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Abstract

Background. The follicular variant (FV) of papillary thyroid cancer (PTC) is one of the most
common variants of PTC. Clinically, non-infiltrative FVPTC is considered a low-risk variant
of PTC, and the noninvasive encapsulated forms of FVPTC represent a group of thyroid
tumors with a particularly good prognosis. Consequently, these neoplasms have been very
recently reclassified as “non-invasive follicular neoplasms with papillary-like nuclear
features (NIFTP)”.

From a molecular standpoint, NIFTP appears to be similar to follicular neoplasms;
however, only limited data are currently available regarding their gene expression profile.
Methods. The aim of this study was to identify specific molecular signatures of 26 NIFTPs
compared to those of 19 follicular adenomas and 18 infiltrative FVPTCs (IFVPTCs). A
nanoString custom assay was used to perform mRNA expression analysis. All cases were
also genotyped for BRAF, N-, H- and K-RAS mutations. Samples were grouped on the basis
of gene expression profiles by Pearson’s correlation and non-negative matrix factorization
(NMF) clustering analysis. Finally, the uncorrelated shrunken centroid (USC) machine-
learning algorithm was used to classify the samples.

Results. The results revealed distinct expression profiles of follicular adenomas (FAs) and

infiltrative FVPTCs. NIFTP samples can exhibit different expression profiles, more similar to

FAs (FA-like) or to IFVPTCs (IFVPTC-like), and these different expression profiles largely

depend on the presence of different mutations (RAS or BRAF).

Conclusion. In conclusion, although further validation of the model is required by using a

larger group of prospective cases, these data reinforce the hypothesis that IFVPTC-like

NIFTPs might represent precursors of IFVPTC.
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Introduction

The diagnosis of thyroid cancer has shifted over time, changing from a relatively simple
classification during the 1960s and 1970s (1) to highly complicated subclassifications more
recently (2). The follicular variant (FV) is one of the most common variants of papillary
thyroid carcinoma (PTC), occurring in approximately 20-40% (3,4) of PTC patients, with an
incidence of FV increasing exponentially over time (5, 6). The most reliable morphological
criteria for the diagnosis of this malignancy are papillary carcinoma nuclear features and
tumor capsule invasion or infiltration. Clinically, FVPTC has been suggested to be more
similar to minimally invasive follicular thyroid cancer, a low-risk lesion, than to
conventional PTC (7-11). Moreover, the recent publication of an integrated genomic
characterization (The Cancer Genome Atlas-TGCA) of papillary thyroid carcinoma assists
pathologists in identifying molecular similarities and differences between the various
subtypes of thyroid malignancy (1).

The encapsulated forms of FVPTC (EFVPTC) represent a group of thyroid tumors with an
overall good prognosis (12) in terms of an indolent disease course with an extremely low

recurrence rate, likely to be less than 1% within the first 15 years. Therefore, EFVPTC with

encapsulation or clear demarcation, follicular growth pattern with less than 1% of papillae,

no psammoma bodies, less than 30% of solid/trabecular/insular growth pattern and

nuclear score 2-3, absence of vascular or capsular invasion, absence of tumor necrosis and

low mitotic activity have been recently reclassified as “non-invasive follicular neoplasm

with papillary-like nuclear features (NIFTP)” (13).

The objective of the present study was to identify a specific NIFTP molecular signature
distinct from that of follicular adenomas and infiltrative FVPTCs by using the nanoString
MRNA expression analysis and the uncorrelated shrunken centroid (USC) machine-learning
algorithm.

Materials and Methods

Study group
The study included 62 patients with diagnoses of follicular adenomas (FA) and follicular
variant of papillary carcinomas who underwent total/near-total thyroidectomy at the

Department of Surgical, Medical, Molecular Pathology and Critical Area of the University of
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4
Pisa, Italy, between 2013 and 2015. Hematoxylin & eosin-stained sections of neoplasms

obtained from the archives of the University of Pisa section of Pathology were re-
evaluated independently by two pathologists (C.U., F.B.). For all cases, the eventual
capsular and/or vascular invasiveness and the infiltration of thyroid and extra-thyroidal
tissues were evaluated. A diagnostic concordance rate of 98% was achieved between the
two investigators. Discordant cases were rejected. The tumors were diagnosed and

classified according to WHO 2004 histopathological criteria (2).

