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Abstract. TTF-1 and PAX-8 are responsible for thyroid organ-
ogenesis and for maintenance of differentiation in thyrocytes. 
Thus, we hypothesized that the induction of these two tran-
scription factors could affect proliferation and tumorigenicity. 
Moreover, the ability of various pharmacological agents to 
modulate expression of the TTF-1 and PAX-8 and their effects 
on apoptosis were also analysed. For this purpose, cell lines 
derived from papillary (TPC-1 and BHP 10-3) and anaplastic 
(ARO) thyroid carcinomas were stably transfected with expres-
sion vectors containing TTF-1 or PAX-8 genes. Subsequently, 
the effects on expression at gene and protein levels, as well as 
on cell growth, cell cycle, migration and in vivo tumorigenicity 
were studied. Our results showed that: i) TTF-1 reciprocally 
induces PAX-8 expression; ii) the basal state of TTF-1 or PAX-8 
influences proliferation, migration and tumorigenicity; iii) the 
induction of TTF-1 acts on cell proliferation more than PAX-8 
and mainly affects tumorigenicity; and iv) TTF-1 was found 
to be more sensitive to epigenetic modulators than PAX-8. 
Therefore, we postulated that both TTF-1 and PAX-8 when 
co-expressed have anti-proliferative and anti-tumorigenic 
properties up to a threshold expression level and beyond that, 
are able to induce pro-tumorigenic effects. Hence in future, it 
will be quite interesting to systematically take into account the 
basal state of expression of TTF-1 and PAX-8. It will also be 
important to study the two thyroid transcription factors as part 
of a duo. This could open in the long-term, new therapeutic 
perspectives for thyroid carcinomas.

Introduction

Genes involved in the thyroid differentiation are essentially 
thyroid transcription factor-1 (TTF-1) and human paired box-8 
(PAX-8). Both TTF-1 and PAX-8 control the expression of 

thyroglobulin (Tg), thyroperoxidase (TPO), thyroid-stimulating 
hormone receptor (TSHr) and sodium/iodide symporter (NIS) 
by binding to the promoters of these genes (1).

TTF-1 (also known as NKX2-1, T/EBP or TITF-1) is 
commonly expressed in thyroid gland and the central nervous 
system (2). It is considered as a marker of differentiation in thyroid 
and lung carcinomas and has been widely used to discern the 
tumours of thyroid and lung origin, in the patients with metastatic 
disease (3). Moreover, it is also a useful immunohistochemical 
marker in the diagnosis of these cancers (4,5). TTF-1 mRNA 
has been detected in papillary thyroid carcinomas (PTC) but 
not in anaplastic cancers; therefore, TTF-1 would be a marker to 
distinguish between these two types of thyroid neoplasms (6,7). 
Regarding its prognosis, TTF-1 may be increased in PTC with 
aggressive clinical course (8). It is also reported that high or low 
expression of TTF-1 compared to normal levels is a marker of 
worse prognosis in lung adenocarcinoma; suggesting its impor-
tance in disease progression (9). Notably, NKX2-1 encoding 
TTF-1 has been described as a double-edged sword gene due to 
its dual function, with both pro- and anti-oncogenic activities in 
lung cancer, depending on the co-existing oncogenic events and 
differentiation status (10-13).

PAX-8 is a transcription factor expressed in thyrocytes and 
renal cells (14). It was found to be important in the regulation of 
organogenesis of kidney and Müllerian system and expressed 
in several tumours including thyroid, kidney and ovarian carci-
nomas (14,15). It is also considered to be a diagnostic marker 
for renal, endometrial and ovarian cancers (16) but inconsis-
tent results are reported concerning its expression in thyroid 
carcinomas. In fact, PAX-8 was found to be expressed in 
differentiated thyroid tumours [PTC and follicular TC (FTC)] 
while, discrepancies were described in results for anaplastic 
thyroid carcinomas (6,17). Hence, the relevance of PAX-8 in 
thyroid carcinogenesis still remains to be investigated.

Several authors pointed out the key roles of both TTF-1 
and PAX-8 in the differentiation of thyrocytes. Presta et al (18) 
postulated that the induction of PAX-8 induces re-differentia-
tion of undifferentiated thyroid cancer cells (18). Mu et al (19) 
showed that co-expression of TTF-1 and PAX-8 in thyroid 
tumour cell lines, derived from papillary or follicular cancers 
and infected with recombinant adenoviruses (AdTTF-1 and 
AdPAX-8), leads to accumulation of TPO and Tg and organi-
fication and intracellular retention of iodine. Interestingly, 
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transient expression of TTF-1 and PAX-8 in mouse embryonic 
stem cells leads to the development of functional follicular 
cells able to organize iodine (20). Therefore, TTF-1 and PAX-8 
act together to promote the generation and differentiation of 
functional thyroid tissue.

