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Pax8 modulates the expression of Wnt4 that is
necessary for the maintenance of the epithelial
phenotype of thyroid cells
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Abstract

Background: The transcription factor Pax8 is expressed during thyroid development and is involved in the
morphogenesis of the thyroid gland and maintenance of the differentiated phenotype. In particular, Pax8 has been
shown to regulate genes that are considered markers of thyroid differentiation. Recently, the analysis of the gene
expression profile of FRTL-5 differentiated thyroid cells after the silencing of Pax8 identified Wnt4 as a novel target.
Like the other members of the Wnt family, Wnt4 has been implicated in several developmental processes including
regulation of cell fate and patterning during embryogenesis. To date, the only evidence on Wnt4 in thyroid
concerns its down-regulation necessary for the progression of thyroid epithelial tumors.

Results: Here we demonstrate that Pax8 is involved in the transcriptional modulation of Wnt4 gene expression
directly binding to its 5’-flanking region, and that Wnt4 expression in FRTL-5 cells is TSH-dependent. Interestingly,
we also show that in thyroid cells a reduced expression of Wnt4 correlates with the alteration of the epithelial
phenotype and that the overexpression of Wnt4 in thyroid cancer cells is able to inhibit cellular migration.

Conclusions: We have identified and characterized a functional Pax8 binding site in the 5’-flanking region of the
Wnt4 gene and we show that Pax8 modulates the expression of Wnt4 in thyroid cells. Taken together, our results
suggest that in thyroid cells Wnt4 expression correlates with the integrity of the epithelial phenotype and is
reduced when this integrity is perturbed. In the end, we would like to suggest that the overexpression of Wnt4 in
thyroid cancer cells is able to revert the mesenchymal phenotype.
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Background
Wnts are powerful regulators of cell proliferation and
differentiation, and their signaling pathway involves pro-
teins that directly participate in both gene transcription
and cell adhesion [1]. Over the past two decades, 19
members of the Wnt protein family have been found in
mammals and have been subdivided into canonical
signaling, with transforming activities in mammary epi-
thelial cells, and non canonical signaling involved in the
planar cell polarity (PCP) and in Calcium signaling [2].
Member of the Wnt family, Wnt4 is classified as a non-
canonical Wnt protein even though there is evidence
that it is also able to activate the canonical signaling
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pathway [3]. Wnt4 knockdown highlighted its crucial role
in the development of several organs such as kidney, ovary
and mammary gland [4,5]. Moreover, Wnt4 null mice die
within 24 h of birth, probably because of severe lack of kid-
ney functions [6]. In fact, during kidney development Wnt4
plays a key role in the mesenchymal to epithelial transition
and in the morphogenesis required for tubule formation
[7], and its expression is regulated by the transcription fac-
tor Pax2 [8]. Interestingly, in humans defects in WNT4 are
a cause of Rokitansky-Kuster-Hauser syndrome (RKH syn-
drome) characterized by utero-vaginal atresia in otherwise
phenotypically normal female with a normal 46,XX karyo-
type [9]. Homozygous null mutation in WNT4 is the cause
of female sex reversal with dysgenesis of kidneys, adrenals,
and lungs (SERKAL syndrome), demonstrating that this
gene plays an essential role in human sex-determination
and organogenesis [10]. Furthermore, mutations in the
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WNT4 gene also cause WNT4 Müllerian aplasia and ovar-
ian dysfunction [11].
Recently, Wnt4 was shown to be strongly down-

regulated in human anaplastic carcinomas and to behave
as a key factor in Ras-mediated transformation of rat epi-
thelial cells [12]. In addition, the analysis of the gene ex-
pression profile of FRTL-5 differentiated thyroid cells after
the silencing of the transcription factor Pax8 identified
Wnt4 among the down-regulated genes and by ChIP assay
Wnt4 was defined as a novel direct target of Pax8 [13].
Pax8, a member of the Pax genes family, was shown to

be required for both morphogenesis of the thyroid gland
[14] and maintenance of the thyroid differentiated pheno-
type [15]. Interestingly, mutations in the Pax8 gene have
been associated with congenital hypothyroidism in humans
[16-19]. During the embryogenesis Pax8 is expressed not
only in the thyroid but also in other tissues such as the
metanephros, the midhindbrain boundary region [20,21], as
well as in the Müllerian duct [5]. In Pax8 knockout mice,
the thyroid gland is barely visible and lacks the follicular
cells; accordingly, the expression of the thyroid-specific
markers thyroglobulin and thyroperoxidase cannot be de-
tected in line with the crucial role that Pax8 plays in thyro-
cytes differentiation [14]. Moreover, as a consequence of
their athyroidism, Pax8 deficient mice are deaf, growth re-
tarded, ataxic, and do not survive weaning. As in most
cases of congenital hypothyroid patients, in Pax8-deficient
mice the symptoms can be reversed by the TH replacement
therapy if instituted within the first days of postnatal life
[22,23]. It is of interest to note that Pax8−/− mice that were
properly substituted with TH and developed otherwise nor-
mally without any overt deficits did not become fertile [24].
Indeed, the analysis of the male and female reproductive
system demonstrated that the Pax8−/− mice fail to develop
correctly [25].
Here, we investigated the involvement of Pax8 in the

regulation of Wnt4 gene expression in thyroid cells. The
in silico analysis of the 5’-flanking region of the Wnt4
gene identified several putative Pax8 binding sites and
our data here reported show that indeed Pax8 is in-
volved in the transcriptional regulation of the Wnt4
gene. All together, our results indicate that in thyroid
cells Pax8 participates to Wnt4 gene expression directly
binding to its 5′-flanking region and that a reduced ex-
pression of Wnt4 correlates with the alteration of the
epithelial phenotype. Moreover, we also show that the
overexpression of Wnt4 in thyroid cancer cells is able to
inhibit cellular migration.