To avoid contamination with other cellular types, cases with any grade of thyroiditis were

excluded, and only neoplasms with approximately 50% of neoplastic cellularity were

considered for examination. This retrospective study was conducted anonymously and in

compliance with the principles of the Helsinki Declaration of 1975. Informed consent for

the molecular analysis was obtained one day before surgery together with the surgical

consent.

NIFTP selection criteria

Thirty cases already diagnosed as EFVPTCs were selected. At time of diagnosis, all these

cases were "in toto" sampled. For the aim of this study all paraffin-embedded blocks were

re-cut and independently re-evaluated by the same two pathologists (C.U. and F.B.) and

re-classified as NIFTPs. Diagnhoses were made according to the morphological criteria

reported by Nikiforov et al. (13), which include encapsulation or clear demarcation,

follicular growth pattern with less than 1% of papillae, no psammoma bodies, less than

30% of solid/trabecular/insular growth pattern and nuclear score 2-3, absence of vascular

or capsular invasion, absence of tumor necrosis and mitotic activity less than 3 per 10 high

power fields. Among the 30 selected cases, 4 did not match the above criteria and were

therefore excluded.
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RNA purification

Total RNA was purified from 18 FAs, 26 NIFTPs and 18 infiltrative FVPTCs (IFVPTCs). After a

standard deparaffinization procedure was performed, 2-3 formalin-fixed, paraffin-
embedded (FFPE) tissue sections (5 um in thickness) were submitted to manual
microdissection. Then, RNA was extracted and purified using a Qiagen RNeasy FFPE kit
(Qiagen, Hilden, Germany), according to the manufacturer’s recommendations. RNA

concentrations were measured using an Xpose instrument (Trinean, Gentbrugge, Belgium).

NanoString nCounter assay

The nCounter custom code set used in this study was designed and synthesized by
nanoString Technologies (nanoString Technologies, Seattle, Washington, USA). A total of
75 genes were included in the code set based on their observed differential expression
between both FAs vs FVPTCs/PTCs and FAs vs FTCs (Table 1) (14-25). Four housekeeping
genes were also included in the code set for normalization purposes (beta actin [ACTB],
b2-microglobulin  [B2M], hypoxanthine phosphoribosyl transferase [HPRT], and
glyceraldehyde-3-phosphate dehydrogenase [GAPDH]). Total RNA (125 ng) from FFPE
tissue was analyzed using the nanoString nCounter Analysis System (nanoString
Technologies, Seattle, Washington, USA). All procedures related to mRNA quantification,
including sample preparation, hybridization, detection, and scanning, were performed
following the manufacturer’s instructions. Gene expression profiling using nanoString was
performed on RNA extracted from the 62 thyroid neoplasms. Raw data normalization was

performed in 2 steps, as previously reported (26).

DNA extraction and BRAF and RAS gene family mutational analyses

Two unstained 10-um paraffin sections from each sample were first deparaffinized with
xylene prior to DNA purification using a DNeasy FFPE kit (Qiagen, Hilden, Germany),
according to the manufacturer’s instructions.

DNA was eluted in 40 pL TE buffer and then immediately processed for polymerase chain
reaction (PCR) amplification. Detection of mutations in NRAS, HRAS and KRAS exons 2-3

and BRAF exon 15 was performed according to standard procedures (28-30) using direct
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DNA sequencing on a 3130 Genetic Analyzer (Thermo Fisher Scientific, Waltham,

Massachusetts, USA).

Unsupervised sample clustering by Pearson’s correlation and non-negative matrix
factorization (NMF)

All the gene expression profiles were used as input for both Pearson and NMF methods.

To group the samples by related gene expression profiles, cluster analyses were performed
using Pearson’s correlation by the average linkage method between samples and genes on
the normalized data (26).

NMF was employed to identify stable sample clusters. The NMF parameters were as
follows: rank, k = 2 to k = 6 clusters; number of runs to build consensus matrix = 15; error
function = divergence; and maximum interactions = 1000. The optimal clustering result

was determined using the higher cophenetic correlation value between the clusters.

Sample classification by uncorrelated shrunken centroids

The samples were classified by expression profiling from the normalized counts for each
analyzed gene using the uncorrelated shrunken centroid (USC) algorithm (27). This
algorithm includes two steps: the training step and the test step. The aim of this algorithm
is to build a “classifier” using the given training set and to use the classifier to predict the
classes of the test set.

The first step, or training set, cross-validated the capability of the model to correctly
classify the samples regarding the fixed reference classes of samples over a range of
parameters (shrinkage threshold A and correlation threshold p).