Hence, the critical importance of TTF-1 and PAX-8 in 
thyroid organogenesis and their function directs the atten-
tion to their expression status which could be modulated 
during tumorigenesis by gene mutations, post-transcriptional 
regulations or by epigenetic modifications (21,22). The use of 
histone deacetylase inhibitors [HDACi; trichostatin A (TSA), 
depsipeptide (DEPSI), sodium butyrate (NaB), suberoylanilide 
hydroxamic acid (SAHA), LBH589 or valproic acid (VPA)] or 
demethylating agents [5'azacytidine (5'-AzA), generally used 
in the treatment of malignant hemopathies] showed dissimilar 
effects on expression of TTF-1 or PAX-8 (23-27). We noted 
only slight discrepancy in the published results, even if the 
authors used the same cell line and similar molecule, thus, 
making it quite difficult to conclude about the usefulness 
of these epigenetic modulators in cell differentiation and 
anticancer activity. Moreover, kondo et al (28) correlated 
the absence of TTF-1 expression with methylated status of 
TTF-1 in several differentiated and undifferentiated thyroid 
carcinoma cell lines. They also showed a positive correlation 
between acetylation of histone H3-Lys9 and the absence of 
TTF-1 expression (28) and thus, concluded that DNA demeth-
ylating agents could restore TTF-1 gene expression in thyroid 
carcinoma cell lines. Our team showed that other molecules 
would impact on cell differentiation through expression of 
TTF-1. We reported that TTF-1 is tightly regulated through 
Wnt/β-catenin signaling pathway in PTC cells by several 
mechanisms including transcriptional regulation mediated 
by β-catenin-binding to a TCF/LEF-responsive element in 
the TTF-1 promoter and by post-transcriptional modifications 
influencing TTF-1 mRNA and protein expressions (29). We 
speculated that the administration of GSk-3β inhibitors such 
as lithium chloride (LiCl) or other epigenetic TTF-1 modula-
tors could stimulate TTF-1 expression and as a consequence, 
promote differentiation of thyroid cells in pathologies where 
TTF-1 expression is low or absent (30). This hypothesis was 
recently validated when LiCl was shown to improve the effi-
cacy of treatment for thyroid carcinoma by radioiodine (31). 
Moreover, bortezomib (Velcade®), a proteasome inhibitor 
used in multiple myeloma, showed antineoplastic effects on 
anaplastic thyroid carcinoma-derived cell lines and regulates 
TTF-1 and PAX-8 expressions (32). Furthermore, it has been 
described to modulate histone acetylation (33).

Thus, in the present study, we hypothesized that both 
TTF-1 and PAX-8 are tightly regulated and their over- or 
underexpression could influence the tissue differentiation. 
Therefore, we first investigated the role of TTF-1 and PAX-8 
in proliferation and tumorigenicity, then we analyzed the effi-
ciency of several pharmacological molecules able to modulate 
TTF-1 and PAX-8 expressions and studied their outcome in 
apoptosis.

Materials and methods

Chemicals. Dulbecco's modified Eagle's medium (DMEM), 
Opti-MEM, Roswell Park Memorial Institute medium 

(RPMI), fetal calf serum (FCS), Lipofectamine 2000™ 
(1 mg/ml), propidium iodide (PI) kit and PCR primers were 
purchased from Life Technologies™ (Saint Aubin, France). 
Annexin-V Fluos kit was purchased from Roche (Neuilly-
sur-Seine, France). BD Matrigel™ (Basement Membrane 
Matrix Growth Factor Reduced) was purchased from BD 
Biosciences (Le Pont de Claix, France). Water was purified 
by Milli-Q system (Millipore, Saint Quentin en Yvelines, 
France). The chemicals used in the present study were of 
highest analytical grade.

Cell lines and cell culture. TPC-1, a human PTC cell line and 
ARO cells derived from anaplastic thyroid carcinoma were 
kindly provided by Dr C. Dupuy (Gustave Roussy, Villejuif, 
France). BHP 10-3SCmice cells have the same genetic profile as 
TPC-1 cell line and were kindly provided by Dr G. Clayman 
(MD Anderson Cancer Center, Houston, TX, USA). TPC-1 
and BHP 10-3 were grown in DMEM and ARO in RPMI 
medium. DMEM and RPMI were supplemented with 10% 
fetal calf serum (FCS), penicillin (100 U/ml) and streptomycin 
(10 µg/ml) and maintained at 37˚C in an atmosphere of 5% 
CO2 and 95% humidity. Cells were systematically tested by 
PCR analysis to be free of mycoplasma.

Establishment of clones stably expressing TTF-1 and PAX-8. 
Plasmids used in the present study are human expression vectors 
(cDNA TTF-1 and cDNA PAX-8) cloned in pcDNA3 (34,35). 
pcDNA3.1-TTF-1 and pcDNA3.1-PAX-8 plasmids containing 
ampicillin and neomycin resistance genes were a generous gift 
from Dr M. Polak (INSERM UMR S1016 CNRS, UMR 8104 
Institut Cochin, Paris, France). The pcDNA3 empty vector was 
used as a control.

To obtain the cell lines with TTF-1 or PAX-8 stable expres-
sions, TPC-1, BHP 10-3 and ARO cells were seeded in 6-well 
plates and transfected with pcDNA-TTF-1 or with pcDNA-
PAX-8 plasmids. In order to control the transfection effects, 
the three cell lines were also stably transfected with pcDNA3 
empty vector. Transfections were realized by Lipofectamine 
2000 as recommended by the supplier. Briefly, 6 µg of plasmid 
and 7.5 µl of Lipofectamine 2000 (1 µg/µl) were mixed in 2 ml 
of serum free Opti-MEM culture medium. After 6 h of incuba-
tion at 37˚C, the medium was replaced with complete DMEM 
culture medium containing FCS. Then, after 48 h of incuba-
tion, cell colonies were collected and expanded in the same 
growth medium. The selective pressure by neomycin (88 µM) 
was maintained in cell culture during three weeks.

