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Mouse models can provide useful information to understand molecular mechanisms of human
tumorigenesis. In this study, the conditional thyroid mutagenesis of Pten and Ras genes in the
mouse, which induces very aggressive follicular carcinomas (FTCs), has been used to identify genes
differentially expressed among human normal thyroid tissue (NT), follicular adenoma (FA), and
FTC. Global gene expression of mouse FTC was compared with that of mouse normal thyroids: 911
genes were found deregulated * 2-fold in FTC samples. Then the expression of 45 deregulated
genes in mouse tumors was investigated by quantitative RT-PCR in a first cohort of human NT, FA,
and FTC (discovery group). Five genes were found significantly down-regulated in FA and FTC
compared with NT. However, 17 genes were found differentially expressed between FA and FTC:
5 and 12 genes were overexpressed and underexpressed in FTC vs FA, respectively. Finally, 7 gene
products, selected from results obtained in the discovery group, were investigated in a second
cohort of human tumors (validation group) by immunohistochemistry. Four proteins showed signifi-
cant differences between FA and FTC (peroxisomal proliferator-activated receptor-vy, serum depriva-
tion response protein, osteoglycin, and dipeptidase 1). Altogether our data indicate that the estab-
lishment of an enriched panel of molecular biomarkers using data coming from mouse thyroid tumors
and validated in human specimens may help to set up a more valid platform to further improve
diagnosis and prognosis of thyroid malignancies. (Endocrinology 154: 3043-3053, 2013)

major notion of tumorigenesis is that human cancers

such as those arising from colon, breast, and lung
evolve toward aggressiveness in a multistep process. Ac-
cording to this model, characteristic molecular alterations
appear in benign, nonaggressive lesions and accumulate
during progression (1, 2). Thus, molecular alterations
shared by carcinomas and benign counterparts would rep-
resent early events of transformations, whereas those pres-
ent only in aggressive forms would be responsible for pro-
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gression. Identification of these latter ones, in addition to
shedding light on the mechanisms responsible for ad-
vances in aggressiveness, could be used as markers for
clinical management (ie, diagnosis, prognostic stratifica-
tion, and selection of therapeutic targets for molecular
therapy) (3, 4).

Tumor progression also may occur in neoplasms de-
rived from the thyroid follicular cells. Histologically, these
tumors consist of differentiated thyroid cancer, including

Abbreviations: Ct, cycle threshold; DPEP1, dipeptidase 1; FA, follicular adenoma; FDR, false
discovery rate; FTC, follicular thyroid cancer; NT, normal thyroid tissue; OGN, osteoglycin/
mimecan; PAX8, paired box transcription factor 8; PPAR, peroxisomal proliferator-acti-
vated receptor; PTC, papillary thyroid cancer; PTEN, phosphatase and tensin homolog
deleted from chromosome 10; SDPR, serum deprivation response protein.
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papillary thyroid cancer (PTC) and follicular thyroid can-
cer (FTC) and undifferentiated cancer (35, 6). Several lines
of evidence indicate that FTC would initiate from a fol-
licular adenoma (FA) (7, 8). In contrast, no premalignant
lesion for PTC has been clearly identified.

Several specific genetic alterations have been found in
thyroid tumors (9). The BRAF V600OE mutation and RET-
PTC rearrangements are common in PTC, whereas RAS
mutations and the PAX8-PPARy rearrangement are com-
mon in FTC and, at a much lower frequency, in FA. In
addition to genetic modifications, alteration of expression
levels for critical cancer genes has been noticed in thyroid
cancer. For example, various data indicate that in thyroid
cancer PTEN expression is reduced (10-12). Altogether,
mutations or altered expression of these oncogenes/tumor
suppressor genes induce activation of 2 major cancer-re-
lated signaling cascades: the MAPK and the phosphati-
dylinositol 3-kinase/Akt pathways (13-15).

Identification of molecular alterations of thyroid can-
cer may have important consequences: for example, de-
tection of genetic alterations allows improving diagnostic
predictions. One of the most difficult tasks that physicians
face in clinical practice is to preoperatively distinguish FA
from FTC. Currently this differential diagnosis relies pri-
marily on cytology. However, the latter fails to effectively
discriminate between these 2 lesions in up to 30 % of cases.
In the last years, several candidate markers for thyroid
cancer have been investigated for the diagnostic assess-
ment of thyroid cytological samples. Gene mutations and
the expression of mMRNA have been tested to this purpose
(9, 16). Although both these approaches improved the
accuracy of cancer detection, they still hold some limits in
term of sensitivity and specificity, respectively. Therefore,
there is a clinical need for new reliable preoperative mo-
lecular markers able to correctly classify these tumors. In
this regard, by introducing in the mouse specific genetic
alterations found in human cancer, relevant models of thy-
roid tumorigenesis have been generated and are now used
as an invaluable tool to understand the molecular bases of
tumor progression as well as to test novel molecular tar-
geted therapies (17).

