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ABSTRACT
Non-autonomous thyroid nodules are common in the general population with 

a proportion found to be cancerous. A current challenge in the field is to be able to 
distinguish benign adenoma (FA) from preoperatively malignant thyroid follicular 
carcinoma (FTC), which are very similar both histologically and genetically. One 
controversial issue, which is currently not understood, is whether both tumor types 
represent different molecular entities or rather a biological continuum.

To gain a better insight into FA and FTC tumorigenesis, we defined their molecular 
profiles by mRNA and miRNA microarray. Expression data were analyzed, validated 
by qRT-PCR and compared with previously published data sets. 

 The majority of deregulated mRNAs were common between FA and FTC and 
were downregulated, however FTC showed additional deregulated mRNA. Both types 
of tumors share deregulated pathways, molecular functions and biological processes. 
The additional deregulations in FTC include the lipid transport process that may be 
involved in tumor progression. The strongest candidate genes which may be able 
to discriminate follicular adenomas and carcinomas, CRABP1, FABP4 and HMGA2, 
were validated in independent samples by qRT-PCR and immunohistochemistry. 
However, they were not able to adequately classify FA or FTC, supporting the notion 
of continuous evolving tumors, whereby FA and FTC appear to show quantitative 
rather than qualitative changes. Conversely, miRNA expression profiles showed few 
dysregulations in FTC, and even fewer in FA, suggesting that miRNA play a minor, if 
any, role in tumor progression.

INTRODUCTION

Thyroid nodules are very common in the general 
population (affecting up to 40% of people over 60 
years old). Among them, follicular adenoma (FA) 

and follicular carcinomas (FTC) present a particular 
diagnostic challenge with many cases designated as 
being indeterminate or suspicious [1]. FA and FTC are 
both follicular differentiated thyroid tumors, but FA 
are benign tumors whereas FTC are malignant, able 
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to metastasize via the blood stream, and can evolve 
into dedifferentiated aggressive tumors. FTC cannot 
be discriminated from the benign FA on the basis 
of architectural or cellular criteria. Indeed, for these 
follicular patterned lesions, the distinction between 
benign (FA) and malignant (FTC) tumors is based on the 
presence of vascular and/or capsular invasion [2] which 
demonstrates the invasive characteristics of the tumor, 
and will require surgery. Currently both FA and FTC are 
described as two distinct tumoral entities [3, 4], while 
other studies suggest a continuum leading from adenoma 
to carcinoma [5]. Since a long time, attempts have been 
made to discriminate FA from FTC, or more generally 
benign from malignant nodules, especially using fine 
needle aspiration (FNA) from tissue samples, however, 
indeterminate and suspicious cases persist. In fact, 
molecular characterization based on mutational profiles 
still leaves at least 14% of follicular neoplasms that 
cannot be classified [6] and an 8% cancer risk in nodules 
with an indeterminate cytological diagnosis displaying no 
known molecular alterations [7]. 

Indeed, the genetic alterations that are most often 
encountered are present in both FA and FTC, namely 
RAS mutations—present in 20–40 % of FA and 40–50 
% of FTC- and PAX8-PPARγ rearrangements—reported 
in 10% of FA and 30–40% of FTC [8]. This sharing of 
genetic alterations combined with similar cytological 
and architectural features in FA and FTC account for 
inconclusive diagnoses for a fraction of the FNA 
samples, and a definitive indication on the benign or 
malignant character of these follicular tumors is not 
possible. In the recently proposed ThyroSeq NGS panel, 
that was designed to target 284 mutational hotspots in 
12 cancer genes, 6% of the benign nodules—including 
FA—were positive for the detection of point mutations 
[9]. Given the fact that genetic variants are found in both 
benign and malignant nodules [10], current research 
remains focussed on the use of RNA-based expression 
classifiers, to identify suspicious nodules. Some 
expression based classifiers exist but lack sensitivity 
and/or specificity [11] (for example, three diagnostic 
tests were recently developed in the US, based on 
molecular signatures that aim to distinguish benign 
and malignant nodules). So far, all the mRNA based 
classifiers, namely Affirma (Veracyte) Alexander et al. 
[12], or miRNA based classifiers such as ThyGenX/
ThyraMIR (Interspace Diagnostics) [13] that combine 
research for mutations by multiplex PCR and miRNA 
expression or RosettaGX Reveal™ [14] (Rosetta 
Genomics Ltd) and ThyroSeq (CBLPATH) [15] based 
only on a larger mutation panel detected by NGS, have 
proven to have some weaknesses.

Taking this into account, we have performed 
molecular profiling (mRNA and miRNA) of thyroid 
follicular adenoma and carcinoma, in order to further 

investigate the notion of continuous versus distinct 
evolution of these tumors. Our results support the 
existence of a biological continuum, in terms of RNA 
and miRNA deregulation, and further at the level of 
deregulated molecular functions and pathways. This 
study presents new opportunities for the investigation of 
oncogenic processes leading to FA progression into FTC.