Pharmacological treatments. Cells were seeded in 6-well 
plates at a concentration of 4x105 cells/well in 2 ml of DMEM. 
After 24 h, cells are treated by one of the pharmacological 
agents: trichostatin A (TSA; 300 nM or 1 µM), lithium chlo-
ride (LiCl; 20 mM), valproic acid (VPA; 3 mM), 5'-azacitidin 
(5’-AzA; 500 nM or 1 µM) or bortezomib (BOR; 100 nM). 
Cells were incubated for 48 h at 37˚C in cell culture medium 
for hydrophilic (LiCl, VPA and 5'-AzA) or in ethanol (EtOH 
100%) for hydrophobic (TSA and BOR) molecules. A calibra-
tion curve was performed by spectrophotometry to ensure the 
final TSA and BOR concentrations after dissolution. Each 
condition was tested in duplicate in three independent experi-
ments.
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Reverse transcription-quantitative PCR (RT-qPCR). Total 
RNA extraction and RT-qPCR were performed to compare 
TTF-1 and PAX-8 mRNA levels for: i) basal expression of 
wild-type cell lines; ii) WT cell lines vs. their stably trans-
fected clones; and iii) treated cells with pharmacological 
molecules vs. untreated cells. RNA extraction was performed 
from 5x106 collected cells using RNeasy Mini kit (Qiagen, 
Courtaboeuf, France) as previously described (36). RNA 
purity and quantity were evaluated by NanoDrop® ND-1000 
spectrophotometry (spectrophotometer; Thermo Fisher 
Scientific, Wilmington, DE, USA). First-strand cDNA was 
generated with M-MLV RT from Life Technologies and real-
time PCR (qPCR) was carried out with StepOnePlus PCR 
System (AB Applied Biosystems, Villebon-sur-Yvette, France) 
using GoTaq® qPCR Master Mix (Promega, Charbonnières-
les-Bains, France) according to the manufacturer's instructions. 
The following primers were used to amplify the target genes: 
i) TTF-1 forward (F), 5'-CGCGTTTAGACCAAGGAAC-3' 
and TTF-1 reverse (R), 5'-GAGTGTGCCCAGAGTGAAG-3'; 
ii) PAX-8 (F), 5'-AGGTGGTGGAGAAGATTGG-3' and 
PAX-8 (R), 5'-ATAGGGAGGTTGAATGGTTG-3'. Gene 
expression was determined by quantification-comparative 
2-ΔΔCt method (37) and normalized to GAPDH levels using 
these sequences: [GAPDH (F), 5'-ATCCCATCACCATCT 
TCCAG-3' and GAPDH (R), 5'-CCATCACGCCACAGTTT 
CC-3']. Results are expressed as relative mRNA levels 
comparing the clones or treated cells to WT cell lines and 
represent at least three independent experiments realized in 
duplicate.

Immunoblotting. Cells were lysed and total proteins were 
extracted using mammalian protein extraction reagent 
(M-PER; Thermo Fisher Scientific, Rockford, IL, USA) 
in the presence of a protease inhibitor cocktail (Roche, 
Neuilly-sur-Seine, France) and quantified by Bio-RAD assay 
at 570 nm (36,38). The amount of 30 µg of each sample were 
heated at 70˚C for 10 min with 1X sample reducing buffer 
(NuPAGE sample reducing agent; Invitrogen) and 1X sample 
loading buffer (NuPAGE LDS sample agent; Invitrogen). 
Samples were then loaded on 10% polyacrylamide gel 
(NuPAGE Bis-Tris mini gels 10%; Life Technologies). 
Proteins were transferred on nitrocellulose membranes 
using iBlot™ Dry blotting system (Invitrogen). After satu-
ration with either I-Block reagent (Tropix, Inc., Bedford, 
MA, USA) or 10% BSA (bovine serum albumin) solution, 
membranes were incubated overnight at 4˚C under agitation 
with one of the following primary antibodies: monoclonal 
rabbit TTF-1 (1:1,000, ab133737; Abcam Biochemicals, 
Par is, France); monoclonal rabbit PAX-8 (1:1,000, 
ab53490; Abcam Biochemicals). β-actin-HRP (horseradish 
peroxidase) was used as an internal control (1:1,000; Sigma-
Aldrich Chemicals Co., Saint Quentin Fallavier, France). 
Blots were then washed and incubated with corresponding 
secondary antibodies: anti-rabbit-AP (alkaline phospha-
tase 1:20,000; Tropix) or anti-rabbit-HRP (1:3,000; Cell 
Signaling Technology, Saint Quentin en Yvelines, France). 
Bands were revealed with CDP-Star Chemiluminescence 
reagent (alkaline phosphatase system; Perkin Elmer, 
Courtaboeuf, France) or by enhanced chemiluminescence 
reagent (HRP system, Clarity™; Bio-Rad Laboratories, 

Marnes-la-Coquette, France). Experiments were repeated at 
least 3 times.

Doubling time and cell cycle analysis. In order to establish 
the doubling time of WT cell lines compared to their stably 
transfected clones by TTF-1 or PAX-8, 104 cells/well were 
seeded in 200 µl culture medium in 96-well plates. Cells were 
then incubated in the IncuCyte™ (Essen Instruments, Inc., 
Ann Arbor, MI, USA); that allows a non-invasive automated 
method to monitor viable cell growth and proliferation in 
culture. Each well was scanned by camera fitted in IncuCyte™ 
at 4-h intervals for three days, with 4 images per well. Thereby, 
time lapse cell confluence was obtained for each cell type and 
their doubling time was calculated according to an exponen-
tial regression equation, given as: y = axebx, via the formula: 
t1/2 = ln(2)/b.

For cell cycle analysis, TPC-1, BHP 10-3 and ARO and 
their corresponding transfected clones were collected and 
incubated with DNA staining buffer (50 µg/ml PI in 0.1% 
sodium citrate, 0.1% Triton X-100, 100 µg/ml RNase A) in 
the dark, for 30 min at room temperature. Samples were then 
analysed by flow cytometry (Accuri C6 flow cytometer; BD 
Biosciences, San Jose, CA, USA). The results are of at least 
three independent experiments and represent the percentage 
of cells distributed in the cell cycle phases, in the stable clones 
vs. their corresponding WT cell lines or in treated cells vs. 
untreated ones.

