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The purpose of this paper is to correlate the molecular
phenotype of papillary thyroid carcinoma (PTC) to their
biological pathology. We hybridized 26 PTC on micro-
arrays and showed that nearly 44% of the transcriptome
was regulated in these tumors. We then combined our data
set with two published PTC microarray studies to produce
a platform- and study-independent list of PTC-associated
genes. We further confirmed the mRNA regulation of 15
genes from this list by quantitative reverse transcription—
PCR. Analysis of this list with statistical tools led to
several conclusions: (1) there is a change in cell population
with an increased expression of genes involved in the
immune response, reflecting lymphocyte infiltration in the
tumor compared to the normal tissue. (2) The c-jun
N-terminal kinase pathway is activated by overexpression
of its components. (3) The activation of ERKK1/2 by
genetic alterations is supplemented by activation of the
epidermal growth factor but not of the insulin-like growth
factor signaling pathway. (4) There is a downregulation of
immediate early genes. (5) We observed an overexpression
of many proteases in accordance with tumor remodeling,
and suggested a probable role of S100 proteins and
annexin A2 in this process. (6) Numerous overexpressed
genes favor the hypothesis of a collective migration mode
of tumor cells.
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Introduction

Papillary thyroid carcinoma (PTC) is the most frequent
endocrine malignancy in human and represents up to
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80% of all malignant thyroid tumors. PTC is usually
biologically indolent and has an overall 5- to 10-year
survival rate of 80-95%. Lymph node metastasis is
commonly found in patients with PTC contrasting with
a low rate of distant metastases (Gimm, 2001). Their
diagnosis is based on the presence of a number of
different features, not all of which need to be present in
the same lesion, such as papillary architecture, the
presence of psammoma bodies and characteristic
nuclear features. PTC also often displays lymphocytic
infiltration and fibrosis. Different pathological subtypes
of PTC have been described, including the classical,
follicular, solid and tall-cell variants (Gimm, 2001;
Livolsi et al., 2004).

After the Chernobyl power plant explosion, an
unusual number of childhood thyroid cancers were
observed in Belarus and Ukraine, with an incidence 10-
to 100-fold higher than in the rest of Europe. These
cancers have been described mostly as PTC and we have
shown previously that they belong to the same entity as
sporadic PTC (Detours et al., 2005).

Several lines of evidence point to the causative role
of chromosomal rearrangements and point mutations
in the pathogenesis of PTC leading to constitutively
activated effectors along the RAS/RAF/MEK/ERK
signaling pathway. Two membrane tyrosine kinase
receptors, RET and less frequently NTRK1, are com-
monly found rearranged in PTC (Alberti et al., 2003).
AKAP9-BRAF rearrangement has also been reported
in some post-Chernobyl PTC of short latency (Ciampi
and Nikiforov, 2005). These rearranged proteins lead
to the constitutive kinase activity of the oncogene.
Besides chromosomal rearrangements, BRAF point
mutations have been described in PTC and in other
human cancers (Ciampi and Nikiforov, 2005). These
point mutations produce a protein with constitutive
serine—threonine kinase activity. Activating mutations
of RAS have been also found in the follicular variant of
PTC leading to constitutive activation of the ERK
signaling pathway.

Current microarray studies on tumors are mostly used
to define diagnostic and prognostic signatures. PTC
gene expression analyses have for example provided
tumor type signatures and views on tumor cell
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metabolism (Baris et al., 2005; Giordano et al., 2005).
However, most of these studies rarely analyse in details
the biological function of the regulated genes and their
potential implication in tumor initiation and progres-
sion. On the other hand, most of the proteomic studies
are focalized on only one or two particular proteins,
without taking into account the other proteins involved
in the same cascade or the same process. In this paper,
we performed microarray experiments on sporadic and
post-Chernobyl PTC and combined our data with two
other independent microarray data sets (Huang et al.,
2001; Jarzab et al., 2005) to obtain for the first time for
PTC a cross-validated regulated gene list. As the
transcription level of an mRNA usually reflects the
level of the corresponding protein, we used this gene list
to attempt to give a general view of the regulation of
different signaling pathways and processes and corre-
lated these results to the physiopathology of the PTC.

