Biochem. J. (2004) 377, 553-560 (Printed in Great Britain)

553

WBP-2, a WW domain binding protein, interacts with the thyroid-specific

transcription factor Pax8

Roberto NITSCH, Tina DI PALMA, Anna MASCIA and Mariastella ZANNINI'
Istituto di Endocrinologia ed Oncologia Sperimentale—CNR and Dipartimento di Biologia e Patologia Cellulare e Molecolare, Universita’ di Napoli Federico I,

Via Pansini 5, 80131 Napoli, Italy

The Pax gene family encodes transcription factors that are essen-
tial in organogenesis and in the differentiation of various organs
in higher eukaryotes. Pax proteins have a DNA binding domain
at the N-terminus, and a transcriptional activation domain at the
C-terminus. How these domains interact with the transcriptional
machinery of the cell is still unclear. In the present paper, we
describe the identification by means of immunological screening
of the WW domain binding protein WBP-2 as a biochemical inter-
actor of Pax8 (a WW domain is a protein-interaction domain
containing two conserved tryptophan residues). Pax8 is required
for the morphogenesis of the thyroid gland and for the main-
tenance of the thyroid differentiated cellular phenotype. WBP-2
was identified originally as a WW domain binding protein, and its

function is still unknown. WBP-2 binds to Pax8 in vitro in pull-
down assays, and in vivo in tissue culture cells in co-immuno-
precipitation assays. Interestingly, Pax8 does not contain a WW
domain. Our results point to the identification of a new protein-
interacting domain that is present in the C-terminal portion of Pax8
and that is required for protein—protein interaction with WBP-2.
Our results demonstrate that WBP-2 is not a transcriptional co-
activator of Pax8, but rather behaves as an adaptor molecule, as
suggested in other studies.

Key words: adaptor molecule, Pax protein, protein—protein inter-
action, thyroid, transcriptional regulation, WW domain binding
protein (WBP).

INTRODUCTION

It is well known that activation of gene expression involves
interplay between various sequence-specific transcription factors
and transcriptional co-regulators with the basal transcriptional
machinery of the cells. Sequence-specific transcription factors are
considered to tether multisubunit co-regulator complexes through
protein—protein interactions with the promoter. The functions
of transcriptional co-activators can be divided broadly into two
overlapping categories. First, co-activators can mediate chromatin
modifications either through acetylating reactions mediated by
histone acetyltransferases [1] or through nucleosome remodelling
complexes [2]. Alternatively, some co-activators function as brid-
ging factors that mediate complex formation between sequence-
specific transcription factors and RNA polymerase II or other
components of the basal transcription machinery [3,4]. Moreover,
adaptor molecules are non-catalytic polypeptides that contain one
or more domains that are able to bind to other proteins or non-
protein ligands [5,6]. These molecules selectively control the
spatial and temporal assembly of multiprotein complexes that
transmit intracellular signals involved in the regulation of cell
growth, differentiation, migration and survival [5,6].

The Pax family of genes encode DNA binding proteins which
regulate the development of a variety of tissues in a range of spe-
cies, such as flies, worms and humans [7-9]. Pax genes have also
been implicated in the initiation and maintenance of the dif-
ferentiated cellular phenotype. Despite their critical role during
development and in human disease processes, the biochemical
basis of Pax protein function within the cell nucleus and in the
context of chromatin structure remains obscure. In mammals,

there are nine known Pax genes, grouped into four different classes
based on the identity within their DNA binding domain (the paired
domain), on gene structure and on expression pattern [10]. All Pax
proteins have a paired domain, which spans 128 amino acids near
the N-terminus and consists of two helix—turn—helix motifs [11].
Sequence conservation among Pax proteins is highest in the paired
domain, but can also be extended to a paired-type homeodomain
and to a stretch of residues between the paired domain and the
homeodomain called the octapeptide. The homeodomain and
octapeptide are not present in all Pax proteins, but rather in a
subset of them. The homeodomain represents a second bona fide
DNA binding moiety in some classes of Pax proteins, and may
enhance DNA target specificity in co-operation with the paired
domain [12-15]. However, members of the Pax2/5/8 subclass
have only a partial homeodomain, which is unlikely to participate
in DNA binding [16]. Transcriptional activation and repression
activities map to the C-terminus of Pax proteins [17-19].