Using a mouse model in which conditional mutations
have been specifically introduced in thyroid follicular
cells, it has been shown that the simultaneous activation of
the K-Ras oncogene and inactivation of the Pten tumor-
suppressor gene induces very aggressive thyroid follicular
carcinomas (18). These mutants do not develop hypothy-
roidism or high TSH. Although in these mice, in contrast
to human pathology, genetic alterations are already pres-
ent before birth, they represent an excellent animal model
of aggressive thyroid cancer. In the present study, we have
first used this mouse model to identify a panel of genes
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with differences in their expression between carcinoma
and normal thyroid tissue; subsequently this information
was used to select a pattern of genes that were investigated
in a series of human tissues including normal thyroid, FA
and FTC. Several genes differentially expressed between
FA and FTC have been identified, and for some of them,
additional validation of the data using immunohistochem-
istry was performed.

Materials and Methods

Mouse tissue expression profiling

Three pools of 3-5 wild-type and single mutant thyroids and
3 individual, fresh-frozen, histologically verified tumor samples
from Pten™" /'~ Kras®'?® mice were randomly selected. Tumor
fragments and thyroid glands were subjected to total RNA iso-
lation using TRIzol reagent (Invitrogen, Carlsbad, California)
followed by further purification with the RNAeasy kit (QIA-
GEN, Venlo, The Netherlands). Total RNA quality was verified
using the Agilent Bioanalyzer 2100 (Berks, United Kingdom).
Microarray hybridization was performed at the Albert Einstein
Genomics Facility using Affymetrix Mouse Gene 1.0 arrays
(Santa Clara, California). Normalization and background sub-
traction were performed with multi-array average, using the
oligo package of Bioconductor (Seattle, Washington). Gene se-
lection was performed using the limma package. Raw P values
were corrected for multiple testing using a false discovery rate
(FDR) of less than 0.05. Microarray data were deposited in Gene
Expression Omnibus (accession number GSE30427).

All experimental procedures made with mice have been con-
ducted in accord with accepted standard of animal care.

Canonical pathway analysis

Canonical pathways analysis identified the pathways from
the Ingenuity Pathways Analysis library of canonical pathways
that were most significant to the data set. Molecules from the
data set that met the =2-fold cutoff with a FDR of less than 0.05
and were associated with a canonical pathway in Ingenuity’s
Knowledge Base were considered for the analysis.

The significance of the association between the data set and
the canonical pathway was measured in 2 ways: 1) a ratio of the
number of molecules from the data set that map to the pathway
divided by the total number of molecules that map to the ca-
nonical pathway; and 2) a Fisher’s exact test was used to calcu-
late a P value determining the probability that the association
between the genes in the data set and the canonical pathway is
explained by chance alone.

Human thyroid tissues

Two different independent groups of human thyroid tumors
were used. The first (discovery group) was used to identify differ-
ential gene expression between normal thyroid tissue (NT), FA, and
FTC in terms of mRNA levels, starting from mouse data. The sec-
ond (validation group) was investigated by immunohistochemistry,
starting from the data obtained with the discovery group.

For the discovery group, thyroid tissues were obtained at thy-
roidectomy from 14 patients with FTC and from 50 patients with
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FA. The former group included 8 patients with FTC manifesting
only capsular invasion (minimally invasive FTC) and 6 patients
with FTC displaying vascular invasion (invasive FTC). The sam-
ples were snap frozen in liquid nitrogen and stored at —80°C. As
control, we used nonnodular tissues from 8 patients subjected to
surgery for the removal of benign thyroid nodules.

For the validation group, a series of 27 FTCs and 26 FAs were
selected from the files of the Institution of Anatomic Pathology
of the University of Udine; the most representative block of each
lesion was retrieved from the archive.

All samples have been collected from areas having mild to
moderate iodine deficiency.

All samples were diagnosed by referral pathologists of insti-
tutions and then reviewed by a single experienced pathologist,
thus including only patients with a confirmed diagnosis (follic-
ular carcinoma or follicular adenoma) and excluding specimens
with the presence of normal tissue.

The study was approved by the local medical ethics commit-
tee. Before surgery, each study participant provided written, in-
formed consent to the collection of fresh thyroid tissue for genetic
studies.

Molecular analysis of human tissues

Total RNA was extracted from human fresh frozen tissue
samples using an RNeasy minikit (QIAGEN) according to the
manufacturer’s instructions. Two micrograms of total RNA
were used for cDNA synthesis using 200 U Moloney murine
leukemia virus reverse transcriptase and 600 ng random hex-
amers (Life Technologies, Paisley, United Kingdom) in a reaction
volume of 20 uL. Gene expression profiles were assessed by
real-time PCR using microfluidic cards (Tagman low density
arrays; Life Technologies) in an ABI PRISM 7900HT sequence
detection system (Life Technologies). Each Tagman low-density
array was configured with specific Tagman gene expression as-
says (Life Technologies) for 48 genes (selected by previous mi-
croarray results) by 1 replicate per biological sample. Three
housekeeping genes (GAPDH, GUSB, and HRPT1) were in-
cluded to normalize the raw data.