Cell migration assays. Scratch test was performed to evaluate 
the effects of stable transfection either with TTF-1 or PAX-8 
genes on cell migration, as previously described (39). Briefly, 
100 µl BD Matrigel™ was plated in 96-well ImageLock™ 
cell migration plates (Essen BioScience Inc., Ann Arbor, 
MI, USA) 24 h before seeding of TPC-1, BHP 10-3 and ARO 
cells and their corresponding stably transfected clones. Cells 
(1x104/well) were then plated and when reached 90% conflu-
ence, the monolayer was scratched with a 96-pin WoundMaker 
(Essen BioScience). The cells were maintained in fresh culture 
medium until complete wound confluence and the cell mobility 
was monitored by IncuCyte™ every 4 h by ‘scratch wound’ 
scan type. Results are presented as scratch wound width in 
function of time.

Annexin V apoptosis assay. Apoptosis was determined by flow 
cytometric analysis using Annexin V kit. Each cell line was 
seeded in 6-well plates (3.5x105 cells/well) in 2 ml medium and 
pharmacologically treated with EtOH (20 µl), TSA (300 nM 
or 1 µM), LiCl (20 mM), VPA (3 mM), BOR (100 nM) or 
5'-AzA (500 nM or 1 µM). After 48 h of incubation, cells 
were collected and centrifuged and the pellets were stained 
with Annexin V Fluos kit (Roche, Neuilly-sur-Seine, France) 
according to the manufacturer's instructions. Experiments 
were performed in triplicate of independent experiments and 
data represent percentage of apoptotic cells compared to non-
treated cells, normalized to EtOH condition.

Animal studies and tumorigenicity tests. All animal 
experiments and the use of cell lines were approved by the 
institutional Ethics Committee of Animal Experimentation 
(CEEA) and research council (Integrated Research Cancer 
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Institute in Villejuif; IRCIV), registered in the French 
Ministry of Higher Education and Research (Ministère de 
l'Enseignement Supérieur et de la Recherche; MESR) under 
the authorization number CEEA IRCIV/IGR no. 26: 94-226, 
no. 2011-09 and carried out according to French laws under the 
conditions established by the European Community (Directive 
2010/63/UE). Six-week-old nude nu/nu and five-week-old NSG 
(NOD/SCID Gamma) female mice were purchased from the 
Animal Facility of the Institute Gustave Roussy and housed 
in a sterilised laminar flow caging system. Water and bedding 
were given ad libitum and autoclaved before being put in the 
cages. All efforts were made to minimize animal sufferance 
and animals were sacrificed by CO2 inhalation at the end of the 
experiments, before the collection of tumours.

Nude mice were used to test the tumorigenicity of BHP 
10-3 and ARO cell lines and their respective clones. Since, 
TPC-1 cells are reported as non-tumorigenic in nude mice (40), 
NSG mice were used for this purpose. All cell lines and their 
corresponding clones diluted in 100 µl PBS were injected 
subcutaneously into the flank of mice (n=5/group) at a rate of 
2.0x106 cells/mouse for BHP 10-3 and ARO or 107 cells/mouse 
for TPC-1. Mice were monitored every two or three days for 
tumour growth and then sacrificed when tumours reached a 
volume of 1,000 mm3. Tumours were immediately frozen in 
liquid nitrogen for western blot analysis.

Protein extractions from tumours and western blot experi-
ments. Tumours were ground, total proteins were extracted and 
western blots were performed as described above, to evaluate 
expression of the TTF-1 and PAX-8 protein.

Statistical analysis. The data are presented as mean ± SD 
(standard deviation). By using GraphPad Prism 4 software, 
Mann-Witney test was employed to compare between two 
groups of treatments and kruskal-Wallis test was performed to 
compare among multiple treatments. Non-parametric analysis 

of longitudinal data in factorial experiments was performed 
to compare the treatments in vivo, using ‘nparLD’ package 
from ‘R’ software. P<0.05 was considered as the statistically 
significant level.

Results

TTF-1 and PAX-8 have different expression profiles in wild-type 
cell lines. First, we tested expression of the TTF-1 and PAX-8 
in TPC-1, BHP 10-3 and ARO cell lines by RT-qPCR (Fig. 1A) 
and western blot analysis (Fig. 1B). Regarding TTF-1 basal 
expression, our results showed that TTF-1 is more expressed 
in ARO compared to TPC-1 and BHP 10-3 cell lines, both at 
mRNA (Fig. 1A-a) and protein (Fig. 1B-a) levels. Concerning 
PAX-8, mRNA and protein were found to be highly expressed 
in BHP 10-3 cells compared to TPC-1 cells whereas it was 
detected slightly in anaplastic ARO cell line (Fig. 1A-b and 
B-b). These results confirmed the thyroid origin of the three 
cell lines, and the different expression profiles of TTF-1 and 
PAX-8 genes.

TTF-1 upregulates PAX-8 in thyroid carcinoma cell lines. 
TPC-1, BHP 10-3 and ARO cell lines were stably transfected 
with pcDNA plasmids containing either TTF-1 or PAX-8 genes 
or with pcDNA3 empty vector. After 3 weeks of neomycin 
selection, the resulting clones were collected and character-
ized by RT-qPCR and western blot analysis.

Firstly, we assessed the effects of pcDNA3 empty vector on 
the expression of TTF-1 and PAX-8 mRNA by RT-qPCR. We 
found that TTF-1 mRNA level was not affected by pcDNA3 
stable transfection in either TPC-1 or ARO cells. Concerning 
BHP 10-3 cells, we noted a decrease in mRNA TTF-1 expres-
sion that will not interfere with our following experiments, 
since no induction in TTF-1 transcription factor was observed. 
Also, for PAX-8, the stable transfection did not affect the 
mRNA levels of the three cell lines tested (data not shown).

