intestine and in gland acini and distal ducts of Brunner’s 
glands [8-10, 33]. In contrast to the apparent gastrointes-
tinal specifi city of TFF1 and TFF2, TFF3 expression has 
been observed in human uterus [8], normal breast [31], 
some regions of the hypothalamus and in the pituitary 
gland [34]. Together with TFF1 it is also present in the 
respiratory epithelium [30].

Association between TFFs and cancer 

Since its discovery, the expression of TFFs has been 
widely studied in tumours of a variety of organs. TFF1, 
for example, can be detected in more than 50% of human 
breast cancers, and has been associated with oestrogen 
receptor expression [35–37], responsiveness to hormone 
therapy [38] and favourable prognosis [39, 40] in this 
type of tumour. In gastric cancer, loss of TFF1 expression 
has been associated with the intestinal and atypical histo-
logical sub-types and with loss of differentiation [22–24, 
32, 41–44]. Other tumours found to express TFF1 include 
cancers of pancreas, lung, endometrium, ovary, prostate, 
bladder, billiary tract, colorectal, oesophagus and skin 
[29, 41, 45–52]. Although less extensively studied, there 
are also numerous reports on the expression of TFF2 and 
TFF3 in human cancer [18, 31, 42, 45, 51–61].
Despite all the evidence pointing to an association be-
tween altered TFF expression and cancer development, 
the involvement of these proteins in tumourigenesis 
remained unclear for some time. Experimental evidence 
for a role in tumour suppression fi rst came from studies 
using knockout mice lacking the TFF1 gene [62]. Ho-
mozygous animals showed decreased and dysfunctional 
gastric mucin production with marked antral hyperplasia 
and dysplasia; all such animals developed antral ad-
enomas, and 30% developed multifocal intramucosal 
cancers [62]. Later on, mutations in the TFF1 gene were 
described in 16,3% of gastric cancers, accompanied 
by loss of heterozygosity (LOH) in 16.7% of the cases 
[63]. These results suggested TFF1 as a gastric-specifi c 
tumour suppressor gene. However, other authors, despite 
fi nding LOH in 28,6% of the cases, failed to fi nd any 
mutations in a series of 90 gastric cancer cases [64]. 
Recently, promoter hypermethylation was suggested to 
be responsible for silencing of the TFF1 gene in human 
gastric cancer [64, 65].
The TFF2 gene was also found to be downregulated 
in gastric cancer [59]. Yet, despite the observation of 
increased gastric proliferation in TFF2 knockout mice 
[66], no genetic or epigenetic alterations where found 
to back-up a tumour suppressor role for TFF2 [60]. In 
contrast, TFF3 seems to be upregulated in pre-neoplastic 
lesions, especially intestinal metaplasia [59] and in at 
least a subset of gastric cancers [60].

Functional role of TFFs in cancer

As discussed in the previous section, there is convinc-
ing evidence that TFFs do play a role in tumourigenesis. 
However, most of the data on record are associative in 
nature, and there are many gaps in our knowledge about 
the functional role of TFFs in cancer development and 
progression. In recent years, research on the function of 
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TFFs and its relationship with signal transduction has ad-
vanced signifi cantly. As a consequence, some ideas about 
the role of TFFs in cancer have started to take shape.
One of the key areas is related with the involvement of 
TFFs in mucosal defence and reconstitution [67–71]. 
Impaired healing and its association with chronic in-
fl ammation-related injury has long been recognized has 
a key event in tumourigenesis. Thus the hypothesis that 
disturbance of the function of TFFs in mucosal healing 
exacerbates the risk of tumourigenesis in chronic infl am-
matory conditions constitutes a very appealing model 
for the involvement of TFFs in cancer. Data on record 
demonstrates that the expression of TFFs is upregulated 
in epithelial cells adjacent to ulcerative conditions of the 
gastrointestinal tract, and in epithelial cells undergoing 
migration across the base of such lesions (UACL, ulcer 
associated cell lineage) [28, 67, 72]. Further support for 
the involvement of TFFs in wound healing came from 
experimental data showing that TFFs are able to promote 
epithelial cell migration in vitro and in vivo [68, 73], and 
to protect against induced gastrointestinal damage in vivo 
[69, 71]. Moreover, a transgenic mouse model lacking 
TFF3 has been shown to have impaired mucosal healing 
[70]. More recently, it has also been shown that TFF2 
messenger RNA (mRNA) levels increase within minutes 
following gastric ulceration in rats [74], and TFF2-de-
fi cient mice present a larger number of non steroidal 
anti-infl ammatory drug (NSAID)-induced ulcers when 
compared with wild-type animals [66].
Another interesting possibility results from the dem-
onstration that TFF1 overexpression can confer on 
Helicobacter pylori an enhanced ability to colonize the 
gastric mucosa [75]. H. pylori infection fi rst induces 
chronic superfi cial (non-atrophic) gastritis, which can 
progress through chronic atrophic gastritis, intestinal 
metaplasia and dysplasia toward gastric cancer [76, 77]. 
The infl ammatory response to H. pylori leads to activa-
tion of several signalling pathways which not only help 
fi ght the infection but also promote mucosal restitution 
and wound healing. H. pylori infection was shown to 
upregulate TFF1 in AGS and T84 cells [75, 78], a result 
that is in accordance with the known function of TFFs 
in mucosal healing. Interestingly, H. pylori was found 
to bind the dimeric form of TFF1 [75], and H. pylori 
is known to preferentially colonize the surface mucous 
gel layer of the stomach, which is constituted mainly by 
MUC5AC and TFF1 [24, 32]. Such interaction between 
H. pylori and TFF1 expression would thus constitute a 
sort of double-edged sword: on the one hand, H. pylori-
induced expression of TFF1 would be benefi cial owing 
to its effect on mucosal healing; on the other hand, more 
TFF1 would lead to increased survival of H. pylori in the 
human stomach.
Regarding research on the relationship between TFFs 
and signal transduction, one of the most promising 