The reaction set -up, briefly, consisted of 100 ng of each
c¢DNA template sample made up to 50 pL with ribonuclease-free
water and equal amounts of 2X Tagman Universal PCR Master
MixII (Life Technologies). One hundred microliters of each sam-
ple-specific PCR reaction mix were loaded into each of the 8
ports of the array. The Tagman array was centrifuged twice for
1 minute each at 1200 rpm to distribute the cDNA samples to the
reaction wells. The card was then sealed to isolate the wells, and
PCR amplification was performed using an ABIPRISM 7900HT
sequence detection system (Life Technologies). Thermal cycler
conditions were as follows: 10 minutes at 95°C, 15 seconds at
95°C, and 1 minute at 60°C for 40 cycles. Cycle threshold (Ct)
values, defined as the point at which the fluorescence rises above
the background fluorescence, were calculated with SDS 2.3 soft-
ware (Life Technologies), and the detectability threshold was set
to 33. Data analysis was carried out using RQ Manager 1.2
software (Life Technologies). Results were determined by the
2-AACt method (19) and expressed as relative expression nor-
malized to a calibrator sample (normal tissues). Hotspot H-RAS,
K-RAS, and N-RAS mutations (codons 12, 13, and 61) were
identified by sequence analysis of products obtained by RT-PCR
amplification of exons 2 and 3.
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Al PCR reactions and sequencing were repeated at least twice
to confirm the presence of a mutation. Primers are shown in
Supplemental Table 1, published on The Endocrine Society’s
Journals Online web site at http://endo.endojournals.org. Quan-
titative RT-PCR analysis to evaluate phosphatase and tensin ho-
molog deleted from chromosome 10 (PTEN) mRNA levels was
performed as previously described (20). A 25-uL reaction mix-
ture containing 5 uL. cDNA template, 12.5 uL. Tagman Univer-
sal PCR master mix (Applied Biosystems, Foster City, Califor-
nia), and 1.25 uL primer probe mixture was amplified using the
following thermal cycler parameters: incubation at 50°C for 2
minutes and denaturation at 95°C for 10 minutes and then 40
cycles of the amplification step (denaturation at 95°C for 15 s
and annealing/extension at 60°C for 1 min). The ACt method, by
means of the SDS software (Applied Biosystems), was used to
calculate the mRNA levels. Oligonucleotide primers and probes
for PTEN are described in Supplemental Table 1. Oligonucleo-
tide primers and probes for the endogenous control, glyceralde-
hyde-3-phosphate dehydrogenase, were purchased from Ap-
plied Biosystems as Assays-on-Demand gene expression
products.

Immunohistochemistry

On each case of the validation group, immunohistochemical
stains for peroxisomal proliferator-activated receptor (PPAR)-v,
secreted frizzled-related protein 1, serum deprivation response
protein (SDPR), ephrin receptor A3, dipeptidase 1 (DPEP1),
fibulin-1, and osteoglycin/mimecan (OGN) were performed. In
brief, 4-um sections mounted on SuperFrost Plus slides (Menzel-
Glaser, Braunschweig, Germany) were pretreated in a water bath
as detailed in Supplemental Table 2. After quenching the endog-
enous peroxidase using a solution of 0.3% hydrogen peroxide in
methanol, the slides were placed in the DAKO Autostainer Link
48 and incubated with the primary antibodies followed by the
DAKO EnVision FLEX antibody detection system (DAKO
Corp, High Wycombe, United Kingdom). Diaminobenzidine
was used as a chromogen, and Gill’s hematoxylin was applied for
counterstaining. Appropriate positive and negative tissue con-
trols were run for each antibody. A brown color identified the
positive cells.

All the immunohistochemical stains were evaluated by the
same pathologist thatassessed the percentage of immunoreactive
tumor cells and the intensity of the staining graded in low (score
1), moderate (score 2), or strong (score 3). A final semiquanti-
tative score was then calculated by multiplying the percent stain-
ing by the intensity level.

Results

Differential gene expression in mouse tissues

To gain insight into the molecular characteristics of the
aggressive FTCs developed by Pten™" '~ Kras©'?P com-
pound mutants, we performed genome-wide expression
profiling using the Affymetrix platform on thyroids from
3-month-old control, single mutants and double mutant-
induced mice tumors.

As predicted by the inability of thyroid-specific Kras
activation to yield an overt phenotype (18), a heat map
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including all probes with more than a 2-fold change across
any of the 4 groups showed that Kras“?P thyroids cluster
together with those of wild-type mice (Figure 1). On the
other hand, significant differences were apparent between

WT Kras®'?® Pten’ Double
1 2 3 1

> 3. 1-2 .3 3% B B

Figure 1. Heat map of gene expression in wild-type and conditional
mutant mice. Each column indicates gene expression of a pool of 3-5
wild-type and single-mutant thyroids and 3 individual, fresh-frozen,
histologically verified tumor samples from Pten'™" /= Kras®'2P mice.
Green and red signals indicate low and high gene expression,
respectively.
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the transcriptomes of control and Pten™* '~ thyroids.

