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Context: Thyroid nodules are common in adult population and papillary thyroid carcinoma (PTC)
is the most frequent malignant finding. The natural history of PTC remains poorly understood and
current diagnostic methods limitations are responsible for a significant number of potentially
avoidable surgeries.

Objective: This study aimed to identify molecular markers to improve the diagnosis of thyroid
lesions.

Design: Gene expression profiling was performed using microarray in 61 PTC and 13 surrounding
normal tissues (NT). A reliable gene list was established using cross-study validation (138 matched
PTC/NT from external databases). Results were collectively interpreted by in silico analysis. A panel
of 28 transcripts was evaluated by RT-qPCR, including benign thyroid lesions (BTL) and other
follicular cell-derived thyroid carcinomas (OFDTC). A diagnostic algorithm was developed (training
set: 23 NT, 8 BTL, and 86 PTC), validated (independent set: 10 NT, 140 BTL, 120 PTC, and 12 OFDTC)
and associated with clinical features.

Results: GABRB2 was ranked as the most frequently up-regulated gene in PTC (cross-study vali-
dation). Altered genes in PTC suggested a loss of T4 responsiveness and dysregulation of retinoic
acid metabolism, highlighting the putative activation of EZH2 and histone deacetylases (predicted
in silico). An algorithm combining CLDN10, HMGA2, and LAMB3 transcripts was able to discrim-
inate tumors from BTL samples (94% sensitivity and 96% specificity in validation set). High algo-
rithm scores were associated with regional lymph node metastases.

Conclusions: A promising tool with high performance for PTC diagnosis based on three transcripts
was designed with the potential to predict lymph node metastasis risk. (J Clin Endocrinol Metab
100: E890–E899, 2015)

Well-differentiated thyroid carcinomas are generally
associated with an indolent disease course and are

comprised principally by papillary thyroid carcinoma
(PTC) subtype (80–85%) (1). Aside from radiation ex-
posure and low consumption of iodine, the risk factors
that contribute to the development of these tumors are not

well understood (2). The molecular pathogenesis of PTC
is related to genetic and epigenetic alterations, which lead
to MAPK and phosphatidylinositol 3-kinase pathway ac-
tivation (1). Predominant genetic alterations include mu-
tations on BRAF and RAS, and RET/PTC rearrange-
ments, which are mutually exclusive, and found in nearly
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70% of PTC (3). Overexpression of several growth factors
and their receptors, dysregulation of cell cycle regulators,
and adhesion molecules are well-known events in thyroid
tumorigenesis and progression (2). Nonetheless, only few
studies have comprehensively investigated the biological
functions related to differentially expressed genes in PTC,
which may influence carcinogenesis and have potential as
treatment targets (4, 5).

In recent years, PTC has presented the largest increase
in overall incidence among all cancers (6). It has been sug-
gested that this is a consequence of improvement in small
tumor detection, in particular because of the widespread
use of ultrasound and fine-needle aspiration biopsy
(FNAB) (7). In fact, PTC is a common autopsy finding in
individuals who have died from other causes (8). Some
cases have no propensity to develop into clinically appar-
ent thyroid disease (9). Furthermore, approximately 17%
(10–26%) of FNAB are reported as indeterminate, of
which only one third is proven to be malignant, mostly
represented by the follicular variant of PTC (10). Conse-
quently, many patients are exposed to unnecessary surgi-
cal risk (11), requiring lifelong thyroid hormone replace-
ment therapy and considerably increasing the healthcare
burden (12). Therefore, it is paramount to identify mo-
lecular markers to aid in the diagnosis of thyroid lesions
(13).

Well-differentiated thyroid carcinomas have a high
occurrence of known genetic alterations, mainly
BRAFV600E in PTC. Therefore, its detection via FNAB
has been proposed; however, low sensitivity is frequently
seen (14). Thyroid cancer diagnostic profiles have been
investigated using mRNA, miRNA, and methylation as-
says in tumor samples obtained from both surgical and
FNAB specimens (13, 15). Although a high accuracy has
been demonstrated by these studies, most have failed to
show optimal sensitivity and specificity in the valida-
tion analysis using independent sample sets. Molecular
profiling analyses usually yield a large number of po-
tential biomarkers; however, small sets would be more
viable in clinical practice, with the use of RT-qPCR or
immunohistochemistry (16).