Results

The expression of thousands of genes is altered in PTC
with a high level of statistical evidence

RNA samples were collected from PTC tumors and
non-tumor tissue counterparts from 26 patients. Tumor
and patient-matched non-tumor RNA samples were
cohybridized on Agilent Human la cDNA microarrays
(see Materials and methods). The 12000 clones spotted
on the Agilent slides were then interrogated for
consistent up- or downregulation across patients. The
level of statistical evidence for regulation was estimated
with the Significance Analysis of Microarray (SAM)
procedure. This procedure avoids normality assump-
tions, and handles efficiently the fact that thousands
statistical tests are conducted at once by estimating
statistical significance in term of g-values. SAM reports
that 44.5% of the genes shows statistical evidence
(¢<0.05) for differential expression. Running SAM on
the expression profiles of 16 PTC from Jarzab et al.
(2005) gives 40.3% with ¢<0.05. Most of the signifi-
cantly regulated genes are regulated at levels well below
two fold in both studies. Only 6.7% of the genes are
below the 0.05 confidence threshold in the data set of
Huang et al. (2001). A reanalysis of this later study
(Pavlidis et al., 2003) suggests that its small size (eight
patients), hence low statistical power, could in part
explain the discrepancy with our and Jarzab et al. (2005)
studies. Thus, we concluded that a very large fraction of
the transcriptome is significantly regulated in PTC with
respect to healthy tissue counterparts, which would be in
keeping with the greatly altered morphology of the
tumor relative to normal thyroid.

A reliable list of genes regulated in PTC

To produce a reliable list of regulated genes in PTC, we
combined our data set with two independent PTC
microarray data sets, from Jarzab er al. (2005) and
Huang et al. (2001). They contain 16 and 8 pairs of PTC
tumors and patient-matched normal tissues, respectively.
Thus, our global analysis was based on 50 tumors
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derived from patients of different ages presenting
various histological variants and genetic alterations.
Moreover, the three data sets were produced indepen-
dently on different microarray platforms (cDNA and
oligonucleotide chips) with different protocols. We
compiled all these data to create a reference list of
genes modulated in PTC. We chose to include a gene in
our gene list only when it was modulated in two of the
data sets at least, with a minimum ratio of 1.5 and a
maximum g¢-value of 0.05. This ¢-value enabled us to
select only genes regulated in most of the PTC,
regardless of the histological variant or the age of the
patients. The resulting list is composed of 451 up- and
233 downregulated genes representing the general
molecular phenotype of PTC (Supplementary Table 1).
The probability of obtaining this large extent of overlap
between the three data sets was computed using a
resampling approach (see Supplementary Information):
it is very low, P<107°. This high significance follows
obviously from the excellent agreement between the data
sets: correlation between our data and Jarzab’s is 0.77,
0.65 with Huang and 0.70 between Huang and Jarzab
data sets. Note that this gene list comes from three
publicly available data sets and is therefore open to
independent recalculation.

Confirmation of the modulation of selected genes by real
time reverse transcription—PCR using two non-modulated
genes confirmed in PTC
To select adequate normalization genes for PTC, we first
investigated different candidates and identified NEDDS
(neuronal precursor cell expressed, developmentally
downregulated 8) and TT7TC! (tetratricopeptide repeat
domain 1) as a stable combination of non-regulated genes
to normalize real-time reverse transcription (RT)-PCR
measurements in PTC (see Materials and methods).

Using NEDD8 and TTCI! for normalization, 11
upregulated genes (ANXAI, CDH3, CLDNI, DUSP5,
GPXI1, HMGA2, NELL2, NRCAM, SLITI, THBS2,
TNC) and four downregulated genes (BCL2, EGRI,
EGR2, FLRT?) identified by microarray were confirmed
by real-time RT-PCR (Figure 2). This also included two
genes for which the ratio tumor/normal was smaller
than two for upregulated genes (GPX1, THBS2) in our
microarray data. In addition, two downregulated genes
from the Jarzab’s data set (MAFB and DGKI) but not
present in our or in the Huang’s data set were also
confirmed (not shown). A Pearson correlation of §9%
was obtained between microarrays and real-time
RT-PCR results.