RESULTS 

Most deregulated mRNAs are common between 
FA and FTC 

20 FA and 8 FTC were hybridized onto double 
channel microarrays (HEEBO), alongside their normal 
adjacent thyroid tissue (clinical data, Supplementary 
Table 1). We first assessed the mutational status of the 
most common reported genetic alterations, finding few 
mutated samples (Supplementary Table 1). We next 
assessed global expression differences between FA and 
FTC, that is extensive differences detectable when all 
the genes present on the arrays were considered. An 
MDS analysis was performed and did not allow us to 
clearly distinguish both tumor types (Figure 1A). Similar 
results were obtained when using published FA-FTC 
datasets (Supplementary Figure 1). Thus FA and FTC 
have similar expression profiles when compared on a 
global scale.

To look for consistent differentially expressed 
genes between tumor and normal tissues, we used 
SAM (Significant Analysis of Microarrays) one class, a 
supervised classification method. Among the 88 mRNA 
with deregulated expression in FA (fold change ≥ |2|, q 
value ≤ 5%), 76 (86%) were also deregulated in FTC 
(Figure 1B). FTC, interestingly, were found overall to 
have a much larger number of modulated mRNA (530). 
Most of the deregulated mRNA were down-regulated 
compared to normal adjacent tissues (83% in FA, and 
90% in FTC) and when modulated in the same direction 
in both types of tumors, which was the most frequent case, 
the level of deregulation for a given mRNA was higher in 
FTC than in FA.

Next, to compare FA and FTC mRNA expression, a 
SAM 2 class analysis was performed which detected 294 
genes differentially expressed between both tumors (q value 
≤ 5%) (Supplementary Table 2) with a fold change of 2 (908 
with a fold change ≥ |1.5|). Again, a majority were more 
strongly downregulated in FTC compared with FA (94%). 

We confirmed our microarray results by qRT-PCR 
for 9 modulated mRNAs (Figure 2); 7 of them, FABP4, 
SGNE1, TGFBR2, DCN, LUM, GDF15, and SCEL were 
modulated in the same direction for FA and FTC but with 
a higher amplitude in FTC; ITGA was not modulated in 
FA but downregulated in FTC, and PLAG1 was slightly 
downregulated in FA and upregulated in FTC. 
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Deregulated pathways are partially shared 
between FA and FTC

The genes deregulated in FA and FTC were 
submitted to a Pathway Analysis (David Database) 
[16], revealing enriched gene ontologies and pathways 
shared between FA and FTC (Table 1). For biological 
processes, categories such as cell adhesion, extracellular 
matrix organization and blood vessel morphogenesis 
were enriched in both tumor types, while some 
additional categories were only enriched in FTC, such as 
angiogenesis and cell migration. Most molecular functions 
and KEGG pathways were also common to both tumor 
types, with no deregulations specific for FA, but additional 
categories specific in FTC such as lipid transporter 
activity, focal adhesion and ECM receptor interaction.

In addition, analysis of genes that were deregulated 
in FTC compared to normal tissues, utilizing the 
PANTHER database, revealed a recurrent enrichment of 
the Gene Ontology category LIPID TRANSPORT (GO: 
0006869) with both types of microarray studies (HEEBO 
and Affymetrix enrichment fold 2.53 and 1.94 p value: 
1.25E-0.3 and 2.26E-0. respectively) (data not shown) .

Our differentially expressed genes are regulated 
in other FA and FTC datasets, and conversely

We considered the identified differentially expressed 
genes between FA and FTC (fold change ≥ |2|) as a gene 
set and evaluated their collective expression with GSEA in 
the publicly available datasets of other studies from Borup 
et al., Finley et al., Weber et al., and Giordano et al. [17–
20]. Collectively, these genes were significantly regulated 
in the same direction in the Finley data set (q value = 
0.066, NES = −1.371), and the Giordano dataset (q value 

= 0.0101, NES = −1.527), and were in line (though not 
statistically significant) with the Borup dataset (q value = 
0.157, NES = −1.316), and the Weber data set (q value = 
0.327, NES = −1.170) (Supplementary Figure 2A).These 
results showed that our signature is not restricted to our 
data set but is consistent with other reported works. 

Taking the inverse approach, we used the genes 
deregulated between FA and FTC in other datasets as genesets 
to evaluate their enrichment in our dataset: GSEA revealed a 
significant enrichment of the signatures of Borup [17] and 
Alexander [12] in our data (Supplementary Figure 2B). 

Despite the identification of differential gene 
expression, satisfying discrimination of FA and 
FTC could not be obtained

Among the genes differentially expressed between 
FA and FTC, we focused on three genes that were little 
modulated in FA, but clearly downregulated (CRABP1, 
FABP4) or upregulated (HMGA2) in FTC (Figure 3A). 
The downregulation of CRABP1 and FABP4, as well as 
the upregulation of HMGA2 were validated by qRT-PCR 
on the same samples (data not shown), using independent 
samples for CRABP1 and FABP4 (Figure 3B), in data 
from the literature [17] (Figure 3C), and in our Affymetrix 
data for the FTC (Figure 3D). Although most of the results 
were statistically significant, it was obvious that outliers 
were present among FA and FTC. We subsequently 
confirmed their modulation at the protein level by 
immunohistochemistry (Figure 4A and 4B): cytoplasmic 
staining of CRABP1 was increased in follicular adenoma, 
and FABP4 expression was reduced in adenoma and 
further reduced in carcinoma. HMGA2 was not present in 
normal tissues and in follicular adenoma, but was detected 
in the nucleus of most FTC. 

