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Abstract. Trefoil factor family (TFF) peptides have
many in vivo and in vitro effects on restitution, wound
healing, apoptosis, cell motility, adhesion and vectorial
ion pumping, amongst others. '*I-TFF peptides bind to
cell membranes with classical saturable ability. It would
be surprising if there were not TFF-protein interactions
that would explain these actions, but to date no convinc-
ing TFF-binding partner has been shown which unam-

biguously takes part in any of these functions. Neverthe-
less, several TFF-binding proteins exist, including the
small intestinal CRP-ductin (muclin), which binds TFF2,
and the recently described gastric foveolar proteins
TFIZ1 (TFF1-binding) and blottin (TFF2-binding), any
of which may yet interact in novel ways to elicit TFF-me-
diated events. This review describes the expression and,
where known, the functions of such proteins.
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Introduction

Trefoil factor family (TFF) peptides have long been
orphan ligands in search of a receptor. This family of
peptides was discovered by several routes; in mammals
as an oestrogen-inducible peptide (TFF1, formerly pS2)
in MCF-7 cells [1], as a side fraction from porcine pan-
creatic insulin production (TFF2, formerly pancreatic
spasmolytic polypeptide, PSP) [2] and from rat intestine
(TFF3, formerly intestinal trefoil factor, ITF) [3], as well
as from frog skin and intestines [4, 5]. The molecules
have been extensively studied in vivo and in vitro, and
reviews exist on their structure [6] and biological func-
tions (this issue). Surprisingly, despite many attempts to
find them, to date no convincing TFF receptor has been
found, although several candidates exist, which we de-
scribe in this review.

* Corresponding author.

Evidence suggesting receptor-mediated, TFF
peptide-dependent events

Many reports suggest strongly that TFF peptides act via
some form of receptor-ligand interaction. Thus whole rat
small intestinal preparations and epithelial monolayers
both exhibit a basolateral preference for rTFF3 to elicit
a luminal chloride secretory event when placed in an
Ussing chamber [7]. In contrast, the ability of hTFF2
to produce a restitution response after indomethacin-
induced gastric injury to rats in vivo was without effect
when applied luminally, rather than parenterally [8].
The in vivo wound healing response of rats to gastric
cryoprobe ulceration results in a rapid induction of TFF2
messenger RNA (mRNA) within 30 min, followed by the
other TFFs and transforming growth factor (TGF)-a up
to 3 days later [9]. In vitro cell motility is likewise a rapid
event after TFF stimulation of gastrointestinal cells [10],
an event which synergises with epidermal growth factor
(EGF) [11]. Beta-catenin phosphorylation is stimulated
within 1 min of TFF3 application to HT29 cells [12],
followed by adenomatous polyposis coli (APC) translo-
cation to the nucleus and downregulation of E-cadherin
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[13]. Several other cellular responses to TFF peptides
exist, including apoptosis, morphogenesis, angiogenesis
and transcriptional regulation, events which have been
reviewed recently [14]. All these events triggered by TFF
peptides are likely to be mediated by a receptor-ligand
interaction.

Evidence for TFF-binding proteins

131.pTFF2 binding to rat small intestinal cell
membranes

Purified or cloned TFF peptides have been used as ra-
dioligands and fusion proteins to try to elucidate their
binding sites. Early work from Frandsen and colleagues
suggested that porcine TFF2 (formerly PSP) bound to rat
intestinal mucosal cell membranes with dissociation con-
stants in the 10 to 10~ molar range, and could inhibit
the basal or vasoconstrictive intestinal polypeptide (VIP)
and secretin-stimulated activity of adenyl cyclase with
half-maximal effects at 3 x 10~ M (Table 1). VIP was not
affected by, or did not affect, the binding of pTFF2 [15].
Z[]Jabelled pTFF2 binding to intestinal cells or their
membranes were identical and curvilinear, and revealed
two classes of complex formation with a fast dissociation
(half-life 1.5min) and a slower one (38 min). No protein
was isolated in these studies that accounted for these

Table 1. TFF-binding proteins.