Moreover, the profile of Pten™ '~ KrasS'?P FTCs was

thyr =/~ mice. These

strikingly different from that of Pten
data strongly suggest that the molecular events leading to
the development and maintenance of FTC in the com-
pound mutants are unique for each tumor and that char-
acterization of these changes could uncover clinically rel-
evant pathways and targets.

Overall, using a stringent FDR of 5%, 911 genes were
found deregulated *2-fold in FTC samples, compared
with wild-type thyroids (287 up and 624 down) (deposited
in the Gene Expression Omnibus database). To identify
biological processes significantly impacted by the devel-
opment of the more aggressive phenotype, we performed
canonical pathway enrichment using Ingenuity Pathway
Analysis. A significant enrichment was observed, among
others, in pathways involved in leukocyte recruitment and
function, epithelial-mesenchymal transition, and thyroid
cancer signaling (Table 1). The top 50 up-regulated and
down-regulated genes in the tumors developed by
Pten™™'~ Kras'?® compound mutants compared with
normal thyroid are listed in Table 2.

Differential gene expression in human thyroid
tissues of the discovery group

Based on data obtained in the mouse model, 45 genes
were selected to be investigated in human thyroid tissues
(Supplemental Table 3). Expression of these genes was
evaluated by quantitative RT-PCR using the Tagman low-
density array system in 8 NTs, 50 FAs, and 14 FTCs. In a
first analysis, the mRNA expression levels of NT, FA, and
FTC were evaluated and compared among the 3 groups.
Considering a cutoff of at least 30% difference above or
below the values detected in NT, expression of 22 of 45
genes changed in the same direction in FA and FTC (Sup-
plemental Table 4). In particular, among the genes over-
expressed in both FA and FTC compared with NT, only
LCN2 shows a statistically significant difference between
NT and FTC. Instead, among the genes underexpressed in
both FA and FTC, 5 of them show significant difference
compared with NT, namely FABPS, FBL1, OGN, PT-
PRD,and SRDSAT1 (Figure 2). The similar deregulation of
gene expression detected in FAs and FTCs supports the
notion that these 2 neoplasms share common tumorigenic
pathways.

We then focused on genes differentially expressed be-
tween FA and FTC. Seventeen genes were identified: 5 and
12 genes are overexpressed and underexpressed in FTC vs
FA, respectively (Figure 3). Interestingly, 11 of these genes
were also significantly deregulated when comparison with
NT was performed (Supplemental Table 4).
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Table 1. Top 25 Deregulated Pathways Identified in
Mouse FTCs, Using the Ingenuity Pathways Analysis
System

Ingenuity Canonical

Pathways P Value Ratio

iCOS-iCOSL Signaling in .00001 0.14
T helper cells

Primary .00002 0.16
immunodeficiency
signaling

LXR/RXR activation .00004 0.13

T cell receptor signaling .00005 0.15

Hepatic fibrosis/hepatic .00005 0.14
stellate cell activation

Complement system .00010 0.23

Thyroid cancer signaling .00021 0.21

Calcium-induced T .00034 0.14
lymphocyte apoptosis

Pathogenesis of multiple .00054 0.44
sclerosis

B cell development .00072

CCR5 signaling in .00115
macrophages

Communication between .00195 0.09
innate and adaptive
immune cells

Atherosclerosis signaling .00219 0.10

Factors promoting .00234 13
cardiogenesis in
vertebrates

Eicosanoid signaling .00288

Hematopoiesis from .00302
pluripotent stem cells

cAMP-mediated signaling .00324 0.10

Nicotine degradation Il .00331 0.10

Mitotic roles of polo-like .00372 13
kinase

CD28ssignalingin T .00468 0.10
helper cells

Leukocyte extravasation .00562 0.09
signaling

Protein kinase A .00617 0.08
signaling

Nitric oxide signaling in .00646 0.10
the cardiovascular
system

Estrogen-mediated S- .00891 0.18
phase entry

IL-12 signaling and .01072 0.08

production in
macrophages

Abbreviations: iCOS, inducible costimulator; iCOSL, inducible
costimulator ligand; LXR, liver X receptor; RXR, retinoid X receptor;
CCR5, chemochine receptor 5.