Results
Wnt4 expression in thyroid cells is modulated by TSH
In the past, we observed that in FRTL-5 cells cultured in
the absence of TSH, Pax8 mRNA and protein rapidly
disappear, whereas upon TSH stimulation, both mRNA
and protein are newly synthesized [26]. To investigate
the role of TSH in Wnt4 expression, FRTL-5 cells were
starved for 4 days in 0.2% calf serum-medium and sub-
sequently treated with TSH for 24 hours. The expression
of both Pax8 and Wnt4 was analyzed at the protein level
by immunofluorescence. As expected, Pax8 expression is
strongly reduced upon starvation of the cells and rein-
duced upon TSH stimulation. Similarly, also the expres-
sion of Wnt4 turned out to be modulated by TSH in a
way that well correlates with Pax8 expression profile
suggesting that TSH regulation of Wnt4 expression
could be mediated by Pax8 (Figure 1A).
Previous studies associated Wnt proteins with glycos-

aminoglycans in the extracellular matrix and bound
tightly to the cell surface [27-29]. Beyond this informa-
tion, the localization of Wnt proteins in vertebrates re-
mains unclear. The immunofluorescence experiment in
Figure 1A allowed us to obtain information also on the
subcellular distribution of the Wnt4 protein in thyroid
cells, showing the presence of Wnt4 exclusively in the
cytoplasmic compartment of this cell type.
To better clarify whether TSH stimulation of Wnt4 ex-

pression is entirely mediated by Pax8, we performed a
Pax8 knock-down experiment. In details, FRTL-5 thyroid
cells were transfected with siGENOME Pax8 siRNA (ex-
perimental) or siGENOME Non-Targeting siRNA (con-
trol), a scrambled sequence that does not show homology
with any rat gene. Few hours after transfection, cells were
starved in 0.2% calf serum medium for 24 hours and then
stimulated for 3 hours with TSH. The expression of both
Pax8 and Wnt4 was analyzed at the mRNA level by qRT-
PCR. Interestingly, when Pax8 is inhibited by the silen-
cing, the stimulation with TSH does not induce high levels
of Wnt4 as it happens in the siCtrl- sample (Figure 1B).
This result supports the hypothesis that a significant frac-
tion of Wnt4 response to TSH stimulation is indeed medi-
ated by Pax8.

The 5′-flanking region of the Wnt4 gene is responsive
to Pax8
To determine whether Pax8 could regulate Wnt4 gene ex-
pression by directly binding to its regulatory genomic se-
quence, we performed a computational analysis using the
MatInspector Software 8.0. We searched for Pax8 binding
sites in a region of about 3 Kb in the Wnt4 5′-flanking re-
gion and the analysis showed the presence of several Pax8
binding sequences.
To characterize more in detail the genomic region up-

stream the Wnt4 gene and to assess its transcriptional
activity in thyroid cells, five different fragments corre-
sponding to progressive deletions of the 5′-flanking re-
gion were subcloned in the pGL3-basic vector upstream
the luciferase reporter gene. All the deletions were engi-
neered taking into account the position of the Pax8



Figure 1 Wnt4 is localized in the cytoplasmic compartment of FRTL-5 cells and its expression is modulated by TSH. A) Wnt4 expression
is modulated by TSH in FRTL-5 thyroid cells. FRTL-5 cells were cultured in regular medium or in starvation medium for 4 days (0.2% CS) and
treated with 1 mU/ml of TSH for 24 h, and analyzed by immunofluorescence to detect Pax8 and Wnt4 proteins with specific antibodies (see
Methods). B) TSH stimulation of Wnt4 expression is mediated by Pax8. FRTL-5 cells were cultured in regular medium and transfected with 100 nM
of siPax8 or siCtrl-. Seven hours later, cells were starved in 0.2% CS medium for 24 h and treated with 1 mU/ml of TSH for 3 h and analyzed by
qRT-PCR to measure the expression levels of Pax8 (black bars) and Wnt4 (gray bars) mRNAs. Data are from three independent experiments, each
performed in duplicate and are expressed as the mean ± SD (P < 0,1).
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binding sites predicted by the MatInspector software
(Figure 2A).
To verify the transcriptional activity of each fragment,

the deletion constructs were transiently transfected in
FRTL-5 thyroid cells and in HeLa cells, the latter negative
for the expression of Pax8. The results obtained demon-
strate that all the constructs have a high transcriptional
activity in thyroid cells. Interestingly, only the smallest
construct carrying 190 bp of the Wnt4 5′-flanking region
shows a strongly reduced activity in the FRTL-5 cells
(Figure 2A). These data indicate that the 5′-flanking re-
gion of Wnt4 is transcriptionally active in thyroid cells
and prompted us to further study the role of Pax8 in the
modulation of Wnt4 expression. Initially, we tested the ef-
fect of Pax8 transient expression on the −300 and −190
promoter regions by luciferase assays (Figure 2B). Specific-
ally, we performed transactivation assays in HeLa cells by
transfecting the reporter constructs 300Wnt4LUC and
190Wnt4LUC together with increasing concentration of
Pax8. As shown in Figure 2B, Pax8 is able to activate
transcription from the 300Wnt4LUC reporter in a dose
dependent manner but not from the smallest construct
190Wnt4LUC, suggesting that the region between -300 bp
and -190 bp upstream the translational start site of the
Wnt4 gene is required for Pax8 positive modulation. Sub-
sequently, to further confirm the ability of Pax8 to physic-
ally interact with the Wnt4 promoter region in vivo, we
performed chromatin immunoprecipitation (ChIP) assays
on genomic DNA from FRTL-5 cells. The cross-linked
chromatin was immunoprecipitated using a specific anti-
body against Pax8. The enrichment of the endogenous
Wnt4 region was monitored by PCR amplification using
specific primers designed to amplify the region of Wnt4
between -300 bp and -190 bp required for Pax8 transcrip-
tional activation. The ChIP assay demonstrates that, in
agreement with the transactivation data, Pax8 is able to
bind in vivo the Wnt4 promoter (Figure 2C).