Trefoil factor family-interacting proteins

observations. The dissociation constant of 10 to 107M
found in these initial studies did not point to a peptide lig-
and-receptor interaction which is normally in the range
of 10 to 10""*M. The observed binding could, however,
represent interaction between porcine TFF2 and some
membrane-bound components (e. g. intestinal mucins).

rTFF3 and hTFF2 binding to rat small intestinal

and HT29 cells

Chinery and Cox [7] reported the existence of a binding
partner for rTFF3 and hTFF2 peptides in rat intestinal
epithelial cell membranes and HT-29 colorectal cells,
respectively, by using a cross-linking method. Immuno-
blot analyses of immunoprecipitates revealed two bands
corresponding to a 45-kDa unreduced protein and 28 kDa
when reduced. Neither band was further characterised.
BLTFF3 probing of frozen tissue sections showed auto-
radiographic signals in rat stomach, jejunum and colon,
which was partially inhibitable by cold hTFF2 (10°M)
[16]. This complemented their earlier findings of spe-
cific B-gal-rTFF3 binding to the foveolar and surface
epithelium of rat stomach, as well as kidney collecting
ducts and colon [17]. In view of more recent findings of
CRP-ductin in the small intestine (see below), it may be
possible that the 3-gal-rTFF3 bound to that, or a related,
protein.

TFF binding
Author Protein Source MW  pl mono/dimer 1 2 3 Comment
Frandsen [15] r SI memb Y K 10°%-10"M
Chinery [16] r St/r SI 28R/45 dimer? Y Y

Tan [18] rSI 50
Poulsen [20-22] r TFF2+ cells

Y WGA binding

Taupin [63] CD71 AGS/HT29 95 6.2 Y? IHC colocalisation only
(transferrin-R)
Thim [24] CRP-ductin p St 224 4.7 mono (multidomain) Y
B-FN-R p St 140 (5.3,5.7)* Y
Tomasetto [42] mMUC2 m St/Duo di/oligo Y yeast 2-hybrid
vWEC1 screen
mMUCS5AC m St/Duo di/oligo Y yeast 2-hybrid
vWEC2 screen
Otto [44] blottin m St 18 6.9 (obs)  mono Y
Westley [43] TFIZ1 h St 18 6.6 (theor) mono+TFF1 Y covalently bonded TFF1
Zhang [62] Bm-TFF2 frog skin binds human platelets

MW, molecular weight (kDa); pl, isoelectric point; K, dissociation constant (M); r, rat; SI, small intestine; St, stomach; R, reduced; Y, yes;
WGA, wheat germ agglutinin; kid, kidney; m, mouse; duo, duodenum; p, pig/porcine; FN-R, fibronectin receptor; * pl, values for human
and mouse [3-FN-R, respectively; obs, observed; theor, theoretical; vVWFC, von Willebrand Factor domain C; Bm, Bombina maxima.
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rTFF3 binding to rat small intestinal cell membranes
Tan and colleagues [18] used a biotinylated rat TFF3 re-
combinant protein to find binding sites in gastric mucous
cells and small intestinal crypts. Ligand blots of small
intestinal cell membranes, but not cytosol, revealed a
glycosylated protein of 50kDa [18]. The glycosylation
status was shown by binding to wheat germ aggluti-
nin-conjugated beads, which react with N-acetyl glu-
cosamine moieties. Further glycosylation analysis was
not undertaken. Unlike Chinery et al. [16], these workers
did not find colonic binding of biotin-rTFF3, though
this may have been a sensitivity issue, rather than true
negativity. There were several overlaps in the data of Tan
and Chinery, which suggest they may have both obtained
a similar, if not the same, protein. However, Chinery et
al. performed reduced and non-reduced analyses, obtain-
ing bands at 28 and 45kDa respectively, whereas only
reduced cell membrane proteins were analysed by Tan
et al., and a single band of 50kDa was revealed. These
discrepancies remain unexplained. The molecular weight
of the reduced band of Chinery et al. (28kDa) was close
to that found later by Westley et al. for TFIZ1 covalently
bound to TFF1 (see below).

bt-rTFF3 binding to IEC18 cells augmented

by mucin

Tan and colleagues reported further studies using bi-
otinylated rTFF3 as a probe for IEC-18 rat intestinal
epithelial cells grown in vitro. Fluorescence-activated
cell sorting (FACS) analysis of non-enzymatically de-
tached cells incubated at 4 °C indicated that fluorescein
isothiocyanate (FITC)- or phycoerythin-conjugated
mouse anti-biotin antibody bound to the outer surface of
these cells in a specific manner [19], and that the bind-
ing was increased by preincubating in mucin (5 mg/ml
for 90 min), a situation that resulted in augmented nitric
oxide production upon stimulation with rTFF2 (2.5uM,
18h). These data were interpreted as showing that the in-
teraction of rTFF3 with IEC-18 cells was upregulated by
mucin. However, it is possible that the increase in bound
rTFF3 was a reflection of the mucin binding events,
as suggested by in vitro experiments using purified or
cloned TFFs and mucins (see below).