Figure 1: (A) Multidimensional Scaling (MDS) of the mRNA expression values from 20 FA and 8 FTC: all the probes present on the 
array were considered (FTC are encircled). (B) FTC and FA deregulated mRNA (fold change ≥|2| q-value ≤ 5%). Venn diagram of the 
significantly regulated mRNA in 20 FA and 8 FTC hybridized on Heebo slides (SAM 1 class analysis, R bioconductor).
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To further investigate the potential of these three 
genes to discriminate FA from FTC, the KNNX validation 
algorithm was applied to our microarray data (8 FTC and 
20 FA) and on the data from Borup et al. (10 FTC and 
11 FA) [17]. This allowed us to correctly classify 73% 
of FTC and 86% of FA (Table 2). Performing a similar 
analysis with our qRT-PCR data (11 FTC and 8 FA) 
resulted in a correct classification of 91% of FTC and 88% 
of FA. However, these results were based on the analysis 
of a limited number of samples, precluding definitive 
conclusions (Supplementary Table 3).

MiRNA analysis revealed few deregulated 
miRNA in FTC and fewer in FA

 To further analyze the molecular phenotype of 
follicular tumors, miRNA expression profiling was 
performed on 10 FA and 9 FTC. The tumor samples and 
their normal adjacent tissues were hybridized onto in-
house printed microarrays covering 841 human miRNA. 
SAM analyses were used to obtain lists of deregulated 
miRNAs (q-val ≤ 5% and fold change ≥|1.5|) (Table 3A 
and 3B).

A multidimensional scaling analysis performed with 
all the miRNA expression data showed a good separation 
between FA and FTC with the exception of 3 samples: 
FTC 139, FA 131, FA 137 (Figure 5). Among these, FA 

131 and FA 137 mixed with the FTCs had no particular 
clinical features that would justify their exclusion and 
were kept for further analyses. On the other hand FTC 139 
presented an important inflammatory reaction (thyroiditis) 
known to provoke large transcriptomic perturbations 
[21]. Nevertheless, when looking at differentially 
expressed miRNA in the tumors compared to their normal 
counterparts using SAM 1 class, only a few miRNAs 
were regulated consistently with a fold change ≥|1.5| and 
q value ≤ 5% across all the samples of the same class of 
tumors: 16 for the FTC and none for the FA (4 if a q value 
of 20% was accepted) (Table 3A). No single commonly 
deregulated miRNA was found.

To search for miRNA differentially expressed 
between FA and FTC, a SAM 2 class analysis was 
performed. Only 12 miRNA were upregulated in FTC 
compared to FA (fold change ≥|1.5| q value ≤ 5%), and 
9 miRNA were downregulated (Table 3B), only two of 
them, miR-631 and miR-135a-5p were also deregulated 
respectively in the studies of Rossing [22] and Stokowi 
[23], albeit in the opposite direction. Remarkably, analysis 
of published data sets revealed very few commonly 
regulated miRNA [22–28] (Supplementary Table 4).

In a next step we investigated the negative 
correlation between mRNA and miRNA expressions; 
indeed, the biological action of miRNA is mainly carried 
out by silencing the expression of their target genes. 

Figure 2: Confirmation of the microarray data by qRT-PCR. Validation of the modulation of 9 genes by qRT-PCR. The 
microarray expressions are also represented. Log2 ratios represent the expression ratios of the genes in the tumors versus normal adjacent 
tissues. Error bars represent the standard deviation.
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Table 4 shows the intersection of the mRNA significantly 
deregulated between FA and FTC (our experimental data), 
and the targets of the miRNAs significantly deregulated 
between FA and FTC, obtained by miRDB tool (http://
mirdb.org/miRDB/): among the mRNA targets of the 12 
upregulated miRNA in FTC vs FA, 105 were present in 
our list of downregulated mRNA. Similarly, among the 
mRNA targets of the 9 downregulated miRNA, 4 were 
present in our list of upregulated mRNA. A David database 
analysis was performed to investigate the pathways altered 
by these 109 mRNA and revealed an enrichment in the GO 
category “regulation of kinase activity” (Supplementary 
Table 5).

DISCUSSION

The differential diagnosis between FA and FTC is 
currently a major clinical challenge. These two tumors are 
highly similar when assessing histopathology [29, 30] or 
immunohistochemistry [31–34], as well as gene or protein 

expression [35, 36]. For several years, it has been debated 
within the field as to whether these two tumors are distinct 
molecular entities or represent a biological continuum.

To address this point, we defined the molecular 
phenotype of FA and FTC, both at mRNA and miRNA 
levels, by microarray analyses. On a global scale, no 
qualitative distinction between the transcriptomes of 
FA and FTC was observed. Analyzed by MDS, the 
mRNA expression data from many published studies 
also displayed different degrees of overlap for both 
tumor types. This contrasts with papillary or anaplastic 
carcinomas, which show specific gene modulations as 
well as many genes deregulated in opposite directions 
[37]. However, when using a supervised approach (SAM), 
differentially expressed genes between FA and FTC were 
detected.