Therefore, mRNA global expression analysis compar-
ing PTC to normal thyroid tissue (NT) was performed in
this study. Data were confirmed and ranked by a novel
cross-study validation method. Molecular in silico anal-
ysis identified critical dysregulated canonical pathways in
PTC, revealing potential therapeutic targets for advanced
PTC. In addition, a combination of three targets and two
reference transcripts was able to discriminate malignant
tumors from normal/benign thyroid tissues, with both
high sensitivity and specificity.

Materials and Methods

Sample population
PTC samples from 206 patients submitted to total thyroid-

ectomy were studied (Supplemental Table 1). Samples from 148
benign thyroid lesions (BTL) (follicular adenoma, nodular hy-
perplasia, nodular goiter, lymphocytic thyroiditis), as well as 12
other follicular cell-derived thyroid carcinomas (OFDTC)
(poorly differentiated, anaplastic, follicular, and Hürthle cell
carcinoma) were also included. A total of 33 normal thyroid
tissues (NT) were obtained from morphologically normal areas
adjacent to the tumors, with 32 having been paired to their cor-
responding PTC. The histological evaluation of the samples was
performed by an experienced pathologist (C.A.P.) using blinded
interpretation. In case of discrepancies, a final consensus was
reached by three specialized pathologists from A.C. Camargo
Cancer Center. The Ethics Committee in Human Research for
the Institution approved this study (Protocol No. 1410/10). The
general study design is summarized in Figure 1.

Microarray expression analysis
RNA was isolated from fresh frozen thyroid lesions and NT

using TRIZOL (Invitrogen) or the RNeasy mini kit (QIAGEN),
according to the manufacturers’ instructions. RNA integrity was
verified using the Agilent 2100 Bioanalyzer RNA 6000 LabChip
kit (Agilent Technologies, Inc.).

Global gene expression analysis was conducted using the
SurePrint G3 8 � 60K microarray platform (Agilent Technolo-
gies, Inc.) for 57 PTC samples and nine NT samples (pool), which
were used as a reference. Probes with a log2 mean ratio (Cy3/
Cy5) �1 and ��1 with a 95% confidence interval (CI) were
considered as differentially expressed, for up and down-regu-
lated genes, respectively. Similarly, other four PTC and their
corresponding NT samples were compared by Significance Anal-
ysis of Microarray (SAM) (MeV v.4.8.1). Transcripts presenting
at least 2-fold change (FC) and less than 5% of false discovery
ratio were defined as significant. Probes identified by both com-
parisons (57 PTC vs nine unpaired NT and four PTC vs four
paired NT) were further investigated. Microarray data have been
deposited into the Gene Expression Omnibus (GEO) database
(http://www.ncbi.nlm.nih.gov/gds/) with the accession number
GSE50901. Details of labeling, hybridization, normalization,
and filters quality are described in the Supplemental Methods.

Cross-study validation
Transcription profiling series from 138 matched PTC and NT

were obtained from the publicly available databases GEO and
TheCancerGenomeAtlas (TCGA)(http://tcga-data.nci.nih.gov/
tcga/) to confirm our gene list. Data from both microarray (82
paired samples) and RNA sequencing (56 paired samples) anal-
yses were included (Supplemental Table 2). Statistical analysis
was applied separately for each platform, employing the non-
parametric sign test with Bonferroni correction. For ranking pur-
poses, data from both platforms were merged. As the method
relies on sign test, data adjustments from different studies were
dismissed. To identify the most promising candidate transcripts,
a ranking criterion was established, primarily based on the sign
test P value. Detailed descriptions can be found in the Supple-
mental Methods and Supplemental Figure 1.
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In silico molecular interaction analysis
Cross-study validated genes were submitted to biological

function, canonical pathway, and upstream regulator analysis
using the Ingenuity Pathways Analysis software (IPA; Ingenuity
Systems). Pathway analysis was performed via KOBAS (v2.0;
http://kobas.cbi.pku.edu.cn/home.do), which uses the BioCyc,
Kyoto Encyclopedia of Genes and Genomes Pathway, Pathway
Interaction Database, Reactome, and Panther databases. Pro-
tein–protein interactions were assessed with known and predicted
physical interactionsusing I2Dv2.0 (http://ophid.utoronto.ca/i2d).
The resulting networks were visualized using NAViGaTOR
(v2.3; http://ophid.utoronto.ca/navigator).