Figure 1. Basal expression of TTF-1 and PAX-8 in TPC-1, BHP 10-3 and ARO. Total mRNA and proteins were extracted from TPC-1, BHP 10-3 and ARO 
cells. (A-a) Relative TTF-1 mRNA levels were analysed by RT-qPCR and compared to TPC-1 cell line. (B-a) Relative PAX-8 mRNA levels were analysed by 
RT-qPCR and compared to TPC-1 cell line. All the results are normalised to GAPDH mRNA levels and are the mean ± SD of three independent experiments. 
**P<0.01, ***P<0.001. Western blot analysis of TTF-1 (A-b) and PAX-8 (B-b) proteins in TPC-1, BHP 10-3 and ARO cell lines. β-actin was used as an internal 
control. Results are representative of two independent experiments.
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Then, clones derived from each cell line transfected with 
pcDNA plasmids containing either TTF-1 or PAX-8 genes 
were tested for the expression profiles of TTF-1 and PAX-8 
mRNA and their corresponding proteins (Fig. 2). The relative 
mRNA TTF-1 level in transfected clones with pcDNA TTF-1 
for TPC-1, BHP 10-3 and ARO cells was ~2.5-, 20- and 5-fold, 
respectively more important compared to their corresponding 
wild type cell lines (Fig. 2A-a-c; RT-qPCR). The upregula-
tion of TTF-1 mRNA levels was paralleled by a similar 
increase in TTF-1 protein in all pcDNA TTF-1 derived clones 
(Fig. 2C-a-c; western blot analysis, upper panels). Similarly, 
the relative mRNA PAX-8 expression was respectively 3-, 2- 
and 8000-fold higher in TPC-1, BHP 10-3 and ARO clones 
transfected with pcDNA PAX-8 vector (Fig. 2B-a-c; RT-qPCR) 
and paralleled with higher PAX-8 protein level (Fig. 2C-a-c; 
western blot analysis, mid-panels). It should be noticed that the 
strong increase in PAX-8 level found in ARO clone transfected 

with pcDNA PAX-8 could be a consequence of low mRNA 
levels at basal state in ARO WT cells (ct=34±0.9) (Fig. 2B-c, 
RT-qPCR and 2C-c, western blot analysis).

Therefore, in the three cell lines tested, TTF-1 induction 
is able to enhance mRNA and protein PAX-8 contents except 
when the basal state of PAX-8 is absent or too low (Fig. 2B-c 
and 2C-c). Taking together our results showed that the upregu-
lation of TTF-1 is able to induce PAX-8 expression.

Upregulation of TTF-1 acts more effectively on cell doubling 
time and cell cycle than PAX-8. Both cell doubling time and 
cell cycle of the clones were compared to their corresponding 
WT cells. In the three clones stably transfected with pcDNA 
TTF-1, our results showed that the doubling time calculated 
according to the confluence was significantly increased 
compared to their counterpart WT cells (Table I). The pcDNA 
PAX-8 transfection had no effects on doubling time of TPC-1 

Figure 2. Induction of the expression of TTF-1 and PAX-8 in TPC-1, BHP 10-3 and ARO, after stable transfection. Total mRNA was extracted from TPC-1 
(A-a and B-a; RT-qPCR), BHP 10-3 (A-b and B-b; RT-qPCR) and ARO cells (A-c and B-c; RT-qPCR). (A) TTF-1 and (B) PAX-8 mRNA levels were analysed 
by RT-qPCR and compared to their corresponding wild-type cell lines. Results are normalised to GAPDH mRNA levels. Bars represent mean ± SD of three 
independent experiments. *P<0.05, **P<0.01, ***P<0.001. TTF-1 and PAX-8 protein levels were tested by western blot analysis in TPC-1 (C-a), BHP 10-3 (C-b) 
and ARO (C-c), clones and their respective WT cell lines. β-actin was used as an internal control. Results are representative of at least three independent 
experiments.
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and ARO derived clones but significantly increased the growth 
of BHP 10-3 clone; this might be due to high basal expression 
of PAX-8 in BHP 10-3 WT cells compared to TPC-1 and ARO 
cells (Fig. 1B and C). Moreover, it should also be noted that the 
growth characteristics of each WT cell line is different, thus, 
making it difficult to compare their growth rate (TPC-1 and 
BHP 10-3 spread along the surface of the support while ARO 
grows in clusters).

These results were further supported by cell cycle studies, 
wherein we observed that TTF-1 induction triggered an 
increase in cell percentage at G0/G1 phase, up to significant 

level for TPC-1 and ARO clones (Table I). Concerning the 
empty vector, the results of cell cycle studies did not show 
any difference between WT cells and the corresponding cell 
clones transfected with pcDNA3 alone (Table I).

These results suggest that in the tested cell lines, only 
TTF-1 could have anti-proliferative effects by delaying cell 
growth and halting cell cycle in G0/G1 phase.

A high basal state expression of PAX-8 influences the migra-
tion ability. Wild-type cell lines and their corresponding clones 
were assessed for their migration ability. We observed that 

Table I. Doubling time and cell cycle progression of TPC-1, BHP 10-3 and ARO cells and their corresponding clones transfected 
with pcDNA TTF-1 or pcDNA PAX-8.