Our data did not allow us to identify a molecular 
signature discriminating FA from FTC satisfactorily but, 
on the contrary, suggest that most FTC derive from FA, 
and that deregulation of expression in the tissue is gradual 

Table 1: David database analysis of the deregulated mRNA in FA and in FTC
Gene Ontology Biological process p val FA p val FTC
GO:0007155~cell adhesion 3.97E-04 6.95E-10
GO:0007610~behavior 3.39E-04 1.84E-03
GO:0007626~locomotory behavior 1.83E-03 1.61E-03
GO:0009611~response to wounding 1.76E-04 2.61E-12
GO:0022610~biological adhesion 4.02E-04 7.13E-10
GO:0030198~extracellular matrix organization 1.30E-04 3.28E-07
GO:0043062~extracellular structure organization 1.17E-04 1.59E-05
GO:0048514~blood vessel morphogenesis 3.18E-03 1.22E-10
GO:0001525~angiogenesis 0.03 1.91E-07
GO:0016477~cell migration 0.04 1.33E-07

Gene Ontology molecular functions p val FA p val FTC
GO:0005125~cytokine activity 2.47E-04 7.48E-02
GO:0005539~glycosaminoglycan binding 3.73E-03 5.46E-06
GO:0008009~chemokine activity 1.18E-03 1.16E-03
GO:0008083~growth factor activity 8.04E-04 8.02E-05
GO:0042379~chemokine receptor binding 1.42E-03 1.62E-03
GO:0005319~lipid transporter activity _ 5.81E-03

Kegg Pathway p val FA p val FTC
hsa04060:Cytokine-cytokine receptor interaction 1.29E-02 5.26E-04
hsa04010:MAPK signaling pathway _ 7.70E-05
hsa04510:Focal adhesion _ 6.69E-04
hsa04610:Complement and coagulation cascades _ 7.92E-04
hsa04512:ECM-receptor interaction 0.077296819 2.86E-03

David database pathway analysis of the genes regulated with a fold change ≥ |2|, and a q value ≤ 5%, in FA and in FTC. 
Common deregulated Gene ontology categories and KEGG Patways for FA and FTC, and categories/pathways restricted to 
FTC (bold, underlined). 
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from benign to malignant tumors (as already suggested by 
others) [38, 39]. This is reflected in our microarray data 
which shows a large proportion of common deregulations 
between FA and FTC. Furthermore, most of the mRNA 
differentially regulated between FA and FTC were 
modulated in the same direction, with the extent of 
modulation stronger in FTC. In addition, both types of 
tumor share the same perturbations of signaling pathways. 
Of course, FTC, as more advanced tumors, display 
additional dysregulated genes and pathways. One of the 
most striking differences between FA and FTC is invasion 
and migration; this is reflected in our gene expression 
data, where genes associated with cell migration, focal 
adhesion, and ECM-receptor interaction are specifically 
highlighted in the carcinomas.  

We focused on 3 differentially expressed genes 
which could have been potentially able to discriminate 

FA from FTC, on the basis of different criteria such as 
the extent of modulation and information found in the 
literature concerning their potential implication in cancers. 
HMGA2 or High Mobility Group AT-Hook 2 is a nuclear 
non histone chromatin-associated protein that acts as a 
transcription factor regulating the expression of various 
genes; this gene is not expressed in normal tissues, but is 
expressed in malignant tumors and has been proposed as a 
malignancy marker in thyroid [33, 40–44] and other types 
of cancers [45, 46]. Its potential oncogenic role has been 
noted in previous studies [46–48]. CRABP1 or Cellular 
Retinoic Acid Binding Protein 1, is a protein that allows 
the transport of retinoic acid from the cytoplasm to the 
nucleus and has an important role in development. We 
have previously shown that this gene is part of a thyrocyte 
differentiation index [49]. As for the CRABP1 paralog 
FABP4, its expression in thyroid tumors seems to be 

Figure 3: Expression ratios (tumor/normal) (log2) of CRABP1, FABP4, and HMGA2 in various data sets of FA and 
FTC. (A) our HEEBO microarray results. (B) qRT-PCR on independent samples. (C) Borup’s  Affymetrix microarray data [17] (nFA = 22, 
nFTC = 18). (D) our Affymetrix microarray data (n = 9). (T: tumor; N: normal).

Table 2: KNNX validation classification of FA (n = 42) and FTC (n = 26) samples
 Predicted

 T
ru

e

FTC FA
FTC (26) 73% (19) 27% (7)
FA (42) 14% (6) 83% (36)

The supervised classification (K-nearest neighbors classification with leave one out cross-validation) was run with the T/N 
expression ratios of CRABP1, FABP4, and HMGA2 derived from our microarray data and from Borup’s data [17]. Confusion 
matrix showed that 73% of FTC and 86% of FA were well classified.
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inversely correlated to the malignancy or aggressiveness 
of the tumors and has been used in general classifiers 
proposed to discriminate malignant from benign thyroid 
tissues [21, 50]. FABP4 (Fatty Acid Binding Protein 4) is a 
cytoplasmic protein, that binds long chain fatty acids and, 
as with CRABP1, FABP4 also binds retinoic acid. It plays 
a role in lipid transport and metabolism in adipocytes, 
and is associated with insulin resistance, type 2 diabetes 
and cardiovascular disease [51]. It is predominantly 
expressed in mature adipocytes and in macrophages, and 
its expression is induced by the transcription factor PPARγ 
[52]. This protein is also described as a partner of PTEN 
[53] and is downregulated in PTC [54]. 