RT-qPCR
Twenty-eight altered genes in PTC were selected for RT-

qPCR analysis. The selection criteria were based on: 1) cross-
study validation ranks; 2) Additional cross-study validation,
which compared BTL with PTC, to uncover markers with an
improved diagnostic value (detailed in Supplemental Methods);
3) In silico molecular analysis; 4) Highest fold changes. RT-
qPCR analysis was carried out using TaqMan Low Density Ar-
rays (TLDA) to verify the expression of the selected target and
reference transcripts (Supplemental Table 3) in 117 samples (86
PTC, 23 NT, and 8 BTL). Four targets (CLDN10, GABRB2,
HMGA2, and LAMB3) and two reference transcripts (EIF2B1
and PUM1, selected by geNorm) were further assessed in 282
additional samples (120 PTC, 10 NT, 140 BTL, and 12 OFDTC)
using individual Taqman assays (detailed in Supplemental
Methods).

Statistical analysis
Statistical analysis was performed using the SPSS (v21.0;

SPSS) and GraphPad Prism software (v5.0; GraphPad Software
Inc.), adopting a two-tailed P � .05 value as significant. RT-
qPCR results were correlated with microarray data (Pearson cor-
relation test) and compared between samples (NT, BTL, PTC,
and OFDTC) using unpaired and paired t test and one-way
ANOVA (Tukey post-hoc test). Clinical and histopathological
parameters were associated with expression data (unpaired t
test). The diagnostic algorithm was developed with linear dis-
criminant analysis and the algorithm scores were associated with
clinical parameters (linear-by-linear association test) (detailed in
Supplemental Methods).

Results

Identification of genes consistently differentially
expressed in PTC

Gene expression analysis of the initial set of 57 PTC
samples against a pool of nine unpaired NT samples re-
vealed 1382 significant probes (FC � 2.0; CI 95%). An
additional analysis of four paired PTC and NT samples
revealed 1413 probes (FC � 2.0; false discovery ratio �
5%). A list of 774 common probes, corresponding to 671
genes, was identified as differentially expressed in PTC in
both comparisons. GABRB2 was the main up-regulated

Figure 1. Flowchart illustrating the study design. A, By combining two independent microarray analyses, using paired and unpaired tumor (PTC)
and nontumor (NT) samples, 671 genes were identified as differentially expressed in PTC. A list of 589 genes was confirmed with a cross-study
validation method. Twenty-eight selected genes were further evaluated by RT-qPCR (TLDA) in both microarray-dependent and independent sample
sets (including both paired and unpaired samples) and 26 genes were confirmed in all comparisons. B, A diagnostic algorithm was trained, filtering
four nonredundant markers from the 26 genes tested (linear regression) and using CLDN10, LAMB3, and HMGA2 relative expression (discriminant
analysis), which could classify correctly all tumors from normal/benign samples. The models were validated in an independent set (validation set),
classifying correctly 95% of the samples. PTC, papillary thyroid carcinoma; NT, surrounding normal thyroid tissue; BTL, benign thyroid lesions;
OFDTC, other follicular cell-derived thyroid carcinomas; *, in silico data.
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(FC � 117) and MYOC the main down-regulated (FC�

�31) genes in PTC, respectively.
A cross-study validation was performed to confirm the

initial gene list (671 genes) (Supplemental Figure 1). Mi-
croarray expression data from PTC and NT cases col-
lected from the GEO database supported the differential
expression of 631 genes, whereas the RNA sequencing
data from TCGA confirmed 612 genes. Probes/isoforms
representing 589 genes, confirmed by both GEO and
TCGA analyses, were merged; statistical tests were then
reapplied and ranked. The genes within the first decile
(ranks 1–59), including the top-ranked gene, GABRB2,
are shown in Table 1. Genes rated on the remaining deciles
are presented in Supplemental Table 4. The location of
these genes was evenly distributed through all chromo-
somes (Supplemental Figure 2).

In silico prediction of dysregulated biological
functions and pathways in PTC

In silico prediction by the IPA software (589 genes)
revealed an inhibited state of anoikis and apoptosis, as
well as an activated state of the metastatic process, adhe-
sion of connective tissue cells, metabolism of reactive
oxygen species, and inflammatory related-functions (Sup-
plemental Table 5). Mechanisms involved in the inflam-
matory process were identified as the main dysregulated
canonical pathways when using IPA and KOBAS (Sup-
plemental Table 6 and 7). Canonical pathways involving
retinoic acid (RA) receptors also seemed to be overrepre-
sented. Dysregulation of these pathways may result in the
loss of RA and T3 signaling (Supplemental Figure 3A).