Identification of a Pax8 binding site on the Wnt4
proximal promoter region
The in silico analysis by the MatInspector software pre-
dicted two binding sites for Pax8 within the region span-
ning from -300 bp to -190 bp upstream the ATG of the
Wnt4 gene that we named A and B, respectively. Specif-
ically, site A was identified on the negative strand, while
site B was identified on the positive strand of the DNA
sequence, positioned on the rat promoter at -297 and
-211 bp from the ATG, respectively. The alignment of
the core sequence of the two putative Pax8 binding sites
shows a high grade of conservation among the species,
highlighting the potential relevance of these sites for
Wnt4 expression (Figure 3A).
To further characterize and verify the prediction ob-

tained by the MatInspector analysis, we designed two
oligo probes, containing the putative binding sites A
and B, and we performed gel mobility shift experiments.
Interestingly, the retarded band observed when the
FRTL-5 protein extract was incubated with oligo A
(Figure 3B, probe A, lane 2) is similar to that observed
in the positive control (Figure 3B, probe A, lane 4). In
contrast, the predicted binding site B could not be con-
firmed as a Pax8 binding site (Figure 3B, probe B).
Afterwards, we demonstrated by competition and
supershift assays that the shift observed when the



Figure 2 Pax8 activates transcription from the Wnt4 5′-flanking region. A) Transcriptional activity of Wnt4 5′-flanking genomic region. The
deletion reporter constructs were transfected into FRTL-5 and HeLa cells and the luciferase activity was determined. All the constructs have the
highest activity in thyroid cells and only the 190Wnt4LUC construct shows a strongly reduced activity. Data are expressed as the mean ± SD
(P < 0,0001); B) Pax8 activates transcription from the Wnt4 promoter region. HeLa cells were transiently transfected with 300Wnt4LUC and
190Wnt4LUC reporter constructs alone and in combination with increasing concentration (100 and 200 ng) of the expression vector encoding
Pax8 (CMV5-Pax8). The transcriptional activity was determined 48 h after transfection as the firefly over renilla luciferase activity. Data are expressed
as fold induction over the transcription obtained with 300Wnt4LUC and 190Wnt4LUC, whose values were set at 1. Data are from three independent
experiments, each performed in duplicate and are expressed as the mean ± SD (P < 0,005); C) Pax8 binds the Wnt4 promoter region in vivo. Chromatin
extracted from cross-linked FRTL-5 cells was immunoprecipitated with an unrelated antibody or for Pax8. The immunoprecipitates were analyzed by
PCR with oligonucleotides able to amplify the region between -300 bp and -190 bp of the 5′flanking region of the Wnt4 gene.
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FRTL-5 extract is incubated with oligo A is the result of
a specific interaction (Figure 3B). All together, these re-
sults demonstrate that Pax8 is able to specifically bind
to the sequence identified in this study.
To demonstrate the functional relevance of Pax8 bind-

ing to the Wnt4 promoter, we generated a deletion mutant
(260Wnt4LUC) that lacks the sequence predicted to be
recognized by Pax8. Luciferase reporter constructs
300Wnt4LUC and 260Wnt4LUC were transiently trans-
fected into FRTL-5 cells and the luciferase activity was
measured 48 h later. As shown in Figure 3C, transfection
of the 300Wnt4LUC construct produces high levels of
luciferase activity, while the selective deletion of Pax8
binding site results in a reduced activity of the
260Wnt4LUC construct (about 50% reduction), indicat-
ing that the binding site A that we have identified is ne-
cessary for Wnt4 full promoter activity.

Wnt4 is responsible for the maintenance of the epithelial
phenotype
Recently, Wnt4 was demonstrated to be essential for
normal conversion of metanephric mesenchyme to the
epithelia of the nephron [6]. This evidence prompted us
to investigate the involvement of Wnt4 in the EMT



Figure 3 (See legend on next page.)
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Figure 3 Wnt4 5′-flanking region contains a binding site for Pax8. A) Graphic output of the sequence analysis showing the conservation in different
species of the core consensus sequences (in bold) of Pax8 binding sites. The sequence alignment was obtained using whole genome comparative analysis
of the VISTA browser; B) Electromobility shift assays for Pax8 binding to putative recognition motifs in the Wnt4 promoter. Left panel, 32P-labeled oligo
probes A and B were challenged with total protein extracts prepared from FRTL-5 cells (lane 2). Protein extracts of HeLa (lane 3) and Pax8-transfected HeLa
cells (lane 4) were used as negative and positive control, respectively. Middle panel, the specificity of the complex observed with the FRTL-5 extract and
probe A was tested by competition analysis, using increasing amount (from 25 to 100-fold molar excess) of unlabeled wild-type oligo A or mutated in the
core sequence. Right panel, the FRTL-5 protein extract was incubated with the antibody against Pax8 or tubulin (as negative control), in a supershift EMSA
with labeled probe A; C) Pax8 binding site A is necessary for the transcriptional activity of Wnt4 promoter. The deletion constructs 300Wnt4LUC and
260Wnt4LUC were transfected into FRTL-5 thyroid cells and the luciferase activity was determined. Data are from three independent experiments, each
performed in duplicate and are expressed as the mean ± SD (P < 0,05).
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process also in epithelial thyroid cells. To this end, we
inhibited Wnt4 expression in FRTL-5 by means of RNA
interference and we analyzed by qRT-PCR the expres-
sion level of some EMT markers. Seventy-two hours
after siRNA transfection, we analyzed the expression
level of Wnt4, E-cadherin (E-cad) as an epithelial
marker and α-Smooth muscle actin (α-SMA) and
Vimentin (VIM) as mesenchymal markers. By qRT-PCR
we show that upon Wnt4 knockdown, the mRNA level
of E-cad is reduced while the expression level of the
mesenchymal markers α-SMA and VIM is upregulated
with respect to the FRTL-5 transfected with siCtrl-
(Figure 4A).
Figure 4 Wnt4 expression correlates with the maintenance of the epith
analysis was performed on total RNA prepared from FRTL-5 cells transfected w
measured; B) Effect of Wnt4 overexpression on EMT of thyroid cells. qRT-PCR
31 and 35 and from FRTL-5 stable transfected with the empty vector. The exp
the mean ± SD (P < 0,05). On the right, protein levels were evaluated by imm
hybridization with GAPDH assessed the protein uniform loading integrity. Fol
Our findings demonstrate that reduced levels of Wnt4
correlate with EMT, suggesting a relevant role of this
gene in the maintenance of the epithelial phenotype of
FRTL-5 thyroid cells. To better clarify the involvement
of Wnt4 in this process, we generated FRTL-5 cells
overexpressing Wnt4 and we analyzed, by qRT-PCR and
Western blot, the expression level of the EMT markers
above mentioned. The stable overexpression of Wnt4 is
able to revert the mesenchymal phenotype; in fact, the
upregulation of Wnt4 determines a stabilization of E-
cad and a reduction of α-SMA and VIM (Figure 4B).
The apparent difference between mRNA and protein
level of VIM in our opinion could be due to the
elial state. A) Effect of Wnt4 silencing on EMT of thyroid cells. qRT-PCR
ith siWnt4 or siCtrl-. The expression of E-cad, α-SMA and VIM was
analysis was performed on total RNA prepared from FRTL-5-Wnt4 clones
ression of E-cad, α-SMA and Vim was measured. Data are expressed as
unoblotting analysis using Wnt4, E-cad and VIM antibodies. The
d represents the quantification of protein levels normalized with GAPDH.
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biological differences between transcript and protein abun-
dance, underlining the importance of post-translational
mechanisms controlling gene expression.