The combination of HMGA2, CRABP1, and 
FABP4 expression did not allow us to completely separate 
the independent FA and FTC samples. Furthermore, 
immunohistochemistry experiments performed for the 
corresponding proteins showed for some of the samples 
atypical expression, suggesting that these could be 
intermediate between FA and FTC (data not shown). 

This low selectivity is also reflected by the qRT-PCR 
results with, for instance, some adenomas overexpressing 
HMGA2. 

As FABP4 is a protein involved in the transport of 
fatty acids, the differential regulation of FABP4 in our data 
and also in many other studies suggests differences in lipid 
metabolism between FTC, FA and normal thyroid tissue. A 
pathway analysis with the FTC deregulated genes confirmed 
this modification in lipid metabolism, which might contribute 
to tumor progression [55, 56]. Analyses of patient sera 
have shown that the characteristics of the serum lipidome 
were different for different thyroid tumors [57]. Another 
study performed on FFPE samples demonstrates that lipid 
metabolites are globally downregulated in thyroid tumors 
while lactic acid production is increased, and that some fatty 
acids esters such as lauric acid propyl ester or other lipid 
metabolites such as myo-inositol phosphate could be used to 
distinguish FA from FTC [58]. Furthermore, aberrant lipid 
metabolism was recently described in anaplastic thyroid 
carcinoma, part of which may derive from FTC [59]. On the 

Table 3: list of miRNA deregulated in FA and FTC
A B

miRNA deregulated in FTC Log2 Ratio miRNA upregulated in FTC vs FA Fold Change
hsa-miR-140-3p 0.615 hsa-miR-129-1-3p 2.847
hsa-miR-138-3p 0.989 hsa-miR-138-1-3p 2.091
hsa-miR-937-3p 1.013 hsa-miR-600 2.005

hsa-miR-129-1-3p 1.235 hsa-miR-135a-5p 2.417
hsa-miR-600 0.881 hsa-miR-125b-5p 1.976
hsa-miR-220a 1.982 hsa-miR-551b-3p 1.931

hsa-miR-129-2-3p 1.977 hsa-miR-1273a 1.618
hsa-miR-340-5p 0.724 hsa-miR-377-3p 1.590

hsa-miR-933 0.775 hsa-miR-27a-3p 1.584
hsa-miR-640 −1.063 hsa-miR-616-5p 1.591
hsa-miR-1275 −0.931 hsa-miR-23a-3p 1.451
hsa-miR-326 −1.069 hsa-miR-491-3p 1,946

hsa-miR-508-5p −0.776 miRNA downregulated in FTC vs FA Fold Change
hsa-miR-542-5p −1.070 hsa-miR-542-5p 0.485
hsa-miR-154-3p −0.692 hsa-miR-155-5p 0.444

hsa-miR-554 −0.591 hsa-miR-640 0.439
miRNA deregulated in FA Log2 Ratio hsa-miR-154-3p 0.474

hsa-miR-215-5p 0.645 hsa-miR-326 0.495
hsa-miR-155-5p 0.809 hsa-miR-631 0.413
hsa-miR-144-3p −0.848 hsa-miR-1275 0.551
hsa-miR-451a −1.049 hsa-miR-509-3-5p 0.611

hsa-miR-508-5p 0.654
A. miRNAs significantly up (≥ 1,5 x) and down (≤ 1,5 x)-regulated (q val ≤ 5% in FTC, 20% in FA)  in FTC and in FA 
following SAM 1 class analysis. B. miRNAs significantly up (≥ 1,5 x) and down (≤ 1,5 x) -regulated (q val ≤ 5%) in FTC 
versus FA following SAM2 class analysis.
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Figure 4: Immunolabelling of follicular adenomas (n = 16) (A) and follicular carcinoma (n = 17) (B) and normal adjacent tissues for 
CRABP1, FABP4 and HMGA2. Magnification 40×.
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other hand, the PI3K/AKT signaling pathway is deregulated 
in 55% of FTC [60], and increased phosphorylation of AKT 
is generally observed [61]. PI3K/AKT is probably the main 
pathway involved in FTC tumorigenesis while, in papillary 
thyroid carcinomas, constitutive activation of the MAPK 
signaling pathway plays a major role. Lipid metabolism and 
PI3K are linked [62], and thus both are likely involved in 
FTC development and progression.

