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Pax8 has a critical role in epithelial cell survival
and proliferation

T Di Palma1, MG Filippone1, GM Pierantoni2, A Fusco1,2, S Soddu3 and M Zannini*,1

The transcription factor Pax8, a member of the Paired-box gene family, is a critical regulator required for proper development and
differentiation of thyroid follicular cells. Despite being Pax8 well characterized with respect to its role in regulating genes
responsible for thyroid differentiation, its involvement in cell survival and proliferation has been hypothesized but remains
unclear. Here, we show that Pax8 overexpression significantly increases proliferation and colony-forming efficiency of Fischer
rat thyroid line 5 epithelial cells, although it is not sufficient to overcome their hormone dependence. More interestingly, we show
that Pax8-specific silencing induces apoptosis through a p53-dependent pathway that involves caspase-3 activation and
cleavage of poly(ADP)ribose polymerase. Our data indicate that tumor protein 53 induced nuclear protein 1 (tp53inp1), a positive
regulator of p53-dependent cell cycle arrest and apoptosis, is a transcriptional target of Pax8 and is upregulated by Pax8
knockdown. Remarkably, tp53inp1 silencing significantly abolishes Pax8-induced apoptosis thus suggesting that tp53inp1 may
be the mediator of the observed effects. In conclusion, our data highlight that Pax8 is required for the survival of differentiated
epithelial cells and its expression levels are able to modulate the proliferation rate of such cells.
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The Pax genes encode evolutionary conserved transcription
factors that act high up in the regulatory hierarchy controlling
the development of various organs.1 In mammals, there are
nine Pax genes, grouped into four different classes based on
identity within their DNA-binding domain (the paired box),
gene structure and expression pattern.2 The Pax genes are
tightly regulated in both temporal and spatial expression
patterns; most adult cells switch them off during late phases of
terminal differentiation and this pattern is maintained in the
mature organism. Recently, a substantial body of evidence
demonstrated that even if the constitutive expression of the
Pax gene in adult tissues may not be itself oncogenic, it may
contribute to the malignant phenotype by sustaining abnormal
cell proliferation.3,4

Pax8, one of the Pax family members, is expressed in
developing kidney, neural tube, and developing and adult
thyroid.5 Specifically, Pax8 was shown to be required for
both morphogenesis of the thyroid gland6 and maintenance of
the thyroid differentiated phenotype.7 Together with another
thyroid-specific transcription factor named TTF-1, Pax8 is
involved in the regulation of thyroid-specific genes such as
those encoding thyroglobulin (Tg), thyroperoxidase and
sodium/iodide symporter.8,9 Even though during embryogen-
esis Pax8 is expressed in different districts such as thyroid,
metanephros and Mullerian duct,5,10 knockout mice show only a
thyroid phenotype, whereas they have no obvious defects in the

other tissues.6 In particular, mice lacking Pax8 have a barely
visible thyroid gland deprived of the follicular cells, suggesting
that this transcription factor may be required for the survival of
thyroid cell precursors.6 As a consequence, the knockout mice
suffer from hypothyroidism and die within 2–3 weeks after
weaning. In humans, congenital hypothyroidism is most often
caused by absent, hypoplastic or ectopic thyroid11 and some
human patients suffering from congenital hypothyroidism have
been shown to carry mutations in the PAX8 gene.12,13,14

In addition to hypothyroidism, PAX8 has a role in a subset of
renal,15 bladder,16 ovarian,17 pancreatic endocrine and thyroid
neoplasm.18,19,20 A specific translocation t(2;3)(q13;p25) resulting
in a fusion protein between PAX8 and peroxisome proliferator-
activated receptor g (PPARg) acts as an oncogene21 and it is able
to modulate the activating function of PAX8 on transcription
units with thyroid-specific activity.22 This fusion protein has been
detected in both benign and malignant thyroid tumors, with a high
percentage in follicular thyroid carcinomas.23

Recently, PAX8 was reported as one of the top 40 genes
specifically upregulated in different types of ovarian carci-
noma.24 It was also found to be overexpressed in Wilms
tumor25 and in the majority of gliomas, acting as an important
regulator of telomerase activity.26