results was the demonstration that TFFs may be regu-
lated by the interleukin (IL)6/GP130 pathway [79]. This 
pathway was shown to have a pivotal role in the immune 
response of the gut mucosa, and also to be involved in 
early wound-healing regulation. The dimerization of IL6 
receptor (IL6R) and GP130 can lead to two different sig-
nalling pathways, according to the cellular context and 
the kind of GP130 residues that are phosphorylated. It 
can signal through Janus kinase (JAK) and the transcrip-
tion factor STAT3, or alternatively through SHP2, Ras, 
mitogen-activated protein (MAP) kinases and the tran-
scription factor C/EBPbeta. In a very elegant experiment 
Tebbutt and colleagues [79] demonstrated that mutations 
in the GP130 gene that abrogate JAK/STAT signalling 
lead to impaired mucosal repair in a way that resembles 
the TFF3 knockout mouse. In the same model the authors 
showed that mice lacking GP130-related SHP2-RAS-C/
EBPbeta signalling develop gastric adenomas and cancer 
in a way that mimics the TFF1 knockout mouse [79, 80]. 
Notably, Dossinger and colleagues had previously shown 
that C/EBPbeta downregulates TFF1 [13]. Altogether, 
these results suggest that disruption of the balance be-
tween the two alternative pathways of IL6 signalling may 
be connected with impaired TFF function and thereby 
play an important role in gastric carcinogenesis.
In oestrogen-responsive breast cancer, TFF1 and TFF3 
were suggested to contribute to breast malignancies by 
aiding tumour cell dissemination [81]. In support of this 
hypothesis, stably transfected TFF1 was shown to induce 
an invasive phenotype in the HCT-8 colon cell line in a 
RhoA-dependent way. RhoA is a GTPase which mediates 
growth factor induced reorganization of the cytoskeleton, 
which is crucial for cell motility [82]. Changes in the ex-
pression and/or function of E-cadherin may also account 
for the ability of cancer cells to detach from the parental 
tumour cells and invade locally [83]. TFF3 was shown 
to induce tyrosine phosphorylation of catenins, and to 
reduce cell-cell adhesion in the HT29 colon cancer cell 
line through disruption of catenin/cadherin complexes 
[84, 85]. 
The ability to escape programmed cell death is crucial 
for the survival of tumour cells. It was demonstrated 
that TFF3 induces cell survival via phosphoinositol 3-
kinase (Pi3K) and P53 in colon cancer cell lines HT-29 
and HCT116, respectively. TFF1 was also able to induce 
reduced apoptosis in gastrointestinal cells by targeting 
the active form of caspase-9 [86]. TFF2, on the other 
hand, was shown to act as a morphogen and promotes 
cell survival in the MCF-7 breast cancer cell line [87]. 
Hence, and though this is an area that clearly needs fur-
ther investigation, an anti-apoptotic effect of TFFs may 
also be a way of explaining its involvement in cancer 
progression.
An angiogenesis-promoting role was also described for 
TFFs. Hypoxia is known to constitute a powerful stimu-
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lus for angiogenesis in growing tumours. It leads to the 
expression of genes and factors that promote the forma-
tion of new blood vessels, which is a prerequisite for 
tumour growth and dissemination. One of the main effec-
tors of hypoxia pathways is hypoxia inducible factor one 
(HIF-1), which induces the transcription of angiogenic 
factors. In the same way, TFF3 mRNA and protein have 
been shown to be induced by HIF-1 [88]. The angiogenic 
effect of TFFs was shown to be comparable to the classi-
cal vascular endothelial growth factor signalling [89].