L. TFF binding in rats

A series of in vivo binding and distribution studies using
the '*I-labelled peptides pTFF2 and recombinant hTFF1
and hTFF3 were performed by Poulsen and colleagues,
using rats as recipients [20-23]. The administration of
intravenous '*I-pTFF2 was found specifically in several
stomach compartments (surface mucus, mucous neck
cells, parietal cell, and pyloric glands) as well as duo-
denal Brunner’s glands and small intestinal Paneth cells,

Multi-author Review Article 2941

and the lower portion of the colonic crypts. The binding
was displacable by unlabelled pTFF2, and this was inter-
preted as demonstrating the presence of a receptor [20].
Oral '“I-pTFF2 was found on the surface mucous of the
stomach and small intestine, but not much reached the
colon intact [21]. The same group reported intravenous
(iv) administrations of recombinant '®I-hTFF1 and '*I-
hTFF3 monomer and dimer. '*I-hTFF3 dimer was found
at sites of TFF2 expression. '“I-hTFF1 and '*I-hTFF3
monomers both bound to the stomach in a similar man-
ner, but each was far less (15%) than the dimeric hTFF3.
Interestingly, neither radioligand monomer bound outside
the gastrointesetinal (GI) tract, nor to cells expressing ei-
ther TFF peptide. They concluded that TFF2-expressing
cells possess a basolateral receptor for all TFF peptides,
and that mucous neck cells preferentially take up TFFs
that have two TFF domains [22].

pTFF2 binding to CRP-ductin and possibly its

splice variants

A biochemical approach to finding TFF binding proteins
was used by Thim and co-workers [24]. They obtained
a porcine stomach mucosal extract and applied it to an
affinity column containing immobilised pTFF2. After
high-strength salt washes (0.1, 0.4 M), four proteins were
eluted by 1 mg/ml pTFF2. Two bands were discounted
due to contaminating human keratins, leaving two of
interest, and peptide sequencing revealed them to be
CRP-ductin (also known as muclin) and the { subunit of
the fibronectin receptor, with molecular weights (MWs)
of 224 kDa and 140 kDa, respectively. Two further bands
which eluted with pTFF2 at MWs of around 50-55kDa
were not further characterised.

The discovery of CRP-ductin as a pTFF2 binding protein
has cast some light on the field, but raised more ques-
tions than it has answered. The gene encoding CRP-
ductin is probably the same as that encoding several
proteins that differ by their subunit splicing patterns and
include hensin and deleted in malignant brain tumours-
1 (DMBT1) [25], ebnerin [26] and vomeroglandin [27]
(Fig. 1, Tables 1 and 2).

The literature to date does not reveal a function for CRP-
ductin, though the related protein hensin regulates cell
polarity and differentiation, certainly in the collecting
ducts of the kidney [28] and developing embryos [29].
In the kidney collecting duct, the {3 intercalated cell is
dependent on polymerised hensin within the basement
membrane for its columnar phenotype and the polarity
of acid-base homeostatic pumps, which regulate the pH
of urine. Soluble hensin and antibodies against an extra-
cellular domain revert the cells to an a-cell phenotype
and reverse the acid pumping. In developing embryonic
stem (ES) cells hensin is required to maintain a columnar
phenotype, while laminin induces a squamous change
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() SRCR Domain CUB Domain zP Domain  Figure 1. Domain structures
D :) of CRP-ductin and related
. proteins.
U Putative Signal 0 oD Domain TM Domair  gRCR, scavenger receptor
Sequence cysteine-rich; CUB, Clr/Cls
kDa  Uegf Bmpl; ZP, zona peluc-
ida; SID, SRCR interspersed
Rabbit domains; TM, transmembrane;
173 v ’
Hensin [ FCEIOEEO D s 1 D DMBT, deleted in malignant
brain tumours. Reproduced
Human IROISIOICIOICISIO MO N D 1 from[26)
Mouse CRP-
Ductine - 0Oz == 1s O}
et O 101 OIGICI© 1O FIEI K H © [ GED S
Rat
Ebnerin OIGIOEHE 8 [ H |— 142
Table 2. CRP-ductin/hensin/DMBT-1/ebnerin family proteins.
Functional Domains
Author Protein Source SRCR CUB ZpP ™ MW Comment
Takito [25] CRP-ductina m SI 8 5 1 1 264 apical expression; binds TFF2
CRP-ductinf} 8 5 1 - 260
Takito [25] hensin rab kid 8 2 1 - 230/173*  BM/polarity agonist, apical + basolateral
Takito [25] DMBT-1 h brain 9 2 1 - 196
Li[26] ebnerin r taste bud 4 3 1 1 220/142%*
Matsushita [27] vomeroglandin  mVNO 7 3 1 1 235/210*%  also in SI, LI; N-linked ConA binding