The second step involved the use of the classifier to predict the class to which the
unknown samples belonged or to identify the most similar class based on phenotypic
characteristics.

In our study, the datasets of the FA and IFVPTC samples were considered as the two
reference classes in the training set. The test set included the NIFTP samples, for which the
classes were assumed to be unknown to the algorithm. For computing purposes, we fixed

a maximum A threshold of 10 and a minimum p threshold of 0.5 (correlation step 0.1), and



we performed a 10-fold cross validation. The cross validation was run 15 times to obtain a
reliable quantification of errors. Hence, we tested the chosen training sets on the test set.

"Jooud s1y} woiy IoJJ1p Aew uoIsIoA paysiqnd [eury oy, ‘uonoaLiod jooid pue JunipaAdods o3iopun 03 194 sey inq ‘uonesrqnd 10§ paydoooe pue pamaradi-19od uoeaq sey Joded siy [,
(50909107 AW/6801°01 :10Q) (dLAIN) seanjeay xedjonu ayi[-Arejided yjim Inown) Je[ndI[[0J SAISBAUI-UOU,, JO FUNUN0D YN [BUSIIp Aq sadAigns Je[noojow Jounsip 0m) Jo UOIedJudP]
proIfyL

Page 7 of 28

*AJuo asn euossed _om ') T/S0/.0 e woogndiegal|aul wco Eo& 743N abexoed uinol-s Nd21osBuUUoY Jo A1sBAIUN AQ papeoUMOQ
"jo0ud S1yy wou} BIp Aew UosBA paysiignd feullayl "uonoa.1i09 joo.id pue BunipaAdod obiepun 0] BA m@%sp ‘uomed1ignd JoJ pa1dadde pue pameinai-18ad usaq sey apie siyL
(50909102 AUY/680T 0T :10p) .(d1d1N) S3NnTesy Jeajdnu 331|-Az||ided yim Jnown) R [nol1104 9AISeAUI-UOU,, JO BUUINOD VNY e} 1P Aq sadAigns 2enasjow JoulisIp OM} JO UOTDIJUSp|
piloJAy L



5)

.2016.060!
s proof

ay differ from t%|

y.

10.1089/th

NIFTP)” (doi:
version m

e

ublish
. For personal use onl

-like nuclear featur

illar
editi ngf,and_proof I[c):’?ljrgrec‘[%)n. Thefinal E
om online.liebertpub.com at 07/05/17

___ Thyroid .
of “non-invasivefollicular tumour with

et to under'\?lg RcEpt)F

Downloaded by University of Connecticut e-journa package

ntin
bu_t%as y

ed for publication

t

ypes by digital RNA cou

accep

Identification of two distinct molecular subt
This article has been peer-reviewed and

Thyroid
Identification of two distinct molecular subtypes by digital RNA counting of “non-invasive follicular tumour with papillary-like nuclear features (NIFTP)” (DOI: 10.1089/thy.2016.0605)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 8 of 28

Results

Study group
A total of 62 cases were eligible for study inclusion: 18 adenomas, 18 IFVPTCs (Figure 1A)
and 26 NIFTP (3) (Figure 1B). All cases exhibited a complete follicular growth pattern and a

total absence of thyroiditis. Each tumor had more than 60% neoplastic cells.

Sample genotyping

Overall, mutations were identified in 13 (50.0%) of the 26 NIFTPs and 10 (62.5%) of the 16
IFVPTCs (two IFVPTCs could not be analyzed).

Specifically, among the NIFTPs, the 13 mutated samples included 1 BRAF(V600E), 3 BRAF
(K601E), 6 NRAS (Q61R) and 3 HRAS (Q61R) mutations. Finally, among the IFVPTCs, the 10
mutated samples had 5 BRAF (V600E), 4 NRAS (Q61R) and 1 HRAS (Q61R) mutations.

Data normalization and sample clustering

None of the samples were excluded after data normalization. Figure 2 shows the sample
clusters obtained using the entire code set without data reduction. NMF analysis showed a
higher cophenetic correlation (0.9844) for rank 2 than for the two-cluster model,
indicating the former to be more stable (data not shown). Specifically, by Pearson
clustering, the two sample clusters showed correlations of r=0.23 for the left-sided cluster
(C1) and r=0.30 for the right-sided cluster (C2). The C1 cluster consisted of 28 samples: 15
FAs, 11 NIFTPs and 2 IFVPTCs. The C2 cluster consisted of a total of 34 samples: 16
IFVPTCs, 15 NIFTPs and 3 FAs. Within the C1 cluster, one NIFTP sample harbored an
HRAS(Q61R) mutation. In contrast, in the C2 cluster, 22 of 34 (64.7%) samples harbored
mutations. Specifically, 12 out of 15 (80%) NIFTPs had 2 HRAS (Q61R), 6 NRAS (Q61R), 1
BRAF (V600E), and 3 BRAF (K601E) mutation, whereas 10 of 14 (71.4%) IFVPTCs had 1
HRAS (Q61R), 4 NRAS (Q61R) and 5 BRAF (V600E) mutations.
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USC training set