In order to investigate the role of Pax8 in cell prolife-
ration and survival, we examined the in vitro effects of Pax8
overexpression and silencing in epithelial-differentiated cells.
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Our results provide strong evidences that Pax8 has a crucial
role in the regulation of both biological processes. Moreover,
we suggest that the tp53inp1 protein (tumor protein
53-induced nuclear protein 1) may function as the mediator
of Pax8 control of epithelial cell survival. It is well known that
tp53inp1 is a stress-induced nuclear protein, direct target of
p53, that has a role in cell cycle arrest and in p53-mediated
apoptosis.27 Tp53inp1 also strongly alters p53 transcriptional
activity on several p53-dependent promoters thus stimulating
its capacity to induce apoptosis and regulate cell cyle.28

Altogether, the currently available observations indicate that
tp53inp1 has an important role in cellular homeostasis through
its antiproliferative and pro-apoptotic activities. Our findings
here reported indicate that tp53inp1 is a direct target of Pax8
and we propose that Pax8 could regulate cell survival of
differentiated epithelial cells via the transcriptional regulation
of tp53inp1.

Results

Pax8 overexpression leads to increased proliferation
rate of differentiated epithelial cells. To get clues on the

functional activity of Pax8 in differentiated epithelial cells,
we used the Fischer rat thyroid line 5 (FRTL-5) cells as
experimental model system. These cells have been
extensively characterized:29 they are a differentiated thyroid
cell line that expresses an endogenous Pax8 and depends
on specific hormones for proliferation (see Materials and
Methods). Individual FRTL-5 stable clones and a mass
population stably overexpressing exogenous Pax8 were
grown in normal medium conditions and counted each day
for 4 days to establish cell proliferation curves. The analysis
shows that the proliferation rate of Pax8 stable-transfected
pool and individual clones is significantly higher than that of
the parental or backbone vector-transfected FRTL-5 cells
(Figure 1a). A similar experiment has been carried out with
cells growing in medium deprived of hormones but neither
the wild-type cells nor the Pax8 overexpressing ones were
able to grow (Supplementary Figure 1a). Although the
requirement of hormones for cell growth is well-known for
wild-type FRTL-5 cells, the fact that the Pax8 overexpressing
pool and clones are not able to grow without hormones
indicates that these cells have a higher proliferation rate but
do not lose their hormone dependance. In parallel, we
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Figure 1 Pax8 overexpression affects the cell growth and the cell cycle distribution of FRTL-5 cells. (a) Growth curves of wild-type FRTL-5 cells, individual Pax8 FRTL-5
stable clones and pools of clones expressing Pax8 or transfected with the empty vector. The results are the mean of three independent experiments. (b) Flow cytometry
analysis of proliferating pCEFL-FLAG-Pax8 and pCEFL-FLAG cells starved for 3 days in 0.2% serum (t¼ 0) and treated with complete medium at the indicated times. Gray
and black bars correspond to pCEFL-FLAG and pCEFL-FLAG-Pax8 cells, respectively. Statistical analysis uses t-test (P¼ 0.08). (c) Protein extracts of pCEFL-FLAG-Pax8
and pCEFL-FLAG cells starved for 3 days in 0.2% serum (t¼ 0) and treated with complete medium at the indicated times were analyzed by western blot for the expression of
cell cycle regulatory proteins. Filter was reblotted with a-tubulin to ensure protein loading and integrity
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have also characterized the experimental and control
FRTL5-FLAG pools with respect to the differentiated gene
expression profile of the FRTL-5 parental cell line
and no significant changes were observed (Supplementary
Figure 1b).

Next, we analyzed the kinetics of cell cycle entry and the
expression of cell cycle regulators in the FRTL5-FLAG and
FRTL5-FLAG-Pax8 pool populations. To this aim, both pools
were starved for hormones (six hormones (6H)) and serum for
3 days, subsequently stimulated to re-enter into the cell cycle
with serum and 6H, and analyzed by flow cytometry 24 and
48 h after treatment. The result of three independent experi-
ments is reported in Figure 1b and shows that Pax8
overexpression slightly accelerates the cell exit from
the G1 phase, as indicated by the reduced percentage
of FRTL5-FLAG-Pax8 cells in G1 and the proportional
increase in the S phase. This observation was further
strengthen by comparing the expression level of cyclins,
Cdks and Cdk inhibitors in the two pools by western blot. In the
FRTL5-FLAG-Pax8 pool, upon stimulation with 6H and
serum, we observed a small increase in the expression of
cyclin D3, cyclin A and cyclin E and a similarly modest
reduction in the expression of the cyclin-dependent kinase
inhibitors p21 and p27 (Figure 1c).