Wnt4 is down-regulated in human thyroid cancer cells
and its overexpression inhibits cellular migration
We analyzed the expression level of Wnt4 in human
thyroid cancer cell lines by qRT-PCR. In particular, we
analyzed the WRO, Cal62, FB2 and BCPAP cells derived
from follicular, anaplastic and papillary thyroid carcin-
oma, and a pool of six normal thyroid (N.T.) tissues as
control. As expected, in all the thyroid cancer cell lines
the expression level of Wnt4 is strongly reduced with re-
spect to normal thyroid (Figure 5), indicating that a
down-regulation of Wnt4 occurs in thyroid carcinoma.
Interestingly, also the expression of PAX8 is significantly
down-regulated in the same cell lines. The same result
has been obtained by Western blot analysis (Figure 5,
bottom panel). To further evaluate the involvement of
Wnt4 in thyroid tumors we overexpressed Wnt4 in the
Figure 5 Pax8 and Wnt4 expression in human thyroid cancer
cell lines. Wnt4 and Pax8 expression was measured by qRT-PCR in
four human thyroid cancer cell lines: WRO from follicular thyroid
cancer, Cal62 from anaplastic thyroid carcinoma, FB2 and BCPAP
from papillary thyroid carcinoma. RNA from six non-pathological
thyroids (N.T.) was used as control. Quantitative real-time PCR was
carried out in triplicate as described in Materials and Methods.
Glyceraldehyde 3-phosphate dehydrogenase was used as reference
gene; results are reported as 2-ΔCt. Data are expressed as the mean ±
SD (P < 0,05). The bottom panel shows the total protein extracts of
FRTL-5 cells (used as normal thyroid) and human thyroid cancer cells
WRO, Cal62, FB2 and BCPAP separated on SDS-PAGE and subjected
to Western blot analysis with specific antibodies as indicated in the
panel. The hybridization with GAPDH assessed the protein uniform
loading integrity. Fold represents the quantification of protein levels
normalized with GAPDH.
BCPAP cell line and we selected a BCPAP-Wnt4 mass
population. In parallel, we also generated a control
mass population transfected with the backbone vector
(BCPAP-pCEFL).
To study whether elevated levels of Wnt4 might have a

role in cell migration, we performed wound-healing assays
using the two mass populations described above. The
assay shows that after 12 hours the area of the wound is
completely recovered by the BCPAP parental and the
BCPAP-pCEFL cells. At difference, the motility of the
BCPAP-Wnt4 cells appears strongly impaired, suggesting
that Wnt4 overexpression significantly reduces the migra-
tion ability of human papillary thyroid cells (Figure 6).

Discussion
In the last few years many data revealed that a set of tran-
scriptional regulators, unique to the thyroid follicular cell
type, has been identified as responsible for thyroid-specific
gene expression. It comprises three transcription factors:
TTF-1, Foxe-1 and Pax8, each of which is expressed also
in cell types different from the thyroid follicular cells. Al-
beit, the specific combination of these factors is unique to
the thyroid hormone producing cells, strongly suggesting
that such combination plays an important role in the dif-
ferentiation process of these cells [30,31]. In particular, the
transcription factor Pax8 is a master gene for thyroid
differentiation, being necessary for the transcriptional
activation of all the known differentiation markers [32].
Moreover, Pax8 knockout mice show a severe thyroid
phenotype [14] and are unfertile [24,25]. In humans, pa-
tients carrying mutations in the Pax8 gene suffer from
congenital hypothyroidism [16,33].
Together with the transcription factor Pax2, Pax8 is

also a central regulator of both nephron differentiation
and branching morphogenesis in the developing kidney.
Both transcription factors are necessary and sufficient
for the formation of the pronephros and all subsequent
kidney structures, regulating key target genes involved in
pro/mesonephros formation [20,34]. In parallel, a co-
operative role for Pax2 and Pax8 in metanephric branch-
ing morphogenesis and nephron differentiation has been
uncovered [34].
In thyroid, Wnt4 has been recently demonstrated to

be a key player in Ras-mediated transformation of epi-
thelial cells. Moreover, our recent data suggested that
Wnt4 could be a direct target of Pax8 in FRTL-5 rat thy-
roid cells [13].
In this study, we show that Pax8 modulates the ex-

pression of Wnt4 at the transcriptional level. By EMSA,
ChIP and transfection assays, we demonstrate that Pax8
directly binds to the Wnt4 promoter region and acti-
vates transcription from it.
It is well known that TSH is the main regulator of thy-