Conclusions

Changes in the expression of TFFs are a common feature 
of many types of tumours. In most models it was not ex-
perimentally proven whether TFFs are actively involved 
in cancer onset and progression or whether they consti-
tute a sort of innocent bystander.
The obvious exception to this is TFF1 and gastric cancer. 
In this particular cancer model there is a large body of 
experimental evidence showing that impaired function of 
TFF1 is intimately associated with neoplastic transfor-
mation of the gastric mucosa.
The specifi c roles of TFFs in cancer are not yet clear. 
TFFs have been shown or suggested to interfere with cru-
cial biological processes such as cell proliferation, dif-
ferentiation, apoptosis and angiogenesis. Theoretically, 
TFFs could make their way to tumourigenesis through 
any of the aforementioned processes. In tumours outside 
the gastrointestinal tract, TFFs are usually observed in a 
state of overexpression. Hence, even when TFFs do not 
play a key role in the molecular genetic pathways that 
underlie these cancer models, tumours are likely to take 
advantage of the expression of TFFs.

 1 Thim L. (1994) Trefoil peptides: a new family of gastrointesti-
nal molecules. Digestion 55: 353–360

 2 Giraud A. S. (2000) X. Trefoil peptide and EGF receptor/ligand 
transgenic mice. Am. J. Physiol Gastrointest. Liver Physiol. 
278: G501–G506

 3 Wright N. A., Hoffmann W., Otto W. R., Rio M. C. and Thim L. 
(1997) Rolling in the clover: trefoil factor family (TFF)-domain 
peptides, cell migration and cancer. FEBS Lett. 408: 121–123

 4 Poulsen S. S., Kissow H., Hare K., Hartmann B. and Thim L. 
(2005) Luminal and parenteral TFF2 and TFF3 dimer and mon-
omer in two models of experimental colitis in the rat. Regul. 
Pept. 126: 163–171

 5 Masiakowski P., Breathnach R., Bloch J., Gannon F., Krust A. 
and Chambon P. (1982) Cloning of cDNA sequences of hor-
mone-regulated genes from the MCF-7 human breast cancer 
cell line. Nucleic Acids Res. 10: 7895–7903

 6 Tomasetto C., Rio M. C., Gautier C., Wolf C., Hareuveni M., 
Chambon P. et al. (1990) hSP, the domain-duplicated homolog 
of pS2 protein, is co-expressed with pS2 in stomach but not in 
breast carcinoma. EMBO J. 9: 407–414

 7 Rose K., Savoy L. A., Thim L., Christensen M. and Jorgensen 
K. H. (1989) Revised amino acid sequence of pancreatic spas-
molytic polypeptide exhibits greater similarity with an inducible 

pS2 peptide found in a human breast cancer cell line. Biochim. 
Biophys. Acta 998: 297–300

 8 Hauser F., Poulsom R., Chinery R., Rogers L. A., Hanby A. M., 
Wright N. A. et al. (1993) hP1.B, a human P-domain peptide 
homologous with rat intestinal trefoil factor, is expressed also 
in the ulcer-associated cell lineage and the uterus. Proc. Natl. 
Acad. Sci. USA 90: 6961–6965

 9 Podolsky D. K., Lynch-Devaney K., Stow J. L., Oates P., 
Murgue B., DeBeaumont M. et al. (1993) Identifi cation of 
human intestinal trefoil factor. Goblet cell-specifi c expression 
of a peptide targeted for apical secretion. J. Biol. Chem. 268: 
6694–6702

10 Suemori S., Lynch-Devaney K. and Podolsky D. K. (1991) 
Identifi cation and characterization of rat intestinal trefoil factor: 
tissue- and cell-specifi c member of the trefoil protein family. 
Proc. Natl. Acad. Sci. USA 88: 11017–11021