In addition, representativity of our list is supported by
several agreements:

(1) Hybridization of the same pair of samples on two
Agilent microarray slides gave a correlation of 95%
(not shown).

(2) Previously reported data on RNA regulation of
many genes have been confirmed. For example, of
the 26 genes regulated in PTC and tabulated from
the literature in a review article, 20 are in our list
(Kondo et al., 2006). Confirmation at protein level
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Table 1 GO categories and statistical significance following the

analysis of the PTC-regulated gene list with DAVID software
GO identifier GO name P-value
GO:0006955 Immune response 0.0000066
GO:0005125 Cytokine activity 0.000012
GO:0008009 Chemokine activity 0.0002
GO:0006590 Thyroid hormone generation 0.014
GO:0007173 EGFR signaling pathway 0.046
GO:0007257 Activation of JNK activity 0.019
GO:0017017 MAP kinase phosphatase activity 0.042
GO:0031012 Extracellular matrix 4.9E-11
GO:0008233 Peptidase activity 0.0049
GO:0030414 Protease inhibitor activity 0.021
GO:0043256 Laminin complex 0.047
GO:0005581 Collagen 0.00076
GO:0016337 Cell—cell adhesion 0.0034
GO:0008305 Integrin complex 0.063

Abbreviations: DAVID, database for annotation, visualization and
integrated discovery; EGFR, epidermal growth factor receptor; GO,
Gene Ontology; JNK, c-jun N-terminal kinase; MAP kinase, mitogen-
activated protein kinase; PTC, papillary thyroid carcinoma.

of numerous genes present in our gene list are also
found in the literature (for example SPP1, TGFA,
ERBB3, HRG, PLAU, MMPI1, TIMP1, S100A4,
ICAMI, ...). Moreover, the modulation of three
proteins (CDH2, CDH3 and ANXAI1) was con-
firmed by our group (data not shown).

Classification of our gene list in Gene Ontology categories
using the DAVID software

To assess the most representative biological activities
present in our gene list, we used the statistical methods
from the DAVID (database for annotation, visualiza-
tion and integrated discovery) software (Dennis et al.,
2003; Hosack et al., 2003), which finds the most
represented functions according to the Gene Ontology

T T T T
20 25 30 35%

Gene function distribution (in %) altered in PTC according to the Gene Ontology. PTC, papillary thyroid carcinoma.

(GO) annotations. As shown in Figure 1, the main
global biological processes (GO level 2) altered in PTCs
were cell communication, organismal physiological pro-
cess, localization, cell adhesion and diverse responses to
stimulus and stress.

We then analysed in details the GO categories
detected by DAVID with a P-value <0.05 to relate some
aspects of the PTC phenotype with its gene expression
profile (Table 1).

Discussion

In this study, we performed cDNA microarrays on 26
PTC and showed that more than 40% of the tran-
scriptome was regulated in PTC. Several factors may
contribute to this, including alteration of thyrocyte
metabolism and intracellular signaling, changes in
relative cell populations, for example, lymphocyte
infiltration (Jarzab et al., 2005) and adaptation of
adjacent tissues to the neighboring tumors. Then, we
combined our data set with two other data sets to
generate a cross-validated list of regulated genes in PTC.
We used this gene list to describe the common molecular
phenotype of PTC and to relate it to the biology of the
tumor.

Change in relative cell populations has a major impact on
the difference in gene expression between normal and
tumor tissues

Our global analyses revealed many genes involved in the
response to diverse stimulus and to stress in PTC. This
resulted in many highly significant GO categories related
to the immune response, including the immune res-
ponse category (Table 1). Most of the genes present in
these categories were overexpressed (see Supplementary
Table 2). This suggested heavy infiltrations of the

Oncogene
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Figure 2 Comparison of differential gene expression data obtained by microarrays and real-time RT-PCR. The upper and lower
limits of each box stand for the upper and the lower quartiles, respectively; bold lines represent medians; whiskers represent extreme
measurements. Regulation of CDH3, CLDNI, HMGA2, NRCAM, SLITI were confirmed on 20 tumor/non-tumor pairs of PTC
whereas 11 pairs of PTC were used to confirm ANXAI, BCL2, DUSP5, EGRI, EGR2, FLRT2, GPX1, NELL2, THBS2 and TNC.
PTC, papillary thyroid carcinoma; RT-PCR, reverse transcription—-PCR.