Upstream transcriptional regulator analysis predicted
an inhibition of SMAD7 and NANOG and activation of
the HDAC family and EZH2, which transcription levels
were shown to be overexpressed in PTC compared with
NT samples. This prediction was supported by the ex-
pected expression direction of the downstream factors in
our gene list (Supplemental Figure 3B). The EZH2 pro-
tein–protein physical interaction analysis indicated RA re-
ceptor alpha (RARA) and HDAC1 as interaction partners,
which could display links with retinoic acid receptor
(RAR) and retinoid X receptor (RXR)/thyroid hormone
receptor (TR) activation. In addition, both EZH2 and
HDAC are susceptible to pharmacological inhibition
(Supplemental Figure 3C).

Validation of the selected transcripts by RT-qPCR
All 28 selected transcripts were confirmed by analyzing

both microarray dependent (61 PTC and 13 NT samples,
Pearson test P � .05; median r � 0.923) and independent
group of samples (10 paired PTC/NT samples; paired t test
P � .05). A third comparison, including eight BTL and 15

PTC samples, revealed 26/28 genes with differential ex-
pression (t test P � .05), with the exception of FOXP2 and
TFF3. In a multivariable analysis, CDLN10, GABRB2,
HMGA2, and LAMB3 showed low redundancy (P � .05)
with a high diagnostic value (area under the curve
(AUC) � 0.9; CI 95%) (Supplemental Table 8). All genes
showed significant differential expression when NT (n �

23) was grouped with BTL (n � 8) and they were then
compared with PTC (n � 86) (unpaired t test P � .05)
(Figure 2).

The association between gene expression (RT-qPCR)
and clinical parameters revealed that CDLN10, HMGA2,
and LAMB3 were related to more aggressive tumor fea-
tures, including lymph node involvement, extrathyroidal
extension, vascular invasion, and a larger primary tumor
(Supplemental Table 9).

Molecular diagnostic algorithm
Expression levels of CLDN10, GABRB2, HMGA2,

and LAMB3 were assessed increasing the sample size (Fig-
ure 3A). An algorithm was trained (23 NT, 8 BTL, and 86
PTC) and the results revealed that the combination of
CLDN10, HMGA2, and LAMB3 genes expression were
able to differentiate the samples according to malignant
status. Applying the same algorithm in an independent set
of cases (validation set: 10 NT, 140 BLT, 120 PTC, and 12
OFDTC), 95% of them were correctly classified (94%
sensitivity and 96% specificity in separating tumors from
BTL) (Figure 3, B and C). GABRB2 alone was able to
correctly discriminate 96% of training samples and 91%
from the validation set (85% sensitivity and 97% speci-
ficity in separating tumors from BTL) (Figure 3C). Clas-
sification according to histological type is detailed in Sup-
plemental Table 10. Consistent with the association
observed between higher CLDN10, HMGA2, and
LAMB3 expression levels and poor prognostic character-
istics, higher algorithm scores were strongly associated
with lymph node involvement (t test P � .001). By cate-
gorizing the algorithm scores in benign range, low, inter-
mediate, and high, the risk of lymph node disease at di-
agnosis were 13, 23, 36, and 50%, respectively (linear by
linear association P � .001) (Figure 4A).

Molecular diagnostic algorithm in external data
The use of GABRB2 as a single diagnostic marker and

the three gene–based algorithm (CLDN10/HMGA2/
LAMB3) were tested using TCGA database (500 PTC and
58 NT samples). GABRB2 showed 97% of accuracy
(98% of sensitivity and 91% of specificity in distinguish
PTC from NT) and CLDN10/HMGA2/LAMB3 pre-
sented 92% of accuracy (91% of sensitivity and 93% of
specificity in distinguish PTC from NT) (Supplemental
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Table 1. Differentially Expressed Genes in PTC Confirmed with External Data in the First Decile of the Ranking
Procedure

Gene
Symbol Description

Current study
(Agilent 8�60K)

Cross-study (Affymetrix
microarray/Illumina HiSeq)