As Rb phosphorylation controls S-phase entry, we also
examined whether the observed alterations of the cell
cycle correlated well with Rb phosphorylation levels. Upon
starvation of the cells, FRTL5-FLAG and FRTL5-FLAG-Pax8
pools show Rb dephosphorylation; when re-stimulated
with complete medium, Rb phosphorylation is accelerated in
FRTL5-FLAG-Pax8 cells compared with the control pool
(Figure 2c, see the 24 h time point) thus correlating with
the earlier entry into the S phase of the cells overexpressing
Pax8.

Subsequently, we carried out a colony-forming assay with
the FRTL5-FLAG and FRTL5-FLAG-Pax8 pool populations.
As shown in Figure 2, FRTL-5 cells transfected with Pax8
generated a higher number of colonies than cells
transfected with the control vector, indicating that the
overexpression of Pax8 increases the clonogenic ability of
these cells.

Taken together, these data indicate that Pax8 overexpres-
sion is not sufficient per se to overcome hormone dependence
but, in the presence of hormones, significantly increases both
proliferation and colony formation capacity of differentiated
epithelial cells.

Pax8 silencing results in apoptosis of FRTL-5 epithelial
cells. The contribution of Pax8 to thyroid cell survival has
been suggested by the analysis of the early steps of thyroid
morphogenesis in Pax8 null embryos. In the mouse model, in
the absence of this transcription factor, at E11.5 the thyroid
primordium appears much smaller than the wild-type
primordium and at E12.5 the follicular cells are essentially
undetectable.6 Thus, Pax8 seems to be required for the
survival of thyroid cell precursors but not for their
specification.

To investigate whether Pax8 has a pro-survival function
also in a differentiated thyroid cell line, we silenced the
expression of endogenous Pax8 in FRTL-5 cells by RNA
interference. Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) assays were performed on FRTL-5
cells transiently transfected with Pax8 siRNA (experimental)
or non-targeting siRNA (control). Forty-eight hours after
transfection, Pax8 silencing strongly increased the number
of TUNEL-positive cells compared with the control siRNA
(Figure 3a, left panel), indicating that knockdown of Pax8
in differentiated epithelial cells leads to cell death. The
average result of three independent experiments is reported
in the right panel of Figure 3a.

Next, we evaluated the activity of caspase-3 by a colori-
metric assay. The results shown in Figure 3b indicate that
caspase-3 activity is significantly increased in siPax8-
transfected FRTL-5 cells compared with the controls at 24 h
after transfection. Moreover, Pax8 silencing induces the
caspase-3 pathway and results in poly(ADP)ribose
polymerase 1 (PARP-1) cleavage (Figure 3c). Western blot
analyses also showed that Pax8 knockdown leads to a slightly
increased expression of Bax but not of Bcl-2 (Figure 3c).
Altogether, our data reveal that the loss of Pax8 in FRTL-5
epithelial cells strongly affects cell survival.

Molecular mechanisms underlying siPax8-induced
apoptosis. Recently, we reported a large-scale gene
expression profile analysis following Pax8 silencing in
FRTL-5 cells performed to identify new Pax8 target genes.30

The array data suggested that Pax8 regulates several
pathways, mainly involved in the regulation of the cell cycle,
cancer and apoptosis. Specifically, genes belonging to the
cell cycle and apoptosis categories resulted most modified in
our array. We focused our attention on tp53inp1, a positive
regulator of p53-dependent cell cycle arrest and apoptosis28

that was significantly upregulated in our array. To validate
the expression data obtained by the microarray analysis,