When we analyzed the differential gene expression pro-
file between minimally invasive and invasive FTCs, the
latter group displayed lower AOC3 and GPX3 mRNA

levels and higher TIMP1, TPX2, and KIF20A mRNA lev-
els (Supplemental Table 5).
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Our FTC cohort was further screened for the presence
of oncogenic RAS mutations. Five of 14 FTCs show the
presence of 1 mutant RAS allele. Thus, the gene profile
results were further revisited, taking into account the pres-
ence of the RAS mutation in a subgroup of samples.
Among the 45 genes selected from the mouse study,
CCND1, ETVS, and PTPRD display significant differ-
ence among the 2 groups (Figure 4A). Expression of all 3
genes is up-regulated in the FTC-bearing RAS mutation.
PTEN gene expression was evaluated in all human spec-
imens (Figure 4B). Levels of PTEN mRNA in FTCs are
lower than in NT and, although a certain degree of over-
lap, are also lower than in FAs. No difference in PTEN
gene expression was detected in FTC containing or not
RAS mutations.

Immunohistochemistry in human thyroid tissues of
the validation group

To test whether results obtained in the discovery group
could be replicated in a second series of tumors and
whether mRNA expression data would correspond to al-
tered protein expression, a second group of patients’ tu-
mor tissues (validation group) was investigated by immu-
nohistochemistry. This series comprises 26 FAs and 27
FTCs. Seven proteins whose genes are differentially ex-
pressed between FA and FTC were selected for immuno-
histochemical evaluation. Quantitation of the immu-
nohistochemical signal was obtained by computing per-
centage of cell positivity and intensity of signal. Table 3 sum-
marizes the results obtained. Four proteins show signifi-
cant differences between FA and FTC. However, only for
3 of them (PPARYy, SDPR, and OGN), the changes de-
tected by immunohistochemistry parallel those obtained
by quantitative RT-PCR (PPARYy values are higher in
FTCs than in FAs, whereas SDPR and OGN values are
higher in FAs than in FTCs). DPEP1, instead, shows an
opposite behavior: protein levels are higher in FTCs,
whereas the mRNA levels are higher in FAs. Representa-
tive images of PPARy, SDPR, OGN, and DPEP1 staining
in FAs and FTCs are shown in Figure 5. Thus, using 2
different groups of patients, 3 of 7 genes show, in terms of
mRNA and protein levels, the same trend of expression
when FA is compared with FTC.

Discussion

Molecular features of animal models of cancer may help in
the identification of differences existing between human
normal and tumor tissues. Such information can be, in
turn, of relevance for diagnostic and prognostic purposes
as well as for the development of novel therapeutic ap-
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Table 2. Top 50 Genes Deregulated in Mouse FTCs, Ranked by Expression Level

Up Down
Fold Mouse Fold

Mouse Gene Change P Value Gene Change P Value
Lipk 29.8 2.36E-07 Cyp2el 0.018 5.23E-19
Moxd1 11.9 1.78E-10 UcpT 0.034 6.89E-08
Mia 11.2 1.57E-11 Pont 0.043 5.62E-17
Lcn2 10.2 5.05E-05 Tmem45b 0.047 1.21E-10
Gng4 7.7 5.41E-06 Retn 0.049 4.80E-19
Fam84a 7.5 2.35E-07 Ca3 0.050 1.17E-05
Chi3I1 7.1 1.84E-04 Cox8b 0.055 3.27E-09
Bcas1 6.8 2.82E-10 Penk 0.056 1.50E-14
Kiaa 1324/ 6.0 6.73E-07 Inmt 0.056 1.52E-16
Ddah1 5.8 2.86E-09 Adipog 0.060 2.12E-12
Dcx 5.6 4.37E-14 Cidec 0.061 2.18E-12
Sftpb 5.6 5.03E-05 Cidea 0.061 4.20E-12
1700049E17Rik1 5.3 6.69E-10 Cxcl13 0.064 1.22E-10
Camkig 5.1 2.84E-05 Adhic 0.066 9.83E-12
Rlbp1 5.1 1.14E-07 Agp7 0.075 9.46E-11
St6gal1 5.1 2.82E-09 Fmo1 0.077 2.49E-10
Fam178b 5.1 5.70E-14 Pck1 0.079 8.67E-11
Atp6v0od2 5.1 9.65E-07 Cfd 0.084 1.06E-15
Timp1 4.6 1.27E-05 Cxcl10 0.087 8.42E-08
Ttc39c¢ 4.6 9.27E-09 Plin1 0.089 1.26E-13
Bbox1 4.6 8.58E-10 Lgals12 0.095 3.02E-10
Lppr1 4.5 2.50E-13 Rbp4 0.097 4.16E-08
Fam174b 4.3 5.58E-06 Slc36a2 0.100 7.82E-13
Gm16440 4.3 1.39E-09 Bpifa1 0.100 2.34E-04
Ggt5 4.3 2.07E-09 Satb1 0.103 2.41E-04
Srd5al 4.2 1.72E-03 Kl 0.105 7.13E-07
Nkx2-2 4.2 2.11E-07 Psca 0.107 1.97E-04
Slco4c1 4.2 3.56E-05 Themis 0.108 5.46E-03
Agr2 4.2 5.04E-04 Lpl 0.109 1.62E-08
Cmi3 4.1 8.26E-05 Scg3 0.109 3.43E-15
Kif20a 4.0 2.06E-07 Mup1 0.110 3.36E-05
Cndp1 3.9 5.63E-10 Abcd2 0.111 7.56E-15
Plekhs1 3.9 2.59E-08 Nrg4 0.113 7.31E-18
Cdh4 3.8 6.64E-07 Leprel1 0.115 2.05E-10
Cdk1 3.8 9.81E-07 Cxcll1 0.116 1.24E-07
Tmem150c 3.8 3.02E-13 Pcsk2 0.120 4.35E-14
Acnat1/Acnat2 3.8 7.02E-07 Cd36 0.126 1.52E-06
Atpbv0a4 3.7 2.26E-09 Fmo2 0.127 5.93E-09
Thbs4 3.7 1.16E-03 Apod 0.129 3.54E-09
St8siab 3.6 8.93E-05 Mamdc2 0.130 7.67E-07
Serpinel 3.6 3.13E-05 Ccr9 0.133 8.63E-03
Anin 3.6 3.66E-07 Scgbial 0.136 1.39E-03
Cldn10 3.6 2.07E-04 Cdsb 0.137 3.89E-03
Smoc2 3.6 1.44E-06 Pde3b 0.141 3.22E-08
Sphk1 3.6 2.68E-05 B3galt2 0.144 1.46E-13
Hhatl 3.4 4.61E-04 Retnla 0.145 1.85E-04
C2orf40 3.4 1.75E-05 Rgs7 0.146 2.93E-14
Sytl5 34 5.80E-04 Atpla2 0.146 1.13E-08
Rny1 3.4 6.79E-03 Anpep 0.148 1.42E-10
Cesle 3.3 8.78E-09 Casr 0.149 1.44E-08