roid differentiation [26]. Its role in this process has been



Figure 6 Wnt4 overexpression in human papillary thyroid cancer cells inhibits cellular migration. Wound healing migration assay for
BCPAP, BCPAP-pCEFL and BCPAP-Wnt4 was performed. The healing of the wounds by migrating cells was imaged at time 0 h, 4 h, 8 h and 12 h
(upper panel). BCPAP-Wnt4 cells migrate significantly less than BCPAP and BCPAP-pCEFL cells. Wound closure is expressed as the percentage of
the initial wound diameter at 0 h. Data are expressed as the mean ± SD (P < 0,01, right panel).
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studied in different model systems [35] and the expres-
sion of several thyroid-specific genes, such as Tg, TPO,
TSHR and NIS has been shown to be modulated by
TSH/cAMP. In the past, we demonstrated that in PCCl3
cells, TSH regulates the expression of Tg and Pax8 at
the transcriptional level by a cAMP-mediated mechan-
ism [26]. Here, we show that in FRTL-5 rat thyroid cells
also the expression of Wnt4 is under the control of TSH
and that this control is likely mediated by Pax8. In fact,
TSH deprivation causes a significant reduction of both
Pax8 and Wnt4 and the kinetic of induction of Wnt4 ex-
pression upon TSH stimulation well correlates with that
of Pax8. Interestingly, it has been demonstrated that
TSH supports maintenance of thyroid follicular integrity
in primary cultured pig thyrocytes, stabilizing E-
cadherin at the cell surface and preventing its acceler-
ated turnover to support the maintenance of thyroid fol-
licular integrity [36]. Therefore, we would like to
propose that TSH promotes and ensures the mainten-
ance of the architecture and integrity of the follicles also
regulating the expression of Wnt4. Of course, this is cur-
rently a hypothesis that requires further investigations
and experimental validations.
The epithelial-mesenchymal transition (EMT) is an

orchestrated series of events in which cell-cell and cell-
extracellular matrix (ECM) interactions are altered to
release epithelial cells from the surrounding tissue. The
cytoskeleton is reorganized to confer the ability to move
through a three-dimensional ECM, and a new transcrip-
tional program is induced to maintain the mesenchymal
phenotype. Induction of EMT can compromise the
mechanical and physiological integrity of the tissue, and
inappropriate induction of this process can have disas-
trous consequences. EMT also acts in tumor progression
by providing increased resistance to apoptotic agents
[37,38] and by producing supporting tissues that en-
hance the malignancy of the central tumor.
Recently, Wnt4 has been demonstrated to be critical for

mesenchyme – epithelium transition of the epithelia of
the nephron [6]. In agreement with these data, we report
in this manuscript that in FRTL-5 thyroid cells Wnt4 is
involved in the maintenance of the epithelial phenotype.
In fact, the EMT induced by Wnt4 down-regulation can
be reverted in the cellular model system that stable over-
expresses Wnt4. These results allow us to suggest that in
thyroid cells, as in kidney cells, the expression of Wnt4
correlates with the integrity of the epithelial phenotype.
Many publications emphasize the role of the Wnt/β-

catenin pathway in thyroid cancer. Recently, it has been
shown that Wnt4 down-regulation is necessary for the
progression of thyroid epithelial tumors toward a fully
malignant phenotype [12]. Moreover, it has been exten-
sively demonstrated that a progressive decrease of Pax8
level occurs in thyroid tumors from follicular adenoma
to differentiated carcinoma and then to anaplastic car-
cinoma, which parallels the progressive dedifferentiation
and increasing malignancy of thyroid tumors [39]. Here,
we show that in human thyroid cancer cell lines, Wnt4
and PAX8 mRNA levels are strongly reduced. Moreover,
the overexpression of Wnt4 in human papillary cancer
cells is able to affect the stabilization of the epithelial
state and to inhibit cellular migration.
In the future, it will be interesting to further clarify the

role of Wnt4 in thyroid differentiation and tumorigenesis.

Conclusions
The results presented in this study demonstrate that the
transcriptional factor Pax8 is involved in the transcriptional
modulation of Wnt4 gene expression in differentiated thy-
roid cells. Furthermore, we show that a reduced expression
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of Wnt4 correlates with the alteration of the epithelial
phenotype and that Wnt4 overexpression in thyroid cancer
cells is able to inhibit cellular migration. Taken together,
our data highlight a potential intriguing role of Wnt4 in the
context of the thyroid cell.

Methods
Protein extracts and Western blot
Cells were washed twice with ice cold PBS and lysed in
a buffer containing 50 mM HEPES (pH 7.5), 150 mM
NaCl, 5 mM EGTA (pH 7.8), 10% glycerol, 1% triton X-
100, 1 mM DTT and 1 mM PMSF. Protein concentra-
tion was determined using the Bio-Rad protein assay
(Bio-Rad Laboratories, Inc., Hercules, CA). For Western
Blot analysis, proteins were separated by SDS-PAGE.
Gels were blotted onto Immobilon P (Millipore Corp.,
Bedford, MA) for 3 h, and the membranes were blocked
in 5% nonfat dry milk for 1 h at room temperature. The
antibodies used for immunoblotting were: Wnt4
(Mouse anti-WNT4, Invitrogen), Pax8 (kindly provided
by Prof. R. Di Lauro), vimentin, E-cadherin, GAPDH
(Santa Cruz Biotechnology, Inc.). Subsequently, the filters
were developed using an enhanced chemi-luminescence
detection method (Pierce Chemical Co., Madison, WI)
according to the manufacturer’s directions.

Indirect immunofluorescence
FRTL-5 cells, grown on 12 mm diameter glass coverslips,
were fixed with pre-chilled methanol at -20°C for 5 min,
permeabilized for 10 min in 0.2% triton X-100 in PBS, and
then rinsed with phosphate-buffered saline (PBS) to prepare
them for immunostaining. Briefly, the cells were subse-
quently blocked with washing buffer containing 0.5% BSA
for 1 h and treated with rabbit policlonal anti-WNT4
(Wnt4 antibody, Novus) O/N and then with Alexa Fluor®
594-conjugated secondary antibody (Invitrogen) for 30 min,
followed by treatment with mouse monoclonal anti-PAX8
(BIOCARE MEDICAL) for 1 h and finally by an Alexa
Fluor® 488-conjugated secondary antibody (Invitrogen).
Several washes were interposed between the different anti-
bodies incubations. Cell nuclei were identified by Hoechst
staining. The coverslips were mounted on a microscope
slide using a 70% (v/v) solution of glycerol in PBS and
images were collected as previously described [40].