 Doubling time Cell cycle
 ---------------------------- -------------------------------------------------------------------------------------------------------------------
Cell lines and clones Mean ± SD (h) G0/G1 (%) S (%) G2/M (%)

TPC-1 WT 25.00±4.61 80.86±4.15 8.20±2.95 10.82±1.60
TPC-1 + pcDNA3  NT 80.2±13.15 5.45±1.48 13.90±13.44
TPC-1 + pcDNA TTF-1 43.12±5.76c 93.70±2.63c 3.34±2.28a 2.30±0.57c

TPC-1 + pcDNA PAX-8 25.23±2.87 85.02±4.62 6.32±3.30 8.48±1.77

BHP 10-3 WT 47.12±5.95 74.63±3.33 17.10±1.67 12.65±3.31
BHP 10-3 + pcDNA3 NT 77.95±0.78 12.00±1.93 15.65±1.06
BHP 10-3 + pcDNA TTF-1 57.75±5.57b 77.93±2.74 11.00±1.41b 11.05±2.20
BHP 10-3 + pcDNA PAX-8 33.36±3.68c 58.30±13.23 18.9±7.3 18.98±6.92

ARO WT 28.73±2.14 54.00±2.26 32.90±0.28 14.20±1.41
ARO + pcDNA3 NT 59.25±0.49 29.30±1.41 11.05±2.05
ARO + pcDNA TTF-1 47.13±3.24c 61.70±0.42a 23.55±2.76a 15.75±1.91
ARO + pcDNA PAX-8 25.74±5.54 56.55±2.90 22.15±0.35c 22.10±1.98a

Doubling time: WT cell lines and their corresponding stably transfected clones were incubated in IncuCyte™. The time lapse cell confluence 
was obtained for each cell type and their doubling time was calculated. NT, non tested for empty vector. Cell cycle: cells were incubated with 
propidium iodide (PI) after permeabilization and the repartition of cells within different phases of cell cycle was analysed by flow cytometry 
(FACS). All results are expressed as mean ± SD, stars indicate the degree of significance observed between WT and their corresponding clones. 
*P<0.05, **P<0.01, ***P<0.001.

Figure 3. Migration ability of TPC-1, BHP 10-3 and ARO WT cell lines and their corresponding TTF-1 and PAX-8 clones. The cell motility was determined by 
the IncuCyte™. Results are presented as relative wound width in function of time of WT cell lines and their respective clones stably transfected with pcDNA 
TTF-1 or pcDNA PAX-8. Migration ability of WT cells were compared to their corresponding clones. (A) TPC-1, (B) BHP 10-3 and (C) ARO. Bars represent 
mean ± SD of two independent experiments.
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TTF-1 transfection leads to increased cell migration in clones 
derived from TPC-1 and ARO WT cell lines (respectively for 
clones vs. WT: 14 vs. 22 h for TPC-1 and 14 vs. 30 h for ARO; 
Fig. 3A and C, respectively); no effects were observed for BHP 
10-3 cells. While in this latter cell line, PAX-8 transfection 
enhanced the migration of its corresponding clone (respec-
tively for clone vs. WT: 24 vs. 35 h; Fig. 3B). However, PAX-8 
transfection did not affect the migration of TPC-1 and ARO 
cells. Herein, each transcription factor also seems to have an 
impact on the migration behavior that appeared to be more 
influenced when a high PAX-8 basal state level was detected.

TTF-1 expression mainly influences tumorigenicity. According 
to our previous results, we postulated that the induction of 
TTF-1 or PAX-8 could influence the tumorigenic potential. 
Concerning TPC-1 cells, known to be non-tumorigenic in 
nude mice (40), the enhancement in the expression of both 
transcription factors did not result in tumour formation in NSG 
mice, known to be more immuno-depressed than nude mice, 
injected with TPC-1 WT or with TPC-1 + pcDNA TTF-1 or 
TPC-1 + pcDNA PAX-8 clones (data not shown).

Regarding BHP 10-3 cell line, its injection in nude mice 
resulted in tumour development. This observation is in accor-
dance with previous results showing that BHP 10-3 cells are 
tumorigenic in immuno-depressed mice (41). Notably, when 
BHP 10-3 + pcDNA TTF-1 clone highly expressing TTF-1 
was injected in nude mice, no tumours developed (Fig. 4A-a). 
Contrastingly, the inoculation of BHP 10-3 + pcDNA PAX-8 
clone in nude mice increased tumour growth (Fig. 4A-b). 
These results were further confirmed by western blot analysis. 
Tumours collected at the end of the experiments and analyzed 
for TTF-1 and of PAX-8 protein contents showed an increase 
in PAX-8 levels in tumours derived from BHP 10-3 + pcDNA 
PAX-8 clone compared to BHP 10-3 WT tumours. Whereas, 
the TTF-1 protein contents were less expressed in the same 
samples (Fig. 4A-c).

In ARO cell line, also known to be tumorigenic (40), TTF-1 
induction (ARO + pcDNA TTF-1) increased tumour growth 
(Fig. 4B-a), whereas PAX-8 upregulation (ARO + pcDNA 
PAX-8) did not influence tumorigenicity (Fig. 4B-b). Herein, 
western blot analysis showed that TTF-1 protein pattern seems 
to be slightly increased in the ARO + pcDNA TTF-1 derived 

Figure 4. Tumorigenicity of BHP 10-3 and ARO and their corresponding stably transfected clones. Cell lines were tested for their tumorigenic ability in nude 
mice. Results are presented as tumour volume in function of time. Nude mice (n=5/group) were injected with BHP 10-3 cells (A) or with ARO cells (B). The 
corresponding clones transfected with pcDNA TTF-1 (A-a and B-a) or with pcDNA PAX-8 (A-b and B-b) were also xenografted. Tumour growth was followed 
during the course of the experiment until the tumour size reached 1 cm3. Mice were sacrificed and tumours were collected for western blot analysis using 
TTF-1 or PAX-8 antibodies (A-c and B-c). Positive controls were the clones derived from TPC-1 or BHP 10-3 cell lines maintained in culture medium. ‘no. 1’ 
and ‘no. 2’ represent the tumours collected from two different mice. β-actin was monitored as loading control. BHP, BHP 10-3; TTF-1, pcDNA TTF-1; PAX-8, 
pcDNA PAX-8.
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clone. Concerning PAX-8, the protein was not expressed either 
in ARO derived clones (pcDNA TTF-1 and pcDNA PAX-8) or 
in the corresponding WT tumours (Fig. 4B-c).