proaches. The relevance of mouse models to a better
knowledge of follicular and papillary human thyroid can-
cer has been recently pointed out (17). In the present re-
search, to gain insights into the molecular features of FTC,
we started our study from a mouse model in which acti-
vating mutation of the Kras oncogene and the deletion of
the oncosuppressor Pten are simultaneously present (18).

In this animal model, each of these 2 mutations alone is
unable to induce transformation of thyroid follicular cells;
however, their concurrent activation induces highly ag-
gressive follicular carcinomas already at 12 weeks of age
(18). In effect, loss of Pten alone induces follicular ade-
nomas in two thirds of female mice by 10 months of age
(21). However, to focus on the early phase of malignant
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Figure 2. Gene expression in the human discovery group: mRNA
levels of genes differentially expressed in FA and FTC vs NT. Levels of
mMRNAs were evaluated by Tagman microfluidic card as described in
Materials and Methods. Each column indicates the mean value = SEM
of 8 NT, 57 FA, and 14 FTC. Mean values of NT were arbitrarily
expressed as 1.

transformation, 12-week-old animals were compared,
and at this age, Pten™" ~/~ mice do not display adenomas.
Consistent with these phenotypic data, in a microarray
analysis, mouse FTC tissues show dramatic differences
compared with both normal and single mutant tissues.
Starting from genes that are differentially regulated in
mouse FTC compared with normal thyroid tissue, 45
genes have been selected to investigate human tumors, and
their mRNA levels were investigated in human NT, FAs,
and FTCs. The choice of these 45 genes was done by com-
bining 3 criteria: 1) the level of differential expression in
mouse FTC compared with mouse normal thyroid; 2) the
possibility to have the specific probe in the micro fluidic
card (see Materials and Methods); 3) the involvement in
cell transformation. This latter criterion was based on
searching the PubMed database (http://www.ncbi.nlm.ni-
h.gov/pubmed) using as key words the gene name and the
word cancer. Interestingly, when double-mutant mice
were compared with either wild-type or Pren™™ /'~
for 44 of these 45 genes, the modification of expression
occurs in the same direction (Supplemental Table 6).
These data support the notion that in 12-week-old ani-
mals, with respect to genes deregulated in double-mutant
mice, wild-type and Pren™* '~

mice,

mice have very similar
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Figure 3. Gene expression in the human discovery group: mRNA
levels of genes differentially expressed between FA and FTC. Levels of
MRNAs were evaluated by Tagman microfluidic card as described in
Materials and Methods. Each column indicates the mean value = SEM
of 57 FA and 14 FTC. mRNA levels are expressed as fraction of values
found in NT, considered arbitrarily as 1.
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Figure 4. A, Differentially expressed genes between FTC with and
without RAS mutation. Black and gray columns indicate the mean
value * SEM of FTC with (5 cases) and without (9 cases) RAS
mutations, respectively. mRNA levels are expressed as fraction of
values found in NT, considered arbitrarily as 1. B, PTEN gene expression
in specimens of the discovery group. Each symbol indicates PTEN gene
expression in a single specimen. Black squares, NT; black triangles, FA,
black circles, FTC without RAS mutations; white circles, FTC with RAS
mutations. PTEN mRNA levels are expressed as a fraction of the mean
value of NT specimens.

expression patterns. Among the 45 genes, 17 show a sig-
nificant mRNA level difference between human FAs and
FTCs in the discovery group, and 7 of these were further
investigated by immunohistochemistry (thus evaluating
levels of their protein products) in a validation group.
These 7 genes have been chosen by combination of 2 cri-
teria: a significant difference between FAs and FTCs and
involvement in cell transformation. For 4 genes the im-
munohistochemical signal was significantly different
among FA and FTC: PPARy, OGN, SDPR, and DPEP1.