Cross-study
Ranking

Sig/Total
Probes FC

Total
Transcripts Down Up

Sign
test Pa Rank Decile

GABRB2 �-aminobutyric acid (GABA) A receptor, � 2 1/1 116.6 10 0 8 5.74E-42 1 1
TMEM171 transmembrane protein 171 1/1 �5.4 4 4 0 5.74E-42 2 1
TFF3 trefoil factor 3 (intestinal) 3/3 �23.9 2 2 0 5.74E-42 3 1
LIPH lipase, member H 1/1 19.7 4 0 3 9.18E-41 4 1
GALE UDP-galactose-4-epimerase 1/1 4.8 12 0 11 7.98E-40 5 1
CSGALNACT1 chondroitin sulfate N-acetylgalactosaminyltransferase 1 2/2 �4.3 8 8 0 7.98E-40 6 1
MPZL2 myelin protein zero-like 2 1/1 5.6 6 0 6 7.98E-40 7 1
TFCP2L1 transcription factor CP2-like 1 1/1 �11.6 7 6 0 7.98E-40 8 1
P4HA2 prolyl 4-hydroxylase, � polypeptide II 2/2 3.5 8 0 6 7.98E-40 9 1
COL13A1 collagen, type XIII, � 1 1/1 5.6 25 0 6 7.98E-40 10 1
GGCT �-glutamyl cyclotransferase 2/2 5.4 6 0 5 7.98E-40 11 1
XPR1 xenotropic and polytropic retrovirus receptor 1/2 3.2 6 0 5 7.98E-40 12 1
TPPP tubulin polymerization promoting protein 1/1 �7.2 6 5 0 7.98E-40 13 1
EPHB1 EPH receptor B1 1/1 �3.3 8 5 0 7.98E-40 14 1
EPS8 epidermal growth factor receptor pathway substrate 8 1/1 5.2 8 0 4 7.98E-40 15 1
CITED2 Cbp/p300-interacting transactivator, with Glu/Asp-rich

carboxy-terminal domain, 2
2/2 �3.3 4 3 0 7.98E-40 16 1

GDF15 growth differentiation factor 15 1/1 15.5 4 0 3 7.98E-40 17 1
PLCH1 phospholipase C, � 1 2/2 �3.7 8 3 0 7.98E-40 18 1
METTL7B methyltransferase like 7B 1/1 7.7 2 0 2 7.98E-40 19 1
MMRN1 multimerin 1 1/1 �15.4 4 4 0 1.58E-39 20 1
OCA2 oculocutaneous albinism II 1/1 �10.2 3 2 0 1.58E-39 21 1
SLC4A4 solute carrier family 4, sodium bicarbonate cotransporter,

member 4
1/1 �11.1 13 10 0 5.51E-38 22 1

NRCAM neuronal cell adhesion molecule 2/2 5.0 13 0 10 5.51E-38 23 1
CDH6 cadherin 6, type 2, K-cadherin (fetal kidney) 1/1 3.7 9 0 8 5.51E-38 24 1
PPARGC1A peroxisome proliferator-activated receptor �,

coactivator 1 �
1/1 �8.6 7 7 0 5.51E-38 25 1

PLA2R1 phospholipase A2 receptor 1, 180 kDa 1/1 �8.9 7 7 0 5.51E-38 26 1
STK32A serine/threonine kinase 32A 1/1 6.2 8 0 7 5.51E-38 27 1
ETV4 ets variant 4 1/1 5.1 10 0 7 5.51E-38 28 1
MTHFD1 liter methylenetetrahydrofolate dehydrogenase

(NADP � dependent) 1-like
1/2 2.5 12 0 7 5.51E-38 29 1

MET met proto-oncogene (hepatocyte growth factor
receptor)