Pax8 is a member of the murine Pax family of genes, and is
expressed in the developing kidney, neural tube, and developing
and adult thyroid [20]. Specifically, Pax8 has been demonstrated
to be required both for morphogenesis of the thyroid gland [21]
and for maintenance of the thyroid differentiated phenotype
[22]. Together with another thyroid-specific transcription factor
named TTF-1, Pax8 is involved in the regulation of thyroid-
specific genes such as those encoding Tg (thyroglobulin), TPO
(thyroperoxidase) and the NIS (sodium/iodide symporter) [23,24].
Pax8 binds to a single site on the Tg and TPO promoters and, in
both cases, the functional role of its binding sites within these
promoters has been studied in rat, bovine and human [25-28].
Recently, studies from our laboratory have demonstrated a

Abbreviations used: CAT, chloramphenicol acetyltransferase; GST, glutathione S-transferase; LUC, luciferase; NIS, sodium/iodide symporter; RT-
PCR, reverse transcription—PCR; Tg, thyroglobulin; TPO, thyroperoxidase; TTF, thyroid-specific transcription factor; TRITC, tetramethylrhodamine g-
isothiocyanate; WBP, WW domain binding protein; tWBP-2, thyroid-specific transcript of WBP-2; WW domain, protein-interaction domain containing two

conserved tryptophan residues.
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biochemical and functional interaction between TTF-1 and Pax8
[29]. Tt is likely that, depending on the promoter context within
target genes, Pax8 and TTF-1 can act separately or in co-operation
with various factors or cofactors to regulate gene expression.
There is increasing evidence that TTF-1 functions cooperatively
with a number of the other transcription factors, forming com-
plexes on regulatory regions of target genes [30-35]. At the same
time, as has already been observed for other members of the Pax
gene family [36,37], Pax8 is likely to play arole in the recruitment
to the thyroid promoters of other factors, such as co-activators.

We have focused our studies on the molecular mechanisms
involved in Pax8-mediated transcriptional regulation. To identify
proteins that interact with Pax8, we performed an immunological
screening of a rat thyroid cDNA expression library using as a
probe the fusion protein GST (glutathione S-transferase)-Pax8.
We have thus identified the WW domain binding protein WBP-2
as apartner of Pax8 (a WW domain is a protein-interaction domain
containing two conserved tryptophan residues). In addition, we
have also characterized an alternative splicing form of WBP-2,
which we have named tWBP-2, that is expressed only in the thy-
roid. WBP-2 is ubiquitously expressed [38], but its function is
still unknown. Our results suggest that WBP-2 is not a transcrip-
tional co-activator of Pax8, but rather behaves as an adaptor
molecule.

EXPERIMENTAL
Screening of a Agt11 expression library and DNA sequencing

A rat thyroid Agtll expression library (> 10® plaque-forming
units - ml~') was generated in our laboratory. Recombinant phages
were plated at 50000 plaque-forming units per 90-mm plate
of Escherichia coli Y1090, and screened with the fusion pro-
tein GST—Pax8. Briefly, in order to obtain cell infection, cells and
phages were first incubated at 42 °C in NZY top-agarose medium
and then plated. Plates were incubated for 4 h at 42 °C, overlaid
with nitrocellulose membranes saturated with isopropyl -D-thio-
galactoside, and then incubated overnight at 37 °C. Membranes
were washed extensively with PBS and blocked by incubation
with Tris-buffered saline containing 0.05 % (v/v) Tween-20 and
2% (w/v) BSA. To reduce the background, we incubated the
membranes for 1 h in a solution of Tris-buffered saline containing
Tween-20, 0.5% BSA and 3 uM GSH. The same solution
containing 0.3 g/ml GST-Pax8 was used to incubate membranes
for 1 h at room temperature. After several washes with
150 mM NaCl, 20 mM Tris/HCI, pH 7.5, and 0.05 % Tween 20,
membranes were incubated first with the antibody anti-GST
(1 pg/ml), and then with iodinated '*I-Protein A at a concen-
tration of 0.5 x 10% c.p.m./ml. Visualization was by autoradio-
graphy. Positive clones were purified through three rounds of
screening. Extraction of phage DNA was performed using
the Qiagen kit ‘lambda midi kit’. The inserts were amplified
from colony-purified cDNA clones using specific Agtll oligo-
nucleotide primers. Amplification was performed following a
general protocol consisting of 5 min of denaturation at 95 °C, and
then 30 cycles of 60 s at 94 °C, 60 s primer annealing at 65 °C
and 60 s extension at 72 °C. An additional 5 min incubation at
72 °C was performed to allow the termination of initiated mol-
ecules. The amplified cDNA insert was then separated by electro-
phoresis in a 0.8 % (w/v) agarose gel and purified using the
QIAEX II gel extraction kit (Qiagen). Sequencing of cDNA
inserts on both strands was performed by the Service of Molecular
Biology (SBM) of the Stazione Zoologica A. Dohrn (Napoli,
Italy). Sequence similarity searches were performed with the
BLAST program.