tumors by immune cells. To support this hypothesis, we
ran the Gene Set Enrichment Analysis (Subramanian
et al., 2005) to verify that genes present in the ‘immune
response’ GO category were significantly overrepre-
sented in lymphocytes-infiltrated versus non or low
infiltrated tumors. The result was statistically significant
with P<1/2000 (data not shown). This adds weight to
the conclusions of Jarzab et al. (2005).

PTC is often associated with striking chronic inflam-
matory reaction (Livolsi et al., 2004). It is consistent
with the experimental observation that expression of the
RET/PTC-rearranged human gene in mice thyroid leads
to a tumor with a strong immune response and
inflammation (Powell er al., 2003). This suggests that
the tumor cells themselves induce the inflammation
rather than the reverse, like in hepatitis generated
hepatocarcinomas. The induction in the tumor of many
inflammatory cytokines could account for the inflam-
mation. Indeed, RET/PTC induces such cytokines in
PCCI3 cells and in human thyrocytes (Borrello et al.,
2005). Our gene list revealed that different cytokines and
chemokines were significantly altered in PTC (Table 1)
with a trend in upregulation (Supplementary Table 3).
The role of this inflammation on tumor progression
remains to be determined. One would expect an
antitumoral role, but inflammation may favor tumor
progression (de Visser et al., 2006) and macrophages
may be partners for tumor cell migration, invasion and
metastasis. This raises the question of whether anti-
inflammatory treatment would be beneficial for these
tumors.

Other changes may reflect gene regulation in the
cancer cells themselves. However, the possibility that
some upregulation of gene expression may at least in
part reflect the increased proportion of inflammatory or
even endothelial cells (data not shown) should be
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recognized. However, demonstration of similar regula-
tions between long-term epidermal growth factor (EGF)
stimulation in pure human thyrocytes in culture and
PTC supports the first interpretation (Hébrant et al., in
revision).

Change in gene expression confirms previously identified
tumor markers and is in accordance with the
dedifferentiation status of theses tumors

Not surprisingly, a great number of known protein tumor
markers were upregulated such as KRT19, CITEDI,
LGALS3, FNI (Prasad et al., 2005), SPPI, TIMPI
(Hawthorn et al., 2004), ECM1, MUCI, S10044 (Zou
et al., 2005). Furthermore, a decrease in CRABPI expres-
sion level has been proposed as a biomarker in PTC
(Hawthorn et al., 2004).

As expected, genes involved in thyroid hormone
synthesis were statistically downregulated (Table 1), in
agreement with the conclusions of Huang et al. (2001).
Such results are consistent with the dedifferentiation of
carcinoma cells.

Genes involved in the growth factors signaling cascades
are regulated

Activation of the EGF-, insulin-like growth factor
(IGF)-, fibroblast growth factor (FGF)- and hepatocyte
growth factor-mitogen-activated protein kinase (HGF-
MAPK) signaling pathways are known to induce
proliferation and could, consequently, participate in
tumorigenesis. Regulation of genes involved in these
pathways was therefore analysed separately.

While constitutive activation of the RAS/RAF/MEK/
ERK signaling pathway is considered as the primary
event in papillary thyroid carcinogenesis, no gene
encoding for proteins involved in this pathway was
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dysregulated (Figure 3). However, rearranged RET or
activating mutation of BRAF is sufficient to explain
constitutive activation of this signaling pathway without
overexpression of its components.