Figure 2 Colony-forming assays were performed with FRTL-5 cells transfected
with a vector expressing Pax8 cDNA (pCEFL-FLAG-Pax8) or with the empty vector
(pCEFL-FLAG). The results are the mean of two independent experiments.
Cells transfected with Pax8 generated a higher number of colonies than that of cells
transfected with the backbone vector
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we performed qRT-PCR on RNA samples prepared 72 h
after Pax8 siRNA transfection and we confirmed tp53inp1
upregulation in the siPax8 RNA sample (Figure 4a). The
results so far obtained prompted us to investigate more in
details the 50-flanking genomic region of tp53inp1 and
specifically to localize possible Pax8-binding site(s) within
this region. Therefore, we used the MatInspector analysis
software (Genomatix) to search for transcription factor-
binding sites and we found several Pax8 consensus
sequences. To confirm the predictions of the MatInspector
analysis, chromatin immunoprecipitation (ChIP) assays on
FRTL-5 cells were carried out. The cross-linked chromatin
was immunoprecipitated using a specific antibody recogniz-
ing Pax8 or an unrelated antibody as control. The location of
selected PCR primers corresponding to Pax8 consensus
sequences at higher score are shown in Figure 4b. The ChIP
results indicate that in vivo Pax8 is able to bind one of the two
high-score selected sites present on the rat tp53inp1
promoter (Figure 4b). In agreement with the data obtained
interfering with Pax8 expression, we also show that FRTL-5
cells overexpressing Pax8 have a significant reduction
of tp53inp1 mRNA (Figure 4c) thus suggesting that tp53inp1
is a transcriptional target of Pax8 and may be the mediator
of Pax8 regulation of epithelial cell survival.

The absence of tp53inp1 impairs Pax8-induced apoptosis.
In the attempt to evaluate whether Pax8-induced apoptosis is
mediated by tp53inp1, TUNEL assays were performed on
FRTL-5 cells transiently transfected with Pax8 siRNA alone
or in combination with siRNA specific for tp53inp1. The
efficient and specific silencing of both genes was confirmed
by qRT-PCR at 48 h after transfection (Supplementary
Figure 2). Interestingly, Figure 5 shows that tp53inp1 knock-
down significantly abolishes Pax8-induced apoptosis. At the
same time, to evaluate whether p53 could influence such
process, we silenced p53 in combination with Pax8. As before,
the efficient and specific silencing of both genes was confirmed
by qRT-PCR at 48 h after transfection (Supplementary
Figure 2). TUNEL assays were performed 48 h after siRNAs
transfection and showed that the number of apoptotic cells
decreased significantly also in the absence of p53 (Figure 5),
indicating that p53 contributes to Pax8-mediated apoptosis. At
the same time, we performed the single silencing of tp53inp1
and p53 and we did not observe any effect.

Discussion

In addition to the essential role played by Pax8 in the
morphogenesis of the thyroid gland and in the maintenance

Figure 3 Pax8 knockdown promotes apoptosis of FRTL-5 cells. (a) Fluorescence microscopy representative images of TUNEL staining of FRTL-5 cells 48 h after Pax8
silencing. On the right side, the quantitative analysis of TUNEL-positive cells is shown. More than 500 cells were counted for each measurement, and experiments were
repeated three times. Averages of TUNEL-positive cells (%) with standard error are shown in the graph. Statistical analysis uses t-test (Po0.01). (b) Pax8 silencing
increases the caspase-3 activity. Cells were transfected with siRNA scramble (siCtrl-) and siPax8 and after 24 h the whole-cell lysates were subjected to caspase-3 activity
assay. The results are the mean of three independent experiments (Po0.05). (c) Analysis by western blot of the expression levels of some genes involved in the control of
apoptosis, upon Pax8 silencing. PARP1 was detected as a doublet indicative of its activation. The hybridization with a-tubulin is shown to ensure protein loading and
integrity
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Figure 4 Pax8 silencing directly modulates tp53inp1 gene expression. (a) Total RNA was isolated from FRTL-5 cells 72 h after transfection and subjected to qPCR
analysis. The values are means±S.D. of three independent experiments in duplicate, normalized by the expression of b-actin and expressed as fold change with respect to
FRTL-5 wild-type cells whose value was set at 1.0. Statistical analysis uses t-test (P¼ 0.01). (b) Schematic representation of the upstream region of the rat tp53inp1 gene.
Pax8-binding sites are represented as striped boxes and are marked by asterisks. Pax8 binding sequences are indicated below the boxes and the core sequences are in bold.
ChIP analysis was performed using FRTL-5 cells. Crosslinked chromatin was immunoprecipitated with the antibody for Pax8 or with an unrelated antibody (a-tubulin).
Immunoprecipitates from each sample were analyzed by PCR using primers specific for the tp53inp1 promoter (indicated by arrows). (c) RNA samples from wild-type FRTL-5
cells, pCEFL-FLAG and pCEFL-FLAG-Pax8 pools were used to perform qPCR to measure the expression of tp53inp1. The data shown are normalized mean values±S.D. of
three independent experiments in duplicate. Statistical analyses were performed using t-test (Po0.05)