The training set cross-validation generates a list of results that report the accuracy (i.e., the
number of errors) of the classification and the average number of genes used for the
classification together with the shrinkage threshold (A) and the correlation threshold (p).
Briefly, we selected the 27-gene classifier because it generated the lowest number of
average classification errors. Specifically, the 27-gene classifier produced 0.7 average
errors (A=1, p=1). The following is an alphabetical list of the 27 gene symbols pertaining to
the selected classifier: CITED1, CKBB, COL9A3, CSGALNACT1, DGKI, DIO1, DIO2, FN1,
IPCEF1, LRP4, LRRK2, MET, NPC2, ODZ1, PROS1, QPCT, RXRG, SCEL, SDC4, SERPINA1,
SLC26A4, SLC5A8, TFCP2L1, TFF3, TG, TIMP1, TPO.

USC test set

The NIFTP samples were classified using the previously described classifier. Table 2
includes a summary of the classification results, indicating the class assigned, the
discriminant score for the assignment (e.g., sample x is assigned to class k with the
minimum discriminant score), and the sample genotypes. In brief, the 27-gene model
classified the 26 NIFTPs as 13 IFVPTCs and 13 FAs. With regard to genotype, 11 out of 13
(84.6%) harbored mutations in the IFVPTC group and 2 out of 13 (15%) had mutations at

the four analyzed loci of the FA group.
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Discussion

Recently, morphological and molecular studies have redefined the diagnostic, clinical and

surgical approaches to thyroid tumors. In particular, EFVPTCs have been extensively

evaluated and, considering the criteria established by Nikiforov et al., the non-invasive

form of EFVPTC has been re-classified as NIFTP (13). From a molecular standpoint,

follicular pattern thyroid neoplasms are associated with RAS gene mutations (10, 31, 32).

Furthermore, Yoo et al. reported the association between encapsulated forms of FVPTC

and RAS gene family alterations (33). Nikiforov et al. demonstrated that the NIFPTs

analyzed in their study harbored clonal molecular alterations (78% of the cases) with RAS

mutations being the most common, thus proposing RAS-mutated NIFTPs as the putative

precursors of invasive malignancies (13).

In the past decade, gene expression profiles of different thyroid lesions have been
analyzed with particular attention to the differential diagnosis between benign and
malignant lesions.

In 2003, Barden et al. analyzed the gene expression signature of 10 follicular adenomas
and of 7 follicular thyroid cancers, showing that the expression profiles of 105 genes were
significantly different between benign versus malignant lesions (22). More recently, Borup
et al., in 2010, analyzed global transcriptome signatures and found a strong correlation
between down-regulation of genes involved in growth arrest, apoptosis and follicular
carcinoma. Based on these results, a gene expression panel that represents a strong
genetic signature in the differential diagnosis of follicular adenoma or carcinoma has been
proposed (14). In 2004, Mazzanti et al. built two panels of 10 and 6 genes able to
discriminate benign from malignant thyroid tumors, although they were unable to detect
significant differences among different malignant tumor subtypes (PTC and FVPTC) (17).
Interestingly, a meta-analysis by Griffith et al. identified 12 genes (MET, TFF3, SERPINAL,
TIMP1, FN1, TPO, TGFA, QPCT, CRABP1, FCGBP, EPS8, PROS1) that may form a gene panel
for the differential diagnosis of thyroid tumors (20). In 2011, Vierlinger et al. conducted a
meta-analysis of 4 microarray datasets on PTCs and nodular goiters and identified a single
gene (SERPINA1) as a potent mRNA marker for PTC diagnosis with 99% accuracy (19).

More recently, a comparison of microarray expression profiles between FVPTCs and

follicular adenomas was reported in 2015 by Schluten et al. (16). These authors analyzed



5)

.2016.060!
s proof

ay differ from t%|

y.