We also investigated different growth factor cascades
that lead to the activation of this signaling pathway.
EGF signaling has a central role in the pathogenesis and
progression of different cancers (Normanno et al.,
2006). However, the importance of this signaling path-
way in PTC is controversial (Hoelting et al., 1994;
Mitsiades et al., 2006). Our gene list shows a statistically
significant alteration of the EGF signaling pathway
(Table 1) and many genes involved in this cascade are
overexpressed in our data (Figure 3): the EGF-like
peptides (TGFA, AREG, EREG and NELL?2), the
ERBBS3 receptor and GRBY7, a specific target of ERBB3
and ERBB4 (Fiddes et al., 1998). Moreover, heregulins,
other EGF-related growth factors and ERBB4 were
clearly upregulated in other PTC studies (Haugen et al.,
1996; Fluge et al., 2000). On the other hand, SNXI (up)

is involved in EGF receptor (EGFR) degradation
(Kurten et al., 1996). However, EPS8 (up) is shown to
inhibit internalization of EGFR, and consequently, its
degradation (Lanzetti et al., 2000). Thus, at least nine
genes coding for proteins involved in EGF signaling
cascade activation were upregulated for only one
negative regulator, suggesting a positive balance in
favor of activation of this pathway in PTC. As all ErbB
ligands and receptors induce activation of the RAS/
RAF/MEK/MAPK pathway (Normanno et al., 20006),
this MAPK pathway is probably also activated in this
way as well as by the constitutive activation of
rearranged RET/PTC or mutated BRAF.

The IGF, FGF and HGF signaling pathways were
also investigated in our gene list but no statistical results
were found by DAVID. However, several inhibitors of
the IGF signaling pathway were found upregulated and
the IGF-II ligand was downregulated in our data,
suggesting that this pathway is inhibited in PTC by
regulation of its components (Figure 3).

Oncogene
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Differential expression of genes involved in the c-jun
N-terminal kinase (JNK) and p38 pathway was then
investigated (Figure 3) and the activation of the JNK
activity was found statistically significant by DAVID
(Table 1). Four genes (MAP4KI1, MAP4K4, MAP3KS
and MAP3K6) encoding specific activators of the JNK
but not of the ERK or p38 kinase pathways were
upregulated in our gene list. This suggests that, beside
ERK, the JNK pathway would be more activated in
PTC compared to the adjacent tissue, as already
suggested by an immunohistochemistry study (Shin
et al., 2004). The upregulation of several cytokines in
PTC (see above) could explain the activation of this
cascade. On the other hand, three inhibitors of the
MAPK pathways were highly overexpressed in PTC:
DUSP4, DUSP5 and DUSP6 (Table 1). Interestingly,
theses DUSP seem to show marked preference for ERK
(Figure 3): DUSP5 and DUSPG6 are highly specific for
ERK, whereas DUSP4 inactivates ERK, p38 and JNK
indifferently (Farooq and Zhou, 2004; Mandl et al.,
2005). Thus, DUSP proteins could mitigate to some
extent the activation of the ERK pathway, which could
explain the positive but slow growth rate of the PTC.

Immediate early genes are downregulated

Upregulation of immediate early genes is an early step in
the initiation of the cell cycle and some of them, when
overexpressed in different models, induce cell prolifera-
tion (Milde-Langosch, 2005). ‘Immediate early genes’ is
not a GO category; thus, we could not ascertain its
status with DAVID. However, our results showed a
general uncompensated repression of immediate early
genes (0 up, 9 down; see Supplementary Table 4). This
finding seems counterintuitive. Considering the low
proliferation rate and proportion of cells in the cell
cycle (for example, KI67 positive) in the tumor and the
transient overexpression of these genes in the G; phase,
an absence of upregulation would have been expected.
However, the observed downregulation is more difficult
to explain. A similar observation has been made in
autonomous adenomas (Wattel et al., 2005).

Overexpression of many proteases and adhesion matrix
proteins is consistent with the important remodeling