Figure 5 tp53inp1 depletion blocks Pax8-mediated apoptosis by a p53-dependent mechanism. TUNEL analysis of FRTL5 cells 48 h after silencing of Pax8
alone or in combination with tp53inp1 and p53. Averages of TUNEL-positive cells (%) with standard error are shown in the graph. Statistical analysis uses
t-test (Po0.05)
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of the thyroid-differentiated phenotype, in this study, we
describe a new role of Pax8 in the regulation of cell survival
and proliferation. Such new role was somehow already
suggested by studies on mouse models. One example is the
Pax2 and Pax8 double mutant mouse that exhibits a complete
lack of kidney formation, due to an increase in apoptosis
during metanephros development.31,32,33

In addition, studies on Pax8 inactivation by antisense
oligonucleotide strategy provided evidence that this transcrip-
tion factor could have a role in thyroid cell growth in response
to TSH and IGF-I stimuli.34

Here, we show that in differentiated epithelial cells Pax8
silencing strongly induces apoptosis, whereas its overexpres-
sion deregulates cell proliferation. Indeed, Pax8 null mice
revealed that in the embryonic life the thyroid diverticulum is
able to evaginate from the endoderm and migrate to its final
position, but it requires Pax8 expression for further develop-
ment. Infact, in the absence of this transcription factor the
follicular cells are no longer detectable in the thyroid
primordium at E12.5, suggesting that Pax8 is required for
the survival of thyroid cell precursors.6 Accordingly, diffused
presence of apoptotic cells has been shown at 1 day after birth
in mice where Pax8 is conditionally ablated in the thyroid.35

Our data clearly demonstrate that Pax8 is critical also for the
survival of FRTL-5 differentiated epithelial cells. We believe
that at early stages of thyroid development Pax8 is needed for
the survival of the cells during the migration process until the
final localization is reached. Afterwards, when the thyroid bud
is localized in the proper position, cells undergo differentiation
and Pax8 is involved in the transcriptional regulation of
the differentiation marker genes as already described.11 In
addition, in line with studies on Pax8 inactivation suggesting
that this transcription factor could have a role in thyroid cell
growth,34 our study here reported indicate that Pax8 is also
involved in the survival and proliferation of differentiated
epithelial cells.

It is known that PAX gene expression confers a strong
advantage to cancer cell growth and that Pax8 is
overexpressed in a high proportion of tumors.4,36,37 Recently,
a genome-wide approach to identify genetic alterations in
cancer genomes has pinpointed Pax8 as essential for
proliferation and survival of ovarian cancer cell lines.38 More-
over, our recent data relative to genome-wide expression
profiling following Pax8 silencing in FRTL-5 differentiated
epithelial cells indicated that many gene categories are affected
by Pax8 knockdown, in particular, genes of the cell cycle
category such as E2F1, E2F6, cyclin-A2 (CCNA2) and
CDC6.30 In agreement with our data above mentioned, the
capability of Pax8 to promote tumor cell proliferation through
regulation of E2F1 and concomitant stabilization of the RB
protein has been recently described.39 E2F1 is a member of the
E2F gene family that includes eight members (E2F1–8), all of
which has a critical role in the control of cell proliferation by
transcriptionally regulating genes required for cell cycle
progression and genes involved in apoptosis, DNA repair,
differentiation and development.40

Our findings indicate that tp53inp1 is a direct target of Pax8
and is upregulated by Pax8 knockdown. Tp53inp1 is a
p53-regulated gene27,41 and has a pivotal role in cell cycle
control and in p53-mediated apoptosis.27 Hence, we propose

that Pax8 could regulate cell survival of differentiated
epithelial cells via the transcriptional regulation of tp53inp1.

