
Introduction

Originally, the amino acid sequence motif in mam-

malian trefoil factor peptides was determined as

C-X9-10-C-X9-C-X4-C-C-X10-C (Thim 1997). When

somewhat modified (C-X5,6-[ST]-X3-C-X4,5 -C-C

-[FYWH]-X2-24-C-[FY]), it can be traced back to

primitive chordates, like tunicates, or even inverte-

brates from other phyla (Sommer et al. 1999). The

mammalian trefoil factor family (TFF) consists of

3 members: TFF1, TFF2 and TFF3. They are

small, secretory peptides predominantly ex-

pressed by the gastrointestinal (GI) epithelial

cells, and their primary role is to maintain a nor-

mal structure and function of the mucous epithe-

lial layer (Thim 1997). The third family member,

TFF3 (formerly intestinal trefoil factor, ITF), is

mainly synthesized in goblet cells of the small and

large intestine. Its secretion is evoked by certain

inflammatory mediators and neurotransmitters

(Moro et al. 2001). Ongoing studies on TFF ex-

pression patterns have disclosed other sites of their

synthesis, thus implying their additional functions

in the organism. (Hoffmann et al. 2001; Blin

2005). Molecular and cellular analysis in the rat

hypothalamus suggested that Tff3 may act as a

neuropeptide (Probst et al. 1995). Tff3 originating

from the brain (posterior pituitary) showed a re-

tarded electrophoretic mobility, as compared to

duodenal Tff3, most likely due to an unknown

posttranslational modification (Hoffmann et al.

2001). Jagla et al.(2000) co-localized TFF3 and
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oxytocin in the human hypothalamus, and the

same research group demonstrated differential be-

havioral effects in rats upon TFF3-peptide injec-

tions (Probst et al. 1995). Our screening of TFF

expression patterns in the neurosensory organs in-

dicated the activity of Tff2 and Tff3, but not of

Tff1 in the rodent cochlea (Lubka et al. 2008a),

and most strikingly, mice deficient for Tff3 dis-

played hearing impairment and accelerated

presbyacusis (Lubka et al. 2008b).

Aiming at a better insight in the function of

Tff3 in the inner ear, the yeast-two-hybrid (Y-2-H)

assay was applied to search for Tff3-binding part-

ners. The Tff3 cDNA was used as bait to screen for

interacting proteins in the mouse cochlear cDNA

library. This library represents expressed genes

from newly born mice (P3, P = postnatal day of

mouse life) up to the onset of hearing (P12-P14)

and has already been successfully used to search

for other proteins of significance to cochlear func-

tion (Heidrych et al. 2008). This Y-2-H screening

identified several candidates as novel interaction

partners. The analysis supports a crucial role of

Tff3 in the inner ear, and suggests that its action is

connected with additional functional components.

The most promising candidate appeared to be

HLA-B-associated transcript 3, originally identi-

fied as one of the genes located within human ma-

jor histocompatibility complex and hence carries

the name BAT3 (Banerji et al. 1990). It is an

apoptotic regulator that is highly conserved in

eukaryotes (Desmots et al. 2005).

Materials and methods

Animals

Care and use of the animals and the experimental

protocol were reviewed and approved by the ani-

mal welfare commissioner and the regional board

for scientific animal experiments in Tübingen.

Animals were killed by decapitation, and cochleae

were removed according to national ethical guide-

lines.

Construction of DNA-BD/bait fusion plasmid

The bait with all 3 exons of mouse Tff3

(NM_011575) was applied for the Y-2-H screen-

ing. Using the following primers: forward:

5’-CCT GAA TTC ATG GAG ACC AGA G-3’

and reverse: 5’-CA GAA TGC ACA TTT GAA

TTC TGT C-3’, introducing the EcoRI (GAATTC)

restriction site, the bait was cloned into the

pGBKT7 vector, which contains the sequence en-

coding the DNA-BD (DNA-binding domain).

Yeast-two-hybrid screening

To identify Tff3 interacting partners, the Match-

maker GAL4 Two-Hybrid System 3 (Clontech,

Mountain View, USA) was used. We screened a

mouse cochlear cDNA library isolated from

P3-P15 donors (a kind gift from Prof. Richard J.H.

Smith, University of Iowa, Department of Otolar-

yngology). For this purpose, the expression vector

pGBKT7 was recombined with mouse Tff3 cDNA

(NM_011575) isolated from the mouse colon.

Mouse Tff3 cDNA was subcloned into the

pGBKT7 yeast expression vector in frame with

the DNA-BD. The sequence integrity of the Tff3

bait was confirmed by DNA cycle-sequencing on

a Beckman CEQ 8000 DNA sequencer using the

following primers: DNA-BD forward: 5’-CAT

CAT CAT CGG AAG AGA GTA G-3’ and

DNA-BD reverse: 5’-TCG TTT TAA AAC CTA

AGA GTC ACT-3’. GenomeLab™ DTCS Quick

Start Kit for Dye Terminator Cycle Sequencing

(DTCS) was used for sequencing (Beckman Coul-

ter).