Promoter constructs and plasmids
Specific proximal promoter fragments of rat Wnt4 gene
were amplified by PCR. The 3100Wnt4LUC was sub-
cloned into MluI/BglII sites of the pGL3basic vector
(Promega, Madison, WI), while all the other constructs
were subcloned into XhoI/HindIII of the same vector.
Wnt4 cDNA (NCBI Reference Sequence NM_005923)

was kindly provided by G. De Vita. The CMV-Pax8 con-
struct was already described [41].
Cell culture and transfection assays
Rat thyroid follicular FRTL-5 cells were maintained in
Coon’s modified F12 medium (EuroClone, MI, Italy) as
previously described [42].
The starvation medium consisted of Coon’s modified

Ham’s F12 medium supplemented only with 0.2% newborn
calf serum (HyClone, Logan, UT). TSH treatment was per-
formed by the addition of 1 mU/ml TSH (Sigma-Aldrich,
St. Louis, MO) to the culture medium at 3 h or 24 h after
starvation.
HeLa, WRO, FB2, Cal62 and BCPAP cells were grown

in DMEM (EuroClone) supplemented with 10% (v/v)
fetal bovine serum (HyClone, Logan, UT).
Transfections and luciferase assays were carried out as

previously described [43].

ChIP assay
ChIP was performed as previously described [13].
Precleared chromatin from FRTL-5 cells was incubated

with 1 μg of affinity-purified rabbit polyclonal antibody
anti-Pax8 (kindly provided by Prof. R. Di Lauro), unrelated
antibody (α Tubulin, Santa Cruz) or no antibody and
rotated at 4°C for 16 h. The immunoprecipitated DNA
was analyzed by PCR using the following Wnt4 primers:
5′- GATCCAGAAGCGAGGTTTCGGAT -3′ and 5′-
AACCTAGTCACTAGCGCTCGGG-3′.

Electrophoretic mobility shift assay (EMSA)
Double-strand oligonucleotides were labeled with γ-32P
ATP and T4 polynucleotide kinase and used as probes. The
binding reactions were carried out in a buffer containing
20 mM Tris–HCl (pH 7.6), 75 mM KCl, 1 mM dithiothrei-
tol, 10% glycerol, 1 mg/ml BSA, and 3 mg/ml polydeoxyi-
nosinic deoxycytidylic acid. After 30 min of incubation at
room temperature, free DNA and DNA-protein complexes
were resolved on a 6% non-denaturating polyacrylamide gel
and visualized by autoradiography.
The oligonucleotides used in the competition assay

and the antibodies used in the supershift experiments
were incubated with the protein extract for 20 min be-
fore adding the probe.
Oligonucleotides were: probe A, 5′-GCGGGTCCAGC

GGCGCGGGACACCCCCC-3′ and probe B, 5′-TCCGCC
GCCACCGCCGCATCCCGGCTCTG-3′. The oligonucleo-
tide mutated in the core sequence was: 5′-GCGGGTCC
AGCGGATATGGACACCCCCCC-3′.

RNA interference
FRTL-5 cells were plated (8×104 cells) in a 24-well plate
and were transfected in triplicate with 50 nM rat Wnt4
siRNA (Ambion, Life Technologies Ltd, UK), 50 nM
siGENOME Non-Targeting #3 (Dharmacon, Lafayette,
CO), or with 100 nM Pax8 siGENOME siRNA or
siGENOME Non-Targeting #3 (DHARMACON) as
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scramble, using the DharmaFECT1 transfection reagent,
following the manufacturer’s protocol.

RNA extraction, cDNA synthesis and quantitative RT-PCR
Total RNA was prepared using TRIzol Reagent (Invitro-
gen, San Diego, CA) according to the manufacturer’s
directions. Total RNA (1 μg) was retrotranscribed using
the iScript cDNA Synthesis kit (Bio-Rad Laboratories).
Real-time PCR analysis was performed using an iCycler-
iQ real-time detection system and SYBR green chemistry
(Bio-Rad Laboratories).
Reactions were carried out in duplicate in three inde-

pendent experiments. For each gene, values are means ±
SD of three independent experiments, normalized by the
expression of an housekeeping gene, and expressed as a
percentage of the value measured in parental FRTL-5 or
BCPAP cells. To calculate the relative expression levels,
we used the 2−DDCT method [44].

Wound-healing assay
Confluent BCPAP, BCPAP-pCEFL and BCPAP-Wnt4
cells plated on tissue culture dishes were wounded by
manual scratching with 10-μl pipette tip, washed with
PBS and incubated at 37°C in complete media. At the
indicated time points, phase contrast images at specific
wound size were captured.

Abbreviations
Pax8: Paired box transcription factor 8; Wnt4: Wingless-type MMTV
integration site family, member 4; EMSA: Electro mobility shift assay;
UTR: Untranslated region; CS: Calf serum; EMT: Epithelial to mesenchymal
transition; TSH: Thyroid stimulating hormone; ChIP: Chromatin immuno
precipitation; PCP: Planar cell polarity; Tg: Thyroglobulin;
TPO: Thyroperoxidase; E-cad: E-cadherin; SMA: α-smooth muscle actin;
VIM: Vimentin; NIS: Sodium-iodide symporter; ECM: Extracellular matrix.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
MGF carried the majority of the experiments and drafted the manuscript,
TDP participated in the design of the study and carried out the ChIP assays,
VL carried out the immunofluorescence analysis, MZ was responsible for the
coordination and supervision of the entire study. All authors read and
approved the final manuscript.

Acknowledgments
We deeply thank G. De Vita, M. De Menna and S. Paladino for kindly
providing reagents and helpful discussions.
This work was supported by grants from the Italian Ministry of Education,
University and Research (MIUR-PRIN 2009), from the Italian Ministry of
Economy and Finance to the CNR for the Project FaReBio di Qualità and by
the grant Medical Research in Italy (MERIT) RBNE08YFN3_001.