© 2004 Biochemical Society

Plasmids

The GST-Pax8 fusion protein was generated by PCR ampli-
fication of the Pax8 coding region and subsequent subcloning
in the EcoRlI site of the pGEX-4T3 vector. The orientation of the
fragment and the correct reading frame of the fusion protein were
verified by DNA sequencing. The GST-WBP-2 fusion protein
was generated by PCR amplification of the WBP-2 coding region
and subsequent cloning in the EcoRI/Xhol sites of the pGEX-4T3
vector. 3 x FLAG-WBP-2 was generated by PCR amplification
of the WBP-2 coding region and subsequent cloning in the
EcoRI/Xbal sites of the 3 x FLAG CMV-10 vector (Sigma).
The Pax8 deletion mutant A349 was generated by PCR and
subcloned in the expression vector pCMVS5.

The plasmids used in transient transfection experiments have
been described previously, and were as follows: Tg-CAT [39]
(where CAT is chloramphenicol acetyltransferase), TPO-LUC
[40] (where LUC is luciferase), NIS-LUC9 [41] and pCMV5-
Pax8 [25]. CMV-CAT and CMV-LUC plasmids were used as
internal controls in transfection assays. The DNA of all plasmids
was prepared by Qiagen cartridges and used for cell transfection.

Cell culture and transfection

PC CI3 rat thyroid cells were grown in Coon’s modified F12
medium (EuroClone) supplemented with 5 % (v/v) calf serum and
a six-hormone mixture as described by Ambesi-Impiombato
and Coon [42].

HeLa cells were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10 % (v/v) fetal calf serum. For transactivation
experiments, cells were plated at a density of 3 x 10° cells/60-mm
tissue culture dish, 12-24 h prior to transfection. Transfections
were carried out using the FuGene6 reagent (Roche Diagnostics,
Indianapolis, IN, U.S.A.) as suggested by the manufacturer. The
DNA/FuGene ratio was 1:2 in all experiments.

Cell extracts were prepared 48 h after transfection to determine
either the levels of CAT protein with a CAT ELISA (Boehringer
Mannheim) or LUC activity, as described previously [25].

Transfection experiments were performed in duplicate and
repeated at least three times.

In vitro and in vivo protein interaction assays

GST-Pax8 protein was purified from BL21 (DE) LysS bacterial
cells transformed with pGEX-Pax8. At D4y = 0.6, isopropyl S-D-
thiogalactoside (0.1 mM final) was added to the culture to induce
the expression of the fusion protein, and cells were harvested 4 h
later. Cells were resuspended in lysis buffer (1 x PBS, 0.5 mM
EDTA, 1 mg/ml lysozyme, 0.5 mM dithiothreitol, 1 mM PMSF
and protease inhibitors diluted 1:1000), and sonicated. Triton
X-100 (1 %, v/v) was then added, and the cell extract was centri-
fuged at 200000 g for 40 min at4 °C. The supernatant was subjec-
ted to affinity chromatography using glutathione—agarose beads
(Amersham-Pharmacia). After binding, beads were washed three
times with washing buffer (10 mM Tris/HCI, pH 8.0, 100 mM
NaCl, 5 mM EDTA, 5 mM dithiothreitol). GST-Pax8 was eluted
with a buffer containing 10 mM glutathione, 50 mM Tris/
HCI, pH 8.0, and 50 mM NaCl for 10 min at 4 °C. The eluted pro-
tein was stored at — 80 °C. GST-WBP-2 protein was purified
using the same procedure as described above. Protein concen-
tration was judged from Coomassie Blue staining.