10.1089/th

L &géNIFTP)” (doi:
ublished version m
or personal use onl

-like nuclear featur
d proof correction. Thefinal E
liebertpub.com at 07/05/17.

an

follicular tumour with papillary
editing,
om online.

Thyroid
NERL T

non-invasive
et to under

nting of “
bu_t%as y

epted for publication
Downloaded by University of Connecticut e-journa package

ypes by digital RNA cou

ace

Identification of two distinct molecular subt
This article has been peer-reviewed and

Page 11 of 28

Thyroid
Identification of two distinct molecular subtypes by digital RNA counting of “non-invasive follicular tumour with papillary-like nuclear features (NIFTP)” (DOI: 10.1089/thy.2016.0605)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

11
whole-transcript arrays of 6 FVPTCs, 7 FAs and 7 normal thyroid tissues, identifying 55

genes differentially expressed (40 up-regulated and 15 down-regulated) in FVPTCs versus
FAs. Among the most significantly "deregulated" genes, 8 (GABBR2, NRCAM, ECM1,
HS6ST2, RXRG, IPCEF1, GPR155, PCP4, GRIP1) appear to be the most promising (16).

In addition, Yoo et al. reported a study including FAs, minimally invasive FCs and PTCs
(classical and follicular variant) in which gene expression analysis revealed three molecular
subtypes, regardless of their histological types (Non-BRAF-Non-RAS, BRAF-like and RAS-
like). In the same study, the authors showed that the transcriptome of miFTCs or
encapsulated FVPTCs was indistinguishable from that of FAs (33).

To date, few data are available regarding the gene expression profile of NIFTPs.

Wong et al. reported an evaluation of 63 cases of Afirma GEC-suspicious thyroid nodules,
previously diagnosed by fine-needle aspiration (FNA) (34/63) as AUS/FLUS or SFN (29/63)
(34). Interestingly, at histopathological follow-up, 16 cases were classified as FVPTCs and
14 (88%) of them were eventually classified as NIFTPs. According to these results, the
authors suggested that Afirma-suspicious cases (with a preoperative FNA diagnosis of
AUS/FLUS or SFN) should be treated only by diagnostic lobectomy (34).

In the present study, we investigated the expression profile of NIFTPs in comparison to
those of adenomas and infiltrative follicular variants of PTC. The aim was to describe the
expression signature of this new class of neoplasm by defining a list of genes that may be
able to characterize it from a molecular standpoint. In particular, we applied customized
NanoString expression analysis, which does not require retro-transcription or
amplification.

Our results revealed distinct expression profiles for FAs and IFVPTCs that resulted in the
separation of cases into two clusters (C1 and C2), with only a few exceptions. The NIFTP
samples were equally subdivided within the two above-mentioned clusters because half of
the samples exhibited expression profiles similar to those of FAs and the other half had
profiles comparable to those of IFVPTCs. Notably, the samples within the C1 cluster did not
harbor mutations at the four studied loci except for one HRAS (Q61R)-mutated NIFTP. In
contrast, the majority of the samples within the C2 cluster, including the NIFTP samples,
harbored a BRAF (K601E), HRAS (Q61R) or NRAS (Q61R) mutation. In general, this finding is

in accordance with the lower oncogenic potential and risk of malignancy of these
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mutations (35) than that of BRAF(V600E), which has been associated with infiltrative and

more aggressive tumors (36, 37).

Surprisingly, in our series, we also found an NIFTP with a BRAF (V600E) mutation. For this
reason, the case was re-studied by two additional trained pathologists in an independent
manner. The case was sampled in toto. The entire lesional capsule was re-evaluated but
appeared intact. New sections from paraffin blocks were prepared, but the tumor capsule
was not infiltrated (Figure 3). No clear papillae nor wide solid areas were found. This
unusual observation could be explained by taking into account two different
considerations: 1) in rare cases NIFTP could harbor a BRAF (V600E) mutation as a pre-
infiltrative lesion; 2) there is an important technical limitation for pathologists with regard
to the identification of capsular and/or vascular invasion, as it is essentially impossible to
completely evaluate the tumor capsule (1,38).

Once the genetic and mRNA heterogeneity of NIFTPs was apparent, we tried to further
validate the results with a machine-learning classification approach using the USC
algorithm (27). This algorithm allows the identification of small subgroups of genes and is
capable of discriminating between classes without making any preliminary assumptions
from the data. In this manner, we chose a 27-gene classifier because of its good
performance on the training set of samples. Next, we tested the NIFTP (test) set and the
27-gene classifier, which assigned 50% of NIFTPs as IFVPTCs and 50% of NIFTPs as FAs.
Therefore, 13 NIFTPs were classified as IFVPTCs by a molecular/statistical tool.
Furthermore, the majority of the IFVPTC-assigned samples (84.64%) were mutation-
positive.