With regard to miRNA expression, the reduced 
number of commonly deregulated miRNAs in FA and FTC 
suggests that there is a great variability among tumors of 
each type and that miRNAs are not critically involved 
in their respective tumorigenesis. This is reflected in 
the MDS where tumors are quite disparate even when 

belonging to the same class. Concerning the miRNA 
differentially regulated between FA and FTC, only a few 
deregulations were common across different studies, 
including ours.  For instance, the two miRNAs that were 
used to classify FA and FTC by the group of Stokowy, 
miR-7-2-3p, and miR-7-5p [23], were not differentially 
regulated between adenomas and carcinomas in our work 
(Supplementary Table 4): this variation between studies, 
and the small number of miRNA deregulated between the 
two tumor types could reflect the fact that miRNA are not 
key regulators in the supposed progression from FA to 
FTC. Accordingly, a recent review from our group showed 
that deregulated miRNA are far less numerous in FTC 
than in PTC and very few are common between different 

Table 4: list of mRNA differentially regulated between FA and FTC, which are targets of miRNA 
differentially regulated between FA and FTC

A B
CRIM1 KL PTP4A2 HBEGF DCLRE1A
EPAS1 TMEM47 GNG2 STEAP2 SLC16A9
EBF3 FGD4 GULP1 CAPZA2 ELOVL2
ANTXR1 CALCRL RPS6KA5 CLMN CCNG1
LPP SEMA3D ATP6V1E1 CLU
BVES QKI SYNPO2 VLDLR
FEZ1 ENPEP PPP1R12B NLN
BCLAF1 PRKD3 ZCCHC10 EI24
LHFP SLC14A1 MAN1A1 PDIA5
BAALC BTN3A3 PCDH18 HDAC2
CD34 SEC23A POGZ SHPRH
CXCL12 PAPSS2 OSBPL9 NR3C1
KCTD12 C1orf52 BIN2 SLC1A1
MYCT1 PRKCA NAP1L5 KIAA1274
CLIC4 FMO2 CBX7 ADH5
TSPAN8 DICER1 NFATC3 PLDN
TNFRSF11B STARD13 PELI1 PACSIN2
AP1S2 RARRES1 NBN PTX3
JAK2 SSR1 PKIA NR2F2
CYP20A1 PTPRB STIM2 NCOA1
H3F3B SMAD9 SSH1 ZNF626
GAB1 ZNF37A PDE7A KHDRBS2
TSPAN12 PRKX MYO10 NFYB
EPHA3 PAPOLG LATS2 HNMT
CA5B CDH11 CLDN8

ITGAX ABI3BP
KLF13 MLL3
CLYBL PSMA1

A: mRNA that are downregulated in FTC vs FA and targets of miRNA upregulated in FTC vs FA.
B: mRNA that are upregulated in FTC vs FA and targets of miRNA downregulated in FTC vs FA.
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studies [63]. The small effects of normal follicular cell 
transformation to follicular adenoma and carcinoma 
in terms of miRNA deregulation is consistent with 
relatively moderate dedifferentiation of these tumors. It 
is also in agreement with our previous work showing that 
dedifferentiation of normal human thyrocytes in primary 
culture, by treatment with EGF/serum, does not greatly 
modify the miRNA expression profiles [64].

The concept of a biological continuum in tumor 
progression starting from FA evolving to FTC is supported 
by two strong arguments: firstly, the common predominant 
mutations encountered in FA and FTC, i.e. RAS mutations 
and PAX8-PPARγ rearrangements. Although mutations in 
PI3K catalytic subunit seem to be restricted to FTC (8%) 
[60], this gene was reported to be amplified in 12% of 
benign thyroid adenomas and 24% of follicular carcinomas 
[60]. Secondly, the transcriptomic mRNA profiles of both 
tumors show a large proportion of commonly deregulated 
genes whose deregulation is further amplified in the 
carcinomas. Most of the mRNA differentially regulated 
between FA and FTC are actually showing regulation in 
the same direction, or are not deregulated at all in FA. 

The hypothesis of a biological continuum, i.e. 
adenomas and carcinomas are the same tumors but at 
different stages of progression, is in line with the fact 
that the attributed diagnosis for a particular tumor can be 
for one pathologist FA (suspected for later malignancy), 
and for another mild FTC with low malignancy score (if 
no invasion of the capsule is seen). Even among trained 
pathologists of the same laboratory, diagnoses of the same 
samples are sometimes different from one expert to the 
next [29]. So, the two classes are not definitively distinct 

and there is histological overlap between them, which 
is reflected by our different results, with cases matched 
perfectly with this classification but also cases which 
were more atypical and could be intermediates between 
FA and FTC, or even FVPTC. Of course these conclusions 
are based on data obtained with analyses on bulk tumoral 
material, as in most published data, a limitation that will 
only be overcome by the use of in situ methods. 

Although we have conducted this study on a 
relatively small number of tumors, these were very 
carefully chosen (some were discarded after re-
evaluation by pathologists). Equally we would suggest 
that in published studies there are likely some tumors 
for which diagnosis was challenging. FTC is becoming 
increasingly rare in the population probably due to the 
the disappearance of one etiologic recognized factor 
for FTC: iodine deficiency [65] which is now largely 
eradicated in many countries. However, this low number 
may also reflect the fact that FVPTC is currently the most 
frequent diagnosis even for a tumor which could have 
been considered as an FTC [66]: as pointed out by some 
authors, there may be a tendency to over-diagnose the 
follicular variant of PTC (FVPTC) which, as a corollary, 
leads to under-diagnosis of FTC (this being linked to the 
interpretation of the nuclear features of the tumors) (1). 
However, some authors have reported that the molecular 
profiles of FVPTC are closer to those of the FA/FTC 
group than to those of the classical forms of PTC [67]. 
This is also reflected in the TCGA data where follicular-
patterned PTC (i.e. Ras-like PTCs) are different in their 
molecular profiles from classical PTCs (BRAF-like 
PTCs) leading the authors to propose a revision of the 