11 Gott P., Beck S., Machado J. C., Carneiro F., Schmitt H. and 
Blin N. (1996) Human trefoil peptides: genomic structure in 
21q22.3 and coordinated expression. Eur. J. Hum. Genet. 4: 
308–315

12 Loncar M. B., Al-azzeh E. D., Sommer P. S., Marinovic M., 
Schmehl K., Kruschewski M. et al. (2003) Tumour necrosis 
factor alpha and nuclear factor kappaB inhibit transcription of 
human TFF3 encoding a gastrointestinal healing peptide. Gut 
52: 1297–1303

13 Kim Y. and Fischer S. M. (1998) Transcriptional regulation of 
cyclooxygenase-2 in mouse skin carcinoma cells. Regulatory 
role of CCAAT/enhancer-binding proteins in the differential ex-
pression of cyclooxygenase-2 in normal and neoplastic tissues. 
J. Biol. Chem. 273: 27686–27694

14 Al-azzeh E. D., Fegert P., Blin N. and Gott P. (2000) Transcrip-
tion factor GATA-6 activates expression of gastroprotective 
trefoil genes TFF1 and TFF2. Biochim. Biophys. Acta 1490: 
324–332

15 Al-azzeh E., Dittrich O., Vervoorts J., Blin N., Gott P. and 
Luscher B. (2002) Gastroprotective peptide trefoil factor family 
2 gene is activated by upstream stimulating factor but not by 
c-Myc in gastrointestinal cancer cells. Gut 51: 685–690

16 Chi A. L., Lim S. and Wang T. C. (2004) Characterization of 
a CCAAT-enhancer element of trefoil factor family 2 (TFF2) 
promoter in MCF-7 cells. Peptides 25: 839–847

17 Baus-Loncar M., Al-azzeh E. D., Romanska H., Lalani E ., 
Stamp G. W., Blin N. et al. (2004) Transcriptional control of 
TFF3 (intestinal trefoil factor) via promoter binding sites for the 
nuclear factor kappaB and C/EBPbeta. Peptides 25: 849–854

18 Hanby A. M., Poulsom R., Singh S., Elia G., Jeffery R. E. and 
Wright N. A. (1993) Spasmolytic polypeptide is a major antral 
peptide: distribution of the trefoil peptides human spasmolytic 
polypeptide and pS2 in the stomach. Gastroenterology 105: 
1110–1116

19 Sarraf C. E., Alison M. R., Ansari T. W. and Wright N. A. (1995) 
Subcellular distribution of peptides associated with gastric mu-
cosal healing and neoplasia. Microsc. Res. Tech. 31: 234–247

20 Poulsom R. (1996) Trefoil peptides. Baillieres Clin. Gastroen-
terol. 10: 113–134

21 Rio M. C., Bellocq J. P., Daniel J. Y., Tomasetto C., Lathe R., 
Chenard M. P. et al. (1988) Breast cancer-associated pS2 pro-
tein: synthesis and secretion by normal stomach mucosa. Sci-
ence 241: 705–708

22 Luqmani Y., Bennett C., Paterson I., Corbishley C. M., Rio M. 
C., Chambon P. et al. (1989) Expression of the pS2 gene in nor-
mal, benign and neoplastic human stomach. Int. J. Cancer 44: 
806–812

23 Machado J. C., Carneiro F., Ribeiro P., Blin N. and Sobrinho-
Simoes M. (1996) pS2 protein expression in gastric carcinoma. 
An immunohistochemical and immunoradiometric study. Eur. 
J. Cancer 32A: 1585–1590

24 Machado J. C., Nogueira A. M., Carneiro F., Reis C. A. and 
Sobrinho-Simoes M. (2000) Gastric carcinoma exhibits distinct 
types of cell differentiation: an immunohistochemical study of 



2914 G. Regalo, N. A. Wright and J. C. Machado TFFs and cancer

trefoil peptides (TFF1 and TFF2) and mucins (MUC1, MUC2, 
MUC5AC, and MUC6). J. Pathol. 190: 437–443

25 Hanby A. M., Poulsom R., Elia G., Singh S., Longcroft J. M. 
and Wright N. A. (1993) The expression of the trefoil peptides 
pS2 and human spasmolytic polypeptide (hSP) in ‘gastric meta-
plasia’ of the proximal duodenum: implications for the nature of 
‘gastric metaplasia’. J. Pathol. 169: 355–360