Pull-down assays were performed by challenging 4 ug of GST
or GST-WBP-2 purified protein bound previously to glutathione—
agarose beads with affinity-purified bacterial Pax8 protein. The
binding reactions were carried out for 90 min at 4 °C on a rotating



Interaction between a Pax protein and WBP-2 555

Mouse WBP-2
Rat WBP-2
Homo WBP-2

MALNENHSEGGGVIVNNTESILMSYDHVELTFNDMRNVPEAFKGTKRGTVYLTPYRVIFL 60
MALNEKNHSEGGGVIVNNTESILMSYDHVELTFNDMRNVPEAFRGTRKRGTVYLTPYRVIFL 60
MALNEKNHSEGGGVIVNNTESILMSYDHVELTFNDMRNVPEAFKGTKRGTVYLTPYRVIFL 60

KAk A A A A KK AR AR AR AR AR AR A A AR AR A A kA Ak A Ak kAR A Ak k kR KA X A h h hF b x k&

Mouse WBP-2
Rat = WBP-2
Homo WBP-2

SRGKDAMQSFMMPFYLMKDCEIRQPVF GANFIRGIVRKAEAGGGWEGSASYRLTFTAGGAI 120
SKGKDAMR SFMMPFYLMRKDCEVRQPVFGANF I KGTVRAEAGGGWEGSASYKLTFTAGGAI 120
SKGKDAMQSFMMPFYLMKDCEIKQPVFGANYIKGTVRAEAGGGWEGSASYRKLTFTAGGAI 120

P L L L R L R R R R L R R

Mouse WBP-2
Rat WBP-2
Hoemo WBP-2

EFGQRMLQVASQASRGEVPNGAYGYPYMPSGAYVFPPPVANGMYPCPPGYPYPPPPPEFY 180
EFGQQMLOVASQASRGEVPNGAYGYPYMPSGAYVFPPPVANGMYPCPPGYPYPPPPPEFY 180
EFGQRMLQVASQASRGEVPSGAYGYSYMPSGAYVYPPPVANGMYPCPPGYPYPPPPPEFY 180

Kk kKA AA A KRARKAAA, Rk kK H  *hhkkk ok kKA Fhkk ok ok kxk ok ok ok kk kK kKKK

Mouse WBP-2
Rat WBP-2
Homo WBP-2

Mouse WBP-2
Rat WBP-2
Homo WBP-2

ERA KA XA XL XX AR A A A A Ak Ak

Figure 1

|dentities, similarities and conservative changes are indicated.

wheel, and then the beads were washed several times with a buffer
containing 50 mM Tris/HCI, pH 7.5, 100 mM NacCl, 0.1 % Triton
X-100, 10 % (v/v) glycerol, 1 mM dithiothreitol, ImM PMSF and
protease inhibitors (from Sigma). The bound protein was eluted by
resuspending the beads directly in 2 x SDS/PAGE sample buffer
and heating at 95 °C for 3-5 min before loading on the gel.

The co-immunoprecipitation experiment was performed by
incubating 2 mg of total protein extract with 20 ul of anti-FLAG
agarose affinity gel (Sigma) overnight at 4 °C on a rotating wheel.
The samples were then centrifuged and the agarose gel-bound
proteins were washed several times with a buffer containing
50mM Tris/HCI, pH 7.5, 120 mM NaCl, 0.5% Nonidet P40,
10% (v/v) glycerol and protease inhibitors, resuspended in 2 x
SDS/PAGE sample buffer and heated at 95 °C for 3—5 min before
loading on the gel.

For Western blot analysis, gels were blotted on to Immobilon-
P membranes. Immunodetection was performed using a specific
anti-Pax8 rabbit polyclonal antibody (o-mPax8-bl) diluted 1:5000
in 150 mM NaCl, 20 mM Tris/HCI, pH 7.5, and 0.05 % Tween 20
containing 0.5 % (w/v) non-fat dry milk. Subsequently, the filters
were developed using an ECL® detection method (Amersham)
according to the manufacturer’s directions.