1/1 6.3 19 0 7 5.51E-38 30 1

ANGPTL1 angiopoietin-like 1 1/2 �4.2 6 6 0 5.51E-38 31 1
RYR2 ryanodine receptor 2 (cardiac) 2/2 �6.6 7 6 0 5.51E-38 32 1
MPPED2 metallophosphoesterase domain containing 2 3/3 �5.7 5 5 0 5.51E-38 33 1
WSCD2 WSC domain containing 2 1/2 �8.9 5 5 0 5.51E-38 34 1
KLHDC8A kelch domain containing 8A 1/1 8.6 5 0 5 5.51E-38 35 1
PLSCR4 phospholipid scramblase 4 1/1 �2.5 6 5 0 5.51E-38 36 1
IPCEF1 interaction protein for cytohesin exchange factors 1 2/2 �9.3 7 5 0 5.51E-38 37 1
PAPSS2 3�-phosphoadenosine 5�-phosphosulfate synthase 2 1/1 �8.9 7 5 0 5.51E-38 38 1
SIPA1L2 signal-induced proliferation-associated 1 like 2 1/1 3.2 7 0 5 5.51E-38 39 1
DPP6 dipeptidyl-peptidase 6 1/2 �5.3 9 5 0 5.51E-38 40 1
DPT dermatopontin 1/1 �9.9 4 4 0 5.51E-38 41 1
LRP4 low density lipoprotein receptor-related protein 4 1/1 18.6 5 0 4 5.51E-38 42 1
QPCT glutaminyl-peptide cyclotransferase 2/2 16.0 3 0 3 5.51E-38 43 1
C4ORF48 chromosome 4 open reading frame 48 1/1 4.2 3 0 3 5.51E-38 44 1
CCND1 cyclin D1 1/1 2.5 4 0 3 5.51E-38 45 1
TBX22 T-box 22 1/1 �18.6 4 3 0 5.51E-38 46 1
LRP1B low density lipoprotein-related protein 1B (deleted

in tumors)
1/1 �22.1 5 3 0 5.51E-38 47 1

GPC3 glypican 3 1/2 �8.7 12 3 0 5.51E-38 48 1
PRR15 proline rich 15 1/1 5.1 2 0 2 5.51E-38 49 1
NPC2 Niemann-Pick disease, type C2 1/1 3.8 3 0 2 5.51E-38 50 1
HMGA2 high mobility group AT-hook 2 1/3 64.9 18 0 13 2.51E-36 51 1
ABCC3 ATP-binding cassette, sub-family C (CFTR/MRP),

member 3
1/2 8.8 10 0 9 2.51E-36 52 1

ADH1A alcohol dehydrogenase 1A (class I), � polypeptide 2/2 �10.1 15 9 0 2.51E-36 53 1
LIFR leukemia inhibitory factor receptor � 1/1 �7.9 10 8 0 2.51E-36 54 1
MATN2 matrilin 2 1/1 �6.1 8 7 0 2.51E-36 55 1
C8ORF79 chromosome 8 open reading frame 79 1/1 �4.0 8 7 0 2.51E-36 56 1
MRO maestro 1/1 �8.9 9 7 0 2.51E-36 57 1
FAM84A family with sequence similarity 84, member A 1/2 3.4 9 0 7 2.51E-36 58 1
ARHGAP24 � GTPase activating protein 24 1/1 �5.2 10 7 0 2.51E-36 59 1

Abbreviation: FC, fold change.
a Sign test without correction.
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Figure 4). In addition, a linear association with risk of
lymph node involvement was similarly noticed in external
data (benign range, 5%; low, 26%; intermediate, 51%;
high, 66%; P � .001) (Figure 4B).

As GABRB2 was included in the diagnostic classifier
previously described by Alexander et al (32), composed by
167 genes, it was possible to test its performance using
FNAB (available on GEO datasets). An accuracy of 92%
(95% sensitivity and 89% specificity) and 74% (60% of
sensitivity and 80% of specificity) was observed when
evaluating conclusive and indeterminate results, respec-
tively (Supplemental Figure 4).

Discussion

In this study, trustworthy differences in gene expression
profiles in PTC have been reported. In contrast with other
studies, the consistency of our results was ensured by a
novel and straightforward cross-study validation strategy.
Transcriptome studies often lack reproducibility, which is
usually due to a small sample size. Validation of the find-
ings using independent external data is an excellent and

reliable way to increase the statistical power of single-
study analysis (17). A previous meta-analysis/meta-review
study described 38 genes as consistently altered among
several lists published for thyroid cancer (18). All of these
genes, with the exception of four, were included in our
final gene list (589 genes). In addition, three of these genes
(TIMP1, TGFA, and FABP4) would have been included
after adjustment of the microarray quality control filters
(data not shown).