in PTC

Aside from proliferation, other processes have to be
altered to support tumor progression. Proteolytic
degradation of the extracellular matrix (ECM) is an
essential process for its remodeling, for migration and
for metastasis (Skrzydlewska et al., 2005). In PCCL3
cells, the induction of genes coding for proteins with
invasion properties is part of the gene response common
to BRAF constitutive activation and RET/PTC3
rearrangement, and can thus be related to the constitu-
tive activation of the RAS-MAPK pathway (Melillo
et al., 2005). In contrast with follicular carcinoma, PTC,
whatever the variant, has a strong stromal component.
This connective tissue component present in papillae
and fibrotic bands is part of the tumor and accompanies
the tumor progression. This specific morphology clearly
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indicates a remodeling of the ECM, reflected in our data
by a highly significant alteration of the ECM, a striking
overexpression of proteases and protease inhibitors, and
an alteration of adhesion matrix proteins, including
fibronectin, collagens, laminins and elastins (Table 1 and
Figure 4). The predominance of collagen overexpression
(7 up, 1 down) is consistent with fibrosis of the tumors.
Different groups of proteases leading to destruction of
the ECM were upregulated in our data, including
aspartyl proteases cathepsin D (CTSD), cysteine pro-
teases (for example, cathepsin B (CTSB)), serine
proteases (for example, PLAU) and metalloproteinases
(MMPI, MMP7 and MMPII) (Figure 4). A major
process involved in carcinogenesis is the activation of
several proteases by CTSD (Skrzydlewska et al., 2005).

CTSD can be autoactivated in an acidic environment,
which is usually the case in the extracellular environ-
ment of tumors. It is able to degrade many ECM
proteins, to inactivate cysteine protease inhibitors and to
activate CTSB (Skrzydlewska et al., 2005) (Figure 4).
Once activated, CTSB degrades the protein components
of basement membranes and the interstitial connective
matrix, including laminins, fibronectin and different
types of collagens. It also activates metalloproteases
and inactivates some MMP inhibitors (for example,
TIMP1), facilitating progression of the tumor in the
ECM (Skrzydlewska et al., 2005). Finally, CTSB is an
activator of uPA (also called PLAU), whose expression
was also induced in PTC, and which promotes
invasiveness in follicular carcinoma cell lines (Sid
et al., 2006). This protein is one of the two plasminogen
activators that convert the zymogen plasminogen to the
active serine protease plasmin. Plasmin is known to play
a major role in the activation of several MMPs and
induces ECM remodeling, facilitating cancer invasion
and metastasis (Dano et al., 2005; Semov et al., 2005).
Taken together, these results show that the mRNA of
the main proteins (CTSD, CTSB and uPA) responsi-
ble for ECM remodeling, which can act directly
by degrading ECM or indirectly by activating other
proteases, are upregulated. This suggests that ECM
remodeling occurs in PTC at least in part by these
processes. The role of plasminogen activation seems to
be particularly relevant in PTC because no inhibitors of
this group of proteases are present in our gene list but
also because it seems to be activated by another process:
the activation of the second plasminogen activator (tPA)
by upregulation of some S100 proteins and of annexin
A2. Indeed, S100A4/ANXA2, S100A10/ANXA2 and
probably S100A13/ANXA2 complexes increase the
tPA-mediated plasmin production from plasminogen
(Semov et al., 2005). These results thus suggest one
additional mechanism for the extensive ECM remodel-
ing occurring in PTC (Figure 4).

Our gene list is consistent with the tumor invasion mode
of PTC

Different invasion mechanisms, separated in individual-
and collective-cell migration modes, have been described
in the literature (Friedl, 2004). These different strategies
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are determined by different molecular programmes with
a higher expression of cell-cell adhesion proteins,
proteases and integrins in collective- than in single-cell
migration modes. Our gene list reveals a high proportion
of upregulated genes coding for cell-cell adhesion
proteins (17 up and 2 down), which was statistically
significant according to DAVID (Table 1). They include
different cadherins and claudins, which largely compen-
sate the two downregulated genes, CDHI6 and CLDN5
(see Supplementary Table 5). Moreover, five genes
coding for integrin subunits were upregulated (see
Supplementary Table 5) with a DAVID P-value slightly
above 0.05 (Table 1) and overexpression of many
proteases was observed (see above). These results are
consistent with a predominant collective-cell migration
mode of tumor cells, in clusters and sheets, observed by
the pathologists (Figure 5; Friedl, 2004).

On the other hand, the epithelial to mesenchymal
transition is usually considered as an important process

leading to dissemination and metastasis spread in
numerous cancers. The epithelial to mesenchymal
transition markers (downregulation of CDHI1 and
cytokeratins and overexpression of vimentin) were not
or inversely regulated in our gene list, suggesting that
this process does not occur globally in the tumor,
although it might happen locally, in highly invasive
region, as recently proposed by Vasko et al. (2007).
These results suggest an inverse relation between
intercellular adhesion and distant metastasis ability.
The fact that claudins are no longer overexpressed in the
much more invasive dedifferentiated forms supports this
hypothesis (Fluge et al., 20006).