Pax8 overexpression has been implicated in several
cancers; however, low level or loss of Pax8 has been reported
specifically in thyroid tumors.42,43 How can these two
observations be compatible? A possible explanation for this
apparent paradox might be suggested by recently published
studies on the p53-HIPK2 (homeodomain-interacting protein
kinase 2) pathway in thyroid tumors, which underlines
a reduced HIPK2 expression or function in thyroid cancers.44

Moreover, when the loss of HIPK2 and/or its cytoplasmic
relocalization occurs in thyroid tumors,45 p53-mediated
apoptosis is inhibited and consequently this event is respon-
sible for aberrant tumor growth. Therefore, we hypothesize
that in pathological conditions, that is several tumor types,
Pax8 is overexpressed and confers a proliferative advantage
to the cells. At variance, in epithelial thyroid cells, Pax8 is
downregulated in the malignant tissue and its reduced or lost
expression does not trigger apoptosis in such condition
because the p53-HIPK2 pathway is also altered in this tumor
type. In conclusion, the role of Pax8 in cell cycle progression
and cell survival in FRTL-5 differentiated epithelial cells that
here we describe represents a new function of the Pax8
protein that is beginning to come out, but still much work
remains to be performed. To improve our knowledge of the
complex role of this transcription factor, of great interest will be
the characterization of the entire molecular network that
allows Pax8 to regulate such diverse cellular processes.

Materials and Methods
Materials. Coon’s modified F-12 medium and calf serum (CS) were from
Euroclone (Milano, Italy). Hormones (thyrotropic hormone, hydrocortisone, insulin,
transferrin, somatostatin and glycyl-histidyl-lysine) were from Sigma-Aldrich Corp.
(St. Louis, MO, USA). Geneticin were from Gibco (Grand Island, NY, USA).
FuGENE HD transfection reagent was purchased from Promega Corp. (Madison,
WI, USA). DharmaFECT 1 Transfection Reagent was obtained from Dharmacon
Inc. (Chicago, IL, USA). Primary antibodies against p21waf1/cip1, cyclin D3, cyclin B1,
cyclin E, cyclin A, cyclin B1, cdk2, cdk4 and a-tubulin were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Polyclonal antibody anti-Pax8,
anti-Nkx2.1, anti-Tg and anti-Foxe1 were kindly provided by Professor R Di Lauro,
the monoclonal antibody for p27kip1 was from BD Biosciences Transduction
Laboratories (Milano, Italy). Primary antibodies for Bcl2, Bax and PARP1 were
purchased from Cell Signaling Technology (Danvers, MA, USA). The primary
antibody for Rb was purchased from BD Pharmigen (G3-245; San Jose, CA,
USA). The secondary antibodies used were horseradish peroxidase-conjugated,
anti-mouse and anti-rabbit antibodies (GE Healthcare, Piscataway, NJ, USA).
Enhanced chemiluminescence was purchased from Pierce Chemical (Rockford,
IL, USA). Culture dishes were purchased from Euroclone.

Cell culture and transfection. FRTL-5 cells were grown in Coon’s
modified F-12 medium supplemented with 5% CS and a 6H mixture as described
by Ambesi-Impiombato and Coon (Ambesi-Impiombato, 1979). Transfections were
carried out with the FuGENE reagent according to the manufacturer’s instructions.
The transfected cells were selected in a medium containing geneticin (G418).
Several clones and the mass cell population were isolated and expanded for
further analysis.