SRCR, scavenger receptor cysteine rich; CUB, C11/Cls Uegf Bmpl; ZP, zona pelucida; TM, transmembrane; MW, molecular weight in
kDa; m, mouse; SI, small intestine; rab, rabbit; *, deglycosylated molecular weight; BM, basement membrane; DMBT]1, deleted in malig-
nant brain tumours-1; h, human; r, rat; VNO, vomeronasal organ; LI, large intestine; Con A, concanavalin A agglutinin.

[29]. Is it possible that hensin is also a putative TFF-
binding protein? There appears to be a gradient of hensin
expression in the small intestinal crypts, there being less
towards the stem cell region [30]. It may be that a TFF
peptide could promote cell flattening in the intestine in
a wound situation when luminal TFFs would suddenly
have access to the basolateral surface of live cells at
an ulcer edge, and may inhibit the polarising action of
hensin/CRP-ductin and allow cell flattening to occur, as
seen in the well-known phenomenon of epithelial restitu-
tion. TFF peptides are well known to accelerate this proc-
ess (see Taupin and Podolsky for review [14]).

A synonym for CRP-ductin is muclin, and this was found
apically in the small intestinal and pancreatic acinar and
ductal cell membranes of the cystic fibrosis (CF) mouse
[31]. The normal role and site of expression of this pro-
tein is thought to be packaging zymogen granules in the
trans-Golgi apparatus prior to secretion [32]. In this,
muclin has a possible role in mucin secretion as well.
The CF mouse has intestinal crypts that are plugged with

immobile mucus from postnatal day P16 onwards, and
this mucous is periodic acid-Schiff (PAS) positive, in
contrast to normal littermates where the crypts are clear.
Muclin expression also increased with postnatal age after
P16 when compared with normal littermates. No study of
TFF peptides has been performed in this model to ascer-
tain their role in the condition. It would be expected that
the TFF-mucin thickening properties (see below) would
exacerbate the generalised mucinopathy of CF. How this
relates to any muclin-TFF interactions, which would be
expected to inhibit this effect, is unknown.

The related DMBT-1 protein is known to be deleted in
glioblastoma multiforme and in medulloblastoma, in four
of five brain tumour cell lines, and may be a tumour sup-
pressor gene [33]. Its role in normal brain is unknown, as
is its relationship to TFF peptides in that organ. Of inter-
est are reports that TFF3 is expressed in the brain, in par-
ticular in the oxytocinergic neurons of the paraventricu-
lar and supraoptic nuclei of the hypothalamus, as well
as in the amygdala (reviewed by Hoffmann [34]). After
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direct injection into the rat amygdale, TFF3 resulted in
anxiolytic effects at low doses and anxiogenic effects at
high doses [35]. Whether an interaction occurs with the
DMBT1 family of splice variants is not known, but this
may be a fruitful area to explore.