The pGBKT7 vector carries a yeast TRP1

marker for auxotrophic selection on -Trp medium.

The cochlear cDNA library contained inserts

cloned into pAD-GAL4-2.1 (Stratagene, Amster-

dam, Netherlands). This vector carries a LEU2

transformation marker, for selection on -Leu me-

dium, and a transcriptional activation domain

(AD) under the control of GAL4 promoter. Inter-

action between a target library-encoded protein

fused with the AD, and Tff3 fused with the

DNA-BD resulted in the reconstruction of the

novel transcriptional activator with binding affin-

ity for GAL upstream activating sequences (UAS)

of the reporter gene.

Three reporter genes, ADE2, HIS3, and MEL1

(or LacZ), under the control of distinct GAL4 UAS

and TATA boxes integrated in the genome of the

AH109 yeast strain, made an interaction

phenotypically detectable. If the proteins did not

interact with each other, the reporter genes were

not transcribed.
The AH109 host strain (MATa, trp1-901,

leu2-3, 112, ura3-52, his3-200, gal4�, gal80�,
LYS2::GAL1UAS-GAL1TATA-HIS3, GAL2UAS-GA
L2TATA-ADE2, URA3::MEL1UAS-MEL1TATA-lacZ)
was first transformed with the pGBKT7-Tff3
plasmid, carrying the LacZ reporter and stored in
synthetic complete medium lacking tryptophan
(SD/-Trp medium) mixed with glycerol (1:1) for
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further experiments. These transformants were
then used for the mating procedure with the
pAD-GAL4-2.1 library plasmids. After mating,
cells were plated on a minimal synthetic dropout
SD/-Trp/-Leu medium that selected for both
pGBKT7 and the AD/library plasmid, but not for
the interaction directly. Positive interactions were
identified by the ability of yeast to grow on
leucine-tryptophan-histidine triple-selective
plates (SD-LTH). Surviving colonies were repli-
cated on leucine-tryptophan-histidine-adenine
quadruple-selective plates (SD-LTHA) containing
X-á-Gal. Galactosidase expression was indicated
by the blue color observed in the presence of
X-á-Gal for detecting protein-protein interaction.

DNA sequencing of candidate clones

The candidate clones (DNA-AD/library fusion

plasmids identified as true positives) were grown

in E. coli, and plasmid preparation was performed

by standard techniques. The inserts in

pAD-GAL4-2.1 were sequenced using a Beckman

CEQ 8000 DNA sequencer, and the generated se-

quences were compared with data from NCBI

(Blast search). For checking the sequence of li-

brary inserts, we used the following primers: for-

ward: 5’-GAT GAT GAA GAT ACC CCA CCA

AAC-3’ and reverse: 5’-TCT GGC GAA GAA

GTC CAA AGC-3’. GenomeLab™ DTCS Quick

Start Kit for Dye Terminator Cycle Sequencing

(DTCS) was used for sequencing (Beckman Coul-

ter).

mRNA isolation and RT-PCR

To monitor the Bat3 expression profile, we ap-

plied various mouse tissues. Total RNA from

mouse cochleae (P21) was isolated using the

RNeasy Mini Kit (Qiagen), following the manu-

facturer’s instructions. After reverse transcription

(iScript cDNA synthesis kit; Bio-Rad, München,

Germany), PCR was performed. cDNA was syn-

thesized using Superscript III Reverse Transcrip-

tase (Invitrogen, Karlsruhe, Germany). Bat3 was

amplified using the following primers: forward:

5’-GTT TGA ATG CTT GGC CCT GAA-3’ and

reverse: 5’-TGA AGC CTC AGT CCC ATC

ATG-3’. The amplified product is 150 bp long (an-

nealing temperature: 57°C, 35 cycles). The result-

ing PCR products were analyzed on ethidium

bromide agarose gels.

Results

Identification of Bat3 as an interacting partner

for Tff3

As a result of the Y-2-H experiment, 83 positive

clones and inserts were sequenced. Interestingly,

about 95% of the candidates were sequences rep-

resenting the mouse gene Bat3 (NM_057171).

Since only about half of them displayed identical

sequence fragments, one can conclude that the

Bat3 sequence is represented by many individual

copies within the cochlea-specific cDNA library.

Sequencing also showed 2 additional Tff3-binding

candidates: mrpl30 (mitochondrial ribosomal pro-

tein L30) and a member of the ADP-ribose poly-

merase family (Parp2), but they represented a

minority of clones in comparison to Bat3.