As reported in the study of Nikiforov et al. (13) in which NIFTPs with mutations in BRAF,
RAS or other genes were considered precursors of infiltrative lesions, our data support
that mutated NIFTPs also exhibit a likely malignant expression profile (NIFTP-LM). These
data reinforce the hypothesis that they might represent a precursor of IFVPTC. In contrast,
wild-type NIFTP with an adenoma-like gene expression profile (NIFTP-LA) might represent
the so-called “benign counterpart” of these neoplasms (Figure 4).

From a pragmatic standpoint, these results could be prospectively applied in clinical
practice, with particular regard to pre-surgical fine-needle aspiration biopsy (FNAB). In

fact, it is widely accepted that NIFTPs cannot be identified with certainty by fine-needle



13

aspiration cytology because their nuclear features are quite similar to those of infiltrative
In conclusion, we suggest that our classifier, in addition to a genotyping analysis (34), could

be used for nodules with indeterminate diagnoses by cytology to obtain additional data
that might be useful for the diagnostic and prognostic characterization of these tumors. In
fact, because of the benign clinical behavior of NIFTPs, preoperative recognition of these
neoplasms would have important implications for the therapeutic and surgical strategies

employed to avoid patient overtreatment (39, 40).

follicular variant papillary carcinomas (39).
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Table 1. Custom panel of deregulated genes in thyroid carcinomas.
DEREGULATED
GENES APPROVED NAME TRANSCRIPT EXPRESSION REFERENCE(S)
IN*
Growth factors & receptors
AGTR1 : Angiotensin Il receptor type 1 NM_000685.4 FTC DOWN 12
CTGF * Connective tissue growth factor NM_001901.2 FTC DOWN
: Gamma-aminobutyric acid type B
GABBR2 : NM_005458 FTC, FVPTC, PTC up
: receptor subunit 2
TKIT proto-oncogene receptor tyrosine
KIT NM_000222.2 FVPTC, PTC DOWN
inase
* MET proto-oncogene, receptor tyrosine
MET NM_000245 FTC, FVPTC, PTC up 6-19
inase
: Nuclear receptor subfamily 4 group A : H H
NR4A1 : : NM_001202233.1 : FTC DOWN 12
: member 1 : : :
Nuclear receptor subfamily 4 group A
NR4A3 : NM_006981.3 FTC DOWN
member 3
eroxisome proliferator activated |
PPARG NM_005037.5
! receptor gamma :
PTCHD4 . Patched domain containing 4 NM_001013732 FVPTC up s 14
RXRG retinoid X receptor gamma NM_001256570 FVPTC, PTC upP 14,16
Extracellular matrix & cellular adhesion
CDH3 : Cadherin 3 NM_001793 PTC up : 16,17
COL9A3 : Collagen type IX alpha 3 NM_001853.3 FTC, FVPTC, PTC DOWN t18
: Chondroitin sulfate N-
CSGALNACT1 H NM_001130518 FVPTC DOWN
cetylgalactosaminyltransferase 1
DPP4 ! Dipeptidyl-peptidase 4 NM_001935 FTC, FVPTC, PTC up 11719
ECM1 * Extracellular matrix protein 1 NM_001202858 FVPTC up 4
FN1 ibronectin 1 NM_212482 FTC, FVPTC, PTC up 13,18, 19
IGSF1 Immunoglobulin superfamily member 1 NM_001170961 FVPTC up :
LAMB3 : Laminin subunit beta 3 NM_000228 PTC up
LGALS3 : Lectin, galactoside-binding, soluble, 3 : NM_001177388.1 :  FTC, FVPTC, PTC up
PLP1 : Proteolipid protein 1 NM_000533 FVPTC up
PROS1 : Protein S (alpha) NM_000313 2.12 FTC, FVPTC, PTC upP
SDC4 yndecan 4 NM_002999 PTC up
Serpin peptidase inhibitor, clade A (alpha-
SERPINA1 : : NM_000295 FTC, FVPTC, PTC up
: 1 antiproteinase, antitrypsin), member 1
SLIT1 lit guidance ligand 1 NM_003061 FVPTC up
TIMP1 : TIMP metallopeptidase inhibitor 1 NM_003254 FTC, FVPTC, PTC upP
Thyroid metabolism
DIO1 : Deiodinase, iodothyronine, type | NM_000792.5 FTC, FVPTC, PTC DOWN
DIO2 eiodinase, iodothyronine, type Il NM_000793.5 FVPTC, PTC DOWN
DUOX1 Dual oxidase 1 NM_017434.4
buox2 : Dual oxidase 2 NM_014080.4
olute carrier family 26 (anion
SLC26A4 : NM_000441.1 FTC, PTC DOWN
: exchanger), member 4
: Solute carrier family 5 (sodium/iodide
SLC5A5 : NM_000453.2 FTC, PTC DOWN
: cotransporter), member 5