Indirect immunofluorescence

Cells were grown directly on glass coverslips for 72 h, fixed in4 %
(v/v) paraformaldehyde in PBS for 20 min at room temperature,
permeabilized for 7 min in 0.1 % (v/v) Triton X-100 in PBS and
incubated for 10 min in 0.1 M glycine in PBS. The coverslips
were subsequently incubated for 1 h with a mixture of primary
antibodies diluted in 0.5% (w/v) BSA in PBS and then, after
extensive PBS washing, incubated for 20 min with a mixture of
fluorescein-tagged goat anti-mouse and rhodamine-tagged goat
anti-rabbit secondary antibodies diluted 1:50 in 0.5% BSA in
PBS. After final washes with PBS, the coverslips were mounted on
amicroscope slide using a 70 % (v/v) solution of glycerol in PBS.

Primary antibodies were rabbit polyclonal anti-Pax8 («-mPax8-
bl) and anti-c-Myc (9E10) monoclonal antibody from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA, U.S.A.).

Confocal scanning laser microscopy

Images were collected with a Zeiss LSM 510 confocal laser
scanning microscope equipped with a 488 nm argon ion laser, a
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Alignment of the predicted amino acid sequences of mouse, rat and human WBP-2 proteins

543nm HeNe laser and a Plan-Apochromat 63 x/1.4 oil-
immersion objective. Emitted fluorescence was detected using
a BP 505-530 bandpass filter for FITC and an LP 560 longpass
filter for TRITC (tetramethylrhodamine S-isothiocyanate). Pairs
of images were collected simultaneously in the green and red
channels.

RESULTS

Identification of a Pax8-interacting protein by immunological
screening of an expression library

To identify potential Pax8 interactors, immunological screening of
a rat thyroid cDNA expression library was performed, using the
fusion protein GST-Pax8 as bait. Approx. 7 x 10° recombinant
phage plaques were screened with GST—Pax8 protein purified
from bacterial cells. After the fourth round of purification, a
total of 50 clones were obtained. In order to eliminate false-
positive signals, a second screening of the clones was performed
utilizing the GST protein alone as bait. Of the 50 clones, 27 were
confirmed as positive and characterized further. The clones
were shown to contain inserts ranging from 1.2 to 2.5kb in
size, and the entire nucleotide sequence of each cDNA insert was
determined. A database search revealed that a few sequences were
indeed non-coding sequences, 14 sequences were unknown genes
and await further investigation, whereas 11 sequences showed
identity, albeit to differing extents, with known genes. One clone,
denoted 1d, showed identity with the known protein WBP-2
[38], was detected twice and was selected for further study.
Indeed, the comparison of the sequence of 1d protein against the
databases revealed almost total identity with mouse and human
WBP-2 proteins (Figure 1). In fact, clone 1d contained the full-
length ¢cDNA of rat WBP-2 (GenBank® accession number no.
NM_138975), and was therefore renamed WBP-2.

Expression analysis of WBP-2 and characterization of a
thyroid-specific isoform

In order to examine the pattern of expression of WBP-2 in different
cell types, we performed RT-PCR (reverse transcription—PCR)
analysis on total RNA prepared from thyroid and non-thyroid
cells, using primers specific for WBP-2. As shown in Figure 2(A),
we found WBP-2 to be expressed in all cell types analysed,
as suggested by previous studies [38]. Interestingly, another
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Figure 2 Two WBP-2 isoforms are expressed in thyroid cells
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tWEP-2 GAAGCCGCTGCCT CTATTACAACCCGGGCAACCCACACAATGTCTACATGCCCAL CAGCCACCRCCA 615
WBP-2 CCACCCTACTACCCTCCAGAAGACAAGAAGACCCAGTAG 789
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(A) RT-PCR was performed on total RNA from different cell lines: lane 1, NIH 3T3; lane 2, HeLa; lane 3, PC CI3; lane 4, FRTL-5. PC CI3 and FRTL-5 cells are both rat thyroid cells, while NIH 3T3 and
HeLa are non-thyroid cells. The arrow and arrowhead indicate the amplified DNA fragments corresponding to WBP-2 and tWBP-2 respectively. (B) Alignment of the nucleotide sequences of WBP-2

and tWBP-2. (C) Alignment of the amino acid sequences of WBP-2 and tWBP-2.