In silico molecule interaction analysis allowed a collected
view, limited to differentially expressed genes in PTC vali-
dated by external records. Loss of anoikis, increased metas-
tasis, and adhesion of connective tissue cells were predicted
to be the altered biological functions by IPA. Anoikis is an
extracellular matrix deprivation–induced apoptosis process
that represents a critical barrier to the metastatic cascade
(19). The role of cell-to-cell contacts in AKT activation and
survival of thyroid cancer cells in low-adherent conditions
has already been demonstrated (20). Similarly, inflamma-
tory processes were overrepresented, as previously reported
(4). Increased metabolism and synthesis of reactive oxygen
species could be the result of the inflammatory microenvi-
ronment, which may in turn stimulate the MAPK pathway
and enhance thyroid tumorigenesis (21).

RAR and RXR/TR signaling pathways were also ob-
served. RA plays a key role in cell differentiation and funda-
mentally requires RAR and RXR nuclear receptor families
for signal transduction (22). RA has been investigated for its
potential to induce cell redifferentiation, which can restore
type I iodothyronine-5�-deiodinase enzyme and sodium-io-
dide symporter (NIS) expression, promoting radioiodine
sensitivity (23). InourPTCcases,RBP7,ADH1A,CRABP1,
and RARB were found to have a lower expression, whereas
the STRA6, CYP1B1 (both absent in the IPA database),
RDH5, ALDH3B1, and RXRG genes were observed to
have higher expression levels. The down-regulation of the
thyroid hormone transporter (MCT8) and deiodinase
genes (DIO1 and DIO2) could represent lower levels of
both T4 and T3. The actual function of the thyroid hor-
mone intracellular transport, deiodination, and bioactive
action at nuclear receptors have been highlighted as mech-
anisms required for an adequate thyroid hormone action
and metabolic function (24). Higher expression of RXRG
could enhance the formation of heterodimers with the thy-
roid hormone receptors (TR), which block target gene
transcription without T3 (25). In mice, induction of fol-
licular carcinomas by TR� mutations suggests a protective
effect of thyroid hormone over the gland itself (26).

The prediction of upstream regulators, used to clarify
theobservedgene expression results, underlinedaputative
activation of the EZH2 and HDAC genes family. EZH2
is described as specifically overexpressed in anaplastic thy-

Figure 2. RT-qPCR analysis of the selected transcripts by Taqman Low
Density Arrays (TLDA). Expression of 28 transcripts in all samples
assessed by TLDA and statistical comparison between PTC and NT/BTL.
**, P � .01; ***, P � .001 (unpaired t test).
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roid carcinoma, and its inhibition promotes differentia-
tion, anoikis, and inhibition of cell growth and invasion
(27). HDAC inhibitors have also been demonstrated to
induce differentiation, apoptosis and cell cycle arrest in
many thyroid cancer cell lines (28). Even in low doses,
HDAC inhibitors are able to induce NIS expression and
restore radioiodine uptake in undifferentiated thyroid tu-
mors cells (29). Protein–protein interaction analysis dem-
onstrated a direct interaction of EZH2 and HDAC on
RAR and RXR/TR activation pathways. EZH2 knock-
down has been previously shown to be able to restore RAR
signaling in melanoma cells (30) that, similar to thyroid
cancer, frequently harbor the BRAF mutation.

A set of 28 genes confirmed from cross-study valida-
tion, including EZH2, was additionally submitted to RT-
qPCR. All transcripts were confirmed, with very high cor-

relation with microarray and reproducible in an
independent set of samples. Although several genes have
been previously associated with PTC, overexpression of
NOD1 and EZH2 and underexpression of CWH43 and
FOXP2 have not been previously reported. GABRB2 (�-
aminobutyric acid [GABA] receptor) presented the highest
expression in PTC using the microarray, and was the most
important transcript in meta-analysis, reaching the high-
est AUC when used individually by RT-qPCR. Despite this
finding, only one study has reported it as overexpressed in
thyroid carcinomas (31).

In this study, an effort was made to identify a limited
number of transcripts to be used in the diagnosis of thyroid
cancer. Given the morphological similarities of thyroid
lesions, particularly follicular thyroid carcinoma (FTC)
and follicular variant of PTC from follicular adenoma,