 Solute carrier family 5
SLC5A8 : NM_145913.3 FTC, PTC DOWN
: (sodium/monocarboxylate
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 cotransporter), member 8
TG : Thyroglobulin NM_003235.4 H
—_ TPO : Thyroid peroxidase NM_000547.5 FTC, FVPTC, PTC DOWN ©13,18,19
n : : : :
=3
8 . Transcription factor & cell cycle regulation
S o
= g ASPM : Abnormal spindle microtubule assembly NM_001206846 FTC upP
N : 0
;x E UB1 mitotic checkpoint serine/threonine :
= = BUB1B : NM_001211 FTC up
) g inase B
S & :
; 5 CCNB2 : Cyclin B2 NM_004701 FTC up S 12
— = H s
K :§ CDCA5 : Cell division cycle associated 5 NM_080668 FTC up
[OIING ;
e g CENPF entromere protein F NM_016343 FTC up
é? g CEP55 entrosomal protein 55 kDa NM_001127182 FTC up
= % H
=1 § EGR2 : early growth response 2 NM_000399.3 FTC DOWN
5 = H N N H
»n O BJ murine osteosarcoma viral oncogene : H
g3 FOSB : { NM_001114171.1 : FTC,PTC DOWN
‘3 =  homologue B : :
o 2
lg = HMGA2 igh mobility group AT-hook 2 NM_003483.4 FVPTC, PTC up
<
o
g !E KIF4A : Kinesin family member 4A NM_012310 FTC up 12
= o H M :
o = MELK * Maternal embryonic leucine zipper kinase : NM_001256685.1 : FTC UpP 12
g E : : H
i ; NEK2 * NIMA related kinase 2 * NM_001204182.1 : FTC up
e M =z
_é: é ucleolar and spindle associated protein :
SIS NUSAP1 : NM_001129897.1 : FTC upP
ol i1 : :
§ % PRC1 * Protein regulator of cytokinesis 1 NM_001267580.1 FTC up
g 2 TFCP2L1 ranscription factor CP2-like 1 NM_014553.2 FVPTC DOWN
<
g &0 TPX2 : TPX2, microtubule-associated NM_012112.4 FTC up
£ 3
5 B =
222 . .
23 8 Signal transduction
2% 9
= E %‘3 CHI3L1 : Chitinase 3-like 1 NM_001276 FTC, FVPTC, PTC up 17-19
17 : :
< . :
g g : Cbp/p300-interacting transactivator, with :
T o CITED1 : : NM_004143 FTC, FVPTC, PTC upP
g = lu/Asp rich carboxy-terminal domain, 1
= O
i i‘ DGKI iacylglycerol kinase iota NM_004717.2 FVPTC DOWN 14
o <
%D '; LRP4 * LDL receptor related protein 4 NM_002334 FTC, FVPTC, PTC up 18,19
E=I -
§ o LRRK2 . Leucine-rich repeat kinase 2 NM_198578 FVPTC upP 114
o o H
:E g TENM1 * Teneurin transmembrane protein 1 NM_001163278 FVPTC, PTC up 14,19
54 : : B
E Tg PBK : PDZ binding kinase : NM_001278945.1 : FTC up
—_— o, " " A
.*?D 5 SDPR : Serum deprivation response NM_004657.5 FTC DOWN 12
== -
T3 Others
o a . .
S CKB * Creatine kinase, brain NM_001823.4 FTC, FVPTC, PTC DOWN ©13
o 9 - H
< + =
g 9 : Cell wall biogenesis 43 C-terminal : H
= 5 CWH43 : ! NM_001286791.1 : FVPTC DOWN
C o omolog : :
&3 : :
3 E DNASE1L3 : Deoxyribonuclease I-like 3 : NM_001256560.1 : FTC DOWN
8 .9 : : : :
2% " :
g ? GGCT * Gamma-glutamylcyclotransferase NM_024051 PTC up :17
- : z
2 é : Interaction protein for cytohesin : : :
5 o IPCEF1 : : NM_001130699.1 : FVPTC, PTC DOWN 14,17
g 8 : exchange factors 1 : H H
el =
g @ LIPH : Lipase H NM_139248 FVPTC up
£ :
S & Metallophosphoesterase domain
g & MPPED2 NM_001584 FVPTC, PTC DOWN
== : containing 2
S 2 -
= ﬁ NPC2 : Niemann-Pick disease, type C2 NM_006432 PTC up 17
‘a M
2 PDLIM4 : PDZ and LIM domain 4 NM_003687 PTC up 17
PRSS23 * Protease, serine 23 NM_007173 H PTC upP 17
QPCT Glutaminyl-peptide cyclotransferase NM_012413 FTC, FVPTC, PTC up
RRM2 ibonucleotide reductase regulatory NM_001034.3 FTC up 12
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 subunit M2
SCEL ciellin NM_001160706 FVPTC, PTC up 4,16,19
: Serine rich and transmembrane domain
SERTM1 NM_203451.2 FVPTC DOWN
ontaining 1 :
TFF3 Trefoil factor 3 NM_003226 FTC, FVPTC, PTC DOWN 13,17-20
TOP2A : Topoisomerase (DNA) Il alpha * NM_001067.3 FTC up 12 1
UBE2C : Ubiquitin conjugating enzyme E2C : NM_001281741.1 : FTC up 12
Housekeeping
ACTB : Actin, beta NM_001101
B2M : eta-2-microglobulin NM_004048
Glyceraldehyde-3-phosphate
GAPDH : NM_002046.5
: dehydrogenase
Glyceraldehyde-3-phosphate : :
GAPHD_v2 : © NM_001256799.2 :
: dehydrogenase, transcript variant 2 :
Hypoxanthine phosphoribosyltransferase
HPRT1 NM_000194
1