26 Piggott N. H., Henry J. A., May F. E. and Westley B. R. (1991) 
Antipeptide antibodies against the pNR-2 oestrogen-regulated 
protein of human breast cancer cells and detection of pNR-2 ex-
pression in normal tissues by immunohistochemistry. J. Pathol. 
163: 95–104

27 Singh S., Poulsom R., Hanby A. M., Rogers L. A., Wright N. A., 
Sheppard M. C. et al. (1998) Expression of oestrogen receptor 
and oestrogen-inducible genes pS2 and ERD5 in large bowel 
mucosa and cancer. J. Pathol. 184: 153–160

28 Wright N. A., Poulsom R., Stamp G. W., Hall P. A., Jeffery 
R. E., Longcroft J. M. et al. (1990) Epidermal growth fac-
tor (EGF/URO) induces expression of regulatory peptides 
in damaged human gastrointestinal tissues. J. Pathol. 162: 
279–284

29 Seitz G., Theisinger B., Tomasetto G., Rio M. C., Chambon 
P., Blin N. et al. (1991) Breast cancer-associated protein pS2 
expression in tumors of the biliary tract. Am. J. Gastroenterol. 
86: 1491–1494

30 Santos S. E. dos, Ulrich M., Doring G., Botzenhart K. and Gott 
P. (2000) Trefoil factor family domain peptides in the human 
respiratory tract. J. Pathol. 190: 133–142

31 Poulsom R., Hanby A. M., Lalani E. N., Hauser F., Hoffmann 
W. and Stamp G. W. (1997) Intestinal trefoil factor (TFF 3) and 
pS2 (TFF 1), but not spasmolytic polypeptide (TFF 2) mRNAs 
are co-expressed in normal, hyperplastic, and neoplastic human 
breast epithelium. J. Pathol. 183: 30–38

32 Nogueira A. M., Machado J. C., Carneiro F., Reis C. A., Gott 
P. and Sobrinho-Simoes M. (1999) Patterns of expression of 
trefoil peptides and mucins in gastric polyps with and without 
malignant transformation. J. Pathol. 187: 541–548

33 Chinery R., Poulsom R., Rogers L. A., Jeffery R. E., Longcroft 
J. M., Hanby A. M. et al. (1992) Localization of intestinal tre-
foil-factor mRNA in rat stomach and intestine by hybridization 
in situ. Biochem. J. 285 (Pt. 1): 5–8

34 Schwarzberg H., Kalbacher H. and Hoffmann W. (1999) Differ-
ential behavioral effects of TFF peptides: injections of synthetic 
TFF3 into the rat amygdala. Pharmacol. Biochem. Behav. 62: 
173–178

35 Rio M. C., Bellocq J. P., Gairard B., Rasmussen U. B., Krust 
A., Koehl C. et al. (1987) Specifi c expression of the pS2 gene 
in subclasses of breast cancers in comparison with expression 
of the estrogen and progesterone receptors and the oncogene 
ERBB2. Proc. Natl. Acad. Sci. USA 84: 9243–9247

36 Skilton R. A., Luqmani Y. A., McClelland R. A. and Coombes 
R. C. (1989) Characterisation of a messenger RNA selectively 
expressed in human breast cancer. Br. J. Cancer 60: 168–175

37 Pallud C., Le D., V, Pichon M. F., Prud’homme J. F., Hacene 
K. and Milgrom E. (1993) Immunohistochemistry of pS2 in 
normal human breast and in various histological forms of breast 
tumours. Histopathology 23: 249–256

38 Henry J. A., Nicholson S., Hennessy C., Lennard T. W., May F. 
E. and Westley B. R. (1990) Expression of the oestrogen regu-
lated pNR-2 mRNA in human breast cancer: relation to oestro-
gen receptor mRNA levels and response to tamoxifen therapy. 
Br. J. Cancer 61: 32–38

39 Foekens J. A., Rio M. C., Seguin P., van Putten W. L., Fauque 
J., Nap M. et al. (1990) Prediction of relapse and survival in 
breast cancer patients by pS2 protein status. Cancer Res. 50: 
3832–3837

40 Cappelletti V., Coradini D., Scanziani E., Benini E., Silvestrini 
R. and Di F. G. (1992) Prognostic relevance of pS2 status in as-
sociation with steroid receptor status and proliferative activity 
in node-negative breast cancer. Eur. J. Cancer 28A: 1315–1318

41 Henry J. A., Bennett M. K., Piggott N. H., Levett D. L., May 
F. E. and Westley B. R. (1991) Expression of the pNR-2/pS2 
protein in diverse human epithelial tumours. Br. J. Cancer 64: 
677–682