Received: 17 April 2014 Accepted: 23 September 2014
Published: 30 September 2014

References
1. Nelson WJ, Nusse R: Convergence of Wnt, beta-catenin, and cadherin

pathways. Science 2004, 303(5663):1483–1487.
2. Eisenmann DM: Wnt Signaling. In WormBook: The Online Review of C

Elegans Biology 2005, 25:1–17.
3. Li Q, Kannan A, Das A, Demayo FJ, Hornsby PJ, Young SL, Taylor RN, Bagchi
MK, Bagchi IC: WNT4 acts downstream of BMP2 and functions via beta-
catenin signaling pathway to regulate human endometrial stromal cell
differentiation. Endocrinology 2013, 154(1):446–457.

4. Brisken C, Heineman A, Chavarria T, Elenbaas B, Tan J, Dey SK, McMahon JA,
McMahon AP, Weinberg RA: Essential function of Wnt-4 in mammary
gland development downstream of progesterone signaling. Genes Dev
2000, 14(6):650–654.

5. Vainio S, Heikkila M, Kispert A, Chin N, McMahon AP: Female development in
mammals is regulated by Wnt-4 signalling. Nature 1999, 397(6718):405–409.

6. Stark K, Vainio S, Vassileva G, McMahon AP: Epithelial transformation of
metanephric mesenchyme in the developing kidney regulated by Wnt-4.
Nature 1994, 372(6507):679–683.

7. Tanigawa S, Wang H, Yang Y, Sharma N, Tarasova N, Ajima R, Yamaguchi TP,
Rodriguez LG, Perantoni AO: Wnt4 induces nephronic tubules in
metanephric mesenchyme by a non-canonical mechanism. Dev Biol 2011,
352(1):58–69.

8. Torban E, Dziarmaga A, Iglesias D, Chu LL, Vassilieva T, Little M, Eccles M,
Discenza M, Pelletier J, Goodyer P: PAX2 activates WNT4 expression
during mammalian kidney development. J Biol Chem 2006,
281(18):12705–12712.

9. Biason-Lauber A, De Filippo G, Konrad D, Scarano G, Nazzaro A, Schoenle EJ:
WNT4 deficiency–a clinical phenotype distinct from the classic Mayer-
Rokitansky-Kuster-Hauser syndrome: a case report. Hum Reprod 2007,
22(1):224–229.

10. Mandel H, Shemer R, Borochowitz ZU, Okopnik M, Knopf C, Indelman M,
Drugan A, Tiosano D, Gershoni-Baruch R, Choder M, Sprecher E: SERKAL
syndrome: an autosomal-recessive disorder caused by a loss-of-function
mutation in WNT4. Am J Hum Genet 2008, 82(1):39–47.

11. Philibert P, Biason-Lauber A, Rouzier R, Pienkowski C, Paris F, Konrad D,
Schoenle E, Sultan C: Identification and functional analysis of a new
WNT4 gene mutation among 28 adolescent girls with primary amenor-
rhea and mullerian duct abnormalities: a French collaborative study.
J Clin Endocrinol Metab 2008, 93(3):895–900.

12. De Menna M, D’Amato V, Ferraro A, Fusco A, Di Lauro R, Garbi C, De Vita G:
Wnt4 inhibits cell motility induced by oncogenic Ras. Oncogene 2013,
32(35):4110–4119.

13. Di Palma T, Conti A, de Cristofaro T, Scala S, Nitsch L, Zannini M:
Identification of novel Pax8 targets in FRTL-5 thyroid cells by gene silen-
cing and expression microarray analysis. PLoS One 2011, 6(9):e25162.

14. Mansouri A, Chowdhury K, Gruss P: Follicular cells of the thyroid gland
require Pax8 gene function. Nat Genet 1998, 19(1):87–90.

15. Pasca di Magliano M, Di Lauro R, Zannini M: Pax8 has a key role in thyroid
cell differentiation. Proc Natl Acad Sci U S A 2000, 97(24):13144–13149.

16. Di Palma T, Zampella E, Filippone MG, Macchia PE, Ris-Stalpers C, de Vroede
M, Zannini M: Characterization of a novel loss-of-function mutation of
PAX8 associated with congenital hypothyroidism. Clin Endocrinol (Oxf )
2010, 73(6):808–814.

17. Macchia PE, Lapi P, Krude H, Pirro MT, Missero C, Chiovato L, Souabni A,
Baserga M, Tassi V, Pinchera A, Fenzi G, Grueters A, Busslinger M, Di Lauro R:
PAX8 mutations associated with congenital hypothyroidism caused by
thyroid dysgenesis. Nat Genet 1998, 19(1):83–86.

18. Al Taji E, Biebermann H, Limanova Z, Hnikova O, Zikmund J, Dame C,
Gruters A, Lebl J, Krude H: Screening for mutations in transcription factors
in a Czech cohort of 170 patients with congenital and early-onset
hypothyroidism: identification of a novel PAX8 mutation in dominantly
inherited early-onset non-autoimmune hypothyroidism. Eur J Endocrinol/
Eur Fed Endocr Societies 2007, 156(5):521–529.

19. Narumi S, Muroya K, Asakura Y, Adachi M, Hasegawa T: Transcription factor
mutations and congenital hypothyroidism: systematic genetic screening
of a population-based cohort of Japanese patients. J Clin Endocrinol
Metab 2010, 95(4):1981–1985.

20. Bouchard M, Souabni A, Mandler M, Neubuser A, Busslinger M:
Nephric lineage specification by Pax2 and Pax8. Genes Dev 2002,
16(22):2958–2970.

21. Plachov D, Chowdhury K, Walther C, Simon D, Guenet JL, Gruss P: Pax8, a
murine paired box gene expressed in the developing excretory system
and thyroid gland. Development 1990, 110(2):643–651.

22. Christ S, Biebel UW, Hoidis S, Friedrichsen S, Bauer K, Smolders JW: Hearing
loss in athyroid pax8 knockout mice and effects of thyroxine
substitution. Audiol Neurootol 2004, 9(2):88–106.



Filippone et al. BMC Molecular Biology 2014, 15:21 Page 11 of 11
http://www.biomedcentral.com/1471-2199/15/21
23. Friedrichsen S, Christ S, Heuer H, Schafer MK, Parlow AF, Visser TJ, Bauer K:
Expression of pituitary hormones in the Pax8−/− mouse model of
congenital hypothyroidism. Endocrinology 2004, 145(3):1276–1283.