*Compared to Follicular Adenoma (FA).

FTC: Follicular Thyroid Carcinoma; FVPTC: Follicular Variant of Papillary Thyroid Carcinoma; PTC: Papillary Thyroid Carcinoma.
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Table 2. Results of the classification, indicating the class assigned, the discriminant score

for the assignment and the sample genotypes.

Sample

27-GENE CLASSIFIER

Class assigned*

Genotype

NIFTP 15
NIFTP 16

NIFTP 43

NIFTP 77

NIFTP 95
NIFTP 96

SR
B
S
s

i
i |
SPER
il

SPERE B
NIFTP71 |
SRS
A
SR

i |

-
NIFTP79 |
NIFPT84 |

IFVPTC-LIKE
FA-LIKE

FA-LIKE

FA-LIKE

IFVPTC-LIKE

FA-LKE | 6

FA-LIKE
FA-LIKE

BRAF K601E
WT

HRAS Q61R
NRAS Q61R
'NRASQ61R

WT

NRAS Q61R
ETITIrE

WT

NRAS Q61R
NRAS Q61R
i

WT

HRAS Q61R
"HRAS Q61R

WT

NRASQ61R

WT

WT
WT

FA: Follicular Adenoma; IFVPTC: Infiltrative Follicular Variant of Papillary Thyroid Carcinoma; NIFTP: “non-invasive follicular tumour with

papillary-like nuclear features”.
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are illustrated according to gene expression levels as measured by the nCounter System
(NanoString). Each column represents a single sample, and each row represents a single
gene. Red indicates a high level of expression relative to the mean expression, and green
indicates a low level of expression relative to the mean expression. C1 and C2 indicate the
two main samples clusters. RCC is the file extension. WT indicates the absence of
mutations; H Q61R indicates HRAS Q61R mutation; N Q61R indicates NRAS Q61R

Figure 2: Pearson unsupervised hierarchical clustering of A (FA)
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mutation; B K601E indicates BRAF K601E mutation; B V600E indicates BRAF V600E

mutation. NE indicates genotype not available.
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Image was

C and D) Higher magnification (100X

NIFTP harbouring BRAFV600E mutation: (A) Haematoxylin and eosin (H&E)-

3

reconstituted from a series of digital images (20X magnification) using the Photomerge

stained slides from a whole section of the BRAFV600E mutated NIFTP.

tool in Adobe Photoshop CS3 (Adobe Systems); (B,

magnification) of different areas.

Figure
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