General conclusion

In conclusion, we compiled a reliable list of genes
regulated in the majority of PTC from three large-scale
independent microarray studies. This enabled us to
better understand papillary thyroid carcinogenesis and

~

Oncogene



Gene expression and biological phenotype of PTC
L Delys et al

" D

Figure 5 Hematoxylin eosin staining ( x 200 magnification). The
fibrous inflammatory interface between the tumor and the adjacent
tissue is penetrated by tumor cells organized in sheets (showed by
arrows), illustrating the collective-migration mode of tumor cells
hypothesis applied to PTC progression. PTC, papillary thyroid
carcinoma

to correlate many of these data to the biology and the
histology of the tumor. Interestingly, alterations in the
regulation of some signaling cascades described in this
paper, such as activation of the EGF signaling pathway,
are also found in mice models of PTC. In the future,
these mice will enable us to confirm in vivo the biolo-
gical role of candidate genes in papillary thyroid
carcinogenesis.

Materials and methods

Tissue samples

Paired samples of tumoral and non-tumoral thyroid tissue
counterparts were obtained from the Institute of Endocrino-
logy and metabolism in Kiev, Ukraine via the Chernobyl
Tissue Bank (n = 12, www.chernobyltissuebank.com) and from
patients undergoing surgery for PTC at the A. Pare Hospital
(n=14; Boulogne, France). Clinical and histological informa-
tion of these tissues are provided in Supplementary Table 6.
Tumoral and tissue counterparts were immediately frozen in
liquid nitrogen and stored at —80°C until use. Diagnoses were
made by the Department of Pathology at the A. Pare Hospital
in Boulogne or by the International Pathology Panel of the
Chernobyl Tissue Bank samples. The protocol received
approval from the Institutional ethics committees.

Microarray experiments

RNA purification, amplification, cDNA synthesis and labeling
were performed as described in Supplementary Information.
All the tumor/non-tumor tissue pairs (n =26) were hybridized
according to the manufacturer’s protocol on Human 1 cDNA
microarray (Agilent Technologies, Palo Alto, CA, USA)
covering 8000 genes. The microarrays were scanned with a
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Genepix 4000B scanner. All details of microarray data pre-
processing, normalization and detection of differentially
expressed genes are described in Supplementary Information.

Real-time RT-PCR

Confirmation of the reliability of the gene list was performed
by real-time RT-PCR (Eurogentec, Liege, Belgium) on 11-20
tumor/non-tumoral samples for 15 selected genes. The primers
were designed with the Primer Express software (Applied
Biosystems, Foster City, CA, USA) and are listed in
Supplementary Table 7. All PCR efficiencies, obtained with
four serial dilutions points (ranging from 20 ng to 200 pg), were
above 90% and real-time RT-PCR was performed in duplicate
for each gene. More details of the procedure are provided in
Supplementary Information.

Normalization of real-time RT-PCR data

To identify the most stably expressed control genes for
normalization in our thyroid cancer samples, several potential
non-regulated genes were amplified by real-time RT-PCR in
20 tumor/non-tumor pairs of samples. PBGD (porphobilino-
gen deaminase) and 36B4 (ribosomal phosphoprotein acidic
P0), two commonly used housekeeping genes, were tested and
compared to NEDDS and TTCI, two of the most stable genes
found in our microarray data set. Using the GeNorm software
(Vandesompele et al., 2002), we identified the best combination
of non-modulated genes to normalize our data. PBGD and
36 B4 came out in first and second rank, respectively, while the
best stability score was obtained by the combination of
NEDDS and TTCI (M-value in GeNorm=0.192). Because
the association of these two genes gave a good stability score
according to GeNorm, we used them as normalization
genes for RT-PCR. The tumor/non-tumor expression ratio
of a target gene was obtained by dividing their respective
normalized quantities obtained by GeNorm (Vandesompele
et al., 2002).
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