Table 3. Quantification of Immunohistochemical
Signals
FA FTC P
Protein (Mean = SD) (Mean = SD) Value
PPAR~y 13.38 =+ 26.17 47.33 + 79.45 .0433
SFRP1 134.8 = 73.99 147.7 = 72.17 .5646
SDPR 50.62 *= 56.24 20.0 = 11.78 .0288
EPHAS 41.13 + 36.71 28.89 = 36.87 .2965
DPEP1 3.57 = 11.75 20.0 = 2.88 .0486
FBL1 24.38 = 34.61 36.04 = 40.02 2932
OGN 63.31 = 80.68 24.96 = 41.96 .0337

Abbreviations: EPHAS5, ephrin receptor A5; FBL1, fibulin-1; SFRP1,

secreted frizzled-related protein 1.
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Figure 5. Immunohistochemical analysis of validation group tumors. Each panel shows representative cases of differential staining between FA
and FTC for PPARy, OGN, SDPR, and DPEP1 proteins. In all panels positivity is indicated by brown staining.

PPARY is already known to be involved in the genera-
tion/progression of follicular tumors. In fact, the t (2,
3)(q13,p25) translocation that determines the expression
of the fusion protein paired box transcription factor 8
(PAXS8)-PPARY (8, 23) is present in FTC and, although
with a lower frequency, in FA. The fusion with PAX8
suppresses the wild-type function of PPARY, considered
an inhibitor of cell growth and a promoter of differenti-
ation (24, 25). Moreover, the fusion protein is overex-
pressed compared with wild-type PPARy because it is sub-
jected to the transcriptional control normally acting on the
PAXS8 gene, which is active in thyroid follicular cells (26).
It is noteworthy that, although in mouse tumors PPARy
mRNA levels are lower in FTC than in normal tissues, in
human tissue specimens, PPARy mRNA levels resulted
higher in FTC than in FA and NT. However, in our series
of human tumors, this difference is due to the presence of
the PAX8-PPARy translocation. In fact, when in the dis-
covery group human cases containing the PAX8-PPARYy
translocation are excluded, PPARy mRNA levels are sig-
nificantly reduced in FTC compared with FA and NT, and
a similar behavior is detected also in the validation group.
Thus, our expression data support the possibility that the
wild-type PPARYy and the PAX8-PPARYy fusion proteins
play an opposite role in the transformation process with
oncosuppressor and oncogenic functions, respectively.
Functional data are, however, required to confirm this
hypothesis.

OGN belongs to a class of proteoglycans), the small
leucine-rich proteoglycans that are secreted into the ex-

tracellular matrix (27). In vitro studies suggest that os-
teoglycin may play a role in cellular growth control, as
judged by ability of growth factors and cytokines to mod-
ulate its mRNA expression in corneal keratocytes and vas-
cular smooth muscle cells (28, 29). OGN mRNA is absent
or at low levels in most cancer cell lines and tumors (30).
Wang et al (31), for example, demonstrated that OGN
expression is down-regulated in colorectal adenoma and
cancer when compared with the normal tissue. Our data
would indicate that a decrease of OGN expression paral-
lels thyroid tumor progression. In fact, OGN mRNA lev-
els are the highest in NT and the lowest in FTC.

SDPR is a phosphatidylserine-binding protein member
of the caveolae family protein, which are specialized in-
vaginations of the plasma membrane implicated in many
cellular functions including signal transduction, lipid reg-
ulation, endocytosis, and tumorigenesis (32). An analysis
of SDPR expression in human tissues has revealed an al-
most ubiquitous expression, with the highest levels found
in the heart and lung (33). In tumors, SDPR is suppressed
in the breast, kidney, and prostate malignancies (34). To-
gether with these data, our finding supports the potential
use of SDPR as a tumor biomarker also for thyroid
neoplasia.