Figure 5: Multidimensional scaling (MDS) of the miRNA expression data from 10 FA and 9 FTC. All the probes present 
on the array were considered (FTC are encircled). 
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classification [68]. For others, there is a tendency to 
lower the threshold for the diagnosis of FVPTC, and 
some tumors that could be classified as FA may now 
be classified as FVPTC [69]. An MDS performed with 
the expression data of FVPTC, FA and FTC tumors of 
the Finley et al. study [18] displays an intermediate 
expression profile for FVPTC positioned among the FA 
and the FTC groups. When PTC expression data from 
this study is added to the MDS analysis, the FVPTC are 
positioned between the FA and the PTC group, and many 
of them are mixed with the FA samples (Supplementary 
Figure 3). Moreover, a nomenclature revision has 
recently been proposed for the encapsulated follicular 
variant of papillary thyroid cancer EFVPTC [70] which 
is now designated as non-invasive follicular tumor with 
papillary-like nuclear features (NIFTP), characterized 
by an indolent behavior and a very low risk of adverse 
outcome.

In conclusion, in FA and FTC, mRNA expression 
as well as immunohistochemical data generally largely 
overlap, suggesting a biological continuum rather than a 
sharp transition in both types of tumors (Figure 6). This 
contrasts with other thyroid tumors, such as PTC and ATC, 
whose mRNA expression profiles showed net differences 
[37] although a fraction of anaplastic thyroid carcinoma 
can arise from papillary tumors. This progressive 
evolution from follicular adenoma to carcinoma could be 
explained by the appearance of successive multiple minor 

genetic or post-genetic alterations rather than a few major 
driver mutations [71] . Within this context, the distinction 
between follicular benign and malignant tumors should be 
based primarily on histology rather than on a molecular 
signature.

MATERIALS AND METHODS

Samples

 20 follicular non-autonomous adenomas and 12 
follicular carcinomas (minimally and widely invasive) 
were obtained from multiple clinics: Pitié-Salpêtrière 
(Paris, France), Jules Bordet Institute (Brussels, 
Belgium), CHU Angers (Angers France), Hôpital de 
Jolimont (La Louvière, Belgium). Diagnoses were 
confirmed by thorough microscopic examination of 
the surgical samples by the respective pathologists of 
the different Institutions. Tissues were immediately 
dissected, placed on ice, snap-frozen in liquid nitrogen 
and stored at −80°C until RNA processing. Protocols 
have been approved by the ethics committees of the 
Institutions. The available patient information, clinical 
and gene alteration data relative to these samples are 
presented in Supplementary Table 1. Some samples have 
been analysed both for mRNA and miRNA profiles, and 
some FTC were analysed both on HEEBO (dual channel) 
slides and Affymetrix.

Figure 6: (A) mRNA expression of FABP4 in FA and FTC samples, and MDS with all the microarray expression data in FA and FTC 
samples: both one of the most performant markers and the expression data at global level highlight the idea of a continuum. (B) mRNA 
expression of PKP4 in ATC and PTC samples, and MDS with all the microarray expression data in ATC and PTC samples (37): in ATC and 
PTC, molecular markers split up the 2 samples groups.



Oncotarget10354www.impactjournals.com/oncotarget

Immunohistochemistry experiments were performed 
on independent samples (16 FA and 17 FTC) obtained 
from the Biothèque de l’Institut Roi Albert II Cliniques 
Universitaires Saint-Luc (Brussels, Belgium), and the 
Jules Bordet Institute (Brussels, Belgium).
External data

We used the publicly available data of Borup et al 
[17], Giordano et al. [20], Finley et al. [18], Alexander et 
al. [12] and Weber et al. [19].

Mutation screening 

For most samples we defined the mutational status 
for known thyroid oncogenes and tumor suppressor genes 
[72, 73]. FA and FTC were tested for the presence of point 
mutations in BRAF, NRAS, HRAS, KRAS, TP53, PI3KCA, 
PTEN genes, and for the presence of PAX8/PPARγ 
rearrangements. The primers were designed to target the 
point mutations and the rearrangements most usually 
found in follicular thyroid carcinomas as in [74].

RNA purification

To obtain mRNA, total RNA was extracted from 
thyroid tissues using Trizol reagent kit (Invitrogen), 
followed by purification on RNeasy columns (Qiagen). For 
microRNA analyses, the purification was performed using 
the miRNeasy minikit (Qiagen). RNA concentrations were 
determined by spectrophotometry, quantified, and their 
integrity verified using an automated gel electrophoresis 
system (Experion, Bio-Rad). 

mRNA microarrays

Double channels 
After RNA amplification (using Amino Allyl 

MessageAmp II aRNA amplification kit Ambion, Austin, 
TX, USA), 8 μg of aRNA was labeled, fragmented, and 
hybridized for 16–18 h onto human exonic evidence-based 
70-mer oligonucleotide (HEEBO) microarrays [75]. The 
microarray slides were washed under stringent conditions 
and scanned using a GenePix 4000B scanner (Axon, 
Sunnyvale, CA, USA). All hybridizations were performed 
in duplicate with dye swap with the normal adjacent tissue 
for the 20 FA and 8 FTC analyzed. 