DMBT-1 is also reported to be downregulated in several
other cancers, including skin [36], breast [37] and he-
patic cholangiocarcinomas [38], to be variable, as were
TFF peptide expressions, in bile duct disease [39], but
upregulated in colorectal cancer [40] and biliary hepato-
lithiasis [41]. Such data suggest a complex interrelation-
ship between tumorigenesis and the DMBT-1 expression
patterns of any one cell type, and warrant much further
investigation, including the interplay of TFF peptides.
The protein ebnerin was first described in von Ebner’s
glands from the rat, and has also been found in circum-
vallate papillae, lateral nasal glands and the olfactory epi-
thelium [27], suggesting a much more restricted function
than the other splice variants of the CRP-ductin/hensin
family. No indications exist to date whether ebnerin may
associate with any TFF peptide.

mTFF1 binding to von Willebrand Factor C domains
Tomasetto and colleagues [42] used a yeast two-hybrid
method to determine binding partner proteins for mTFF1
from a mouse stomach-duodenal complementary DNA
(cDNA) library. Two candidates were identified in the
MUC2 and MUCS5AC mucins, being the von Willebrand
Factor (vWF) C1 and C2 domains, located towards the C-
termini of both mucins. Both mMUC2 and mMUCS5AC
C domains share 100% conservation of 10 cysteine
residues, though the patterns in each C1 or C2 subtype
are slightly different. Binding of TFF1 to one C domain
was lower than to both C domains of the same mucin,
suggesting a degree of co-operativity. Further mutational
analyses were not performed to elucidate the actual
mTFF1 binding site(s).

TFF1 and TFF2 bind homologous gastric proteins:
hTFIZ1 and mBlottin

Recent data suggest that CRP-ductin interacts with the
pulmonary surfactant SP-D in a calcium-dependent
manner, and is able to agglutinate invading bacteria in
the lung [32], implying a role for this putative TFF2
binding partner in host defence. Westley et al. reported
that TFF1 specifically and covalently binds to TFIZ1, a
newly described 18kDa secreted protein isolated from
human stomach epithelium [43]. A homologous protein
was found in mouse stomach, where it was isolated as
a mTFF2-alkaline phosphatase fusion protein binding
partner, and named blottin [44]. Both proteins are found
in gastric foveolar cells and the secreted mucus layer,
but there was no evidence of basolateral cell membrane
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insertion at the electron microscope level [45]. The ex-
pression of these proteins is thought to be downregulated
in gastric cancer, as suggested by the original reports
[46, 47], and subsequently corroborated [45]. A related
protein, gastrokine-1 (formerly foveolin) is co-expressed
with TFIZ1/blottin in the stomach foveolar and surface
mucus cells, but does not appear to have TFF-binding
activity [48]. It is of great interest that human TFIZ1
binds to hTFF1 monomer by a covalent bond and that
the murine homologue blottin binds to mouse or human
TFF2 directly. TFF1 uses its free sulphydryl (Cys 58) in
covalently bonding to TFIZ1, whereas TFF2, under non-
reducing conditions, has its N- and C-terminal cysteines
covalently linked, and so presumably any binding to
blottin occurs by salt bridges and/or hydrophobic interac-
tions. The N/C terminal disulphide bond (Cys6—Cys104)
of pTFF2 is solvent exposed, unlike the six structural
disulphide bonds of the two trefoil domains [49], and is
thus labile in the presence of reduced glutathione (GSH).
This property may be involved in the possible control of
cell proliferation, since pTFF2-stimulated HT-29 cells
grew faster in a GSH-containing medium, but not one
without [50]. So, the cell biological and biochemical re-
lationships among the TFFs, the CRP-ductin family and
TFIZ1/blottin in reducing and non-reducing conditions
should be well worth exploring.

Has the brichos domain a role to play in TFF
binding?

There are probably over 34 known brichos domains,
which have been conserved over evolutionary time from
worms and flies to mammals (reviewed by Sanchez-
Pulido [51]). TFIZ1/blottin is another protein with this
approximately 100 amino acid brichos domain, and it
is similar to those contained in the surfactant proteins
(SPs) SP-C and SP-D, both of which are expressed in the
lung. Recent evidence suggests that mutations in exon
4 of the brichos domain of SP-C may lead to annexin
V binding and apoptosis by activating caspase 3 [52].
Since it is well accepted that TFF peptides possess anti-
apoptotic activity in several cell types in vitro and in vivo
[53-56], this suggests that there may be a novel interac-
tion between these peptides and the brichos domain that
negatively regulates the apoptotic pathway. It has been
recently reported that antisense TFF3 mRNA can induce
apoptosis in the gastric cell line SNU-1 [57], and it would
be interesting to see whether those cells also express the
putative TFF1 or TFF2-binding protein TFIZ1/blottin.