Plasmid constructs, colony-forming and cell proliferation
assays. The mouse 3XFLAG-Pax8-coding region46 was subcloned in the
BamHI-XbaI sites of the pCEFL vector. The expression of 3XFLAG-Pax8 was
assessed by western blotting. FRTL-5 cells were transfected with 2 mg of
FLAG-Pax8 or pCEFL backbone vector and selected with geneticin (G418).
After 2 weeks of drug selection, the cells were fixed and stained with 1%
crystal violet.
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To measure cell growth parameters, FRTL5-FLAG and FRTL5-FLAG-Pax8 pools
and FRTL5-FLAG-Pax8 individual clones were plated at 80 000 cells/60-mm plate.
The cells were grown in F12 medium with 5% CS and the six-hormones mixture or in
medium hormone-deprived and counted every 24 h.

Cell cycle analysis. Cells were starved in medium containing 0.2% CS for
72 h and then cultured in complete medium for 48 h. Cells were collected by
trypsinization at different times and fixed in ice-cold 80% ethanol. After washing in
PBS, cells were incubated with 25ml/ml RNase and 50ml/ml propidium iodide for
30 min. Cell-cycle distribution was analyzed with FACS-Calibur flow cytometer
(Becton Dickinson, Milan, Italy), and the data were analyzed using a Mod-Fit cell
cycle analysis program.

RNA interference. FRTL-5 cells were plated (8� 104 well) in 24-well plates
and transfected in triplicate with 100 nM Pax8 siGENOME siRNA, 100 nM tp53inp1
siGENOME SMART pool siRNA, 100 nM p53 siGENOME SMART pool siRNA
or siGENOME Non-Targeting (Dharmacon, Inc.) using the DharmaFECT1
transfection reagent, as previously described.47 Cells were harvested 24, 48
and 72 h after transfection and the total RNA or total cell lysates were prepared.

RNA extraction and quantitative real-time RT-PCR. Total RNA was
extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and cDNAs
were synthesized using the iScript cDNA Synthesis kit according to the
manufacturer’s instructions (Bio-Rad, Hercules, CA, USA). Real-time RT-PCR
analysis was performed using IQ SYBR Green PCR Master Mix (Bio-Rad) in
a iCycler IQ real-time detection system (Bio-Rad).

Caspase Activity Assay. Total cell lysates were prepared from FRTL-5
24 h after transfection and the activity of caspase-3 was assessed using the
Caspase Fluorometric Assay kit (Alexis Biochemicals, San Diego, CA, USA)
according to the manufacturer’s instructions. Cells were harvested and lysed in
50ml lysis buffer containing 2 mM DTT. After centrifugation, the supernatant
containing 100mg protein was incubated at 37 1C for 2 h with the caspase-3
substrate (Ac-DEVD-AFC) and the fluorescence from the cleaved substrate was
measured. The activation of the caspase was expressed as fold change with
respect to the absorbance of a blank control containing 50 ml 2� reaction buffer
and 50ml lysis buffer.

TUNEL assay. In situ TUNEL was performed using in situ Cell Death
Detection kit (Roche) as suggested by the manufacturer. All staining were
counterstained with DRAQ5 (Vinci-Biochem Srl, Florence, Italy) before mounting.
Microscopy and imaging were performed at a confocal laser scanner microscope
(LSM 510; Zeiss, Gottingen, Germany). For quantification of apoptotic cells,
a minimum of 100 cells, each from at least three microscope fields, was examined
for TUNEL-positive nuclei among the DRAQ5-stained ones. The frequency of
apoptosis was expressed as a percentage (means±S.E.) of apoptotic cells
obtained from three independent experiments.

ChIP. ChIP was performed as previously described.30 Precleared chromatin
from FRTL-5 cells was incubated with 1 mg of affinity-purified rabbit polyclonal
anti-Pax8 antibody or monoclonal anti-tubulin antibody and rotated at 4 1C for
16 h. The immunoprecipitated DNA was analyzed by PCR using the following
tp53inp1 primers: 50-GTAGCTGTCTTCAGACACACC-30 and 50-TGACTGTG
CAGTCTGCCTAAC-30.

Protein extraction and western blotting. Protein extraction and
western blotting procedures were carried out as reported elsewhere (Di Palma
et al., 2008). Membranes were incubated with the specific antibodies as indicated
in the figures; the secondary antibodies used were horseradish peroxidase-
conjugated anti-mouse and anti-rabbit antibodies. The proteins were detected by
enhanced chemiluminescence.
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