24. Wistuba J, Mittag J, Luetjens CM, Cooper TG, Yeung CH, Nieschlag E, Bauer K:
Male congenital hypothyroid Pax8−/− mice are infertile despite adequate
treatment with thyroid hormone. J Endocrinol 2007, 192(1):99–109.

25. Mittag J, Winterhager E, Bauer K, Grummer R: Congenital hypothyroid
female pax8-deficient mice are infertile despite thyroid hormone
replacement therapy. Endocrinology 2007, 148(2):719–725.

26. Mascia A, Nitsch L, Di Lauro R, Zannini M: Hormonal control of the
transcription factor Pax8 and its role in the regulation of thyroglobulin
gene expression in thyroid cells. J Endocrinol 2002, 172(1):163–176.

27. Bradley RS, Brown AM: The proto-oncogene int-1 encodes a secreted protein
associated with the extracellular matrix. EMBO J 1990, 9(5):1569–1575.

28. Miller JR: The Wnts. Genome Biol 2002, 3(1):REVIEWS300.
29. Reichsman F, Smith L, Cumberledge S: Glycosaminoglycans can modulate

extracellular localization of the wingless protein and promote signal
transduction. J Cell Biol 1996, 135(3):819–827.

30. Damante G, Tell G, Di Lauro R: A unique combination of transcription
factors controls differentiation of thyroid cells. Prog Nucleic Acid Res Mol
Biol 2001, 66:307–356.

31. Parlato R, Rosica A, Rodriguez-Mallon A, Affuso A, Postiglione MP, Arra C,
Mansouri A, Kimura S, Di Lauro R, De Felice M: An integrated regulatory
network controlling survival and migration in thyroid organogenesis.
Dev Biol 2004, 276(2):464–475.

32. Di Lauro R, Damante G, De Felice M, Arnone MI, Sato K, Lonigro R, Zannini M:
Molecular events in the differentiation of the thyroid gland. J Endocrinol
Invest 1995, 18(2):117–119.

33. Montanelli L, Tonacchera M: Genetics and phenomics of hypothyroidism
and thyroid dys- and agenesis due to PAX8 and TTF1 mutations.
Mol Cell Endocrinol 2010, 322(1–2):64–71.

34. Narlis M, Grote D, Gaitan Y, Boualia SK, Bouchard M: Pax2 and pax8
regulate branching morphogenesis and nephron differentiation in the
developing kidney. J Am Soc Nephrol 2007, 18(4):1121–1129.

35. Dumont JE, Lamy F, Roger P, Maenhaut C: Physiological and pathological
regulation of thyroid cell proliferation and differentiation by thyrotropin
and other factors. Physiol Rev 1992, 72(3):667–697.

36. Larsson F, Fagman H, Nilsson M: TSH receptor signaling via cyclic AMP
inhibits cell surface degradation and internalization of E-cadherin in pig
thyroid epithelium. Cell Mol Life Sci 2004, 61(14):1834–1842.

37. Maestro R, Dei Tos AP, Hamamori Y, Krasnokutsky S, Sartorelli V, Kedes L,
Doglioni C, Beach DH, Hannon GJ: Twist is a potential oncogene that
inhibits apoptosis. Genes Dev 1999, 13(17):2207–2217.

38. Vega S, Morales AV, Ocana OH, Valdes F, Fabregat I, Nieto MA: Snail blocks the
cell cycle and confers resistance to cell death. Genes Dev 2004, 18(10):1131–1143.

39. Fabbro D, Di Loreto C, Beltrami CA, Belfiore A, Di Lauro R, Damante G:
Expression of thyroid-specific transcription factors TTF-1 and PAX-8 in
human thyroid neoplasms. Cancer Res 1994, 54(17):4744–4749.

40. Lucci V, Di Palma T, D’Ambrosio C, Scaloni A, Zannini M: AMOTL2
interaction with TAZ causes the inhibition of surfactant proteins
expression in lung cells. Gene 2013, 529(2):300–306.

41. Zannini M, Francis-Lang H, Plachov D, Di Lauro R: Pax-8, a paired domain-
containing protein, binds to a sequence overlapping the recognition site
of a homeodomain and activates transcription from two thyroid-specific
promoters. Mol Cell Biol 1992, 12(9):4230–4241.

42. Ambesi-Impiombato FS, Coon HG: Thyroid cells in culture. Int Rev Cytol
Suppl 1979, 10:163–172.

43. de Cristofaro T, Di Palma T, Fichera I, Lucci V, Parrillo L, De Felice M, Zannini M:
An essential role for Pax8 in the transcriptional regulation of cadherin-16
in thyroid cells. Mol Endocrinol 2012, 26(1):67–78.

44. Livak KJ, Schmittgen TD: Analysis of relative gene expression data using
real-time quantitative PCR and the 2(−Delta Delta C(T)) Method.
Methods 2001, 25(4):402–408.

doi:10.1186/1471-2199-15-21
Cite this article as: Filippone et al.: Pax8 modulates the expression of
Wnt4 that is necessary for the maintenance of the epithelial phenotype
of thyroid cells. BMC Molecular Biology 2014 15:21.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Wnt4 expression in thyroid cells is modulated by TSH
	The 5′-flanking region of the Wnt4 gene is responsive to Pax8
	Identification of a Pax8 binding site on the Wnt4 proximal promoter region
	Wnt4 is responsible for the maintenance of the epithelial phenotype
	Wnt4 is down-regulated in human thyroid cancer cells and its overexpression inhibits cellular migration

	Discussion
	Conclusions
	Methods
	Protein extracts and Western blot
	Indirect immunofluorescence
	Promoter constructs and plasmids
	Cell culture and transfection assays
	ChIP assay
	Electrophoretic mobility shift assay (EMSA)
	RNA interference
	RNA extraction, cDNA synthesis and quantitative RT-PCR
	Wound-healing assay
	Abbreviations

	Competing interests
	Authors’ contributions
	Acknowledgments
	References