Taken together, these results demonstrated that the basal 
state of TTF-1 or PAX-8 influences tumorigenicity. Moreover, 
TTF-1 seems to influence tumour development more than 
PAX-8 expression.

TTF-1 is more sensitive to epigenetic modulators than PAX-8. 
Then, the ability of some pharmacological agents to modulate 
expression of the TTF-1 and PAX-8 in TPC-1, BHP 10-3 and 
ARO cell lines was studied. It was found that TTF-1 expres-
sion seems to be more affected than PAX-8 by most of the 
molecules studied (Table II).

In TPC-1 cells, all molecules except 5'-AzA increased 
TTF-1 expression whereas, only LiCl and TSA significantly 
induced the PAX-8 level (Table II).

Regarding BHP 10-3 cells, all molecules enhanced 
TTF-1 expression except for GSk-3β inhibitor (LiCl) and 
5'-AzA which inhibited it. PAX-8 expression was slightly 
induced only by VPA and reduced by both TSA and 5'-AzA 
(Table II).

In ARO cell line, only epigenetic modulators (HDACi and 
demethylating agents) significantly increased TTF-1 expres-
sion, while LiCl and BOR lead to its inhibition (Table II). 
Concerning PAX-8, only VPA and 5'-AzA significantly 
increased its expression while BOR significantly decreased 
PAX-8 level (Table II).

Table II. Effects of pharmacological molecules on expression of TTF-1 and PAX-8 in TPC-1, BHP10-3 and ARO thyroid cell lines.

 TPC-1 BHP 10-3  ARO
 ------------------------------------------------------- -------------------------------------------------------- ----------------------------------------------------------
 TTF-1 PAX-8 TTF-1 PAX-8 TTF-1 PAX-8

EtOH 1% 1.00±0.04 1.00±0.06 1.00±0.08 1.00±0.07 1.00±0.04 1.00±0.10
TSA 0.3 µM 1.12±0.54 1.56±0.28a 0.95±0.16 0.71±0.10a 2.80±0.37b 1.09±0.10
TSA 1 µM 2.66±0.46a 5.98±1.57b 4.13±1.96a 1.21±0.08a 17.65±0.46c 1.16±0.02
VPA 3 mM 5.20±1.47a 1.35±0.20 1.99±0.22b 1.55±0.05a 2.70±0.53a 5.23±1.24b

5'AzA 0.5 µM 0.30±0.11b 0.31±0.13c 0.40±0.10b 0.56±0.17a 14.92±1.37b 2.56±0.60a

5'AzA 1.0 µM 0.27±0.09b 0.30±0.09c 0.36±0.09a 0.72±0.32 15.25±0.56b 3.27±0.08c

LiCl 10 mM 3.54±1.11a 2.37±1.32a 0.65±0.18 0.97±0.08 0.23±0.05b 0.76±0.15
BOR 100 nM 4.37±1.39a 1.82±0.66 1.81±0.55a 0.91±0.09 0.46±0.13b 0.51±0.09a

Variations in expression of TTF-1 and PAX-8 were observed in TPC-1, BHP 10-3 and ARO cells after 48-h treatment by trichostatin A (TSA), 
valproic acid (VPA), 5'-azacytidine (5'-AzA), lithium chloride (LiCl) and bortezomib (BOR). The control represents the cells treated with the 
vehicle (EtOH = 1%). TTF-1 and PAX-8 mRNA expressions were quantified by real-time qPCR and normalized with GAPDH mRNA level. 
Results of three independent experiments are reported as mean ± SD. Mann-Whitney statistical test was used to compare the difference between 
treated and untreated cells. Stars represent significant differences; *P<0.05, **P<0.01, ***P<0.001.

Table III. Effects of epigenetic modulators on apoptosis of TPC-1, BHP 10-3 and ARO cell lines.

 TPC-1 BHP 10-3 ARO
 --------------------------------------------------------- --------------------------------------------------------- -------------------------------------------------------
  EA LA EA LA EA LA

EtOH 1% 1.00±0.03 1.00±0.03 1.00±0.02 1.00±0.02 1.00±0.03 1.00±0.02
TSA 0.3 µM 1.42±0.02c 1.50±0.02a 1.18±0.02c 1.00±0.02 2.02±0.02b 1.10±0.03c

TSA 1 µM 1.84±0.01c 1.51±0.01b 1.32±0.01c 0.66±0.01c 2.21±0.15b 2.33±0.08c

VPA 3 mM 1.10±0.01b 5.00±0.01c 1.10±0.01a 1.00±0.01 1.10±0.01b 1.43±0.07b

5'-AzA 0.5 µM 1.48±0.01b 4.00±0.01c 0.88±0.02 2.50±0.02b 1.87±0.03c 0.84±0.04
5'-AzA 1.0 µM 1.55±0.01b 3.00±0.02c 1.02±0.01 2.50±0.02b 1.53±0.06c 1.13±0.07
LiCl 10 mM 1.40±0.05c 4.00±0.05c 0.89±0.05 2.00±0.05b 1.29±0.05b 0.91±0.04
BOR 100 nM 2.22±0.04c 2.00±0.04b 1.00±0.04 3.70±0.04b 2.22±0.20b 2.04±0.05b

TPC-1, BHP 10-3 and ARO cells were treated for 48 h with trichostatine A (TSA), valproic acid (VPA), 5'-azacytidine (5'-AzA), lithium 
chloride (LiCl) and bortezomib (BOR). The cells treated with vehicle (EtOH = 1%) were used as an internal control. Cells were labelled with 
Annexin-V (AV) and propidium iodide (PI). Early apoptosis (EA; AV+PI-), late apoptosis (LA; AV+PI+). Results are expressed as mean ± SD. 
Mann-Whitney statistical test was used to compare the difference between treated and untreated cells. Stars represent significant differences; 
*P<0.05, **P<0.01, ***P<0.001.
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Epigenetic modulators provoke apoptosis. Flow cytometric 
analysis performed on TPC-1, BHP 10-3 and ARO cell lines 
showed that the used molecules could stimulate apoptosis 
(Table III). Regarding TPC-1 cell line, all the tested molecules 
induced early and late apoptosis (Table III). Notably, for BHP 
10-3 cells, only HDACi were able to provoke early apoptosis 
while all the other molecules induced late apoptosis (Table III). 
Concerning ARO cell line, all the tested molecules induced 
early apoptosis however, only HDACi and BOR triggered late 
apoptosis (Table III).