42 Theisinger B., Welter C., Seitz G., Rio M. C., Lathe R., Cham-
bon P. et al. (1991) Expression of the breast cancer associ-
ated gene pS2 and the pancreatic spasmolytic polypeptide gene 
(hSP) in diffuse type of stomach carcinoma. Eur. J. Cancer 27: 
770–773

43 Muller W. and Borchard F. (1993) pS2 protein in gastric car-
cinoma and normal gastric mucosa: association with clinco-
pathological parameters and patient survival. J. Pathol. 171: 
263–269

44 Machado J. C., Carneiro F., Blin N. and Sobrinho-Simoes M. 
(1996) Pattern of pS2 protein expression in premalignant and 
malignant lesions of gastric mucosa. Eur. J. Cancer Prev. 5: 
169–179

45 Welter C., Theisinger B., Seitz G., Tomasetto C., Rio M. C., 
Chambon P. et al. (1992) Association of the human spasmolytic 
polypeptide and an estrogen-induced breast cancer protein (pS2) 
with human pancreatic carcinoma. Lab. Invest. 66: 187–192

46 Higashiyama M., Doi O., Kodama K., Yokouchi H., Inaji H., 
Nakamori S. et al. (1994) Prognostic signifi cance of pS2 protein 
expression in pulmonary adenocarcinoma. Eur. J. Cancer 30A: 
792–797

47 Dante R., Ribieras S., Baldassini S., Martin V., Benzerara O., 
Bouteille C. et al. (1994) Expression of an estrogen-induced 
breast cancer-associated protein (pS2) in benign and malignant 
human ovarian cysts. Lab. Invest. 71: 188–192

48 Bonkhoff H., Stein U., Welter C. and Remberger K. (1995) 
Differential expression of the pS2 protein in the human 
prostate and prostate cancer: association with premalignant 
changes and neuroendocrine differentiation. Hum. Pathol. 26: 
824–828

49 Lipponen P. K. and Eskelinen M. J. (1994) Expression of pS2 
protein in transitional cell bladder tumours. J. Pathol. 173: 
327–332

50 Welter C., Theisinger B., Rio M. C., Seitz G., Schuder G. and 
Blin N. (1994) Expression pattern of breast-cancer-associ-
ated protein pS2/BCEI in colorectal tumors. Int. J. Cancer 56: 
52–55

51 Labouvie C., Machado J. C., Carneiro F., Sarbia M., Vieth M., 
Porschen R. et al. (1999) Differential expression of mucins and 
trefoil peptides in native epithelium, Barrett’s metaplasia and 
squamous cell carcinoma of the oesophagus. J. Cancer Res. 
Clin. Oncol. 125: 71–76

52 Hanby A. M., McKee P., Jeffery M., Grayson W., Dublin E., 
Poulsom R. et al. (1998) Primary mucinous carcinomas of the 
skin express TFF1, TFF3, estrogen receptor and progesterone 
receptors. Am. J. Surg. Pathol. 22: 1125–1131

53 Khulusi S., Hanby A. M., Marrero J. M., Patel P., Mendall M. 
A., Badve S. et al. (1995) Expression of trefoil peptides pS2 
and human spasmolytic polypeptide in gastric metaplasia at the 
margin of duodenal ulcers. Gut 37: 205–209

54 Hanby A. M., Poulsom R., Singh S., Jankowski J., Hopwood D., 
Elia G. et al. (1993) Hyperplastic polyps: a cell lineage which 
both synthesizes and secretes trefoil-peptides and has pheno-
typic similarity with the ulcer-associated cell lineage. Am. J. 
Pathol. 142: 663–668

55 Taupin D., Ooi K., Yeomans N. and Giraud A. (1996) Conserved 
expression of intestinal trefoil factor in the human colonic ad-
enoma-carcinoma sequence. Lab. Invest. 75: 25–32

56 Hanby A. M., Jankowski J. A., Elia G., Poulsom R. and Wright 
N. A. (1994) Expression of the trefoil peptides pS2 and human 
spasmolytic polypeptide (hSP) in Barrett’s metaplasia and the 
native oesophageal epithelium: delineation of epithelial pheno-
type. J. Pathol. 173: 213–219

57 Theisinger B., Seitz G., Dooley S. and Welter C. (1996) A sec-
ond trefoil protein, ITF/hP1.B, is transcribed in human breast 
cancer. Breast Cancer Res. Treat. 38: 145–151