Affymetrix

RNA amplification, cDNA synthesis and labelling 
were performed following Affymetrix (Santa Clara, 
CA, USA) protocol: 100 ng of RNA from 9 follicular 
carcinomas and a reference pool of 23 normal, non-
neoplastic thyroid tissues from the contralateral lobe with 
respect to different thyroid tumors were hybridized on 
Affymetrix Human Genome U133 Plus 2.0 Arrays.

Quantitative RT-PCR 

After DNAse treatment using DNAse I amplification 
Grade (Invitrogen), reverse transcription was performed 
using Superscript II RNase H Reverse Transcriptase 
(Invitrogen) following the manufacturer’s protocol. Primer 
sequences (designed with the Primer-3 software http://
frodo.wi.mit.edu/primer3) are available in Supplementary 
Table 6. The qRT-PCR products were run on an Applied 
Biosystems 7500 Fast Real Time PCR with SyberGreen 
(Applied Biosystems). NEDD8 and TTC1 mRNA 
expression were used for normalization [76]. 

miRNA microarrays

1µg of total RNA from 10 FA and 9 FTC was 
engaged for the hybridizations. Briefly, total RNA 
was labelled using the miRCURY LNA microRNA 
Power Labelling Kit (Hy3/Hy5) (Exiqon, Copenhagen, 
Denmark), according to the manufacturer’s protocol. 
Labeled RNA was purified on a miRNeasy column 
(Qiagen), and samples were hybridized using Corning 
Pronto! Microarray Hybridization Kit onto in-house-
printed slides with the mercury LNA microRNA ready-
to-spot probes set (V11.0 according to Mirbase 11.0) 
from Exiqon. After overnight hybridization, microarray 
slides were washed under stringent conditions: twice 60s 
at 60°C with 2X SSC and 2% SDS, twice 60s at 60°C 
with 2X SSC and twice 60s at RT with 0.2X SSC. Slides 
were then scanned using a GenePix 4000B scanner (Axon, 
Sunnyvale, CA, USA). All hybridizations were performed 
in duplicate with dyes swapped.

Data acquisition and bioinformatic analyses

Double channel slides were scanned using a 
Molecular Devices 4000B laser scanner and expression 
levels were quantified using GenePix Pro 6.1 image 
analysis software (Axon Instruments, CA, USA). For 
mRNA hybridization, data analyses were performed using 
BRB-ArrayTools [77]. Data were imported using the 
GenePix data importer, ratios were flipped for reverse-fluor 
experiments, and background adjustment was applied. Both 
red and green spots with intensities below the minimum 
and flagged spots were excluded from the analysis. Data 
were normalized using lowesssmoother (locally weighted 
scatterplot smoothing). For miRNA hybridizations, R tools 
were used as described previously [64].  Regulated genes 
were selected using significant analysis of microarrays 
(SAM) [78], and data were visualized using the R software 
version 2.11.1 [79] or GenePattern (http://www.broad.mit.
edu/cancer/software/genepattern/). This second algorithm 
was also used for normalization of Affymetrix data (CELL 
files GCRMA) and other applications such as class 
prediction based on leave-one-out cross-validation that 
was performed with the k-nearest neighbours algorithm 
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(KNNXValidation) [80]. Gene Set Enrichment Analysis 
(GSEA; MsigDB) was used to search for multigene 
signatures allowing to distinguish classes [81]. Biological 
significance of regulations were conducted with the DAVID 
(Database for Annotation, Visualisation and Integrated 
Discover) software [16] and PANTHER database http://
pantherdb.org [82].

Immunohistochemistry

Formaldehyde 4 % -fixed paraffin-embedded 
5-μm-thick sections were deparaffinized and rehydrated. 
Antigen unmasking was performed in preheated 0.01 M 
citrate buffer (pH 6.0), 2 × 5 min inside microwave (720 
W) followed by endogenous peroxidase activity blocking 
with 3% hydrogen peroxide in methanol. The sections were 
permeabilized by 15 min incubation in 0.3% Triton X-100 
PBS, followed by 60 min incubation in 0.3% Triton X-100 
PBS containing 3% BSA and 10% normal goat serum to 
block non-specific binding. Primary antibody incubation 
(Abcam, Cambridge, UK: HMGA2 ab52039, diluted 1/100, 
CRABP1 ab2816 and FABP4 ab13979 diluted 1/200) was 
performed overnight in a cold room. After washing, slides 
were incubated with Dako EnVision + System™ HRP for 60 
minutes and the peroxidase reaction visualized using AEC 
(Dako). The sections were counterstained with hematoxylin. 
Omission of the primary antibody served as a negative 
control: sections were incubated with 0.3% Triton X-100 
PBS containing 3% BSA and 10% normal goat serum, and 
no staining was observed. The adjacent normal thyroid 
tissue was used as an internal control for immunolabelling, 
and positive controls were also used when available: PTC 
(papillary thyroid cancer) for HMGA2, and white adipose 
tissue for FABP4. Images were obtained on an Axioimager 
Z1 Zeiss microscope with the 40× objective.
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