Mucin binding of TFF peptides

Thim and colleagues [58] mixed purified TFFs with
mucin and measured the subsequent changes in viscos-
ity by rheometry. This parameter was raised 10-fold
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when TFF2 was added to stomach mucin, forming an
elastic gel, while dimers of TFF3 were less effective.
The monomers TFF1 and TFF3 did not alter viscosity
by much. Kindon et al. [59] reported that human T84
colon cancer cell monolayers could be protected from
several insults if incubated with hTFF3 (monomer), as
measured by a transwell *H-mannitol penetration assay.
When precoated with hTFF3 mixed with human colonic
mucin (but not with mucin from rat colon or stomach),
this protection was enhanced almost 2-fold. Similar re-
sults were obtained with hTFF2 and rTFF3. While not
formally proving the presence of binding phenomena, it
would be surprising if significant ones were not involved
in explaining these results.

A recent report has indicated that the human mucin
MUCSAC binds to TFF1 in gastric mucosa [60]. These
two molecules are co-packaged in the surface mucous
and foveolar cells and thus are co-secreted onto the
stomach surface where mutual binding would raise the
mucous gel viscosity and enhance the protective effects
needed to guard against acid or food-induced damage to
the epithelium. These researchers showed that TFF1 co-
segregates with MUCSAC on gel filtration, and that the
interaction is predominantly that of the TFF1 homodimer.
These interactions were disrupted by EDTA and EGTA,
whereas calcium increased the amount of bound TFF1.
MUC6 was not involved in TFF1 binding.

Helicobacter pylori binds to hTFF1 dimers

An allied report to the MUCSAC story is that Helicobacter
pylori, a well-established human gastric carcinogenic or-
ganism, binds avidly to the dimeric form of hTFF1 and
uses this interaction to further bind to porcine gastric mu-
cin, to which it cannot bind without TFF1 being present
[61]. Other organisms, such as Campylobacter jejuni and
Escherichia coli, did not bind TFF1. The TFF1-H. pylori
binding was found to be highly specific in competition
assays on a Biacore surface plasmon resonance chip, in
which covalently bound TFF1 captured the organisms,
which could be released using excess soluble TFF1 or a
monoclonal antibody to TFF1. Neither monomeric TFF1
and TFF3 nor TFF2 were studied in this report.

Platelet binding by frog skin BmTFF2

A newly described TFF peptide extracted from the skin
of the frog Bombina maxima possesses two TFF domains,
in which 12 trefoil domain cysteine residues seen in hu-
man TFF2 are identically conserved [62]. The peptide
is not homologous to that encoded by the frog Xenopus
laevis skin trefoil xP2 gene. BmTFF2 has the property of
agglutinating human platelets in a dose-dependent man-
ner. This interaction can be inhibited by a monoclonal
antibody to the (33 integrin subunit, a component of the
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fibronectin receptor. This result confirms the previous re-
port of Thim et al. [25] that the 3 subunit of the fibronec-
tin receptor bound to porcine TFF2. It will be interesting
to see which other TFF peptides can agglutinate platelets
— it maybe a property of dimeric or two-domain TFFs
rather than the monomers — and whether this property is
involved in disorders of blood clotting or inflammatory
conditions such as inflammatory bowel disease (IBD).

Concluding remarks

It is probably true to say that the TFF-binding proteins
thus discovered have not been shown to possess that sin-
gular property of a receptor, the ability to transduce a sig-
nal to a responsive cell in a recognisable manner. It may
be that no single molecule transduces a TFF signal, and
that an unrecognised multimer of other transmembrane
proteins is responsible, or that the TFF peptides augment
or inhibit existing pathways in undiscovered ways. It
seems likely that several gastrointestinal proteins ex-
pressed in close proximity to one another (CRP-ductin,
hensin, TFIZ1/blottin, mucins with vVWF domains) can
all contribute to TFF-signalling events, and the resultant
effect(s) may depend on context, such as gut growth and
development, epithelial sheet breakdown, inflamma-
tion and so on. It will be fruitful to investigate a range
of models with the expression of these proteins under
conditional knockout or knockin control. Such studies
would greatly enhance our understanding of their roles.
Research in the next few years will no doubt illuminate
these matters and lead to a fuller understanding of TFF
peptide biology.
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