Cell. Mol. Life Sci.  Vol. 62, 2005 Multi-author Review Article 2915

58 May F. E. and Westley B. R. (1997) Expression of human in-
testinal trefoil factor in malignant cells and its regulation by 
oestrogen in breast cancer cells. J. Pathol. 182: 404–413

59 Leung W. K., Yu J., Chan F. K., To K. F., Chan M. W., Ebert M. 
P. et al. (2002) Expression of trefoil peptides (TFF1, TFF2 and 
TFF3) in gastric carcinomas, intestinal metaplasia and non-neo-
plastic gastric tissues. J. Pathol. 197: 582–588

60 Kirikoshi H. and Katoh M. (2002) Expression of TFF1, TFF2 
and TFF3 in gastric cancer. Int. J. Oncol. 21: 655–659

61 Terris B., Blaveri E., Crnogorac-Jurcevic T., Jones M., Mis-
siaglia E., Ruszniewski P. et al. (2002) Characterization of gene 
expression profi les in intraductal papillary-mucinous tumors of 
the pancreas. Am. J. Pathol. 160: 1745–1754

62 Lefebvre O., Chenard M. P., Masson R., Linares J., Dierich 
A., LeMeur M. et al. (1996) Gastric mucosa abnormalities and 
tumorigenesis in mice lacking the pS2 trefoil protein. Science 
274: 259–262

63 Park W. S., Oh R. R., Park J. Y., Lee J. H., Shin M. S., Kim H. 
S. et al. (2000) Somatic mutations of the trefoil factor family 1 
gene in gastric cancer. Gastroenterology 119: 691–698

64 Carvalho R., Kayademir T., Soares P., Canedo P., Sousa S., 
Oliveira C. et al. (2002) Loss of heterozygosity and promoter 
methylation, but not mutation, may underlie loss of TFF1 in 
gastric carcinoma. Lab. Invest. 82: 1319–1326

65 Fujimoto J., Yasui W., Tahara H., Tahara E., Kudo Y., Yokozaki 
H. et al. (2000) DNA hypermethylation at the pS2 promoter 
region is associated with early stage of stomach carcinogenesis. 
Cancer Lett. 149: 125–134

66 Farrell J. J., Taupin D., Koh T. J., Chen D., Zhao C. M., Podol-
sky D. K. et al. (2002) TFF2/SP-defi cient mice show decreased 
gastric proliferation, increased acid secretion, and increased 
susceptibility to NSAID injury. J. Clin. Invest 109: 193–204

67 Wright N. A., Poulsom R., Stamp G., Van N. S., Sarraf C., Elia 
G. et al. (1993) Trefoil peptide gene expression in gastrointesti-
nal epithelial cells in infl ammatory bowel disease. Gastroenter-
ology 104: 12–20

68 Dignass A., Lynch-Devaney K., Kindon H., Thim L. and Podol-
sky D. K. (1994) Trefoil peptides promote epithelial migration 
through a transforming growth factor beta-independent path-
way. J. Clin. Invest 94: 376–383

69 Babyatsky M. W., DeBeaumont M., Thim L. and Podolsky D. 
K. (1996) Oral trefoil peptides protect against ethanol- and 
indomethacin-induced gastric injury in rats. Gastroenterology 
110: 489–497

70 Mashimo H., Wu D. C., Podolsky D. K. and Fishman M. C. 
(1996) Impaired defense of intestinal mucosa in mice lacking 
intestinal trefoil factor. Science 274: 262–265

71 Playford R. J., Marchbank T., Goodlad R. A., Chinery R. A., 
Poulsom R. and Hanby A. M. (1996) Transgenic mice that 
overexpress the human trefoil peptide pS2 have an increased 
resistance to intestinal damage. Proc. Natl. Acad. Sci. USA 93: 
2137–2142

72 Rio M. C., Chenard M. P., Wolf C., Marcellin L., Tomasetto C., 
Lathe R. et al. (1991) Induction of pS2 and hSP genes as mark-
ers of mucosal ulceration of the digestive tract. Gastroenterol-
ogy 100: 375–379

73 Playford R. J., Marchbank T., Chinery R., Evison R., Pignatelli 
M., Boulton R. A. et al. (1995) Human spasmolytic polypeptide 
is a cytoprotective agent that stimulates cell migration. Gastro-
enterology 108: 108–116