Figure 3. Diagnostic models with RT-qPCR assessed transcripts. A, Expression of CDLN10, HMGA2, LAMB3, and GABRB2 in all samples included
in the study with adjusted threshold (dashed line) from Receiver Operating Characteristic curves. B, Three-dimensional graph plotting relative
expression of CLDN10, HMGA2, and LAMB3. The classifier (cyan) was trained with Fisher linear discriminant analysis. C, Classification performance
in discriminating tumors BTL over training and validation sets of CLDN10, HMGA2, and LAMB3 and the single use of GABRB2. NS, not significant;
*, P � .05; **, P � .01; ***, P � .001 (ANOVA with Tukey’s post-hoc test); Sens, sensitivity; Spec, specificity; PPV, positive predictive value (PPV);
NPV, negative predictive value; AUC, area under the curve.
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diagnosis is frequently constrained to surgical specimens.
A prospective study evaluated a diagnostic molecular test
based on the measurement of 167 genes by microarray in
265 indeterminate nodules (32). The classifier presented
high sensitivity (92%) but low specificity (52%), with ad-
ditional reports corroborating these findings (33, 34).
However, a recent independent study reported a confir-
mation of malignancy rate of 17% in indeterminate nod-
ules classified as suspicious by the test (35). Furthermore,
it was demonstrated that outside of North America, the
test is not cost-effective (36). Albeit not yet validated for
FNAB, our method is more viable via the inclusion of only
a small number of transcripts evaluated by an accessible
technique.

The algorithm, which combines CLDN10, HMGA2
and LAMB3, and GABRB2 as markers presented a high
performance in discriminating thyroid carcinomas from

benign samples, despite most FTC was considered indo-
lent. FTC diagnosis is difficult and its reproducibility
among experienced pathologists is low, especially for min-
imally invasive cases, where discrepancies can reach 57%
(37). GABRB2 demonstrated 60% of sensitivity and 80%
of negative predictive value using publicly available data-
base of indeterminate FNAB. Given that CLDN10,
HMGA2, and LAMB3 were not publicly available from a
database of indeterminate FNAB, the algorithm could not
be efficiently tested. Genes included in the algorithm had
been previously associated with PTC (16, 38, 39).
CLDN10, which encodes an integral membrane protein
and component of tight junction strands, was clearly over-
expressed in PTC when compared with NT. Nonetheless,
it was found to be down-regulated in BTL and OFDTC,
principally in FTC, as previously described (38). Not sur-
prisingly, it was an important classifier member in the

Figure 4. Lymph node disease risk according to algorithm score. The figure demonstrates a linear association of node involvement risk according
to algorithm scores values in thyroid patients with cancer in both internal and external data (TCGA). *, Other follicular derived thyroid carcinomas.
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discrimination of BTL and PTC, although the probability
of identifying FTC was lower. However, overexpression
of HMGA2 and LAMB3 and down-regulation of
CLDN10 can be indicative of FTC. HMGA2, revealed as
overexpressed in PTC, alters the chromatin structure reg-
ulating the transcription of several genes. Despite high
sensitivity and specificity, HMGA2 as a unique marker by
RT-qPCR was not sufficient to discriminate between be-
nign and malignant lesions. However, its expression was
still much higher in PTC, as previously described in the
comparison between borderline/benign and malignant le-
sions (39). LAMB3 belongs to a family of basement mem-
brane proteins (laminins) and has been previously de-
scribed as overexpressed in PTC (38). A strong association
between LAMB3 overexpression with lymph node metas-
tases was found. This finding reflected on the higher risk
of nodal metastases in high algorithm scores found in PTC
patients using internal and external data. Remarkably,
half of these patients (and 66% of the TCGA cohort) pre-
sented lymph node metastasis at diagnosis, in contrast
with 23% of low scoring patients (26% of the TCGA
cohort). In our cohort, the only case presenting lymph
node metastases classified in the benign range was a
Hürthle cell carcinoma, which is a distinct thyroid malig-
nancy (40). Other cases classified as benign (false negative)
showed neither aggressive clinical characteristics nor re-
currence after a follow-up period ranging from 3.6 to 6.3
years. If proven to be useful when evaluated preopera-
tively, this test could be an important factor in decisions
such as central neck compartment dissection.

Taken together, the results of the present study con-
tribute to the understanding of the molecular pathobiol-
ogy of PTC and highlight a possible role for the RA and T4

metabolism dysregulation in the processes of tumorigen-
esis and tumor maintenance. EZH2 and HDAC inhibitors
are potential therapeutic targets for use in advanced dis-
ease, although experimental studies are required to dem-
onstrate this hypothesis. An algorithm combining five
transcripts (CLDN10, HMGA2, and LAMB3 as targets
and EIF2B1 and PUM1 as references) presented high di-
agnostic accuracy and was associated with regional lymph
node metastasis risk.
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