smaller transcript of 1.7kb was present only in the RNA of
thyroid cells, suggesting the existence of an alternatively spliced
isoform (Figure 2A). To verify this hypothesis, the RT-PCR
product corresponding to the 1.7 kb transcript (denoted tWBP-2)
was subcloned and completely sequenced. The sequencing data
showed that the N-terminal and C-terminal sequences of tWBP-2
were completely identical with those of WBP-2; however, an
internal deletion of 135 bp was observed (Figure 2B). The open
reading frame of tWBP-2 cDNA encodes a polypeptide of
217 amino acids, whose only difference from the WBP-2 protein
is the lack of 45 amino acids (Figure 2C). To understand the origin
of the 135 bp deletion, a genomic DNA fragment spanning the
deletion was cloned by PCR. The nucleotide sequence of 1022 bp
was obtained, and the presence of one exon surrounded by two
introns was detected (Figure 3B). Thus our data suggest that
the shorter transcript (tWBP-2) corresponds to a thyroid-specific
variant of WBP-2, generated by alternative splicing (Figure 3A).
As shown in Figure 2(A), the level of expression of tWBP-2 is very
low compared with that of WBP-2. This could be the reason why
this isoform cannot be detected in expression studies performed
by Northern blot (results not shown). Moreover, these results
demonstrate that the full-length WBP-2 protein is expressed ubi-
quitously in all cell types, while alternatively spliced forms (one
identified by us) could generate protein products responsible for
cell-type-specific functions.

To obtain information on the subcellular distribution of WBP-2
and tWBP-2, we transiently transfected PC C13 thyroid cells with
expression vectors encoding the two proteins, and analysed their
localization by indirect immunofluorescence. Since specific
antibodies against the WBP-2 protein are not available, PC
CI3 cells were transfected with expression vectors encoding Myc-
tagged WBP-2 and tWBP-2 proteins. For immunofluorescence
analysis, proteins were labelled using an anti-Myc primary anti-
body and a rhodamine-conjugated secondary antibody. The
antibody against Pax8 is highly specific, as shown in previous
studies [29]. Confocal microscopy examination of dual-labelled
samples confirmed that the anti-Pax8 antibody stained only the

© 2004 Biochemical Society
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Figure 3 WBP-2 isoforms are generated by alternative splicing

(R) Schematic representation of the genomic organization of WBP-2 leading to alternative
splicing. Approx. 1 kb of mouse genomic DNA fragment was subcloned by the PCR method. The
arrowheads indicate the primers used (RN-10 and RN-11). The mRNA of tWBP-2 lacks
the exon n’ sequence. (B) Partial nucleotide sequence of WBP-2 genomic DNA. The nucleotide
sequence corresponding to the exons is in upper case. The alternatively spliced exon (n’) is
underlined.

nuclei, and did not give any staining outside the nucleus (Fig-
ures 4b and 4e). At the same time, WBP-2 and tWBP-2 pro-
teins were detected both in the cytoplasmic and in the nuclear
compartments (Figures 4a and 4d); only in the latter were they
co-localized with Pax8 (Figures 4c and 4f).

Pax8 and WBP-2 interact directly in vitro

To confirm the direct interaction between Pax8 and WBP-2, pull-
down assays were performed using a bacterially expressed and
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Figure 4 Localization of WBP-2 and tWBP-2 in PC CI3 thyroid cells

PC CI3 cells were plated on glass coverslips and subsequently transfected with 250 ng of an expression vector encoding Myc-tagged WBP-2 or tWBP-2. At 48 h after transfection, cells were
double-stained by immunofluorescence with a manoclonal anti-Myc antibody (a and d) and with a polyclonal anti-Pax8 antibody (b and e). Fluorescein isothiocyanate and TRITC signals were ac-
quired together at a confocal microscope, by line-wise scanning. The staining for WBP-2 (a) and tWBP-2 (d) proteins was detected both in the nucleus and in the cytosol of the cells. Pax8 staining
(b and e) was exclusively nuclear, as described previously [29]. The overlay of the signals is shown in (¢) and (f). Bar=5 rem.

purified GST-WBP-2 fusion protein and an affinity-purified bac-
terial Pax8 protein. As shown in Figure 5(A) (lane 2), Pax8 bound
specifically to the GST-WBP-2 fusion protein loaded on gluta-
thione—Sepharose beads. Figure 5(A) (lane 1) shows that Pax8
was not able to bind to GST protein alone loaded on the beads.
This result proves that the interaction between Pax8 and WBP-2,
observed in the immunological screening, is a specific and direct
interaction. The protein domain of WBP-2 involved in protein—
protein interactions has been described [38]. Since that portion of
the protein is not affected in the splicing event and thus is present
in tWBP-2 as well as in WBP-2, the biochemical interaction
between Pax8 and tWBP-2 was not investigated further.