74 Alison M. R., Chinery R., Poulsom R., Ashwood P., Longcroft 
J. M. and Wright N. A. (1995) Experimental ulceration leads 

to sequential expression of spasmolytic polypeptide, intestinal 
trefoil factor, epidermal growth factor and transforming growth 
factor alpha mRNAs in rat stomach. J. Pathol. 175: 405–414

75 Clyne M., Dillon P., Daly S., O’Kennedy R., May F. E., Westley 
B. R. et al. (2004) Helicobacter pylori interacts with the human 
single-domain trefoil protein TFF1. Proc. Natl. Acad. Sci. USA 
101: 7409–7414

76 Parsonnet J., Friedman G. D., Vandersteen D. P., Chang Y., 
Vogelman J. H., Orentreich N. et al. (1991) Helicobacter pylori 
infection and the risk of gastric carcinoma. N. Engl. J. Med. 
325: 1127–1131

77 Correa P. (1992) Human gastric carcinogenesis: a multistep and 
multifactorial process – First American Cancer Society Award 
Lecture on Cancer Epidemiology and Prevention. Cancer Res. 
52: 6735–6740

78 Guillemin K., Salama N. R., Tompkins L. S. and Falkow S. 
(2002) Cag pathogenicity island-specifi c responses of gastric 
epithelial cells to Helicobacter pylori infection. Proc. Natl. 
Acad. Sci. USA 99: 15136–15141

79 Tebbutt N. C., Giraud A. S., Inglese M., Jenkins B., Waring P., 
Clay F. J. et al. (2002) Reciprocal regulation of gastrointestinal 
homeostasis by SHP2 and STAT-mediated trefoil gene activa-
tion in gp130 mutant mice. Nat. Med. 8: 1089–1097

80 Judd L. M., Alderman B. M., Howlett M., Shulkes A., Dow C., 
Moverley J. et al. (2004) Gastric cancer development in mice 
lacking the SHP2 binding site on the IL-6 family co-receptor 
gp130. Gastroenterology 126: 196–207

81 May F. E., Semple J. I., Prest S. J. and Westley B. R. (2004) 
Expression and motogenic activity of TFF2 in human breast 
cancer cells. Peptides 25: 865–872

82 Emami S., Rodrigues S., Rodrigue C. M., Le F. N., Rivat C., 
Attoub S. et al. (2004) Trefoil factor family (TFF) peptides and 
cancer progression. Peptides 25: 885–898

83 Nollet F., Berx G., van R. F. (1999) The role of the E-cadherin/
catenin adhesion complex in the development and progression 
of cancer. Mol. Cell Biol. Res. Commun. 2: 77–85

84 Liu D., el-Hariry I., Karayiannakis A. J., Wilding J., Chinery R., 
Kmiot W. et al. (1997) Phosphorylation of beta-catenin and epi-
dermal growth factor receptor by intestinal trefoil factor. Lab. 
Invest. 77: 557–563

85 Efstathiou J. A., Noda M., Rowan A., Dixon C., Chinery R., 
Jawhari A. et al. (1998) Intestinal trefoil factor controls the 
expression of the adenomatous polyposis coli-catenin and the 
E-cadherin-catenin complexes in human colon carcinoma cells. 
Proc. Natl. Acad. Sci. USA 95: 3122–3127

86 Bossenmeyer-Pourie C., Kannan R., Ribieras S., Wendling C., 
Stoll I., Thim L. et al. (2002) The trefoil factor 1 participates 
in gastrointestinal cell differentiation by delaying G1-S phase 
transition and reducing apoptosis. J. Cell Biol. 157: 761–770

87 Lalani E. N., Williams R., Jayaram Y., Gilbert C., Chaudhary K. 
S., Siu L. S. et al. (1999) Trefoil factor-2, human spasmolytic 
polypeptide, promotes branching morphogenesis in MCF-7 
cells. Lab. Invest. 79: 537–546

88 Furuta G. T., Turner J. R., Taylor C. T., Hershberg R. M., Com-
erford K., Narravula S. et al. (2001) Hypoxia-inducible factor 
1-dependent induction of intestinal trefoil factor protects barrier 
function during hypoxia. J. Exp. Med. 193: 1027–1034

89 Rodrigues S., Nguyen Q. D., Faivre S., Bruyneel E., Thim L., 
Westley B. et al. (2001) Activation of cellular invasion by trefoil 
peptides and src is mediated by cyclooxygenase- and thrombox-
ane A2 receptor-dependent signaling pathways. FASEB J. 15: 
1517–1528