RT-PCR

To ensure that Bat3 is present in the same cells

as Tff3, we monitored the Bat3 expression profile

in various mouse tissues. This survey indicated

that Bat3 is ubiquitous in various tissues (Fig-

ure 1), which confirms a previously reported ob-

servation (Desmots et al. 2005). In contrast, Tff3
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Figure 1. Bat3 expression pattern in various mouse tissues: (1) stomach, (2) cochlea (3) colon, (4) small intestine, (5)

brain, (6) lung, (7) kidney, (8) spleen, (9) liver. The PCR product size is 150bp, slightly below the 200bp marker band.



expression is known to display tissue-specific pat-

terns, mostly associated with the digestive tract

(Hoffmann et al. 2001), and more recently with the

inner ear (Lubka et al. 2008a). Most importantly,

Bat3 expression was also noted in the isolated co-

chlea (Figure 1, lane 2), an organ where Tff3 was

reported to be connected with hearing process.

The data confirm that synthesis of both inter-

acting candidates coincides spatially, a prerequi-

site for a factual protein-protein interaction.

Discussion

It is becoming increasingly clear that important

cellular proteins do not act independently in most

cases but they either form working complexes (see

e.g. transcriptional regulation) or are responding

to controlling networks (see e.g. regulation of cell

differentiation). In any case, such proteins inter-

act with other cellular components. Such

“interactomes” – as already described for neo-

plastic development in lymphomas, for neurologi-

cal disorders, or blood cell differentiation (Aloy

2007; Brandon 2007; Goodman et al. 2007; Mani

et al. 2008) – are becoming a major focus of inter-

est in molecular biology.
Mammalian trefoil peptides were first de-

scribed as maintenance factors in the digestive
tract (Thim 1997), but more recent observations
extended their properties (for a review, see Blin
2005). They can trigger chemotaxis (Chwieralski
et al. 2004), act as motogenes (Dignass et al. 1994;
Williams et al. 1996), are linked to neoplastic de-
velopment (Lefebvre et al. 1996; Carvalho 2002),
anti-apoptosis (Lalani et al.1999; Taupin et al.
2000), or the immune response (Cook et al. 1999;
Baus-Loncar et al. 2005), and are possibly in-
volved in neural development (Hirota et al. 1994).
Most recently, Tff3-deficient mice were shown to
display impaired hearing and to develop acceler-
ated presbyacusis (Lubka et al. 2008). The mode
of action of Tff3 in the inner ear, however, re-
mained enigmatic.

Applying the well-established system of Y-2-H

analysis to search for protein-protein interaction,

allowed us to screen a cochlea-specific cDNA li-

brary for Tff3-binding candidates. Out of a series

of positive clones, one major protein emerged:

Bat3 (HLA-B associated transcript 3). This pro-

tein, also known as 2410045D21Rik, BAG6,

D17H6S52E, G3, Scythe or D6S52E, is a nuclear

protein, involved in the control of apoptosis.

Bat3-defective cells show an impaired apoptotic

signaling pathway, and mice lacking Scythe dis-

play pronounced defects in organogenesis and in

the regulation of apoptosis and proliferation dur-

ing mammalian development (Desmots et al.

2008). BAT3 acts as a specific regulator of

HSP70-2 (Sasaki et al. 2008), thus functioning as a

cochaperone recruiter. Here, targeted inactivation

of Bat3/Scythe in mice results in widespread

apoptosis of meiotic germ cells. Tff3-deficient

mice showed increased intestinal apoptosis, and it

was indicated that Tff3 protects intestinal epithe-

lial cells against cell death (Taupin et al. 2000).

The precise nature of Tff3 action contributing to

anti-apoptotic effects is not known, but it must be

expected that Tff3 itself recruits additional pro-

teins to exert this function. Apoptosis plays an im-

portant role in the pathogenesis of hearing

impairment (Cheng et al. 2005). However, in-

volvement of Tff3 in the cochlear cell death has

not been studied yet. Bat3 appears to be a very at-

tractive candidate, which can help to solve this is-

sue. To achieve additional evidence for such a

Tff3/Bat3 interaction, we will attempt

co-localization of both peptides (by using e.g. flu-

orescent tags), inhibition studies using RNA inter-

ference, and immuno-co-precipitation of the

binding complex.

Interestingly, Fu and Gao (2007) used a bacte-

rial 2-hybrid screening of a rat fetal brain cDNA,

and noted BAT3 as one of the targets of

AMP-activated protein kinase (AMPK), a ubiqui-

tous eukaryotic protein kinase regulating cellular

metabolism and energy demand. Another Y-2-H

approach disclosed BAT3 to be a partner of

SET1A, a histone methyltransferase affecting

chromatin structure and gene expression (Nguyen

et al. 2008). Thus it will take additional experi-

mental evidence to elucidate the functional net-

work of Tff3 in connection with the inner ear,

hearing impairment, and apoptosis.
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