DPEP1 is a zinc-dependent metallopeptidase that hy-
drolyzes a variety of dipeptides and is involved in gluta-
thione metabolism (35). The relationship between the ex-
pression of DPEP1 and the initiation/progression of
cancer appears quite complex. It has been shown that
DPEP1 is highly expressed in colon tumors compared with
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matched normal mucosa (36). Moreover, Toiyama et al
(37) showed that DPEP1 expression is very low in normal
colonic mucosa, but it is high in colorectal cancer speci-
mens and is negatively correlated with parameters of path-
ological aggressiveness such as lymph node metastasis,
distant metastasis, and poor prognosis. However, in
Wilms’> tumor and breast lobular carcinoma, DPEP1
shows decreased expression compared with normal tis-
sues (38, 39). Thus, the down- or up-regulation of DPEP1
expression seems dependent on the cell type of tumor or-
igin. Our immunohistochemical data would suggest that
DPEP1 expression increases along the FA to FTC progres-
sion. Because DPEP1 is a membrane-bound dipeptidase, it
may play a role in the degradation of surrounding extra-
cellular matrix components, which would increase the
ability of tumor cells to invade from the primary site
through the extracellular matrix. The reasons for the dis-
crepancy present in our study related to DPEP1 expression
(protein levels are higher in FTC than in FA, but the reverse
phenomenon is observed for mRNA levels) are not clear.
However, it might be due to differences of translational
efficiency of the DPEP1 mRNA between FTC and FA. In
fact, by quantifying the regulation of global gene expres-
sion, Schwanhiusser et al (40) have recently shown that
the cellular abundance of proteins is predominantly con-
trolled at the translational level.

Except for PPARYy, further studies are required to reveal
a functional role in thyroid tumorigenesis of the additional
proteins identified by immunohistochemistry as differen-
tially expressed between FA and FTC (OGN, SDPR, and
DPEP1) in addition to that of potential diagnostic
biomarkers.

By using global gene profiling, several genes differen-
tially expressed between benign and malignant thyroid
nodules have been identified in the last few years (41-49).
However, none of the identified genes is significantly mod-
ified among the 45 genes that have been selected for anal-
ysis in humans, with the exception of the CKS2 and SDPR
genes. In fact, Borup et al (49) have shown that CKS2 and
SDPR are over- and underexpressed in FTC compared
with FA, respectively. These results are very similar to
those obtained in the present study (see Supplemental Ta-
ble 4). In a meta-analysis in which various studies of thy-
roid cancer profiling have been analyzed together, several
genes have been identified as differentially expressed be-
tween malignant thyroid nodules with respect to benign
ones or normal tissues (50). Among them ETVS and
TIMP1 are included in our group of 45 selected for human
investigation; however, in our cohort only TIMP1 shows
a significant differential expression between FTC and FA
(Supplemental Table 4).
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Discovery of novel molecular biomarkers may not only
provide additional tools for the prognosis of patients with
thyroid cancer but also be helpful contribution for the
diagnosis of uncertain lesions. It is well established the role
of fine-needle aspiration cytology of thyroid nodules for
assessment of the morphological features critical to pre-
dict malignancy and therefore to decide whether to per-
form surgical treatment (51). However, up to 30% of as-
pirations gives indeterminate cytological findings (52),
usually requiring thyroid gland removal and histological
examination to distinguish benign from malignant lesions.
After surgery, it is found that most of these patients (al-
most 80% ) have a benign disease. In these cases, therefore,
surgery was unnecessary and potentially dangerous con-
sidering that surgical removal of thyroid cancer hasa 2 %-—
10% rate of long-term morbidity (53, 54). This picture is
almost invariably associated with the occurrence of a fol-
licular histotype. For these reasons in the last several years,
various classifiers based on the molecular features of thy-
roid nodules, detectable in the DNA and RNA extracted
from the cytoaspirates, have been proposed (44, 55, 56).

To date, the most successful mutational panel allowing
the preoperative detection of malignancies in thyroid nod-
ules includes BRAF and RAS mutations and RET/PTC,
PAX8-PPARYyy, and TRK rearrangements (22, 57). The
detection of any of these mutations indicates the presence
of a malignant lesion, being the specificity greater than
96%, irrespective of the cytological diagnosis. However,
the negative result harbors a low sensitivity (about 60%),
and a large number of thyroid cancers can be missed. Very
recently, a 167-gene expression classifier (16) has been
subjected to a multicenter validation study demonstrating
a high sensitivity (92%) and a high negative predictive
value (95% for aspirates classified as atypia or follicular
lesion of undetermined significance and 94 % for follicular
neoplasm or lesion suspicious for follicular neoplasm).
This means that it only rarely misclassifies patients with
malignant features as being healthy. Therefore, if the goal
is ruling out malignancy and avoiding surgery, a similar
approach is to be preferred. Despite the effectiveness in
identifying truly negative lesions, this testing turned out to
have a low specificity (52%), which still limits its useful-
ness in case of suspicious results. Thus, the development of
new gene expression classifiers harboring a higher speci-
ficity is needed. In this setting, our experimental model
may provide new insights to better distinguish benign
from malignant thyroid nodules, based on gene expression
clustering. Moreover, this approach may also prove useful
for other purposes, such as for identifying prognostic
genes and tailoring new targeted therapies. In conclusion,
establishment of an enriched panel of molecular biomark-
ers, using data coming from mouse thyroid tumors and
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validated in human specimens, may help to set up a more
valid platform to further improve diagnosis and prognosis
of thyroid malignancies.
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