The interaction between Pax8 and WBP-2 occurs in vivo and
is mediated by the C-terminal region of Pax8

Our results prompted us to assess the existence of an in vivo
interaction between Pax8 and WBP-2. To this end, we subcloned
WBP-2 cDNA into an expression vector containing the 3 x FLAG
epitope and used a heterologous system constituted by HeLa cells
co-transfected with 3 x FLAG-WBP-2 and an expression vector
encoding full-length Pax8. By using the anti-FLAG-agarose
affinity gel, we immunoprecipitated the 3 x FLAG-WBP-2 pro-
tein from an extract of the co-transfected HeLa cells. Subsequently
we revealed the presence of Pax8 by Western blot, utilizing a
specific anti-Pax8 antibody (Figure 5B, lane 5). When HeLa cells
were transfected with Pax8 only, Pax8 was not pulled down in the
co-immunoprecipitation (Figure 5B, lane 4), thus demonstrating
that the interaction with WBP-2 is specific. At the same time, we
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Figure 5 WBP-2 and Pax8 interact both in vitro and in vivo

(R) GST-WBP-2 pull-down assay performed with affinity-purified bacterial Pax8. Lane 1, Pax8
protein precipitated with GST as control; lane 2, Pax8 protein precipitated with GST-WBP-2;
lane 3, purified bacterial Pax8 input. Western blot was performed using a specific polyclonal
antibody against Pax8. (B) 3 x FLAG-WBP-2 co-immunoprecipitation (IP) from protein
extracts of transiently transfected cells. Hela cells were transiently transfected with full-length
Pax8 (lane 1, input), with the 3 x FLAG-WBP-2 expression vector together with full-length Pax8
(lane 2, input), or with the 3 x FLAG-WBP-2 expression vector together with Pax8 A349 deletion
mutant (lane 3, input). Only full-length Pax8 was able to bind WBP-2 (lane 5).
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Figure 6 WBP-2 does not enhance the transcriptional activity of Pax8 on thyroid-specific promoters

Hela cells were transiently transfected with the reporter plasmids Tg-CAT, TPO-LUC and NIS-LUC9, containing the minimal promoter region of the rat Tg gene or of the rat TPO gene, or the enhancer
element of the NIS gene, respectively, together with the expression vectors encoding Pax8 and WBP-2. The cells were subsequently harvested and assayed for CAT or LUC activity. Fold activation is
the ratio between values obtained with and without co-transfection of the expression vectors. Values are means of at least three independent experiments.

co-transfected HeLa cells with 3 x FLAG-WBP-2 and a truncated
form of Pax8 called A349. Pax8-A349 lacks the final 108 amino
acids in the C-terminal region of the protein; this domain was first
identified as the transactivation domain of Pax8 and is very rich
in proline residues. Co-immunoprecipitation assays showed that
the final 108 amino acids in the C-terminal domain of Pax8 are
essential for the interaction between WBP-2 and Pax8 (Figure 5B,
lane 6). An analysis of the C-terminal domain of Pax8 revealed
that not a single tryptophan residue is present, unlike in the WW
module, thus leading to the conclusion that Pax8 is not a
WW domain protein. Hence we can assert that the domain by
which Pax8 interacts with WBP-2 is a novel domain of inter-
action.

Binding of WBP-2 does not influence the transcriptional
activity of Pax8

Pax8 is a transcriptional activator of thyroid-specific gene pro-
moters. In particular, Pax8 was shown to be able to efficiently
activate transcription from the TPO, Tg and NIS promoters in
thyroid and non-thyroid cells [25,41]. To investigate whether the
physical interaction between WBP-2 and Pax8 could lead to an
increase in the transcriptional activity induced by Pax8, we per-
formed transactivation assays in HeLa cells co-transfected with
the expression vectors encoding WBP-2 and Pax8, together
with the reporter construct TPO-LUC. Our results demonstrated
that WBP-2 does not increase the transcriptional activation of
the TPO promoter by Pax8 (Figure 6). We repeated the same
transactivation assays utilizing two other thyroid-specific pro-
moters, Tg-CAT and NIS-LUC9, and again were unable to detect
any effect of WBP-2 on Pax8-dependent transcriptional activation
(Figure 6). Moreover, the same results were obtained using the
tWBP-2 protein (results not shown). Thus our conclusion is
that WBP-2 is not a transcriptional co-activator of Pax8.