Discussion

TTF-1 and PAX-8 are the major transcription factors involved 
in the development and differentiation of thyroid gland and 
play a key role in regulating the expressions of thyroid genes. 
We hypothesized that an enhancement of expression of TTF-1 
and PAX-8 could affect both aggressiveness and tumorigenic 
properties. This hypothesis was evaluated in three models of 
thyroid carcinoma, two cell lines derived from PTC (TPC-1, 
BHP 10-3) and one from anaplastic carcinoma (ARO cell line).

In these models, we studied the basal state of TTF-1 
and PAX-8 expression. Our results are in accordance with 
previous studies showing the presence of both transcription 
factors in TPC-1 and BHP 10-3 cells (30,42). Concerning ARO 
anaplastic cell line, only TTF-1 was detected, thus providing 
once more evidence of its thyroid origin (43,44). Moreover, 
our results showed that the basal state of the expression of 
TTF-1 and PAX-8 is a major parameter that must always be 
taken into consideration and could explain the divergence of 
results among various studies concerning the role of these 
factors (6,10,11,17). In fact, we found that the upregulation 
of either TTF-1 or PAX-8 could affect tumorigenic behavior 
independently of the histological origin of the cell lines used. 
We also confirmed previous observations showing that the 
overexpression of TTF-1 induces PAX-8 expression (45-47).

The functional studies depicted the importance of TTF-1 
in the regulation of cell cycle, migration and tumorigenicity. 
TTF-1 overexpression led to anti-proliferative effects reflected 
by an increase in doubling time and raised cell percentage 
in G0/G1 phase leading to a decrease in cell migration and 
tumorigenic potential. Contrastingly, this inspection was not 
confirmed in ARO cells, wherein the upregulation of TTF-1 
led to an increase in cell migration and tumorigenicity. We 
hypothesized that the migratory and consequently the tumori-
genic potential of enhanced TTF-1 level are dependent on its 
background expression within the cell lines. Thus, the ‘TTF-1 
paradox’ is again highlighted (10,48). In the same context, 
functional studies of PAX-8 depicted that its basal state plays 
a key role in proliferation and tumorigenicity which are 
enhanced when PAX-8 is highly expressed in tumor cells.

Taken together, our observations converge to the findings 
that the induction of TTF-1 and PAX-8 and their consequences 
on tumour growth depends on their basal states. Over-
expression of one of these factors beyond a certain ‘threshold’ 
level could lead to pro-tumorigenic effects. Therefore, the 
modulation of these genes seems to be important to re-estab-
lish the differentiation balance.

To improve this hypothesis, we modulated the expression  
of TTF-1 and PAX-8 by several pharmacological agents. In the 

case of TTF-1, our results support the observations reported 
in the literature showing that TTF-1 is mainly regulated by 
epigenetic mechanisms such as methylation and acetylation 
but also by inhibitors of GSk-3β and of proteasome (28,30). 
Whereas, PAX-8 generally appeared to be less sensitive to 
different treatments; suggesting that other molecular mecha-
nisms might also be involved in its regulation. Interestingly, 
demethylating agent (5'-AzA) was capable of inducing PAX-8 
only in ARO cell line, emphasizing that PAX-8 regulation in 
anaplastic thyroid tumours is different from PTC.

The evaluation of these molecules on apoptosis showed 
that all the used molecules triggered early and/or late apop-
tosis or in some cases both. It is further important to highlight 
the fact that, even though some agents did not modulate gene 
expression, they succeeded in triggering apoptosis. Indeed, 
these pharmacological agents have a large spectrum and a 
wide range of targets (21,49,50). Epigenetic modulators such 
as HDACi or demethylating agents (TSA, VPA and 5'-AzA) 
used in our experiments are known to act directly on DNA 
conformation and therefore, on the regulation of several genes 
to induce inhibition of proliferation, cell cycle arrest, apoptosis 
and even senescence (49). In the same way, BOR or LiCl also 
act on several signaling pathways (51,52).

Taken together, our results suggest that different path-
ways could be involved in regulation of TTF-1 and PAX-8. 
Therefore, the response to various treatments could be different 
according to the genetic background of the cell line studied. 
Nevertheless, we can speculate that an excessive induction 
of both transcription factors could lead to pro-tumorigenic 
effects e.g. treatment with 5'-AzA in anaplastic carcinomas 
could have opposite unintended effects. Indeed, 5'-AzA 
showed to increase, in vitro, iodine uptake and the expression 
of NIS (53) and has been tested in phase-I clinical trials. The 
positive effects of its use after clinical trials have not yet been 
published (https://clinicaltrials.gov/ct2/show/NCT00004062?t
erm=azacytidine+thyroid&rank=1).

In conclusion, the present study improved our understand-
ings regarding the role of thyroid transcription factors in 
tumorigenesis. We showed that both genetic and pharmaco-
logical approaches are able to induce expression of TTF-1 and 
PAX-8. Thus, in future, it will be quite helpful to systematically 
take into account the basal state of these transcription factors 
while exploring tumour development. Moreover, it will also 
be important to consider TTF-1 and PAX-8 as part of a duo. 
These findings could open new therapeutic perspectives for 
the treatment of thyroid carcinomas.
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