DISCUSSION

In the present study we report the first experimental evidence that
WBP-2 binds directly to a Pax protein, i.e. Pax8. Although initially
identified in an immunological screening, the interaction between
WBP-2 and Pax8 was verified by in vitro biochemical association
assays. In addition, the same interaction was demonstrated in vivo
by co-immunoprecipitation. Moreover, we identified by RT-PCR
a splicing isoform of WBP-2, that we named tWBP-2. Since our
experiments did not identify a specific function of tWBP-2, the
functional relevance of this alternatively spliced isoform remains
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unknown. WBP-2 is a ubiquitous protein that binds to the WW
domain of YAP (Yes-associated protein) [38]. The WW domain
is a small module composed of 40 amino acids that plays a role
in mediating protein—protein interactions via proline-rich regions
[43,44].

From the analysis of transgenic and knockout mice, it has
become clear that Pax genes are key regulators during crucial steps
of the organogenesis of various tissues [7,45—47]. In fact, they en-
code essential developmental regulators that control the morpho-
genesis of complex tissues, such as the eye, the vertebral column,
the central nervous system, the kidney and others. In particular,
Pax8 knockout mice have a barely visible thyroid gland, which is
devoid of follicular cells [21], and human patients suffering from
congenital hypothyroidism have been shown to carry mutations
in the Pax8 gene [48—50]. Pax8 has been shown to be a master
gene for the maintenance of a thyroid differentiated phenotype,
being important for transcriptional activation of all of the thyroid
differentiation markers, such as the genes encoding Tg, TPO
and NIS [22]. Recently it was demonstrated that Pax8 and the
homeodomain-containing transcription factor TTF-1 interact bio-
chemically and synergistically to activate transcription from the
Tg promoter [29]. Whether WBP-2 or tWBP-2 might influence
transcriptional activation of thyroid-specific promoters, such as
those of the NIS, Tg and TPO genes, has been examined in HeLa
cells. In our experiments we did not observe an effect on Pax8
transcriptional activity when WBP-2 or tWBP-2 was co-expressed
in transiently transfected HeLa cells, although our results indicate
that Pax8 and WW-domain binding proteins are co-localized in
the nuclei of these cells (results not shown), and can be isolated
in a complex by co-immunoprecipitation. One possible explan-
ation for this apparent lack of an effect could be the presence
of endogenous WBP-2. In this case, the activity of Pax8 would
already be determined by the endogenous factor, and additional
WBP-2 would not induce the activity significantly. However, we
favour the hypothesis that WBP-2 act as an adaptor molecule that
is charged with the responsibility of bringing together various
components of a complex via protein binding domains in order to
participate in the co-activation of transcription. The interaction of
proline-rich proteins such as WBP-2 with WW domain-containing
proteins seems to play different functions in the nucleus [51]. In
some cases, complexes are important for transcriptional activation
[52] or for negative regulation of transcription [53], or they might
modulate the activity and the degradation of RNA polymerase II
[54].

Analysis of the amino acid sequence of Pax8 revealed that it
does not contain a WW domain. Thus the results presented here
represent the first evidence for the presence in Pax8 of a novel
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domain that is able to make a physical interaction with WBP-2.
By deletion analysis we have determined the region of Pax8
involved in the interaction with WBP-2, and our results showed
that the C-terminal domain of Pax8 is involved in the interaction.
In fact, the Pax8 deletion mutant A349, which lacks the final
108 amino acids of the protein, is no longer able to interact
with WBP-2. This domain, like the C-terminal region of all Pax
proteins, contains the transactivation domain, and it is very rich in
proline residues, even though it does not contain the WW module.
Our hypothesis is that Pax8 functions alone or, more often, in
combination with various factors, cofactors or adaptor molecules
to regulate gene expression. In future studies, it will be essential to
determine whether WBP-2 is indeed a link between Pax8 and
other proteins, such as chromatin remodelling proteins or trans-
criptional activators or repressors, in order to fully understand
the functional significance of this interaction and its role in
thyroid-specific gene expression.
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